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Abstract

In this PhD thesis work, the results obtained from the research on micro- and nanostructures
of zinc germanate (Zn2GeO4) are shown and discussed. This material is a wide bandgap
semiconductor, member of the transparent conducting oxide (TCO) family, which presents
several physical properties that make it a potential candidate for its integration in different
optoelectronic or energy storage devices.

The scope of applications of Zn2GeO4 can be extended or improved by controlling
the dimensions and morphology, as well as intrinsic defects and doping with impurities.
Therefore, in this work, different synthesis or growth methods were employed in order
to achieve Zn2GeO4 structures with the desired dimensions, morphologies and physical
properties. Thus, by means of the physical growth method of thermal evaporation, using
the vapor-solid (VS) mechanism, both elongated Zn2GeO4 micro- and nanostructures were
obtained. This method was also used to dope the Zn2GeO4 structures by diffusion, including
the dopant impurities during the growth stage. On the other hand, Zn2GeO4 nanocrystals
were synthesized via the chemical precipitation method.

In this work, an advanced characterization of the morphology, structure and composition
of the micro- and nanostructures has been carried out by means of different techniques,
which are mainly based on electron microscopy (SEM, TEM) and spectroscopy (XRD, EDS,
Raman, XPS). An in-depth study of their optical properties has also been carried out using
different luminescence techniques (such as CL or PL). The morphological and structural
study of Zn2GeO4 structures undoped (microrods) and doped with different elements, such
as Sn (nanowires, Zn2GeO4/SnO2 heterostructures) or Li (microrods, hierarchical structures),
has allowed to find a correlation between the dopants and the different morphologies obtained.
On the other hand, a correlative study between structure and luminescence made it possible
to relate and understand the role of native defects or Sn and Li impurities in the optical
properties of Zn2GeO4.

Up to now, the luminescence of Zn2GeO4 has been explained in a general way by donor-
acceptor transitions (DAP), in which oxygen vacancies and Zn interstitials act as donors
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while Ge and Zn vacancies act as acceptors. However, the luminescence analysis carried
out in this work showed that Zn2GeO4 exhibits complex luminescence. Due to its wide
forbidden energy range, native defects or impurities introduce different electronic levels
within the bandgap, which leads to different recombination paths. Most of the previous
works on the luminescence of Zn2GeO4 refer to room temperature experiments excited at
energies below bandgap. In this work, a novel study of luminescence as a function of both
temperature and excitation conditions has been carried out in order to shed light on the
different radiative mechanisms caused by native defects in Zn2GeO4.

The undoped Zn2GeO4 structures exhibited emissions from the UV to the visible range,
and four different bands were distinguished: A broad UV band at 3.5 eV, a narrow UV band
at 3.2 eV, a blue band at 2.8 eV and a green-yellow band at 2.4 eV. The origin of these
emissions was discussed, examining the role of different native defects, the presence of
impurities or the microstructure of the samples. This knowledge allows defect engineering
by tuning the optical properties of Zn2GeO4 for its application in optoelectronic devices in
the UV range or as white light emitters.

In addition, luminescence was used to study the behaviour as optical resonators and
waveguides of the different elongated Zn2GeO4 micro- and nanostructures. It was observed
that the undoped microrods acted as Fabry-Pérot-type optical resonators, confining UV light.
This behaviour was used to determine the refractive index dispersion relation of Zn2GeO4

throughout the visible range, something that had not been done until now.
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Resumen

En el presente trabajo de tesis doctoral se muestran y discuten los resultados obtenidos
durante la investigación realizada con micro- y nanoestructuras de germanato de zinc
(Zn2GeO4). Este material es un semiconductor de gap ancho que forma parte de la familia
de los óxidos conductores transparentes (TCO), y el cual presenta una serie de propiedades
físicas que lo convierten en un potencial candidato para su incorporación en diversos
dispositivos optoelectrónicos o de almacenamiento energético.

El campo de aplicaciones del Zn2GeO4 se puede ampliar o mejorar mediante el control de
las dimensiones y morfología, así como de los defectos intrínsecos y dopado con impurezas.
Por ello, en este trabajo se emplearon diferentes métodos de síntesis o crecimiento, con el
fin de lograr estructuras de Zn2GeO4 con las dimensiones, morfologías y propiedades físicas
deseadas. Así, mediante el método de crecimiento físico de evaporación térmica, empleado
el mecanismo vapor-sólido (VS), se obtuvieron tanto micro- y nanoestructuras alargadas
de Zn2GeO4 como estructuras complejas. Este método fue también utilizado para dopar
las estructuras de Zn2GeO4 mediante difusión, al incluir las impurezas dopantes durante la
etapa de crecimiento. Por otro lado, se sintetizaron nanocristales de Zn2GeO4 a través del
método de precipitación química.

En este trabajo se ha llevado a cabo una caracterización avanzada de la morfología,
estructura y composición de las micro- y nanoestructuras mediante diferentes técnicas,
basadas principalmente en microscopía electrónica (SEM, TEM) y en espectroscopías
(XRD, EDS, Raman, XPS), así como un estudio en profundidad de sus propiedades ópticas
a través de diferentes técnicas de luminiscencia (tales como la CL o la PL). El estudio
morfológico y estructural de las estructuras de Zn2GeO4 no dopadas (microbarras) y dopadas
con varios elementos, como Sn (nanohilos, heteroestructuras de Zn2GeO4/SnO2) o Li
(microbarras, estructuras jerárquicas), ha permitido establecer una relación entre los dopantes
y las diferentes morfologías obtenidas. Por otro lado, un estudio correlativo entre la estructura
y la luminiscencia posibilitó relacionar y comprender el papel de los defectos nativos o las
impurezas de Sn y Li en las propiedades ópticas del Zn2GeO4.
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Hasta el momento, la luminiscencia del Zn2GeO4 había sido explicada de manera general
mediante transiciones donor-aceptor (DAP), en las cuales las vacantes de oxígeno y las
intersticiales de Zn actúan como donores mientras que las vacantes de Ge y de Zn lo hacen
como aceptores. Sin embargo, el análisis de la luminiscencia llevado a cabo en este trabajo
mostró que el Zn2GeO4 exhibe una luminiscencia compleja. Debido a su gran intervalo
de energía prohibida, los defectos nativos o las impurezas introducen diferentes niveles
electrónicos dentro del bandgap, lo que da lugar a diversos caminos de recombinación. La
mayoría de trabajos previos sobre la luminiscencia del Zn2GeO4 se refieren a experimentos
a temperatura ambiente y excitando con energías inferiores a la del bandgap. En este trabajo
se ha realizado un novedoso estudio de la luminiscencia en función tanto de la temperatura
como de las condiciones de excitación, con el fin de aclarar el origen de los diferentes
mecanismos radiativos originados por los defectos nativos en el Zn2GeO4.

Las estructuras de Zn2GeO4 sin dopar presentaron emisiones desde el rango UV al
visible, entre las que se distinguieron cuatro bandas diferentes: Una banda ancha UV en 3.5
eV, una banda estrecha UV en 3.2 eV, una banda azul en 2.8 eV y una banda verde-amarilla
en 2.4 eV. Se discutió el origen de estas emisiones, examinando el papel de los distintos
defectos nativos, la presencia de impurezas o la microestructura de las muestras. Dicho
conocimiento permite realizar ingeniería de defectos ajustando las propiedades ópticas
del Zn2GeO4 para su aplicación en dispositivos optoelectrónicos en el rango UV o como
emisores de luz blanca.

Asimismo, mediante la luminiscencia se pudo estudiar el comportamiento como res-
onadores ópticos y guía de ondas que presentaban las diferentes micro- y nanoestructruas
alargadas de Zn2GeO4. Se observó que las microbarras sin dopar actuaban como reson-
adores ópticos tipo Fabry-Pérot, confinando la luz UV. Este comportamiento se utilizó para
determinar la relación de dispersión del índice de refracción del Zn2GeO4 en todo el rango
visible, algo que no se había hecho anteriormente.
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Chapter 1

Introduction

1.1 Transparent conducting oxides

Transparent conducting oxides (TCOs)1 are known as materials that exhibit both transpar-
ent and conducting properties, which makes them quite attractive for a wide variety of
optoelectronic applications. The transparent properties mean that TCOs show high optical
transmission in the visible range, which requires an energy bandgap larger than about 3.3
eV. The conducting properties signify that TCOs show high electrical conductivity in the
range from 1 to 104 Scm−1. However, transparency and electrical conductivity are inherently
conflicting, since transparent materials are usually insulating, as happens with many metal
oxides (such as MgO or Al2O3) due to their wide bandgap.2 Therefore, achieving optical
transparency and good electrical conductivity in the same material is a challenge that has led
to a significant increase in research on TCOs in the last few years.3,4,5,6

Among the most interesting features of these materials are their optical properties derived
from transparency due to their wide bandgap energies, which makes them ideal for use in
applications such as UV photodetectors or solar cells.7,8 Another relevant consequence of
the wide bandgap is the absorption in the UV range and optical emission from the UV to the
infrared, due to the presence of native defects and/or impurities that introduce new energy
levels into the bandgap, which can lead to characteristic emissions that are not affected by
self-absorption effects.

These above mentioned technologies can be improved and new functions can be in-
tegrated into TCOs since oxides have a wide variety of elements and crystal structures.
Understanding the electronic structure of simple oxides is essential for the materials design
for TCOs. The typical electronic structure of a metal oxide consists of the conduction band
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composed of empty metal ns0 orbitals (antibonding) and the valence band composed of filled
oxygen 2p orbitals. While the bottom of the valence band is composed of bonding orbitals,
the top of the valence band has nonbonding features because oxygen 2p orbitals are not
symmetric.

For n-type TCOs, a conduction band consisting of empty orbitals becomes a conduction
path for electrons. To obtain the sufficient overlap of orbitals for the conduction path, metal
cations’ orbitals should be extended as widely as possible and intercation distances should
be as short as possible. Therefore, the essentials for developing n-type TCOs are to choose
proper cations for widely extended orbitals, and to choose a proper crystal structure for short
intercation distances.9 In the selection of cations, both the radii and the shape of orbitals
must be considered to maximise the orbital overlap. As known in a simple hydrogen atomic
model, radii of orbitals are proportional to principal quantum number n (the period in the
periodic table), so heavy atoms with large n (≥ 4) are desirable to obtain good electrical
conductivities.4 Nevertheless, atoms with n = 6 such as Tl and Pb are inadequate because
their orbitals are too widely extended to keep the wide bandgap for transparency. Transition
metal ions with dn open shells are also improper due to the introduction of midgap states.
On the other hand, isotropic s orbitals, which are free from bonding direction, are more
preferable than p or d orbitals. Therefore, cations with (n-1)d10ns0 (n = 4, 5) electronic
configuration, such as Zn+2, In+3 and Sn+4 [‘TCO-cations’, enclosed between red lines in
Figure 1.1(a)], are favorable to form highly dispersed conduction bands (CBs) with small
effective electron masses, and consequently contribute to high electron mobility.

Fig. 1.1: (a) Key elements for TCOs in the periodic table. (b) Configuration of octahedra in crystal
structures. Both images have been taken from ref.2
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In the choice of crystal structures for metal oxides, the configuration of polyhedra
consisting of a cation at the centre and oxygen ions at the apexes should be examined. In the
case of the aforementioned ‘TCO-cations’, they usually form oxygen octahedra due to the
size of the ions and exhibit different configurations as shown in Figure 1.1(b). Among them,
the intercation distances are the shortest in face-sharing structures, but these structures are
usually unstable in oxides due to Coulomb repulsion and are hardly seen in many crystal
structures. Therefore, the edge-sharing structure typically provides the shortest intercation
distances. Accordingly, with widely extended orbitals, edge-sharing structures can form
conduction paths in n-type TCOs. These features have led in the last few years to the
extensive study of wide bandgap binary oxides such as as ZnO, SnO2 and Sn-doped In2O3

(indium tin oxide, ITO).1,8 In addition, it is important to note that most TCOs are n-type
semiconductors due to the presence of oxygen vacancies, which introduce new levels and
provide free conduction electrons.10

In p-type TCOs, it is the almost filled valence bands (VBs) that would provide the
conduction paths for carriers (positive holes). However, the formation of the hole conduction
paths is not as easy as that of the electron conduction paths, so p-type TCOs are rare.11 As
mentioned above, the valence bands of metal oxides are generally composed of filled oxygen
2p orbitals, consisting of nonbonding states at the maximum of the VB (no overlapping of
orbitals between the oxygen ions), which leads to a flattening of the valence band. This
makes very difficult to form the hole conduction paths at the flat valence band, since the large
effective mass results in a considerably small hole mobility, even if the holes are injected
into the valence band. Hole injection is also substantially difficult in oxides because oxygen
has large electronegativity indicating that O2− ions with closed shells are too stable to accept
holes. Therefore, it is considered that the formation of a hole conduction path by using only
oxygen 2p orbitals is almost impossible.

To overcome the difficulty of generating free holes in oxides, chemical modulation of
the valence band was proposed by hybridization of the cations’ orbitals with oxygen 2p
orbitals.11 In order to achieve this hybridization, the energy of the candidate cations’ orbitals
must be close to that of oxygen 2p orbitals, as is the case for the Cu 3d10 orbitals, which
are considered to be the most favourable for the chemical modulation of the valence band.
This chemical modulation by Cu 3d10 orbitals varies the nonbonding oxygen 2p orbitals to
the Cu-O antibonding band at the top of the valence band and elevates the energy of the VB
maximum simultaneously, which is expected to increase the hole mobility due to a higher
number of free holes in VB. Some other materials have been proposed as p-type TCOs,
such as SnO12,13 or ZnRh2O4.14 The experimental determination of p- or n-type conduction
is sometimes difficult when carrier concentration is extremely high/low or both electrons
and holes are present in conductors. However, recent remarkable progress in computational
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ability has enabled the calculation of essential parameters for TCOs such as bandgaps, carrier
effective masses or even the p-type dopability by calculating the defect formation energies
in a large number of different oxides. From the point of view of electronic structure and
p-type dopability, several candidates were selected, among which the hybridization of the s
states of (n-1)d10ns2 cations (for example Sn2+ 5s2) with oxygen 2p6 orbitals is of particular
interest.2

On the other hand, most commercial devices using these TCO materials have been
based on oxide thin films,3 but advances in growth techniques and the increasing study of
nanostructured materials have opened the door to new nanodevices with improved functions.
1D nanomaterials, such as nanowires (NWs), or 0D, such as nanoparticles (NPs), have
attracted great interest in recent years as they allow for innovation in device geometry.15,16,17

In this sense, one of the most remarkable advances in the study of nanomaterials has been
the achievement of the growth of nanostructures of semiconducting oxides.

In summary, wide bandgap conductors such as In2O3, SnO2 and ZnO have traditionally
been used as TCOs. As discussed above, these n-type TCOs are realized using post transition
metal cations with largely spread s-orbitals such as Sn+4, In+3 and Zn+2. However, it is
difficult to create a TCO based on the metal cations that are located in the upper right part of
the periodic table (such as Al, Si or Ge) because the spatial spread of their vacant s orbitals
is small. The small CB dispersion results in a large effective mass and this raises the energy
levels of the CB minimum, which makes it difficult to obtain free conduction electrons.
These difficulties have raised a major challenge in recent years in the attempt to develop
new TCOs. Recent work has begun to explore not only binary but also ternary oxides as
TCO materials. In this line of research, the conversion of Ge oxides into good electronic
conductor by employing the concept of superdegeneracy has recently been reported.4 The
good electrical conductivity arises from the electronic band structure that emerges from the
metal (Sr, Zn, Bi) alloying with GeO2, which expands the family of TCOs from ionic oxides
to covalent oxides with germanate-based materials.4 Density functional theory has been used
to compute the conduction band minimum states in these oxides, composed of Ge 4s and O
2p orbitals, and valence band maximum states composed of O 2p orbitals. The significant
result is that CB minimum should be high due to the covalent bond in germanium oxide (as
would be the case in an insulating material), but the addition of cations, such as Sr, Zn or Bi,
lowers this value and provides free conduction electrons.

In the last few years, there have been some reports focusing on the material Zn2GeO4

due to its intrinsic physical properties in terms of good electronic conductivity, optical
transparency or chemical stability that make it a promising candidate for applications
in photocatalyst for water decomposition,18 negative thermal expansion material19 or in
electroluminescence devices by showing a white-bluish luminescence 40% brighter than that
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of commercial ZnO phosphor without activator doping.20,21 To fully exploit these features,
it is essential to have a good understanding of Zn2GeO4 native defects structure, which
usually plays a fundamental role in light absortion and emission properties in semiconducting
oxides.22,23,24 Therefore, in this PhD thesis, it will be studied the optical properties controlled
by the native defects of Zn2GeO4 micro- and nanomaterials.

1.2 Ultra-wide bandgap semiconductor oxides: Zinc ger-
manate

Wide bandgap semiconductor oxides, used as TCOs due to their structural and electronic
properties, have emerged as key materials for a variety of optoelectronic applications because
of their efficient ultraviolet absorption and/or emission while being transparent to the visible
light. For these purposes, ZnO (Eg = 3.4 eV), SnO2 (Eg = 3.1 eV) and TiO2 (Eg = 3.5
eV) have been intensively investigated in the last decades, but their bandgap energy Eg

limits somehow going deeper in the UV region. Novel ultra-wide bandgap materials,
such as Ga2O3

25,26 or alternatively ternary oxides, can overcome to some extend this
drawback, enabling even bandgap engineering with wider bandgaps.27 In this sense, in virtue
of its electronic and optical properties, zinc germanate Zn2GeO4 (Eg ≈ 4.5 eV at room
temperature28), has recently been envisaged as a promising semiconducting oxide.

Zn2GeO4 has a rhombohedral unit cell with space group R3̄ and its lattice parameters,
in the hexagonal setting, are a = b =14.23 Å and c = 9.53 Å.19 The crystalline structure of
Zn2GeO4 shown in Figure 1.2(a) is constructed by corner-sharing GeO4 and ZnO4 tetrahedra
bridged by oxygen atoms, aligned parallel to the c-axis in a pattern of { Zn + Zn + Ge +
Zn + Zn + Ge + . . . }. Moreover, this structure contains two types of six-member rings and
one type of four-member ring as shown in Figure 1.2(a). One type of six-member ring is
built by corner-shared ZnO4 tetrahedra only (I) with the ring size 1.96 Å and another is built
by alternately corner-shared ZnO4 tetrahedra and GeO4 tetrahedra (II) with the ring size
2.77 Å. The four-member ring is built by alternately corner-shared ZnO4 tetrahedra and
GeO4 tetrahedra (III) with the ring size 0.41 Å.20

As mentioned above, native defects play a fundamental role in the properties of these
oxide materials. Thus, defects and/or impurities in oxides are the main responsible of
the optical properties such as luminescence. Luminescence from semiconducting oxides
usually presents broad visible emission bands often controlled by donor-acceptor pair (DAP)
radiative recombinations, in which oxygen vacancies play the main role as donor levels
while cation vacancies are responsible for the acceptor levels.29,30,31 The same occurs for
Zn2GeO4, where oxygen vacancies are key defects as shown by theoretical studies that have
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Fig. 1.2: (a) The crystalline structure of Zn2GeO4. The blue and red tetrahedra correspond to the
ZnO4 and GeO4 tetrahedra respectively. The different rings of the structure are indicated with Roman
numerals. (b) Schematic diagram of PL mechanism of Zn2GeO4 proposed by Liu et al.,20 in which
the native defects responsible for the luminescence properties in undoped Zn2GeO4 are VO and Zni,
with a donor character, and VZn and VGe as acceptors.

provided the electronic structure of the valence and conduction band, as well as energy
levels introduced by native defects.22,23,24 The reported luminescence of Zn2GeO4 consists
of broad emission in the visible range and has been attributed to the above mentioned
DAP recombination processes in a general way, in which oxygen vacancies (VO) and Zn
interstitials (Zni) act as donor centres while zinc vacancies (VZn) or germanium vacancies
(VGe) act as acceptor ones20,32 as shown in a qualitative sketch in Figure 1.2(b). Following
this line, theoretical studies have attributed the origin of the visible luminescence of Zn2GeO4

to oxygen vacancies along with the unfulfilled Zn 3d levels.24 However, recent photo-
and cathodoluminescence measurements on Zn2GeO4 microrods revealed, in addition to
these visible emission bands, an emission in the UV range,33 which suggests that either
UV or visible emissions are feasible in Zn2GeO4 under certain excitation conditions, i.e.
via electrons or photons. The wide spectral range of the luminescence reported in these
references indicates that the defect landscape of Zn2GeO4 is complex, introducing different
electronic levels within the bandgap that give rise to competition between the radiative
pathways, which suggests that the luminescence of Zn2GeO4 is difficult to explain solely by
recombination DAP recombination proposed in the literature.

Most of the previous work on the luminescence of Zn2GeO4 refers to experiments at
room temperature excited with photon energies below bandgap. In this PhD thesis, an
in-depth study of luminescence as a function of temperature and excitation energy conditions
will be carried out in order to shed light on the different radiative mechanisms caused by the
native defects in Zn2GeO4.
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1.2.1 Synthesis and growth methods

As presented above, the development of TCO materials is critical for several technologies,
especially when these materials are synthetized as low dimensional structures, such as
nanowires (1D) or nanoparticles (0D). Moreover, it is noteworthy that some features of
Zn2GeO4, such as luminescence, have been found to be influenced by the synthesis route
of this material.34 Therefore, a brief summary of the different synthesis routes and growth
methods reported in the literature is presented below.

Firstly, some of the main routes of chemical synthesis in water solution (soft chem-
istry) that have been reported are presented: Tsai et al. reported the growth of Zn2GeO4

nanorods, with diameters ranging from several tens to more than 100 nm, by aging Zn-
containing Ge nanoparticles in water.35 Huang and co-workers reported the synthesis of
Zn2GeO4 nanorods (20-50 nm in width and 150-600 nm in length) by a surfactant-assisted
hydrothermal method.36 Zhang et al. developed a microwave-assisted approach to prepare
Zn2GeO4 nanorod bundles (nanorods with 40–70 nm in diameter and 800 nm in length)
in a ternary ethylenediamine/PEG-400/water system.37 Liu and co-workers reported the
synthesis of single crystalline nanoribbons of Zn2GeO4 (with uniform width of 20-50 nm)
in an ethylenediamine/water solvent system using a solvothermal route.38 Yan et al. pre-
sented a low-temperature solution phase route under ambient pressure that does not need
any additional process to obtain the Zn2GeO4 nanorods by the reaction of Na2GeO3 and
Zn(CH3COO)2. These nanorods were obtained at 40 ºC (400 nm length and 50 nm width)
and 100 ºC (250 nm length and 150 nm width).39 Yu and co-workers synthesized Zn2GeO4-
ethylenediamine hybrid nanoribbons in the same ethylenediamine/water solvent system,40

which have a uniform width (50–60 nm) along their entire lengths (up to hundreds of mi-
crometres). However, in most of the synthesis processes mentioned above, they require either
a surfactant or organic additives, which undoubtedly make synthetic procedure increased and
lead to impurities in the final products. Therefore, Liang et al. advocated for a simple, rapid,
and eco-friendly method for the synthesis of 1-D Zn2GeO4 materials. They reported the
growth of well-defined Zn2GeO4 hexagonal nanorods (20-50 nm in diameter and between
200 nm and 1 µm in length) and nanofibers (50-700 nm in diameter and between 200 nm
and their lengths can reach up to 30 µm) with high aspect ratios via a simple and general
hydrothermal synthesis method free of any surfactant or template.41 As can be seen, in most
cases the Zn2GeO4 structures obtained by synthesis through water solutions are usually
shaped as nanorods or nanoribbons. These structures have diameters of around 50-70 nm,
although they can go up to several hundred nm, and have lengths from a few hundred
nanometres to tens of microns.
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Another route employed to grow Zn2GeO4 nanostructures is chemical vapor deposition
(CVD). In typical CVD, the wafer (substrate) is exposed to one or more volatile precursors,
which react and/or decompose on the substrate surface to produce the desired deposit.
Frequently, volatile by-products are also produced, which are removed by gas flow through
the reaction chamber. Yan and co-workers synthesized high quality Zn2GeO4 nanowires
and their branched structures via a chemical vapor transport method using gold as metal
catalysts. Liquid Au droplets at the substrate surface may attach to the nanowire surface
and direct the branch growth, which could offer better control over their morphologies and
structures.42 Most recently, Han et al. prepared Zn2GeO4 nanowire networks by CVD (also
using an Au-coated Si substrate to act as a catalyst) at lower pressures (0.5–5 kPa) and they
found that pure Zn2GeO4 NWs could be obtained at 1 kPa or lower pressure. At 0.5 kPa
and 1 kPa the NWs were about 40–90 nm and around 130 nm in diameter respectively.43

Many other works have been reported Zn2GeO4 nanowires fabricated by CVD, which is a
controlled synthesis method via the vapor-liquid-solid (VLS) process to produce Zn2GeO4

NWs with smooth surface, controllable morphology, structure, and composition.22,44,45,46

One of the drawbacks of growth via VLS process is the requirement to coat the substrate
with a material to act as a catalyst. In contrast to the VLS process, vapour-solid (VS)
processes do not require the introduction of catalysts other than the precursors themselves. In
relation to this, Li et al. successfully synthesized hierarchical zinc germanate nanostructures
by the simple thermal evaporation method without the presence of foreign catalyst at
1100 ºC. These structures were composed of a central Zn2GeO4 micorod (with 2–3 µm
in diameters and several tens of micrometers in length) to which secondary branches of
ZnGeO3 nanowires (with diameters of about 15 nm and range from ten to several hundred
micrometers in lengths) were randomly attached.47 On the other hand, Kim and co-wokers
heated a mixture of Zn and Ge powders (with an 1:1 weight ratio) at 800 and 900 ºC. Source
powders and Au-coated Si substrates, respectively, were placed on the lower and the upper
holder in the centre of the quartz tube of a vertical tubular furnace. In this way, they obtained
for 900ºC Zn2GeO4 nanowires with a particle at the tip of GeO2 while for 800 ºC they
obtained nanowires with both the stem and tip composed of ZnO with some additional
Zn2GeO4 phase. From the location of catalytic particles, they suggest that the growth of
the 900 ºC grown product is dominated by a VLS process, whereas the growth at 800 ºC
is mainly controlled by a VS mechanism.48 Therefore, these results opened a new line to
attempt the growth of Zn2GeO4 structures via VS mechanisms. In this way, Hidalgo et al.
succeeded in growing high crystalline quality Zn2GeO4 microrods (with cross sectional
dimensions in the range of 1-4 µm and lengths extended up to hundreds of microns) by a
catalyst free thermal evaporation-deposition method at 800 ºC. In this case, a pellet composed
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1.2 Ultra-wide bandgap semiconductor oxides: Zinc germanate

of precursor materials (ZnO, Ge and C powders with weight ratio 2:1:2) acted as both source
and substrate.33

As summarized here, different routes to synthesize low dimensional Zn2GeO4 structures
of different morphologies and sizes are found in the literature. In this PhD thesis, the thermal
evaporation method has been employed to grow Zn2GeO4 microrods and nanowires (simple,
complex, undoped and doped structures), while the chemical precipitation method has been
used to synthesize Zn2GeO4 nanocrystals (details in Chapter 2).

1.2.2 Potential applications of Zn2GeO4

Once the main properties and the different growth methods of Zn2GeO4 have been introduced,
the state of the art of some applications, related to the subject of this thesis, in which this
material is employed is presented.

Host material for light emitting devices

The development of light emitting devices, such as field emission displays (FEDs), plasma
display panels (PDPs), light emitting diodes (LEDs) and electroluminescence displays
(ELDs), has always been accompanied by improvements in the phosphors used. Many
efforts have been made to discover host materials as well as activators with high perfor-
mance in light emitting devices. Recently, germanates have been widely investigated as
novel host materials for light emitting devices. Among them, zinc germanate has emerged
as an excellent candidate due to its reasonable conductivity and high chemical stability.
Zn2GeO4 can act as long afterglow host material for high luminance and persistence of
phosphorescence phosphors when doped with appropriate optical active centres. Traditional
afterglow phosphors are based on rare earth (RE) ions, but research interests are moving
away from RE to transition metal ions such as Mn2+.49 That is why many studies have been
reported based on Mn2+ by co-doping with other RE ions to enhance the persistent emission
time. In this context, Takeshita and co-workers synthesized Zn2GeO4:Mn2+ nanophosphors,
which showed green luminescence corresponding to the d-d transition of Mn2+ under the
irradiation of UV and near-UV light.50 Gao et al. reported a spectral down-conversion in
Zn2GeO4:Mn2+, Yb3+ phosphor via the pair of Mn2+-Yb3+.21 Wan and co-workers synthe-
sized a codoped Zn2GeO4:Mn2+, Pr3+ phosphor, in which the green afterglow characteristic
was found to be greatly enhanced by incorporating Pr3+.51 Also, co-doping with transition
metal ions has been reported. Cong et al. prepared Mn2+ and Cr3+ codoped Zn2GeO4

phosphors, in which the emission persisted for about one hour in dark with naked eyes.52 On
the other hand, attempts have been made to modulate the bluish-white emission of Zn2GeO4

due to native defects to achieve white light emissions. For instance, He and co-workers
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synthesized diverse Zn2GeO4:Eu nanostructures, which show multi-color emission that
could be applied in white light-emitting diodes.53

In these previous works, the luminescence features of optically active ions, such as
rare earth ions, within the Zn2GeO4 host lattice have been studied for use in light emitting
devices, but there are few works that study the intrinsic luminescence properties of Zn2GeO4.
In this PhD thesis, the origin of the different emissions from undoped Zn2GeO4 micro- and
nanostructures has been analysed. Doping with impurities such as Sn or Li has also been
studied to examine their effects on the optical properties.

Deep-ultraviolet photodetector

Wide-bandgap semiconductor nanowires have also been proposed to be used as building
blocks for nanoscale UV photodetectors.54,55,56 Compared with their bulk or thin film
counterparts, the nanostructures are expected to exhibit higher photosensitivity due to their
high surface-to-volume ratios. Over the past few decades, extensive research has been
carried out into binary wide-bandgap materials for UV detection, such as ZnO,56 SnO2,55

ZnS57 and GaN.58 In recent years, however, more complex materials (such as ternary oxides)
have been investigated and chemically and thermally stable nanowires have been achieved.
Zn2GeO4 NWs are expected to be superior for deep UV detection due to their larger bandgap
and hence higher wavelength selectivity. For example, ZnO (Eg = 3.4 eV) responses to
the whole UV band (200–400 nm), but Zn2GeO4 (Eg ≈ 4.5 eV) is expected to be UV-A/B
(290–400 nm) blind and only responsive to UV-C band (200–290 nm). In this way, Yan et al.
proved that Zn2GeO4 NWs can be used as efficient deep-ultraviolet (DUV) photodetectors.
They designed nanowire network devices that showed fast response and recovery time
within 1 s, which can be attributed to the NW-NW junction barrier that dominates the
conductance.59 On the other hand, Li and co-workers demonstrated high-performance solar-
blind DUV metal-semiconductor-metal photodetectors with back-to-back Schottky contacts
based on individual Zn2GeO4 NWs. These detectors had a low dark current, fast response
time, high responsivity, and excellent spectral response.45 Chen et al. pushed the envelope
for their applicability and fabricated high-performance flexible photodetectors on printed
aligned Zn2GeO4 microwires arrays, which showed excellent photoresponse, stability, and
uniformity toward UV light irradiation. They found that the photocurrent could be easily
tuned by adjusting the number of printed microwires, enabling a potential application in
printable imaging sensors.60

In this thesis work, both the UV luminescence of Zn2GeO4 and the response of the
material under deep UV excitation have been studied.
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Environmental and energy applications

In the last three decades, the photocatalytic production of H2 via water splitting over
semiconductor photocatalyst has received considerable attention. Recently, Ge4+ containing
compounds including oxides,61 nitrides,18 or oxynitrides62 have attracted considerable
interest due to their unique photocatalytic properties for water splitting, with Zn2GeO4 being
one of the most promising.63 Sato et al. used the RuO2/Zn2GeO4 for water splitting and
described the mechanism of the photocatalysis by dispersed RuO2/Zn2GeO4 with the support
of DFT calculations.61 Huang and co-workers studied the photocatalytic activity of Zn2GeO4

nanorods, which show high photocatalytic activity and stability towards the degradation of
organic pollutants in aqueous solution as compared to TiO2 and bulk Zn2GeO4. The good
photocatalytic performance of Zn2GeO4 nanorods was attributed to its special geometry,
electronic structure, and large specific surface area.36 Considering the importance of size
and aspect ratio in photocatalysis, Liu et al. synthesized ultralong, ultrathin, high-aspect-
ratio single-crystalline Zn2GeO4 nanobelts, which exhibit promising photocatalytic activity
toward reduction of CO2 into renewable hydrocarbon fuel (CH4) in the presence of water
vapor.38

On the other hand, the current energy crises and environmental pollution deriving from
the over dependence of fossil fuels have inspired the worldwide attention to hybrid electric
vehicles and renewable energies. The developments of future hybrid electric vehicles
and renewable energy storage rely heavily on the high-energy and high-power density Li-
ion batteries (LIBs). However, current commercialized graphite anodes suffer from low
energy density (372 mAh/g),64 which cannot meet the demand of next-generation, high-
energy, and high-power LIBs. Therefore, significant research efforts have been devoted to
searching alternative anode materials, such as Si,65 Ge,66 and their oxides67,68,69 to solve
the contradictions. Among these alternatives, Ge and its oxides are expected to act as both
high-energy and high-power anodes due to the unique, fascinating features of Ge such as
the relatively high theoretical specific capacity of 1600 mAh/g, high electronic conductivity,
and fast lithium-ion diffusivity.70,71 This makes Ge a promising anode material for both
high-power and high-energy applications. In particularly, Ge-based ternary oxides also
have advantages of low cost, moderate volume change, and more importantly, enhanced
electrical conductivity originated from a conductive matrix formed by Ge and the second
metal,72,73,74,75 which makes Ge-based ternary oxides to be competitive candidates for high-
performance LIBs.76 Zn2GeO4 is one of the most promising candidates among various
Ge-based materials, because a) ZnO has a high capacity for lithium storage and b) the mass
percentage of Ge in Zn2GeO4 is only 27%, much lower than that in other Ge-based materials,
lowering the cost.
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Despite the merits mentioned above, Ge-based ternary oxides suffer from two detrimental
deficiencies which prohibit their practical applications: agglomeration and volume changes
during lithiation/delithiation processes. Tremendous efforts have been made to tackle this
problem by following different approaches:

i Decreasing the dimensions of Ge-based anode materials to the nanoscale can mitigate
physical strains and thereby provide a large capacity with minimal fading. Feng et al.
demonstrated for the first time that the Zn2GeO4 nanorods can be used as a candidate
anode material in Li rechargeable batteries.77

ii Amorphization of the anode materials has also been proven to strengthen the cycling
stability by reducing anisotropic expansion/extraction and eliminating stresses deriving
from phase transition.78,79 Yi and co-workers proved that Zn2GeO4 composed of
amorphous nanoparticles exhibited much higher reversible capacity, better capacity
retention and enhanced rate capability compared with crystalline counterparts.74

iii Another effective approach to improve cycling performance is to make composites
with carbon and/or other components.80,81,82 It is believed that such immobilization or
embedment can greatly limit the agglomeration of nanoparticles and accommodate
the volume expansion during the charge–discharge processes, then higher specific
capacity and better cycling performance could be achieved. Li et al. realized smart
hybrids of Zn2GeO4 nanoparticles and ultrathin g-C3N4 layers, in which a synergistic
enhanced effect on the electrochemical lithium storage was demonstrated, making it a
promising anode material for high-performance LIBs.83

In this thesis work, Zn2GeO4 micro- and nanostructures have been synthesized in
different morphologies and sizes, and the role of native defects in the optical and structural
properties of each of them has been studied. In addition, Li-doped Zn2GeO4 structures have
been analysed to try to find out the possible effects of Li ions when incorporated into the
host lattice.

1.3 PhD thesis objectives

Once presented the state of the art of the physical properties, synthesis methods and potential
applications of Zn2GeO4, the goals of this PhD thesis are as follows:

• To get control over the method of synthesis or growth in order to achieve the de-
sired dimensions, morphologies and physical properties in several kinds of Zn2GeO4

structures. Throughout this work, Zn2GeO4 material will be presented as undoped
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microrods, Li-doped microstructures, nanowires grown in the presence of Sn or
nanocrystals. These micro- and nanostructures have been obtained by different routes
such as thermal evaporation or chemical precipitation method.

Once the different structures will be obtained, a detailed morphological, compositional
and structural characterization will be carried out to evaluate the quality of the micro-
and nanostructures. Different methods will be used for this purpose: The morphology
of the structures will be examined by scanning and transmission electron microscopy
(SEM and TEM). The composition will be analyzed by energy dispersive X-ray
spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS). For structural
characterization a variety of characterization techniques will be used, such as X-ray
diffraction (XRD), Raman spectroscopy, electron backscattered diffraction (EBSD)
in a SEM or high resolution transmission (HRTEM), in order to achieve an in-depth
analysis of the structural properties as a function of the size of the structures obtained.

• To carry out a comprehensive study of the optical properties of the micro- and nanos-
tructures using different luminescence techniques, such as cathodoluminescence or
photoluminescence. As Zn2GeO4 is an ultra-wide bandgap semiconductor, electrons
can be excited to a variety of defect centres within the bandgap energy from where
the electrons recombine releasing energy in the form of photons, leading to a com-
plex luminescence. Therefore, information on the native defects that determine the
properties of Zn2GeO4 could be obtained from luminescence emission measurements.

Most of the previous work on Zn2GeO4 refers to room temperature photoluminescence
excited at energies below bandgap. Therefore, in this work, an in-depth study of
luminescence as a function of temperature and excitation energy conditions will be
carried out in order to shed light on the different radiative mechanisms caused by
the native defects in Zn2GeO4. Furthermore, measurements of both PL intensity and
decay time as a function of temperature could provide kinetic parameters such as
activation energies of nonradiative channels that would help in understanding the
defects related to the electronic levels of Zn2GeO4. The achievement of this objective
should provide fundamental knowledge of the optical properties of Zn2GeO4, which
are still unclear.

• The third objective of this work is to study the effects on the optical properties of
Zn2GeO4 of size, morphology and the addition of impurities such as Sn or Li. The
effects on luminescence due to changes in defect levels within the forbidden band
make it possible to engineer and tailor the emission from the UV to the visible range
by selecting the appropriate type of structure or impurity. In addition, the optical
properties of individual elongated structures of different sizes, such as microrods and
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nanowires, which could act as optical cavities or exhibit waveguide behaviour, will be
analyzed.

1.4 Manuscript structure

The presentation of the results obtained in relation to each of the above objectives has been
structured in seven chapters, as follows:

1. In this first chapter, a brief introduction to the thesis is presented, highlighting the
relevance and interest of Zn2GeO4, as well as some of its physical properties, growth
methods and most important applications. The main objectives and structure of the
thesis are also presented.

2. Chapter 2 describes the methods used to synthesize the Zn2GeO4 structures. It also
describes the basis of the characterization techniques and methods used to study the
morphology and physical properties of the structures obtained.

3. Chapter 3 is devoted to the detailed characterization and in-depth study of the opti-
cal properties of undoped Zn2GeO4 microrods obtained by the thermal evaporation
method. The influence of the initial precursor ratio on the luminescence bands is
investigated. Finally, the behaviour of individual microrods as optical cavities and
waveguides is assessed.

4. Chapter 4 studies the effects of adding SnO2 to the precursors at different concen-
trations. As a result, Zn2GeO4 nanowires and Zn2GeO4/SnO2 heterostructures are
obtained, which were studied separately. The first part of the chapter shows the
morphological, compositional and structural characterization of both nanowires and
heterostructures. A structural study by transmission electron microscopy of the formed
heterostructures made it possible to elaborate a model of the growth mechanism. The
second part presents the study of the optical properties of both nanowires and individ-
ual heterostructures carried out by luminescence measurements.

5. Chapter 5 shows the effects of introducing Li2CO3 to the precursors at different
concentrations with the aim of Li-doping the structures of Zn2GeO4. The first part of
the chapter details the morphological changes in Zn2GeO4 microstructures and the
effects on composition and structure. The second part shows luminescence changes of
these samples compared to the undoped ones.

6. Chapter 6 focuses on the study of Zn2GeO4 nanocrystals synthesized by the precipita-
tion method. By this method, nanocrystals of two different sizes were investigated.
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1.4 Manuscript structure

The first part of the chapter shows the structural characterization of these nanocrystals,
while the second part shows luminescence measurements, detailing the changes with
respect to the microrods, which could be considered as bulk material in some aspects.

7. Finally, Chapter 7 summarizes the most relevant conclusions drawn from the results
presented in the previous chapters, according to the goals of the thesis.
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Chapter 2

Characterization techniques and
computational methods

2.1 Synthesis of Zn2GeO4 micro- and nanostructures

In this PhD thesis, undoped and doped Zn2GeO4 micro- and nanostructures have been
obtained by two routes: i) Physical growth by the thermal evaporation method and ii) soft
chemistry synthesis by the precipitation method, which are described below.

2.1.1 Thermal evaporation method

In order to grow Zn2GeO4 structures by this physical growth method, a powder mixture of
precursor materials was used. The mixture was previously homogenized in a centrifugal ball
mill (Retsch S100) with 20 mm agate balls under low energy, and compacted afterwards
under a compressive load of 2 T (with a Mega KP-30A hydraulic press) to form disc-shaped
pellets of about 10 mm diameter and 5 mm thickness. The precursor materials used were ZnO
(Sigma Aldrich, 99.9% purity), Ge (Goodfellow, 99.999% purity) and C (Sigma Aldrich)
powders.

Different ratios of the precursor materials have been used in the literature.48,42,84,33 In
this work, to obtain the undoped samples, two different precursor mixtures were elaborated.
First, a mixture with the simplest ratio (weight ratio ZnO:Ge equal to 1:1) was used. Next, a
second powder mixture of ZnO, Ge and C with a 2:1:2 in weight ratio, as expected from the
stoichiometry of the compound Zn2GeO4 was employed. The reason for including carbon
in the last treatment is because C is easily oxidised to CO under low oxygen concentration,
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helping to decompose the ZnO (ZnO + CO → Zn + CO2). Afterwards, the pellets were
placed on an alumina board and annealed under an Ar flow of 1.5 Lmin−1 in a tubular
furnace at 800 ºC for 8 h (experimental setup is shown in Figure 2.1).

Fig. 2.1: Sketch of tubular furnace used for thermal treatments.

All samples have been grown from one step thermal treatments, consisting of an initial
stage in which the temperature is progressively increased during 1 h until the desired value,
an intermediate stage during which the temperature is kept constant (8 h in all cases of this
work) and a final cooling inertial phase up to room temperature (RT). After thermal treatment,
the pellet appeared covered by a white mat formed by Zn2GeO4 microstructures, grown by
an evaporation-deposition process with the pellet acting as source and as substrate. Since
the furnace was not sealed for high vacuum conditions the gas flow was slightly oxidizing
which enables the formation of this ternary oxide. The Ar flow transports the gaseous Zn and
Ge products, cooling them at the same time and contributing to the supersaturation of the
ambient gas. This vapor-solid (VS) growth process has the advantage, in the experimental
setup used, that it does not require the presence of any kind of catalyst other than the
precursor itself.

On the other hand, in order to achieve the doping of the Zn2GeO4 structures, powders of
the dopant element are added to the precursor mixtures in the desired concentration, so that
the atmosphere contains atoms and molecules of both, the parent material and the dopant.
Thus, during the growth stage, the dopant impurities will be incorporated into the structures.
To dope Zn2GeO4 structures by this method, commercial SnO2 (Sigma Aldrich, 99.9%
purity) and Li2CO3 (Analytical Grade ACS) powders have been used in this thesis, which
were added in different concentrations (5, 10, and 15 in wt% related to the total ZnO:Ge
amount). The thermal treatments conditions carried out were the same as in the undoped
treatments, in order to ensure that the changes in the properties of the structures obtained
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are due to doping impurities and not to the treatment conditions. In order to simplify the
identification of the different samples, the nomenclature used along this thesis is presented
in the following Table 2.1.

Name Precursor ratio Temperature (ºC) Ar flow (L/min) Time (h)

T(11) ZnO:Ge (1:1 %wt) 800 1.5 8
T(21) ZnO:Ge:C (2:1:2 %wt) 800 1.5 8
TSnx ZnO:Ge:C (2:1:2 %wt) + x wt% of SnO2 800 1.5 8
TLix ZnO:Ge (1:1 %wt) + x wt% of Li2CO3 800 1.5 8

Table 2.1: Nomenclature of samples grown as a function of precursors and thermal treatment param-
eters. In the case of the doped samples, the percentage x was in both cases 5, 10 and 15 in wt% in
relation to the total amount of ZnO:Ge.

2.1.2 Precipitation method

Zn2GeO4 nanocrystals studied in this work have been synthesised by mean of the chemical
precipitation method. The synthesis of these nanocrystals has been carried out in collabora-
tion with Prof. Julio Ramírez Castellanos and Dr. Javier García Fernández at the Department
of Inorganic Chemistry I of the Faculty of Chemical Sciences of the Complutense University
of Madrid.

The precipitation is a simple chemical method, which offers high reproducibility and
allows obtain nanoparticles with controlled morphology and size.85 This method consists of
an initial dissolution of a precursor salt, which will be precipitated in the desired metal oxide,
either by direct addition of a precipitating agent, or from the addition of other solutions. The
precipitation method consists mainly of three stages: formation of the precipitate, washing
and filtering process and, finally, thermal treatment.

In order to synthesize 0.250 g of Zn2GeO4, firstly, 0.097 g of GeO2 (Sigma-Aldrich,
purity 99.99%) are dissolved in 20 mL of 0.5M NaOH solution under stirring. After that,
0.410 g of Zn(CH3COO)2(H2O)2 (Merck, purity 99.5%) dissolved in 20 mL of deionized
water were slowly added. A white precipitate was formed immediately. The dissolution is
kept under stirring at room temperature for 9 hours (labelled as 9h-NCs), being the minimum
time in order to obtain the pure Zn2GeO4 phase, without the presence of ZnO or GeO2.
Moreover, in order to increase the crystals size successive samples were also prepared for
different times until 36 hours (labelled as 36h-NCs). It was observed that the crystals did
not grow more after these 36 hours of reaction time. In this sense, these crystals of 9h and
36h are the smallest and biggest respectively that can be obtained by this method under
the synthesis conditions used. The obtained precipitates were centrifuged and washed with

19



Characterization techniques and computational methods

deionized water, by using a Sigma 3-30KS centrifuge at 21000 rpm and dried at 40 ºC in air
overnight.

2.2 Characterization techniques

In this research work, several techniques have been used to characterize and study the
samples obtained by the abovementioned methods. The morphology of the structures
obtained has been studied with a scanning electron microscope (SEM) in secondary electron
(SE) mode and transmission electron microscopy (TEM). Structural characterization has been
performed by X-ray diffraction (XRD), electron backscattered diffraction (EBSD), Raman
spectroscopy, and selected area electron diffraction (SAED) in a high-resolution transmission
electron microscope (HRTEM). For the compositional study of the samples, microanalysis
measurements have been carried out by X-ray energy dispersive spectroscopy (EDS) and X-
ray photoelectron spectroscopy (XPS). The optical properties of luminescence of the samples
has been studied by means of cathodoluminescence (CL) and photoluminescence (PL), while
PL emission lifetimes have been studied by time-correlated single photon counting (TCSPC)
technique. The main features of these techniques are described below in the following
sections. Most of the characterization techniques used in this doctoral thesis have been
carried out in the research group "Physics of Electronic Nanomaterials" (FINE Group)
associated to the Department of Physics of Materials of the Complutense University of
Madrid (UCM). Others have been carried out in different collaborations, which are specified
in each case.

2.2.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive technique that provides information about the
crystalline structure and phases present in a material. When a monochromatic X-ray beam is
incident on a crystalline solid, the atomic planes of the solid act as diffraction gratings, as
shown in Figure 2.2(a), so that the angular distribution of the diffraction maxima is given by
Bragg’s law

λn = 2dhkl sinθ (2.1)

Where λ is the wavelength of the incident radiation, dhkl is the interplanar distance, θ is
the corresponding diffraction angle, and n is an integer indicating the order of diffraction.
Therefore, the diffraction pattern will depend on the crystalline structure of the material,
allowing its identification. For a more detailed discussion about XRD, see reference.86
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Two different configurations have been used for XRD measurements: the Bragg-Brentano
geometry and the grazing incidence geometry (GIXRD). In the Bragg-Brentano configuration
[see Figure 2.2(b)] the scanning is performed by holding the X-ray source steady and rotating
the sample by an angle of θ with respect to the beam path while moving the detector by
an angle of 2θ so that the source, sample and detector are always conforming to the Bragg
condition. On the other hand, the grazing incidence geometry has been used when the
quantity of structures obtained was very low and it is necessary to deposit them on a Si
substrate. In this case, the sample is fixed with its surface forming a small ω angle (typically
between 0.3º and 3º) to the source, while the detector moves along the 2θ angle. This
configuration is more sensitive to the surface properties of the sample, allowing structures
deposited on a Si substrate to be studied.

Fig. 2.2: Sketch of (a) Bragg’s law and (b) the operation of a diffractometer to obtain XRD diffrac-
tograms in the Bragg-Brentano configuration.

All diffraction measurements have been carried out in the XRD CAI of the Complutense
University of Madrid, using a PANalytical X’Pert MPD diffractometer (X-ray of the Cu
line Kα1) or a PANalytical Empyrean diffractometer (X-ray of the Cu lines Kα1 + Kα2).
Diffractograms were collected for values between 10º < 2θ < 80º and the results obtained
were analyzed using the X’Pert HighScore Plus software which allows the identification of
the phases present in the sample.

2.2.2 Scanning electron microscope (SEM) characterization

A sketch of a scanning electron microscope (SEM) is shown in Figure 2.3(a). The electron
gun extracts electrons from a filament by thermoionic or field emission effect, depending
on the type of filament, serving as a source to form the electron beam. These electrons are
accelerated inside the column by a voltage that varies between 0.1 and 30 kV (acceleration
voltage, Vacc). A set of magnetic lens (known as condenser lens) are used to focus the
electron beam until it reaches a diameter of nanometers or less. The synchronization of the
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electron beam scanning system on the sample with the electron detection system allows the
acquisition of images with high spatial resolution that can range from a few nanometres to
tens of nm depending on the observation conditions.

Fig. 2.3: (a) Sketch of the generation volumes of the different signals arising from the interaction of
the electron beam with the sample in a SEM. (b) Sketch of a SEM instrument.

The different operation modes in a SEM are based on the analysis of the different signals
coming from the interaction between an accelerated electron beam and the sample. Electrons
interacting with the sample scatter elastically or inelastically, producing different types of
signals: secondary electrons, Auger electrons, backscattered electrons, X-rays and in some
cases cathodoluminescence [see Figure 2.3(b)]. The intensity and features of each type
of signal generated will depend on the physical properties of the sample in the interaction
region, and can be measured with a suitable detector. Some of these signals produced in a
SEM are detailed below.

2.2.2.1 Topographic imaging

Through the secondary electrons (SE) generated in the SEM, an image of the topography of
the sample’s surface can be produced. SE are originated in the near-surface region (between
1-5 nm from the surface) as a result of the inelastic interaction between the electron beam
and the sample. They have a very low energy (below 50 eV) compared to that of primary or
incident electrons. This is what gives them their high sensitivity to topography.

The resolution of this technique depends directly on the size of the region from which
the secondary electrons are extracted, so the smaller the beam diameter, the higher the
resolution of the image. The detection system consists of a scintillator connected to a
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photomultiplier through a waveguide, normally known as Everhart-Thornley detector. The
electrons produced inelastically after the interaction of the high-energy electron beam with
the sample surface are attracted to the scintillator by a Faraday cage, producing a light signal
whose intensity is proportional to the number of incident electrons. The whole system is
under high vacuum conditions (≈10−6 Torr) to avoid scattering of the electrons with gaseous
molecules along its path to the sample or to the scintillator. For a more detailed discussion
about image acquisition in a SEM, see reference.87

In this research work, the acquisition of SE images has been performed using a Leica
440 Stereoscan and a FEI Inspect SEMs. The analysis of the rest of the signals generated
by the beam-sample interaction is carried out by adding the corresponding detector to the
microscope, giving rise to different operation modes associated to the SEM, some of which
have been used in this work and are described in the following sections.

2.2.2.2 Energy dispersive X-ray spectroscopy (EDS)

Energy dispersive spectroscopy is a technique that allows the study of the chemical com-
position of samples by analysing the X-rays generated when the electron beam of a SEM
(or TEM) interacts with the sample. Normally, the inner orbitals of atoms are filled with
electrons. As a consequence of the electron beam-sample interaction, the primary electrons
transfer part of their energy to the atoms, which can be employed to excite or remove
electrons from the inner atomic orbitals to high energy levels. The resulting vacancies can be
filled by electrons from higher levels. This transition emits a X-ray photon whose energy is
equal to the energy difference between the involved levels. Since this energy is characteristic
of each atomic element, it is possible to obtain information about the chemical composition
of the sample by analysing these generated X-ray photons. The photons are collected with
an X-ray analyser and a typical spectrum of energy versus intensity is recorded. The position
in energy of the peaks in this spectrum will depend on the chemical elements present, while
their intensity will depend on their concentration. Since the window protecting the EDS
detector is opaque to low energy X-rays (it is usually made of bellirium), it is not possible to
observe transitions of elements with atomic number (Z) lower than this Be, and it makes
it difficult to quantify elements with Z equal or slightly higher, such as B, C, or N due to
absorption losses. In order to correctly interpret EDS spectra, it is necessary to take into
account other effects such as X-ray self-absorption and fluorescence effects. To analyse these
EDS spectra, a correction known as ZAF is required. Besides, a background radiation signal
(known as Bremsstrahlung) that is produced due to the deceleration of the beam electrons
when they impact on the sample have to be taken too into account. Both corrections are
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automatically applied by the acquisition software. For a more detailed discussion about EDS
in a SEM, see reference.88

Fig. 2.4: Sketch of the X-ray emission process: (a) A high-energy electron from the incident beam
removes an electron leaving a hole in a deep atomic layer; (b) An electron from a higher layer relaxes
into the hole, releasing a high-energy photon (X-ray).

The EDS measurements obtained in this research work have been carried out with a
Bruker AXS XFlash 4010 detector installed in a Leica 440 Stereoscan SEM. The fact that
the electron beam can be focused on a very small area on the sample allows the use of EDS
measurements to obtain local information about the composition of the samples (known
as X-ray microanalysis). By means of this X-ray microanalysis technique it is possible to
obtain both, the composition of a specific point (with a minimum area of 1 µm2), with the
electron beam fixed on that point, and compositional maps of a selected region by scanning
the electron beam. To produce this EDS maps, the detector measures the intensity of X-ray
emission corresponding to one of the emission lines of a selected element and represents,
using a colour scale map from dark to bright, this intensity with respect to the position.
This provides information about the elemental distribution along the sample. The values of
X-ray energies and relative intensity between scattering maxima of the chemical elements
are stored in the database of the EDS spectra analysis software (Esprit) with sensitivity to
quantify concentrations up to 100 ppm depending on the measurement conditions. The
spatial resolution achieved depends on the volume of signal generation and is therefore
directly related to the energy of the SEM electron beam. To acquire EDS spectra it is
necessary to apply an electron acceleration voltage of at least 1.5 times the energy of the
photon to be detected in order to have good accuracy, so the resolution will also be limited
by the chemical elements in the sample.
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2.2.2.3 Electron backscatter diffraction (EBSD)

Electron backscatter diffraction (EBSD) is a SEM related technique used for the identification
of crystalline phases and crystallographic directions from the analysis of a electron diffraction
pattern. Backscattered electrons (BSE) are electrons from the electron beam of a SEM that
have been elastically scattered by interacting directly with the nuclei of the atoms below
the sample surface, typically between 20 and 30 nm in deep depending on the type of
material and the energy used. These scattered electrons suffer diffraction by the crystalline
planes of the sample and will interfere constructively or destructively (intensity maxima
or minima) forming diffraction cones whose axis will be oriented according to the normal
direction to the crystalline plane that generates them. When these cones intersect the plane
formed by the detector, the so-called Kikuchi lines appears. The EBSD detector consists
in a phosphorescent screen coupled to a CCD camera, which records and forms the image
generated by the BSE on the phosphorescent screen (Kikuchi lines). The Kikuchi lines
provide information about the crystal structure of the sample and can be used both to identify
the phase and the crystalline orientation of the sample surface. For a more detailed discussion
about EBSD, see reference.89

The experimental setup used in this work consist in a Bruker Quantax e-Flash 1000 EBSD
Detector coupled to a FEI Inspect SEM. By means of the QUANTAX CrystAlign analysis
software it is possible to determine the phase and crystalline orientation of the sample in real
time through Hough transformations of the patterns formed on the phosphorescent screen
compared with the corresponding transformations of theoretically simulated EBSD patterns.
This analysis software directly provides the pole figure of the scanned region, where each
of the represented poles corresponds to a diffraction plane or point of the reciprocal lattice.
The crystalline orientation of the crystal surface can be deduced from the stereographic
projection of the poles figure, using the perpendicular direction to the sample surface as the
zone axis. The pole which passes right through the centre of the stereographic projection
will correspond to the crystalline plane parallel to the sample surface. In this work, EBSD
measurements have been performed on microstructures with smooth surfaces and with a high
crystalline quality, which were deposited on a polished until mirror finish Si (100) substrate.

2.2.2.4 Focused ion beam (FIB) in a SEM

A dual FIB/SEM instrument combines two columns, one for electrons and another for ions,
usually Ga+ ions. These ions interact with the atoms in the sample and can undergo elastic
collisions where there is a very high momentum transfer due to the ion beam mass and its
energy. This process is known as sputtering process. If the energy transferred is high enough
this collision allows the ejection of atoms from the sample surface as a sputtered particles,
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which allows material to be removed by precision milling and cutting. While imaging is
possible in FIB, this technique is destructive and so not the primary choice. It is therefore
common to find FIB housed alongside a SEM in a single instrument, allowing for high
resolution non-destructive imaging and precision milling in one environment. For a more
detailed discussion about FIB, see reference.90

In this thesis, the FIB technique has been used to obtain samples prepared in a cross-
section configuration to be studied in the TEM. The cross-section samples have been prepared
by Professor Ana M. Sanchez of the Department of Physics at the University of Warwick
(UK), using a JEOL 4500 FIB/SEM with a 30 kV ion column and Ga+ ions as source.

2.2.3 Transmission electron microscopy (TEM, HRTEM and STEM)

The transmission electron microscopy (TEM) technique provides high-resolution images
from the analysis of signals generated by a high-energy electron beam, accelerated by
voltages between 80 and 300 kV, going through a very thin sample, which should have a
maximum thickness of about 100 - 200 nm. One of the main advantages of this microscopy
technique is the possibility of obtaining information from real and reciprocal space. The
contrast mechanism in the signal from the electrons passing through the sample can be
processed in different ways (phase contrast, diffraction contrast, or mass-thickness contrast)
to obtain images with a much higher resolution than can be achieved by a SEM. The
corresponding image can be generated using three different modes: i) selecting only the
transmitted beam (bright field imaging, BF); ii) selecting a diffracted beam (dark field
imaging, DF); or iii) selecting the transmitted beam and several diffracted beams (high
resolution imaging, HRTEM). In addition, it is possible to study the reciprocal space from a
selected area through the electron diffraction patterns (SAED) of this region. The SAED
patterns are formed by the electrons diffracted in the crystallographic planes following
Bragg’s law (see Equation 2.1). For that, SAED patterns provide information about the
crystal structure and crystallographic orientation of the sample.

In a high-resolution electron microscope (HRTEM), direct observation of atoms columns
is possible if the crystal is oriented along a zone axis with low Miller indexes. Under these
conditions, the phase shift of the electron wave function when they pass through the sample
depends on the arrangement and nature of its atoms in the direction of incident beam. This
phenomenon of interference between incident and diffracted beams is used to visualise, by
means of phase contrast, the atomic planes of the sample. The fast Fourier transform (FFT)
of a HRTEM image contains similar information to that of a SAED pattern of the same area
and certain features of the structure, which are not evident from direct observation of the
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HRTEM image, can be visualised. For a more detailed discussion about (HR)TEM, see
reference.91

Properties of the SEM and TEM can be combined to harness the advantages of both in
a technique known as scanning transmission electron microscopy (STEM), which uses a
high energy electron beam that is focused onto a small point on the sample and tracks over
it. At each position, the measured signal reflects the nature of the atoms along the beam
path, and in the case of strong scatterers in the sample (e.g. high atomic mass) the intensity
signal at high angles is larger. In contrast, when the beam hits weak scatterers (lighter atoms)
the scattering is minimal, leading to high intensity signals in the forward path of the beam,
but low intensity at high angles. By placing a circular detector below the specimen, the
signal detected can be used to create an image, in which points where there is a high amount
of scattering appears dark, while weakly scattering regions appears brighter (known as a
bright field (BF) image). Outside of this detector, another annular detector can be placed.
This second detector receives the maximum signal when a large amounts of scattering are
reached, so the brightest spots in the images correspond to the regions/atoms with the most
strongly scattering (known as annular dark field (ADF) imaging). In addition, the scanning
nature of STEM also allows EDS analysis and mapping similar to that in the SEM, but with
much higher resolution. For a more detailed discussion about STEM, see reference92

All the high-resolution (scanning) transmission electron microscopy ((S)TEM) char-
acterization presented in Chapter 4 has been carried out in collaboration with Professor
Ana M. Sanchez of the Department of Physics at the University of Warwick (UK), using
either a JEOL 2100 or double-corrected ARM 200F microscopes working at 200 kV. On the
other hand, the HRTEM characterization presented in Chapter 6 has been carried out in the
National ELECMI ICTS in collaboration with Dr. Javier García Fernández and Prof. Julio
Ramírez Castellanos at the Department of Inorganic Chemistry I in the Faculty of Chemical
Sciences of the Complutense University of Madrid, using a JEOL 2100 electron microscope
working at 200 kV as accelerating voltage.

2.2.4 Raman spectroscopy

Raman spectroscopy is a non-destructive technique that provides structural and compositional
information about the analyzed sample. This technique is based on the analysis of light
scattered inelastically by the material, also known as Raman scattering. The origin of these
inelastic scatterings comes from interactions between photons from the incident light with
phonons in the crystal lattice, molecular vibrations and, in general, from any vibrational
excitation associated with ions and electrons in both crystalline and amorphous solids.93
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Figure 2.5 shows the different forms of light scattering in a quantum energy diagram.
When incident light hits the sample, most photons are scattered elastically (known as
Rayleigh scattering), which means there has been no change in the frequency. However, a
very small fraction (about 1 in 107) of the incident photons are scattered inelastically (by
slight frequency shifts), a process known as Raman scattering. In this process, an energy
exchange takes place between the incident photons and the atoms or molecules of the crystal.
Two types of inelastic scattering can occur: In Stokes scattering, the energy of the scattered
photon is lower than the incident photon, which means that an amount of energy has been
transferred to the medium by creating a phonon (the atom or molecule is promoted from the
ground vibrational state to a higher energy state). In the case of anti-Stokes scattering the
opposite occurs, the energy of the scattered photon is higher than the incident photon. This
process involves the annihilation of a phonon from the lattice (the atom or molecule in the
crystal is shifted to a vibrational ground state with a lower energy than when it started). Of
the two, Stokes is more commonly used for most Raman measurements because is the most
probable.

Fig. 2.5: Quantum energy diagram showing the various scattering processes that light can show when
interacting with a material.

On the other hand, for every 10 million photons incident on the sample, only one of
them will be Raman scattered. The power of Raman scattering is directly proportional to
the intensity of the incident light and inversely proportional to the expected wavelength to
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the fourth power (Pscattered ∝ I0/λ 4). In other words, the shorter the excitation wavelength,
the more Raman scattering can be observed. Moreover, a monochromatic light source
is required for this technique. So it is very important to consider excitation wavelengths
when performing Raman measurements. In semiconductor materials these effects can be
altered when the energy of the incident photons is higher than the bandgap energy of the
semiconductor or close to an electronic state within the bandgap, since in these cases the
photon is absorbed by the material. This phenomenon is known as the Raman resonance
effect and can result in the scattering probability of certain vibrational modes being increased
by several orders of magnitude.

In general, the components of the Raman scattering tensor have a strong dependence on
the polarization geometry and the crystal orientation. The intensity of certain vibrational
active Raman modes will have scattering maxima or minima depending on the crystal
symmetry and its orientation with respect to the polarization vector of the incident light.
Therefore, by knowing the polarization direction of the incident light, and adding a polarizer
to the output of the scattered signal, information on these Raman modes can be obtained
as a function of polarization (technique known as polarized Raman). These experiments
are usually labelled under the Porto’s notation consisting of four letters group, A(BC)D,
where A and B correspond to the propagation and polarization directions of the polarization
vector of the incident light, respectively, while C and D correspond to the polarization and
propagation directions of the scattered photons, respectively. The directions are defined with
respect to the laboratory system (X, Y, Z) where they are generally selected to correspond to
a crystallographic direction of the material to be analyzed. The polarized Raman technique
is a valuable tool for identifying crystallographic orientation and symmetries, as well as for
obtaining information about the local deformation or internal crystal field in a variety of
materials.

Other effects that can be observed in Raman spectroscopy are related to the particle size
of the material. The particle size influences the anisotropic character of the scattered light
because in polycrystalline materials or with particle diameters smaller than the laser spot we
will be observing the contribution of a high number of particles with randomly distributed
crystalline orientations in each experiment. However, as the particle size decreases, it is
possible to observe shifts and broadening of vibrational modes due to quantum confinement.

In this work, Raman measurements have been carried out on a Horiba Jobin Yvon
LabRam HR800 system with a CCD detector, coupled to an Olympus BXFM-ILHS confocal
microscope and equipped with a 325 nm wavelength He-Cd laser. The system has a series of
neutral filters to regulate the excitation power of the laser. The use of a confocal microscope
permits to obtain Raman measurements in a micro-region and not in the whole sample. That
technique is known as micro-Raman technique. This micro-Raman spectroscopy technique
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provides information from areas or volumes of sub-micrometre dimensions that are generally
limited by the diameter of the laser spot (2 µm in this work) and the size of the pinhole
(variable between 50 and 400 µm) selected. In addition, the system allows monitoring of
the sample platform in the lateral X and Y directions in order to obtain information in areas
of up to 300 × 300 (µm)2 with steps resolution of 300 nm. For a more detailed discussion
about confocal Raman microscopy, see reference.94

2.2.5 Luminescence techniques

The radiation-matter interaction may produce the emission of electromagnetic radiation.
This emission can be located into the wide spectral range from ultraviolet up to infrared
depending on the material features. This general phenomenon is known as luminescence.
The types of luminescence are generally distinguished by the type of incident radiation use
as source of excitation. Thus, cathodoluminescence (CL) is the emission of light obtained
by electron excitation whereas photoluminescence (PL) is the emission of light obtained by
optical excitation. This section details the luminescence techniques employed in this work
using different excitation sources.

2.2.5.1 Cathodoluminescence (CL)

Cathodoluminescence (CL) is a nondestructive characterization technique based on the
luminescence generation in a material by an accelerated electron beam as excitation source.
Because of the high energy acquired by the electrons in a SEM, the emission originating
from this excitation process comes from all the luminescent mechanisms present into the
material. When the electron beam interacts with the sample, a large number of electron-hole
pairs are generated, part of which recombine in a radiative way, generating photons with
energies ranging from the near-infrared (NIR) up to the ultraviolet (UV) region. By analysing
these emissions, the luminescent features of the sample can be characterized. These radiative
recombinations can be intrinsic, when transitions occur from band to band, or extrinsic, when
transitions occur involving levels within the bandgap due to defects and/or the presence of
impurities (see Figure 2.6). The collected CL signal depends on many experimental factors
such as the excitation density of the electron beam, energy of the incident electrons or even
the temperature. In this work, CL measurements have been performed by varying these
parameters, in order to obtain more information about the radiative mechanisms.

The spatial resolution of CL is defined mainly by the electron-hole pair generation volume
generated by the incident electron beam and it is normally in the order of submicrometer in
diameter, depending on factors such as accelerating voltage and diffusion length of carriers.
The shape of this generation volume depends on the atomic number (Z) of the material,
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Fig. 2.6: Diagram of possible recombination processes between electrons and holes that could give
rise to radiative racombination: (1) Band-band transition. (2) Excitonic transition. (3) Conduction
band - acceptor level transition. (4) Donor level - valence band transition. (5) Donor level - acceptor
level transition (DAP).

being teardrop-shaped for small Z values, approximately spherical for 15 < Z < 40 and
semi-spherical for higher Z values. The vertical dimension of this volume is called the
penetration range or Gruen range (RG), and it can be calculated by the Kanaya-Okayama
formula95

RG =
0.0276A
ρZ8/9 E5/3

b (2.2)

where RG is given in µm, A is the atomic mass in g/mol, ρ is the density in g/cm−3, Z
is atomic number and E5/3

b is the electron beam energy in keV. Another way to calculate
electron beam interaction volume in the samples (knowing the density of the material and
Z) is carrying out Monte Carlo simulations, which have been performed in this work for
different accelerating voltages as detailed in the complementary techniques section. In
some cases, the CL sensitivity for impurities that give rise to radiative centres, is four
orders of magnitude better than that of X-ray microanalysis techniques, and impurities
with concentrations around 1014 cm−3 or lower can be detected. This makes CL a valuable
nondestructive tool for the study of inhomogeneities and defects in nanostructures introduced
by doping or growth condition variations. For a more detailed discussion about CL, see
reference.96

On the other hand, the electron beam can be moved over the sample surface allowing
a point-to-point luminescence signal to be acquired and, synchronizing with the scaning
system of the SEM, to form high spatial resolution CL images. CL signal is collected
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by means of a photodetector (normally a photomultiplier) coupled to the SEM. In this
work, monochromatic CL images have been acquired (selecting only the desired emission
wavelength and allowing only it to reach the photodetector by means of a monochromator)
of different heterostructures. This monochromatic images allow to differentiate the spatial
distribution of the desired emissions in these complex structures.

For the acquisition of the CL spectra the experimental setup consisted of a Hamamatrsu
PMA-12 CCD camera which collects the light from the SEM chamber through a light
guide in a wavelength range from 190 to 950 nm and communicates directly with the data
acquisition software for further analysis. In cases where the CL intensity was very low, a
system consisting of a light guide to collect the optical signal from the SEM chamber was
coupled to an Oriel CornerstoneTM260 1/4 m monochromator to guide the light signal to a
Hamamatsu R928 photomultiplier in photon counting mode. A data acquisition card and
a computer that controls the monochromator and receives the necessary information from
the detector was used to represent the insensity versus the wavelength in a range from 300
to 900 nm. In addition, the equipment has a temperature control system consisting of a
thermoresistance, a thermocouple and a cooling circuit using liquid nitrogen and N2 gas
that allows working in a temperature range from 100 K up to room temperature. All CL
measurements of this thesis were obtained using a home-made CL setup coupled to a Hitachi
S-2500 SEM.

2.2.5.2 Photoluminescence (PL)

In the case of photoluminescence (PL), the emission of light is induced by optical excitation.
The description of this physical mechanism is similar to that detailed for CL, where the main
difference lies in the excitation process. In PL, the energy of the photons used to excite
the sample is in the order of a few eV and this energy is used entirely to create a single
electron-hole pair for each absorbed photon, not as in CL, for which a unique high energy
electron beam can generate a large number of electron-hole pairs. So in PL it is possible to
select the transitions that can take place by selecting the wavelength (energy) of the incident
photon. This makes possible to obtain PL emission or PL excitation (PLE) spectra. In
PL emission spectra, the excitation wavelength is selected and a luminescence spectrum is
recorded, allowing the study of which recombination processes are excited with a specific
photon energy. PLE spectra are obtained by setting the wavelength of a generated emission
to be collected and varying the excitation wavelength of the source, providing information
on the energy required to excite the process(es) responsible for the emission at the selected
wavelength.
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The PL measurements in this work were carried out on two different experimental setups.
First, PL spectra were measured at room temperature using as excitation source a 325 nm
He-Cd UV laser on a Horiba Jobin Yvon LabRAM HR800 system with a CCD detector,
coupled to an Olympus BXFM-ILHS confocal microscope. In the case of Zn2GeO4, the
excitation wavelength of 325 nm (3.8 eV) is lower than the bandgap (Eg ≈ 4.5 eV), providing
complementary information to the CL spectra, where all possible recombination processes
are excited. Moreover, the fact that it is coupled to a confocal microscope allows to obtain
spatially resolved emission spectra (µ-PL) and µ-PL images.

In addition, PL and PLE measurements were performed on an Edinburgh Instruments
FLS1000 system from 4 K to RT, excited with a 450 W ozone free Xenon arc lamp that covers
a range from 230 nm to 1000 nm, and using as detector a high-gain photomultiplier (Hama-
matsu R928P), which covers the range from 185 nm – 900 nm. In this system, the sample is
introduced into a optical cryostat (OptistatDry BLV) provide with a temperature-controlled
(Mercury iTC Oxford instruments), which permit a sample-in-vacuum measurement envi-
ronment. A liquid helium cryostat from Oxford Instruments (OptistatCF) is used to cool the
sample. In addition, the system has two monochromators (Czerny-Turner monochromators),
one for emission and the other for excitation, so that PL and PLE measurements can be
performed by selecting the wavelength of both the excitation and the emission generated.

2.2.5.3 Time-correlated single photon counting (TCSPC)

Time-correlated single photon counting (TCSPC) is a common technique to measure from
picosecond to microsecond fluorescence lifetimes. It is based on the fact that the probability
of detection of a single photon at a certain time after an excitation pulse is proportional to the
fluorescence intensity at that time. In principle, single photon events are detected and their
time of arrival is correlated to the excitation source pulse, such as a pulsed laser or pulsed
LED. With periodic excitation it is possible to extend the data collection over multiple cycles
of excitation and emission. One can then accept the sparseness of the collected photons
and reconstruct the fluorescence decay profile from the multitude of single photon events
collected over many cycles.

The method is based on the repetitive, precisely timed registration of single photons
of a fluorescence signal. The reference for the timing is the corresponding excitation
pulse. Provided that the probability of registering more than one photon per cycle is low,
the histogram of photon arrivals per time bin represents the time decay one would have
obtained from a “single shot” time-resolved analog recording. Figure 2.7 illustrates how
the histogram is formed over multiple cycles. In the example (and in the equipment used
in this work), fluorescence is excited repetitively by short laser pulses. The time difference
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between excitation and emission is measured by electronics that act like a stopwatch. When
a photon is detected, the time of the corresponding detector pulse is measured. The events
are collected in a memory by adding a ‘1’ in a location with an address proportional to the
detection time. After many photons, in the memory the distribution of the detection times
builds up, forming a histogram consisting of a range of “time bins”. Note that if the single
photon probability condition is met, some signal periods will contain a photon pulse but
there will actually be many signal cycles without photons.

Fig. 2.7: Sketch of the measurement of start and stop times and histogram formation over several
cycles in the time-resolved fluorescence measurement with TCSPC.

The reason why it is necessary to maintain a low probability of registering more than one
photon per cycle is because the detector and electronics have a "dead" time for at least a few
nanoseconds after a photon event. Because of these dead times TCSPC systems are usually
designed to register only one photon per excitation cycle. If now the number of photons
occurring in one excitation cycle were typically > 1, the system would very often register
the first photon but miss the following ones. This would lead to an over-representation of
early photons in the histogram, an effect called ‘pile-up’. It is therefore crucial to keep the
probability of cycles with more than one photon low.

On the other hand. the time resolution is limited by the transit time spread in the detector.
TCSPC, as any pulse technique, stars from the premise that the excitation pulse has the
form of a δ function, i.e. all intensity and no temporal width. This means that the measured
fluorescence response is that coming directly from the sample. However, in reality this will
no be the case. The light pulse from the excitation source does not form and extinguish
instantaneously, it takes some time. Also the detector does not respond immediately to
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light hitting it and other factors, such as the electronics have their own response times.
Combining these aspects means that, on timescales where the lifetimes are comparable to
the instrumental FWHM, the observed decay contains distortion caused by this instrumental
response (IR), as shown in Figure 2.8. However, there is a way to mitigate this and, by
measurement of both the fluorescence decay and the instrumental response, it is possible to
"remove" the instrumental distortion via reconvolution during the analysis process. For a
more detailed discussion about TCSPC, see reference.97

Fig. 2.8: Sketch of the distortion caused by the instrumental response in fluorescence decay.

TCSPC measurements were carried out on the same Edinburgh Instruments FLS1000
system described above for PL measurements. In this case, a pulsed LED (EPLED series)
with an excitation wavelength of 256.8 nm and ∼1 ns pulse width is used as the excitation
source, in which the repetition rate of the optical pulses can be regulated from 2500 Hz to 20
MHz. For the counting of single photons, the system has a TCC2 electronic module, which
is used for the measurement of kinetics via TCSPC.

2.2.6 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface characterization technique that provides
information about the chemical composition and electronic structure of the sample under
investigation. This technique consists of analysing the kinetic energy of the electrons emitted
by the photoelectric effect that take place when the sample is irradiated with a monochromatic
X-ray beam. When an electron bound to an atomic level absorbs a sufficiently energetic
photon it can either leave the sample with a certain kinetic energy in form of a photoelectron,
or interact again with the sample triggering other physical processes such as X-ray or SE
emission. The kinetic energy of the photoelectrons (Ek) emitted is given by the following
expression

Ek = hν − (EBE +φ) (2.3)
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Where hν is the incident X-ray photon energy, EBE is the electron binding energy and φ

is the material work function. Normally, the kinetic energy of the photoelectrons is in the
order of hundreds of electronvolts, so the mean free path of the electrons into the material
is reduced to a few of angstroms. This means that only the photoelectrons generated in the
most superficial layers of the sample can escape without an inelastic scattering. This makes
XPS an extremely sensitive technique to the surface properties of the sample. From the XPS
spectra it is possible to measure the binding energy of the different electronic levels with
filled states, both of the inner levels and of the valence band (VB). This technique provides
information of the chemical composition of the sample surface (including the presence
of adsorbed atoms on the surface.), as well as on the oxidation states of the individual
species and their chemical environment. For a more detailed discussion about XPS, see
reference.98,99

The XPS results presented in this thesis have been carried out in the ESCA microscopy
beamline in the Elettra synchrotron (Trieste, Italy). All XPS spectra were acquired with a
beam energy of 640 eV, and detected with an energy resolution of 0.2 eV. This synchrotron
line works using a scanning photoelectron microscope (SPEM), whose optical device is
able to focus the X-ray beam in an area with a minimum diameter of 150 nm, allowing the
acquisition of both point spectra and images.

2.3 Complementary techniques

2.3.1 Monte Carlo simulations (MCs)

Monte Carlo technique is widely used in many softwares packages to monitor electron
paths in a solid, which could be applied to the trajectory of primary electrons within the
sample analysed in a SEM. In this work, the CASINO software ("monte CArlo SImulation
of electroN trajectory in sOlids") v2.51 was used to carry out simulations. This software
is a Monte Carlo simulation package in which a large amount of electron trajectories in
a solid, whose composition can be selected, are simulated. The main idea is to simulate
enough electron trajectories to represent the experiment conditions (by inputs of electron
beam energy and sample density) used in signal generation in a SEM. This complex single-
scattering Monte Carlo software is specifically designed for low-energy beam interaction
(up to 30 keV) and can be used to generate many of the signals recorded in a SEM, such as
X-ray, backscattered electron or CL signal. This software can also be efficiently used for all
of the accelerating voltage found on a field emission scanning electron microscope (from 0.1
to 30 keV). The software allows to set the type of geometries suitable for the desired sample
modelling, the total number of regions with different chemical composition and the thickness
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or width of each region. In addition, the option of a substrate can be introduced, which
extends the thickness of the lower region to a value much larger than the depth of electron
penetration into the sample. The main part of a Monte Carlo software is the simulation of a
complete electron trajectory. The different steps and physical models used by CASINO to
calculate the trajectories of the electrons are detailed in the literature.100

In this work, the electron penetration profiles and the CL signal generation volume were
simulated for SnO2/Zn2GeO4 heterostructures in Chapter 4. For the simulations, the average
cross-sectional size of the heterostructures was measured in the SEM beforehand. Thus,
the dimensions for the SnO2-Zn2GeO4-SnO2 heterostructure introduced in the CASINO
software were 200-100-200 nm respectively. In addition, the densities of each chemical
compound were introduced, being 6.85, 4.73 and 2.33 g/cm3 for SnO2, Zn2GeO4 and Si (as
substrate) respectively.

2.3.2 Density Functional Theory (DFT)

Density Functional Theory (DFT) is an ab initio method where quantum mechanical models
are applied to simulate physical, chemical and condensed matter systems in general. All the
DFT calculations in this thesis have been carried out in collaboration with Dr. Ruth Martínez
Casado from the Department of Physics of Materials of the Complutense University of
Madrid (Spain). The fundamental aspects of this theory are discussed below.

A solid is a collection of heavy, positively charged particles (nuclei) and lighter, neg-
atively charged particles (electrons). If the solid is composed of N nuclei, there will be
N +ZN particles interacting electromagnetically. This is a many-body problem, and since
these particles are on the scale at which the laws of quantum mechanics govern, it is in fact a
quantum many-body problem. The exact many-particle hamiltonian for this system is

Ĥ =−ℏ2
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(2.4)

The mass of the nucleus at R⃗i is Mi, the electrons have mass me and they are at r⃗i. The
first term is the kinetic energy operator for the nuclei, the second for the electrons. The
last three terms describe the Coulomb interaction between electrons and nuclei, between
electrons and other electrons, and between nuclei and other nuclei, respectively. But it is not
possible to solve this problem exactly, so it is necessary to carry out certain approximations
to find the eigenstates.

37



Characterization techniques and computational methods

The first is the Borh-Oppenheimer approximation: The nuclei are much heavier and
therefore much slower than the electrons. Therefore, it can be assumed that they are frozen
in fixed positions and that the electrons are in instantaneous equilibrium with them. In this
way, the nuclei are reduced to a static source of positive charge, becoming "external" to the
electron cloud. After applying this approximation, Equation 2.4 can be written as

Ĥ = T̂ +V̂ +V̂ext (2.5)

The nuclei do not move any more, therefore the kinetic energy of the nuclei is zero and
and disappear from Equation 2.4 disappears. The last term reduces to a constant. Thus, there
remains the kinetic energy of the electron gas, the potential energy due to electron-electron
interactions and the potential energy of the electrons in the (now external) potential of the
nuclei. In this equation, the kinetic and electron-electron terms depend only on the fact that
it is a many-electron system, independently of the system, so the system-specific information
(which nuclei in which positions) is given in its entirety by V̂ext .

After this first-level approximation, there are several methods to further reduce Equa-
tion 2.4 to an approximate but tractable form. One is the Hartree-Fock (HF) method, which
works very well for atoms and molecules and is therefore widely used in quantum chemistry.
However, for solids it is less accurate. Another more recent model and probably more
powerful one is the Density Functional Theory. This theory is based on the Hohenberg
and Kohn (HK) theorems,101 which state that all observable quantities of a many-electron
system can be written as density functionals and, therefore, the energy of the system under
an external potential Vext can be written in the form

EVext [ρ] = FHK [ρ]+
∫

ρ (⃗r)Vext (⃗r)d⃗r (2.6)

where the Hohenberg-Kohn density functional FHK [ρ] is universal for any many-electron
system (which contains the total kinetic energy and the total potential energy of electron-
electron interaction).

The last step was taken by Kohn and Sham (KS),102 whose equations turn DFT into a
practical tool. The idea of the KS formalism is to split the kinetic energy functional into
a part that can be exact and a small correction term. This is done by introducing a set of
orbitals representing a fictitious ensemble of non-interacting electrons. Taking into account
the exchange contribution to the total energy that is present in the Hartree-Fock solution, the
KS energy functional is then written as

EVext [ρ] = T0[ρ]+VH [ρ]+Vext [ρ]+Vxc[ρ] (2.7)
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where T0 is the functional for the kinetic energy of a non-interacting electron gas, VH

stands for the Hartree contribution and Vxc is the exchange-correlation energy functional.
Thus, this expression can be interpreted as meaning that the energy functional of a classical
non-interacting electron gas is subject to two external potentials: one due to the nuclei, and
the other due to exchange and correlation effects. To solve the KS equation, it is necessary
to solve the one-particle Schrödinger equation

ĤKSφi = εiφi (2.8)

where φi play the role of the wave functions (but they are not electron wave functions).
Both the Hartree operator VH and the exchange-correlation operator Vxc depend on the density
ρ (⃗r), which in turn depends on the φi which are being searched, leading to a self-consistency
problem: the solutions (φi) determine the original equation (VH and Vxc in HKS), and the
equation cannot be written down and solved before its solution is known. An iterative
procedure is needed to escape from this paradox. Some starting density ρ0 is guessed, and a
hamiltonian HKS1 is constructed with it. The eigenvalue problem is solved, and results in
a set of φ1 from which a density ρ1 can be derived. Most probably ρ0 will differ from ρ1.
Now ρ1 is used to construct HKS2, which will yield a ρ2, etc. The procedure can be set up
in such a way that this series will converge to a density ρ f which generates a HKS f which
yields as solution again ρ f : this final density is then consistent with the hamiltonian.

The difference between the different DFT methods lies in the choice of Vxc, which is a
universal functional valid for all systems but whose expression is in general unknown and
must be approximated. For this reason, different strategies are used to approximate this
function, such as local density approximation (LDA), generalised gradient approximation
(GGA), and hybrid methods (B3LYP or HSE06). Atomic potentials are generated by
pseudopotentials involving a number of approximations. One of the most common ones
applied in solids are the PAW-PBE (Projector Augmented Wavefunction, developed by
Perdew, Burke and Ernzerhof) pseudopotentials.103 For a more detailed discussion about
DFT, see reference.104

All the DFT calculations were performed using the CRYSTAL program,105 in which
the crystalline orbitals are expanded as a linear combination of atom-centered Gaussian
orbitals, the basis set. Electronic exchange and correlation were approximated by using
the Heyd–Scuseria–Ernzerhof (HSE) screened hybrid functional.106 Integration over the
reciprocal space was carried out using Monkhorst-Pack (MP) meshes of 6× 6× 6. The
self-consistent field (SCF) algorithm was set to converge at the point at which the change
in energy was less than 10−7 Hartree per unit cell. The internal coordinates have been
determined by minimization of the total energy within an iterative procedure based on the
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total energy gradient calculated with respect to the nuclear coordinates. Convergence was
determined from the root-mean-square (rms) and the absolute value of the largest component
of the forces. Geometry optimization was halted when all four conditions were satisfied
simultaneously.
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Chapter 3

Characterization and optical
properties of undoped Zn2GeO4

microstructures

This chapter is dedicated to the exhaustive study of structural and optical properties of
Zn2GeO4 microstructures grown by an evaporation-deposition process with the pellet acting
as source and as substrate. Growing the samples by varying the ratio between the precursors
under the same treatment conditions leads to changes in the concentration of defects in the
material. By comparing and analysing the changes in defects between them, insights into the
unexplored optical and electronic properties of the material could be gained. In the following
sections, the results obtained from the morphological and structural characterization of the
microstructures and detailed study of the optical properties are presented. The aim of the
research carried out in this chapter is to gain a better understanding of the Zn2GeO4 native
defects structure and their role in the luminescence bands. This knowledge is key to its
development in optoelectronic applications.

3.1 Morphological, chemical and structural characteriza-
tion

As explained in Chapter 2, two precursor mixtures with the proportions shown in Table 3.1
were used to obtain the undoped Zn2GeO4 structures. First, a precursor mixture with the
simplest ratio (weight ratio ZnO:Ge equal to 1:1), which was labelled T(11), was used to
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carry out the thermal treatment. Next, a powder mixture of ZnO, Ge and C with a 2:1:2
weight ratio was selected, which was labelled T(21), as expected from the stoichiometry of
the compound Zn2GeO4.

Name Precursor ratio Temperature (ºC) Ar flow (L/min) Time (h)

T(11) ZnO:Ge (1:1 %wt) 800 1.5 8
T(21) ZnO:Ge:C (2:1:2 %wt) 800 1.5 8

Table 3.1: Zn2GeO4 samples by changing the precursor ratio.

Fig. 3.1: Photographs of (a) T(11) and (b) T(21) pellets after the thermal treatment. Images acquired
in the optical microscope of the (c) T(11) and (d) T(21) pellets.

The structures grow on the pellet during each treatment by an evaporation-deposition
process with the pellet acting as source and as substrate. Figure 3.1 shows the amount of
structures obtained for both treatments is significantly different. The T(11) pellet is fully
covered by structures after the treatment, turning totally whitish in colour [Figures 3.1(a)
and (c)]. On the other hand, some white mats grow on the T(21) pellet surface during the
thermal treatment, which can be observed by the naked eye or by an optical microscope
[Figures 3.1(b) and (d)].

3.1.1 X-ray diffraction

The first step was the study of the crystalline structure of the products obtained from both
treatments by XRD. In the case of sample T(21) the amount of structures was much smaller,
so these were placed on a (100) Si substrate for analysis by grazing incidence XRD. The XRD
pattern of both T(11) and T(21) structures (Figure 3.2 red and blue line respectively) shows
peaks corresponding to the rhombohedral crystal structure of Zn2GeO4 (ICSD Collection
Code: 68382). In addition, some peaks corresponding to GeO2 are observed in the T(11)
sample with low intensity. The fact that the peaks corresponding to Zn2GeO4 are weaker
in the XRD spectrum of the T(21) structures is due to the smaller number of structures.
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Therefore, XRD measurements confirm that Zn2GeO4 structures were grown by both thermal
treatments.

Fig. 3.2: XRD pattern acquired from the structures of T(11) (red line), T(21) (blue line) and the
theoretical XRD pattern of the Zn2GeO4 crystal structure (green line). The symbol * indicates the
peaks corresponding to the GeO2.

3.1.2 SEM characterization

The morphology of the structures obtained was then assessed by a SEM. Figures 3.3(a)-(c)
show low magnification SE images of the tangle of structures grown over the pellet, in
which different morphologies and sizes were identified. Most of the structures found are
hexagonal-shaped microwires or microrods [see Figures 3.3(d) and (e)] with cross sectional
dimensions in the approximate range from 500 nm to about 4 µm and their lengths extend
up to hundreds of microns. The tips of the microrods obtained in this treatment are usually
not faceted, ending in a smooth hexagon. Additionally, among the variety of simple wires
of different sizes, other structures composed of small beads attached in some of the thinner
rods were also found as shown in Figure 3.3(f), similar to those reported by other works in
form of nanochains.107

On the other hand, it was shown how small mats of structures grew on the surface
of the T(21) pellet during the thermal treatment, as can be seen more clearly in the low
magnification SE images of the pellet [see Figures 3.4(a)-(c)]. These mats are mainly formed
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Fig. 3.3: (a)-(c) Low magnification SE images of the structures obtained under the T(11) treatment.
(d)-(e) SE images of the detail of hexagonal-shaped microrods. (f) Example of a beaded rod in which
small beads have attached to the central rod. The inset shows in more detail one of the beads.

by microrods, which again have a clear hexagonal shape with cross sectional dimensions
in the approximate range from 1 µm to about 6 µm, as shown in the detailed SE images in
Figures 3.4(d)-(f), and their lengths extend up to hundreds of microns. The tips are faceted
with morphologies that correspond to the main crystalline habits of the rhombohedral crystal
structure of Zn2GeO4, as trigonal or hexagonal habits (Figures 3.4(e) and (f) respectively).
Thus, from the morphological study carried out by SEM it can be concluded that thermal
evaporation method using a precursor mixture of ZnO and Ge in 1:1 weight ratio or ZnO,
Ge and C in 2:1:2 weight ratio both lead to the formation of hexagonal-shaped microrods.
The amount of grown structures is much higher in T(11) than in T(21) but while in T(11)
wires of different sizes and shapes are also found, the structures in T(21) are more uniform.

In order to study the elemental composition of the samples, EDS measurements were
conducted on several individual structures, and the representative results are displayed in
Figures 3.5 and 3.6. Figures 3.5 shows the compositional study carried out on different
structures grown in T(11). Figures 3.5(a)-(b) shows the EDS maps of one of the hexagonal
microrods obtained in this treatment, which reveals that the structure is homogeneously
composed of Zn, Ge and O. A compositional analysis was carried out on structures of
different morphologies and shapes, such as the one shown in Figures 3.5(c)-(d), and in all
cases the structures were uniformly formed by Zn, Ge and O. In the case of beaded rods,
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3.1 Morphological, chemical and structural characterization

Fig. 3.4: (a)-(c) Low magnification SE images of the mats of structures that have grown on the surface
of the T(21) pellet. (d)-(f) SE images of the detail of some hexagonal-shaped microrods.

the EDS maps in Figures 3.5(e)-(f) show that the central wire is composed of Zn, Ge and O,
while the beads are composed mainly of Ge and O. This difference in composition along
the structure was also appreciated in the line profile shown in Figure 3.5(g). It shows how
the intensity of Zn is above that of Ge in the central wire, whereas in the beads the intensity
of Zn decreases while the intensities of Ge increase. This could be explained by the fact
that during baking, the Ge is evaporated and condensed on the Zn2GeO4 wires previously
formed, giving rise to small beads of GeO2 along some structures. Therefore, the peaks
corresponding to GeO2 that appear in the XRD pattern shown in Figure 3.1(e) might be
a result of this small amount of residual GeO2 deposited on some structures, as it will be
clarified later.

In the case of T(21), the structures obtained were more uniform, so it was only necessary
to analyze the composition of the microrods. Figures 3.6(a)-(b) shows a compositional
analysis of one of the hexagonal microrods obtained in T(21), where the EDS maps shows a
homogeneous distribution of Zn, Ge and O along the structure.

In addition, the quantitative analysis at representative rods from each treatment is shown
in Table 3.2 reveals an atomic ratio Zn/Ge close to 2, such as expected for the compound
Zn2GeO4 (the O content has been omitted since quantitative EDS of light elements is often
unreliable). In all EDS quantitative assessments carried out in different individual structures,
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Fig. 3.5: Representative SE image and EDS maps of (a)-(b) microrod obtained in T(11), (c)-(d) a
structure obtained in T(11) with different size and shape and (e)-(f) a beaded rod showing the elemental
distribution of Zn (blue), Ge (red) and O (yellow) elements. (g) Line profile of the EDX intensities of
Zn (blue line) and Ge (red line) in the beaded rod shown in (e).

no significant differences were found in the Zn/Ge ratio between the structures of both
treatments.

Element T(11) (At%) T(21) (At%)

Zn 65.6 ± 3.6 63.7 ± 3.2
Ge 34.4 ± 2.6 36.3 ± 4.8

Table 3.2: Atomic ratio Zn:Ge in individual structures obtained in each treatment, quantifying the
intensity of the Zn K-line series and the Ge L-line series.

Since T(21) microrods have higher dimensions than T(11) ones, and with neat hexagonal
faces, EBSD measurements were carried out on them as shown in Figure 3.7(a), in which the
simulated Kikuchi pattern of one of the faces is displayed. Figure 3.7(b) shows a colour map
of the different directions found on one of the faces of a hexagonal microrod. The results
show mainly planes seen from direction [010] (dark blue dots) and another one between
[010] and [100] (cyan blue dots). Figure 3.7(c) shows the polar figure seen from the direction
[001] and it can be observed that all the points fall at the top (90º) and bottom (270º) edges
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Fig. 3.6: (a)-(b) Representative SE image and EDS maps of a microrod obtained in T(21) showing the
elemental distribution of Zn (blue), Ge (red) and O (yellow) elements. The inset in (a) shows in more
detail the hexagonal shape of the microrod.

of the sphere (slightly off-centre, probably because the structure was not perfectly straight).
This indicates that the direction of growth is [001] and that the points in the edges of the
sphere corresponds to the family of planes that delimit the rod.

Fig. 3.7: (a) Simulated Kikuchi pattern of the surface of one microrod. (b) Inverse polar figure diagram
and EBSD map overlapping the SE image. Polar figure for the (c) [001], (d) [110] and (e) [2-10] axis
zone. (f) Sketch of a hexagonal microrod with the growth direction and the planes of the surfaces.

Figure 3.7(d) shows the polar figure for the family of planes {110}, and the points
fall in the centre of the sphere, indicating that the measured face corresponds to the plane
(110). In addition, there are two points that are symmetrical with respect to the central
point. Figure 3.7(e) shows the polar figure for the plane family {21̄0} and is similar to
that observed for the plane family {110}. This suggests that the families of planes are
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equivalent, and when the measurement is carried out points for the family of planes {110}
(dark blue points) and for the family of planes {21̄0} (cyan blue points) are obtained at the
same time. Figure 3.7(f) shows a sketch illustrating the planes of the different hexagonal
faces of the rods seen from the c-axis. These results are in line with other groups, which have
reported Zn2GeO4 nanorods growing also along the c-axis direction of the rhombohedral
structure,22,108 while other works have found Zn2GeO4 nanowires that grow along [110]
direction.42,84

3.1.3 Micro-Raman spectroscopy

For a more detailed understanding of the structure of the samples, micro-Raman spectroscopy
measurements were carried out using a confocal optical microscope. First, an array of
structures from each treatments deposited on two different Si substrates were studied.
Figure 3.8(a) shows the Raman spectra collected over these two sets of structures [red line
for T(11) and blue line for T(21)]. The Raman peaks at 745, 751, 777 and 802 cm−1 can
be detected in both cases. In addition, in the array of T(11) structures a peak was also
resolved at around 440 cm−1. This collection of Raman peaks in the range from 700 to 840
cm−1 have been reported in the literature for the Zn2GeO4 structure and are summarized
in Table 3.3 along with the vibration mode assigned to each one.109,110 With regard to, the
peak observed in the set of structures T(11) around 440 cm−1 it has been associated with
trigonal GeO2.111 This is consistent with the observed XRD pattern in Figure 3.2. On the
other hand, the Raman spectra on individual structures were analyzed. Figure 3.8(b) shows a
Raman spectrum acquired from a individual microrod obtained in T(11). It should be noted
that the peak around 440 cm−1 is not usually seen on individual microrods of T(11), which
indicates that the peak observed in the set of structures is due to the residual GeO2 that is
deposited on some structures during the above mentioned treatment. The 520 cm−1 peak
corresponds to the silicon substrate. The inset of Figure 3.8(b) shows the Raman spectrum
in detail including the results of Lorentzian deconvolutions, with peaks at 744, 752, 776 and
801 cm−1. Therefore, the microrods grown in both the T(21) and T(11) thermal treatments
show well-defined Raman peaks associated with Zn2GeO4, which reveals a high crystal
quality, in agreement with the results of XRD.

Furthermore, a Raman study was carried out on the beaded rods in which small beads
of GeO2 are attached to the central wire of Zn2GeO4. Figure 3.9(a) shows Raman spectra
recorded from: a point on the central wire (red line), from a round-shaped bead of the beaded
rod (blue line) and from a faceted bead (green line). Figure 3.9(b) shows an optical image
of the beaded rod over which the different spectra were collected. The arrows indicate the
different spots on the structure where the laser was incident to acquire the spectra, being the
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Raman shift (cm−1) Raman mode Mode description

745 A(1)
g Ge-O-Zn symmetric || c axis

751 E(3)
g O-Ge-O bending defect oxygen mode ⊥ c axis

777 E(4)
g Ge-O-Zn asymmetric ⊥ c axis

802 A(2)
g O-Ge-O stretching (GeO4 tethraedra) || c axis

Table 3.3: Frequencies and description of Raman modes characteristic of Zn2GeO4 structure.109

Fig. 3.8: (a) Raman spectra acquired on an array of structures of T(11) (red line) and T(21) (blue line).
(b) Raman spectrum acquired from an individual T(11) microrod. The insets show the expanded Raman
spectrum including Lorentzian deconvolutions and the image acquired in the confocal microscope of
the individual microrod.

size of the laser spot on the sample around 2 µm. In the upper spectrum of Figure 3.9(a),
when the part of the central wire was excited, the main Raman peaks of Zn2GeO4 (745,
751, 777 and 802 cm−1) are observed. The 520 cm−1 peak corresponds to the Si substrate.
When a round-shaped bead [such as the one shown in Figure 3.9(c)] is excited, besides
the Zn2GeO4 Raman peaks, a broad band are observed in the region between 400 and 600
cm−1 which is assigned in the literature to GeO2 glass.111 Most of the analyzed beads have
a rounded shape and show this broad band associated with GeO2 glass. However, some of
the beads have a slightly faceted surface [see Figure 3.9(d)] on which a different Raman
spectrum was obtained. Raman peaks of the Zn2GeO4 were observed in the region between
740 and 805 cm−1, but in addition well defined peaks were observed in 166, 212, 263,
442, 517, 591, 859, 881, 960 and 973 cm−1, with the peak at 442 cm−1 more intense than
those associated with the Zn2GeO4 structure. This set of Raman peaks corresponds to phase
α-quartz-like trigonal (hexagonal) structure of the GeO2 polymorph.111

To complete this Raman study, Figures 3.9(e) and (f) each show a µ-Raman mapping
along the beaded rod of the optical image shown in the inset. The mapping of Figure 3.9(e)
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Fig. 3.9: (a) Raman spectra recorded from: a point on the central wire (red line), a round-shaped bead
(blue line) and a faceted bead (green line) of a beaded rod. (b) Optical image of the beaded rod over
which the different spectra shown in (a) were obtained. Each arrow indicates the spot in which the
corresponding Raman spectra was acquired. SE image of (c) a round-shaped and (d) a faceted bead.
µ-Raman map focusing the recollection between (e) 780-805 cm−1 and (f) 420-480 cm−1.

was obtained by collecting the signal between 780 and 805 cm−1, which is the region
containing the most intense Zn2GeO4 Raman peak. It can be observed that this Raman peak
appears along the whole structure. On the other hand, the mapping of Figure 3.9(f) was
obtained by collecting the signal between 420 and 480 cm−1, where the characteristic peak
of the GeO2 glass is found. In this case, the Raman signal is only observed in the region of
the beads. Hence, the beads formed are usually GeO2 glass but some of them are trigonal
GeO2 crystallites. It can be concluded that the Raman peak seen when an array of T(11)
structures are excited [Figure 3.8(b)] corresponds with residual GeO2 that is deposited on
some structures and crystallizes in trigonal GeO2. Although most of the beads that were
formed are GeO2 glass, the Raman peak at 442 cm−1 of the crystallized beads is much
more intense and that is why it is observed when a large number of structures are excited.
Furthermore, these results support that these trigonal GeO2 beads attached to some T(11)
microwires are behind the extra peaks observed in the XRD pattern of Figure 3.2.
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3.1.4 X-ray photoelectron spectroscopy

Finally, structural and chemical characterization was completed by means of XPS measure-
ments. XPS analysis of Zn2GeO4 microrods obtained in T(21) was carried out in order to get
information on the local chemistry at the surface. For this purpose, several structures were
placed on a In substrate in order to avoid charging effects while measuring. Figure 3.10(a)
inset shows the XPS mapping recorded with the Ge 3d binding energy of some Zn2GeO4

microrods, in which two positions A and B are indicated. The XPS spectra recorded at
these points are similar in both cases as shown in Figures 3.10(a) and (b). The main peaks
correspond to core levels of Zn 3d (11.3 eV), O 2s (25 eV), Ge 3d (∼32 eV) and O 1s (∼532
eV). Whereas Zn 3d line has only one component assigned to Zn2+, in Figure 3.10(c) it can
be appreciated that the Ge 3d line is composed of three components. These components
reveal that Ge displays several oxidation states, being the 29.6 eV, the 31.2 eV, and the 32.9
eV assigned to neutral Ge, Ge2+, and Ge4+, respectively.112 The most intense component
(which corresponds to the highest energy binding) has been also measured in GeO2 (linked to
O-Ge-O bonds), which seems reasonable since the crystalline structure of Zn2GeO4 contains
GeO4 tetrahedral.

Fig. 3.10: (a)-(b) XPS spectra recorded from points marked as A and B in the inset, which shows XPS
mapping with the Ge 3d line. High-resolution XPS spectra of the (c) Ge 3d and (d) O 1s core level
along with the fitted Gaussian lines.
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On the other hand, the high-resolution XPS spectra of O 1s core level were deconvolved
into three components [see Figure 3.10(d)] located at 531.2, 532.1 and 533.2 eV assigned to
the lattice O2− ions (OL), native defects of O2− vacancies (OV) and chemically adsorbed
H2O or -CO3 bond on the surface (OC), respectively.113 Therefore, the presence of some
Ge2+ and neutral Ge could be explained by the high concentration of oxygen vacancies,
in such a way that electrical charges are balanced. It is worth noting that the Zn2GeO4

structure, besides the O-Zn-O and O-Ge-O bonds in the ZnO4 and GeO4 tetrahedra, also
have Ge-O-Zn bonds to link both elements. The fact that the Zn 3d line is almost unaltered
in the XPS spectra, but the Ge 3d line reveals reduced oxidation states of Ge, would suggest
that oxygen vacancies tend to be segregated around both O-Ge-O and Ge-O-Zn bonds, which
could affect the recombination mechanisms that lead to luminescence, as will be discussed
in the next section.

3.2 Optical properties

Semiconducting oxides usually contain a high number of native defects, such as oxygen
vacancies and cation vacancies and interstitials. These defects introduce electronic levels
in the bandgap and hence affect dramatically the optical and electronic properties of the
material. In particular, oxygen vacancies are considered the responsible for most TCOs
being n-type semiconductors.10 Luminescence measurements are very suitable for studying
the electronic levels in the bandgap by monitoring radiative recombination processes. In
addition, luminescence techniques skip the problems of electrical contact, which can be
a serious experimental drawback, especially when it comes to low-dimensional materials
that are difficult to handle. Therefore, this section shows a detailed study of the optical
properties of Zn2GeO4 microrods obtained in the T(11) and T(21) treatments investigated
by the luminescence techniques described in Chapter 2 in order to shed light on the role
played by native defects in the electronic states within the Zn2GeO4 bandgap through
recombination processes. Moreover, complementary DFT calculations were performed to
obtain information from the electronic levels in perfect and defective material in order to
support experimental measurements.

Firstly, cathodoluminescence (CL) measurements, where the sample is excited by the
electron beam in a SEM, were performed. In this technique, electrons are excited from
the valence band to well above the conduction band, which makes it possible to observe
both emissions from band-to-band recombinations and those involving intermediate levels
originating from the different native defects. Thus, this technique provides an overview of the
different radiative recombination transitions of Zn2GeO4. Secondly, a 325 nm (3.8 eV) UV
laser was used as excitation source to carry out photoluminescence (PL) measurements. In
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this case, the electrons are excited with a selective energy lower than the bandgap energy in
the case of Zn2GeO4 (Eg ≈ 4.5 eV28), which allows for the observation of emissions arising
only through extrinsic processes. Finally, PL and PLE measurements were performed using
a Xenon lamp as excitation source that allows tuning of the excitation wavelength. Thanks
to this, recombination mechanisms involving levels at different energies within the bandgap
can be studied separately. Furthermore, these measurements were carried out as a function
of temperature, which made it possible to evaluate the kinetic parameters involved in the
luminescence processes. On the other hand, it should be noted that the measurements were
acquired on an array of structures, obtaining an average luminescence, and on individual
structures which allowed to study the influence of polarization on PL measurements or to
calculate the refractive index through Zn2GeO4 microrods acting as optical resonators.

3.2.1 Cathodoluminescence

CL measurements were performed on an array of microstructures from both T(11) and T(21)
treatments to get an overview of the radiative recombination centres of Zn2GeO4 when the
samples were excited with an electron beam in a SEM. CL results measured at RT and at
100 K are presented below.

CL at room temperature

Figures 3.11(a) and (b) show the CL spectra measured at room temperature on an array of
structures obtained in both T(11) and T(21) respectively. In both cases a wide emission
band is obtained in the UV region, which will be labelled from now on as wide-UV band
(W-UV). This W-UV emission consist of two components peaked at 3.1 and 3.5 eV, which
were obtained by Gaussian deconvolution, with the component centred at 3.5 eV being the
most intense in both cases.

Fig. 3.11: CL spectra recorded at 10 kV from an array of Zn2GeO4 microstructures at RT of (a) T(11)
and (b) T(21) with their respective Gaussian deconvolutions (dotted lines).
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CL measurements on Zn2GeO4 have not been widely explored in the literature. Tsai et
al. reported CL measurements on Zn2GeO4 nanorods showing blue-green emission centred
at 2.8 eV (450 nm), which they suggest is most likely associated with native defects in
Zn2GeO4, but call for further studies to clarify the luminescence mechanisms.35 This W-UV
emission is completely unknown in the literature, and has only been previously observed by
Hidalgo et al. on Zn2GeO4 microrods grown by the same thermal evaporation method as the
microrods presented in this work.33

CL at 100 K

In order to clarify further the mechanisms leading to the observed CL emissions at RT,
measurements at low temperatures were collected. Figures 3.12(a) and (b) show the CL
spectra recorded at 100 K in both samples T(11) and T(21) respectively. The array of
T(21) structures shows the W-UV emission, similar to that observed at RT. However, T(11)
structures in this case exhibit, in addition to the W-UV band, an emission in the visible range
between 2.0 and 2.4 eV (which will be referred to as the green-yellow (GY) luminescence
band). This visible emission is more similar to that observed by Tsai et al. in Zn2GeO4

nanorods.35 Therefore, these results suggest that different recombination pathways are
present in Zn2GeO4, leading to the W-UV or visible emission, and which are affected by the
growth conditions. In order to explore these different radiative paths, more clearly present in
T(11) structures, CL measurements were performed by focusing and defocusing the electron
beam to vary the incident excitation energy density on the samples. These spectra are shown
in Figure 3.12(b), in which the change in relative intensity between the W-UV and GY bands
according to the excitation density can be clearly appreciated. A lower excitation energy
density results in a higher relative intensity of the GY band, whereas a higher excitation
density favours the W-UV band. This behaviour can be explained as follows: With higher
excitation energy density, more electrons are injected into the electronic levels. This results
in a higher number of electronic transitions, leading to the faster mechanism dominating.
Therefore, these results suggest that the recombination mechanism of the W-UV emission is
faster than the mechanism that gives rise to the GY band.

With this first luminescence study, several conclusions can be drawn. The CL technique
allows the excitation of a large number of electrons from the valence band to the conduction
band, which makes it possible to observe both band-to-band recombination emissions and
those involving extrinsic levels. In this context, the de-excitation processes showed a complex
luminescence outcomes due to the presence of different recombination mechanisms that vary
from sample T(21) to T(11) as shown in the CL spectra above. Firstly, a wide emission band
in the UV range was observed for both treatments. The origin of this emission is uncertain,
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Fig. 3.12: (a) CL spectra acquired at 5 kV from an array of Zn2GeO4 microstructures of T(11) (red
line) and T(21) (blue line) at 100 K. (b) CL spectra acquired at 5 kV from T(11) structures at 100 K by
focusing and unfocusing the electron beam. The inset shows the Gaussian deconvolution of one of
these CL spectra.

being different from the blue-green emission reported in the literature.35 On the other hand,
the T(11) structures showed a green-yellow emission in the visible range at low temperature,
which is favoured under conditions of low excitation energy density, indicating a slower
recombination mechanism than the W-UV. These results suggest the existence of different
electron recombination paths, which require selective excitation energy to be studied in more
detail.

3.2.2 Photoluminescence with UV laser

CL measurements carried out on both T(11) and T(21) structures suggest a complex lu-
minescence of Zn2GeO4 and open new issues about the recombination pathways taken by
the electrons. Therefore, the next step was to carry out PL measurements using a selective
excitation source, such as a 325 nm (3.8 eV) UV laser, whose energy is below the Zn2GeO4

bandgap. Figure 3.13(a) shows the PL spectra acquired on an array of T(11) and T(21)
structures. The structures obtained in T(11) show a broad emission in the visible range,
while at T(21) this emission is less intense and a narrow UV emission predominates. Fig-
ures 3.13(b) and (c) show the Gaussian deconvolution of these emissions to study their
different components. Figure 3.13(b) shows the emission components of T(11) structures.
The 2.1 and 2.4 eV components correspond to the green-yellow band previously observed in
CL, while the component peaked at 2.8 eV reveals a new band of this emission in the visible
range (which will be referred to as the blue band). On the other hand, Figure 3.13(c) shows
the emission components obtained for the T(21) structures. The emission band in the visible
range is centred at 2.4 eV (GY band), while the narrow UV band (henceforth labelled N-UV
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band) around 3.2 eV consists of two components centred at 3.18 and 3.24 eV. In CL, a wide
UV band composed of two components was observed, so perhaps this emission was hidden
by the W-UV emission. Previous luminescence studies of Zn2GeO4 have not shown this
N-UV emission band. Kim et al. observed a sharp UV emission band around 3.2 eV in both
nanowires composed mainly of the hexagonal ZnO phase with some additional Zn2GeO4

phase and in nanowires in which the stem is composed mainly of Zn2GeO4, while the tip is
characterised by a hexagonal phase of GeO2 particles.48 They attribute this UV emission
to ZnO, analogous to the typical PL spectra of ZnO nanowires reported previously.114,115

However, neither XRD nor Raman spectra acquired on the structures obtained from T(21)
showed remains of phases corresponding to the ZnO. Hence, this N-UV emission has to be
inherent to Zn2GeO4 microrods.

Fig. 3.13: (a) RT PL spectra acquired on a set of T(11) (red line) and T(21) (blue line) structures. PL
spectra shown in (a) for T(11) (b) and T(21) (c) with their respective Gaussian deconvolutions (dotted
lines). (d) PL spectra measured on T(21) structures recorded without filter (D0, blue line) and with a
D1 filter (laser power divided by 10, green line).

Finally, Figure 3.13(d) shows the PL spectrum obtained on T(21) structures by varying
the excitation density conditions by changing the filter used in the excitation laser. Without
any filter (blue line) the N-UV has a relative intensity much higher than the GY band.
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However, if a filter D1 (laser power divided by 10, green line) is used, the GY band has a
higher relative intensity. This is in line with the results previously observed at CL, where
reducing the excitation density favoured the emission of the GY band, and corroborates
the complex system of electronic levels of Zn2GeO4 that originated these competitive
mechanisms. A correlation study between the luminescent features and the chemical and
structural configuration was carried out by means of polarized PL and Raman spectroscopy
study.

Correlative study of vibrational and luminescence properties

The advantage of micro-PL and micro-Raman setup is the possible correlative study between
luminescent and structural features, as shown in Figures 3.14 and 3.15, which was carried out
on single microrods of treatments T(21) and T(11) respectively. The different configurations
between the polarized light and the rod longitudinal axis are sketched in Figure 3.14(a),
labelled accordingly to Porto’s notation.116 The purple arrow displays the polarization of
the incident laser. The angle, α , between the rod axis and the incident laser can be varied.
Two particular cases, zero angle and 90º are shown in Figure 3.14. Raman signal has been
recorded with polarizers either parallel (blue arrows) or perpendicular to the rod axis (red
arrows) in both cases. Note that the Raman peaks at 745 and 802 cm−1 are Ag modes,
while the Raman peaks at 751 and 777 cm−1 are Eg modes as summarized in Table 3.3.
Figures 3.14(b) and (c) show the Raman spectra for the above four described configurations,
in which it can be appreciated that the relative intensity of Eg modes to Ag modes changes
dramatically when the scattering geometry changes. By exciting with the laser perpendicular
to the rod axis, Figure 3.14(b), the four vibration modes are observed although with different
relative intensity. The A(1)

g and E(4)
g modes (which come from Ge-O-Zn vibrations in a

direction parallel or orthogonal to the c axis, respectively) vary their relative intensity from
-Y(XZ)Y to -Y(XX)Y. On the other hand, when the incident laser is parallel to the rod
axis, Figure 3.14(c), all modes are recorded in the -Y(ZX)Y arrangement. However, only
Ag peaks that are associated with symmetric modes vibrating along c axis remain in the
-Y(ZZ)Y configuration with quenching of Eg modes. These effects could be explained
taking into account the dependence of the Raman scattering tensor components with the
polarization geometry and crystal orientation. These results could help to identify the growth
direction of the Zn2GeO4 rod from purely Raman measurements. Figure 3.7 showed EBSD
measurements for a microrod obtained in T(21), which allowed to determine that the growth
direction of the structures is [001]. The present Raman results confirm this direction for
the rod axis. Therefore, Raman spectroscopy is a very valuable tool to ascertain the crystal
quality and identify crystallographic orientation and symmetries with the only aid of visible
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light. In addition, there are several examples in the literature that use polarized Raman
spectroscopy as well to get information about local strain or internal crystal field in a variety
of materials.117,118,119

Besides the hint about the crystal orientation, the changes in the intensity of Eg modes
could provide valuable information about other features, such as local strain or point defects
in Zn2GeO4 structure in the sense that they would produce distortion in the chemical
bonds. It has been suggested that Eg modes are defect oxygen-related modes (ORMs)
and variations of their line-shape in the Raman spectra could be associated with disorder
of oxygen vacancies in the lattice.109 In particular, the dependence of the intensity of the
E(4)

g peak with the temperature has been used to estimate the energy formation of oxygen
vacancies in Zn2GeO4, resulting a value of 0.46 eV.109 On the other hand, native defects, and
in particular oxygen vacancies are usually optically active centres in transparent conductive
oxides. As shown above, CL and PL emissions of Zn2GeO4 microstructures are highly
dependent on excitation and growth conditions of the material. For example, in the case of
Zn2GeO4 nanowires, just a broad green band has been reported in twinning nanowires.120

The present Zn2GeO4 T(21) microrods however show an intense emission band appeared
at 3.2 eV (N-UV) along with a broad green band of lower intensity at around 2.4 eV [see
Figure 3.13(c)].

In order to get more insight into the luminescence mechanisms and their relation with
oxygen vacancies, polarized photoluminescence (P-PL) measurements were carried out
with the same geometric arrangement shown in Figure 3.14(a). Figures 3.14(d) and (e)
shows polarized PL spectra of the same Zn2GeO4 microrod used for the previous polarized
Raman measurements, in which the same color code as before was used to identify light
collected with polarizer parallel to the rod axis (blue lines) or perpendicular to the rod
axis (red lines). For comparison, unpolarized PL spectra (dotted lines) are also displayed.
As a general feature, all P-PL spectra of T(21) structures show two emissions, the green-
yellow visible band and the N-UV band, in which several components can be identified by
deconvolution of the experimental data into Gaussian lines. In doing so, the visible band
lower intense emission is composed of three bands at 2.0, 2.2, and 2.4 eV, marked with a
dotted line in the P-PL spectra shown in the inset of Figure 3.14(d) for the -Y(XZ)Y case.
As mentioned above, according to the literature the nature of this emission could involve
donor and acceptor centres coming from the presence of oxygen vacancies and other native
defects.20 The relative intensities of these components of the visible band vary as a function
of the polarization angle and this effect is more evident when the incident light is parallel to
the longitudinal rod axis (labelled as z direction) [Figure 3.14(e)], with a clear increase of the
2.2 eV component in the -Y(ZZ)Y spectrum. On the other hand, the N-UV emission can be
split into two components, 3.18 and 3.24 eV [Figure 3.13(c)], which shows clear polarization

58



3.2 Optical properties

Fig. 3.14: (a) Sketch of the geometry of the experiment for polarized Raman and PL spectra. The purple
arrow indicates the incident laser, which can have a polarization perpendicular (left) or parallel (right)
to the longitudinal rod axis. The backscattered light can be recorded with the polarizer perpendicular
(red arrows) or parallel (blue arrows) to the rod axis. Measures acquired on a T(21) microrod: (b)
Raman spectra according to -Y(XX)Y (red line) and -Y(XZ)Y (blue dashed line) configuration. (c)
Raman spectra for -Y(ZX)Y (red dashed line) and -Y(ZZ)Y (blue line) configurations. (d) P-PL spectra
for the -Y(XX)Y (red line) and -Y(XZ)Y (blue line) configurations. Inset: -Y(XZ)Y deconvoluted
P-PL spectrum. (e) P-PL spectra for -Y(ZX)Y (red line) and -Y(ZZ)Y (blue line) configurations. Inset:
Zoom-in of the green-yellow emission. PL spectra with no polarizer are also included in both cases (d)
and (e) (dotted green line).
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effects when illumination is parallel to the rod axis, as it can be seen in Figure 3.14(e). These
results suggest that excitation perpendicular to the rod axis produces mainly unpolarized
luminescence, while excitation along the c-axis produces polarized photoluminescence.

It should be mentioned that luminescence from GeO2 crystals usually exhibits a broad
visible band in the green region associated with oxygen vacancies at around 2.4 eV,121 which
could reminds of this green-yellow band observed in Zn2GeO4 microrods. On the other hand,
the UV observed PL emission would resemble the near band edge luminescence of ZnO
(3.3 eV).114,115,122 So it is important to be aware that, at certain crystallographic directions,
the Zn2GeO4 could be seen as a distorted or strained ZnO lattice, what could justify this
similarity. On the contrary, polarized Raman measurements in non-polar ZnO films have
reported an orthorhombic symmetry due to local strain.118

With all these results under the different scattering configurations, the following cor-
relation was found: Figure 3.14(c) reveals that both Eg modes vanish for the -Y(ZZ)Y
configuration. E(3)

g mode is associated with oxygen defects in O-Ge-O bonds and E(4)
g mode

with Zn-O-Ge bonds. Hence, it can be suggested that luminescence changes in the GY band
are related to activation/deactivation of E(3)

g modes, while the changes of the intensity ratio
of the components of the N-UV band would be linked to the E(4)

g modes that involve both
Ge and Zn ions. Also, with the orientation of the rod perpendicular to the incident laser, the
changes in the polarized Raman spectra affect mainly to E(3)

g modes [Figure 3.14(b)] and to
green-yellow band in the P-PL spectra [Figure 3.14(d)], which can be again correlated with
variation in the visible emission band. Furthermore, Figure 3.10 showed that the Zn 3d line
is almost unaltered in the XPS spectra, but the Ge 3d line reveals reduced oxidation states of
Ge. This would suggest that oxygen vacancies tend to be segregated around both O-Ge-O
and Ge-O-Zn bonds. This result matches with the polarized Raman measurements shown
above since both Eg peaks correspond to oxygen defect related vibration modes and then,
the polarized the PL bands [Figure 3.14(e)] would be associated with the activation of E(4)

g

modes for the N-UV band and E(3)
g modes for the green-yellow band.

The same measurements were performed on the microrod of T(11) shown in Figure 3.6(a).
Figure 3.15 shows the Raman spectra acquired under the different configurations. Fig-
ure 3.15(a) shows the spectra exciting with the laser perpendicular to the microrod, in which
the same behaviour can be seen as in the case of T(21) shown above, where the four modes
of excitation are observed in both geometries. By exciting with the laser parallel to the
microrod axis, Figure 3.15(b), the modes also behave in a similar way as observed in the
microrod of T(21). All modes are collected in the -Y(ZX)Y geometry while in the -Y(ZZ)Y
configuration the Eg modes are blocked and only the Ag peaks are observed. However, in this
case the changes in relative intensity between the A(2)

g and E(3)
g modes (which are associated

with the O-Ge-O bending and stretching, respectively) are more marked, with E(3)
g mode
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Fig. 3.15: Measures acquired on a T(11) microrod: (a) Raman spectra according to -Y(XX)Y (red line)
and -Y(XZ)Y (blue dashed line) configuration. (b) Raman spectra for -Y(ZX)Y (red dashed line) and
-Y(ZZ)Y (blue line) configurations. (c) P-PL spectra for the -Y(XX)Y (red line) and -Y(XZ)Y (blue
line) configurations. (d) P-PL spectra for -Y(ZX)Y (red line) and -Y(ZZ)Y (blue line) configurations.

being the most intense for the -Y(XZ)Y configuration. These measurements confirm that the
microrods grown in T(11) and T(21) have a similar structure, as the Raman modes behave in
the same way under the different polarization geometries.

On the other hand, Figures 3.15(c) and (d) shows polarized PL spectra of the same
Zn2GeO4 microrod of T(11) used for the previous polarized Raman measurements. Unlike
for the T(21) microrod, there is no emission in the UV range and the luminescence is
composed of the green-yellow and blue bands as shown in Figure 3.13(b) above. In this
case, no significant changes are observed between the different emission components when
changing the backscattered light collection settings. However, the PL intensity varies
significantly with the polarization angle, especially when the incident laser is parallel to the
microrod axis [see Figure 3.15(d)]. In the configurations where the PL intensity is higher
(-Y(XZ)Y and -Y(ZX)Y) correspond to the geometries where the E(3)

g mode is more intense.
In fact, the highest PL intensity among the four configurations is reached for -Y(ZX)Y, which
is when the E(3)

g mode becomes more intense than the A(2)
g mode. Therefore, this results

supports the idea that the E(3)
g mode (which is associated with oxygen defects in O-Ge-O
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bonds) is correlated to the visible band and may give some clues about the differences
between the recombination pathways that give rise to the luminescence emissions.

In summary, let’s recall the different luminescence bands that have been obtained under
CL and PL (excited with a 325 nm UV laser) up to now, which are listed in Table 3.4 below.

Label Range Technique Sample Mechanism

GY band 2.0-2.4 eV (520-620 nm) CL & PL T(11) & T(21) DAP (Ge centres)20,47

Blue band 2.8 eV (440 nm) PL T(11) DAP (oxygen defects)20,47

N-UV band 3.2 eV (388 nm) PL T(21) unknown
W-UV band 3.1-3.5 eV (350-400 nm) CL T(11) & T(21) unknown

Table 3.4: Luminescence bands of Zn2GeO4 microrods from both treatments T(11) and (T21) obtained
under CL and PL (excited with a 325 nm UV laser).

Previous luminescence studies of Zn2GeO4 have not shown these W-UV and N-UV
emission bands in the energy range of about 3.1 - 3.5 eV. Liu et al. studied Zn2GeO4

phosphors annealed under different atmospheres by electron paramagnetic resonance (EPR)
measurements and PL. They attributed the visible luminescence of Zn2GeO4 to DAP recom-
bination with oxygen vacancies and zinc interstitials acting as donors and ionized germanium
vacancies and zinc vacancies acting as acceptors.20 This model was considered to explain
the observed luminescence in Zn2GeO4 nanorods.47,123,39 However, the wide spectral range
of results presented in this thesis suggest that Zn2GeO4 luminescence would be difficult to
be explained solely by DAP recombination. The green-yellow broad band with maximum at
about 2.4 eV and the blue band peaked at 2.8 eV have been reported in several papers in the
literature with slight variations in the relative intensity of the components.20,47,123,39,108 The
differences would be due to the different relative intensities of the components for different
samples and/or experimental conditions. Li and co-workers suggest that the green-yellow
band is related to Ge centres, while the blue band is correlated with oxygen defects.47

However, they claim that the exact reasons are still unclear, and more research is needed
to explain the particular mechanism of Zn2GeO4 luminescence. Therefore, it appears that
besides the existence of DAP recombination and the relationship of oxygen defects with one
of the components, additional luminescence mechanism should be considered. In particular,
scarce data are available on the defect or impurity related energy levels within the bandgap.

3.2.3 Photoluminescence with a tunable excitation wavelength Xe-lamp

This section shows the acquired PL and PLE measurements for an array of T(11) and T(21)
microstructures. In this case, a Xenon lamp (coupled to a monochromator that allows tuning
of excitation wavelength) was used as the excitation source. Both PL and PLE measurements
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were carried out at temperatures from 4 K up to room temperature. In addition, studies of PL
intensity as a function of temperature and time-resolved PL curves acquired by excitation
with a pulsed light emitting diode (LED) of 256.8 nm excitation wavelength were performed.
These studies provided the kinetic parameters of the luminescence of emissions in the UV
range (N-UV and W-UV bands). Since PL and PLE measurements were acquired by varying
both the excitation and emission wavelengths, the spectra in this section are presented with
respect to wavelength, and not in energy as has been the case up to now, in order to present
them in a more intuitive way.

3.2.3.1 PL at room temperature

Figure 3.16 shows the PL spectra at room temperature collected on structures of T(11) and
T(21) exciting with a wavelength of 260 nm (4.8 eV), which is above the Zn2GeO4 bandgap
(Eg ≃ 4.5 eV at RT according to reported data20,28). Figure 3.16(a) shows the PL spectrum
(red line) of T(11) structures, in which a broad band is observed in the visible range centred
on 454 nm (2.7 eV), which was seen earlier in PL under a 325 nm laser excitation for T(11)
and labelled as blue band. The left side of Figure 3.16(a) shows the PLE spectrum (blue
line) collecting the emission at 454 nm, which shows how the intensity of the blue band
increases reaching a maximum when the excitation is originated with a 265 nm (4.7 eV)
wavelength (above the Eg) and then drops sharply for excitation wavelengths below bandgap,
similar to that observed by Tang et al. for emission at 490 nm in an array of Zn2GeO4

nanorods.124 Li and co-workers have suggested that this blue emission is correlated with
oxygen defects, although its origin is still uncertain.47 Accordingly, the related centre of the
oxygen vacancies would be very close to the conduction band and the PLE maximum would
correspond to the direct excitation of electrons to that state.

On the other hand, Figure 3.16(b) shows the PL spectrum (green line) of T(21) structures.
In this case, the main emission is the W-UV band peaked at 375 nm (3.3 eV), previously seen
in CL for both treatments. The left side of Figure 3.16(b) shows the PLE spectrum (purple
line) for this emission at 375 nm, which shows that the W-UV band intensity increases until
the maximum emission is reached at 258 nm (4.8 eV, above the Eg) and then drops sharply
for excitation wavelengths below bandgap. This behaviour is similar to that observed for the
blue band in T(11), suggesting that both emissions are related to the same oxygen vacancy
defects.

However, by zooming into the tail of the PLE spectrum in the 290-320 nm range, it
is observed that a small band of excitation appears inside the bandgap. In order to try to
understand what happens with this UV emission when it is excited with energies below the
conduction band, PL measurements were performed exciting from 260 to 280 nm with a
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Fig. 3.16: Room temperature PL (right side) spectra of (a) T(11) and (b) T(21) samples exciting with
260 nm. On the left side, PLE spectra for (a) 454 nm and (b) 375 nm emission. The inset in (b)
corresponds to a zoom of the part of the PLE spectrum enclosed between the dashed lines. The vertical
dashed line indicates the bandgap value of Zn2GeO4 (Eg=4.5 eV).

5 nm step, which are shown in Figure 3.17(a). These measurements reveal that the W-UV
band is only visible when the electrons are excited with energies higher than the bandgap
[260 nm (4.8 eV), 265 nm (4.7 eV) and 270 nm (4.6 eV)]. Nevertheless, when excited at 275
nm (4.5 eV, which according to Zhang et al. corresponds to the Zn2GeO4 conduction band
edge28), in addition to the W-UV band, the N-UV and the GY bands appear. When excited at
a wavelength below the bandgap [280 nm (4.4 eV)], the W-UV band disappears completely,
leaving only the N-UV and visible emission bands as previously observed by excitation with
the 325 nm UV laser. Moreover, these results show the possibility of achieving different
colour emissions at RT only by varying the excitation wavelength, as shown in the CIE map
in Figure 3.17(b). It shows a transition from blue-violet for the most energetic wavelength
(260 nm) to white for 280 nm. These results suggest that Zn2GeO4 microrods of T(21) could
be potential candidates as white light emitters due to their tunable emission, as has recently
been discovered for Zn2GeO4 ceramic or Zn2GeO4:Eu nanocrystals.125,53

Most of the previous works on luminescence of Zn2GeO4 refer to room temperature
experiments by exciting with energies under Eg, and only observe the visible band related
to DAP transitions, while the detection of the UV emission has been scarcely mentioned.33

Reported RT PL results also show that the maximum wavelength of the visible band varies
from blue to green depending on the synthesis conditions, which is consistent with the
interplay of several intrinsic defects in the luminescence mechanisms.20,124 Oxygen va-
cancies in semiconducting oxides have been claimed to be the responsible for their rather
good electronic conductivity, due to their behaviour as donors centres, in spite of their wide
bandgap. In some oxides, as in Ga2O3, some models proposed the formation of energy
subbands within the bandgap providing delocalized electrons that contribute to the n-type
electronic conductivity.126 The RT PL results would support some partial conclusions about
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Fig. 3.17: (a) PL spectra of T(21) Zn2GeO4 microrods recorded at several excitation wavelengths λex
recorded at RT. (b) CIE map with different points corresponding to the integrated emission of the PL
spectra shown in (a) varying at the excitation wavelength from 260 nm to 280 nm in 5 nm steps.

the light emission in Zn2GeO4. Firstly, the broad shape of the W-UV and visible bands
suggests that they are related to oxygen vacancy defects. Secondly, Figure 3.17(a) shows
that the emission bands strongly depend on the excitation wavelength. By exciting above
the bandgap energy, only the W-UV band is produced while both the N-UV and the visible
emission appear by exciting below the bandgap. This finding could explain the previous PL
and CL results measured in T(21) structures because while the PL was performed with a
325 nm UV laser (under Eg), the electron beam irradiation in CL causes a higher excess
carrier density that can recombine through all available channels. Lastly, the occurrence
of the N-UV band suggests that another recombination donor centre of a more localized
nature than the oxygen vacancies is also playing a role. Liu et al. have carried out EPR
measurements in Zn2GeO4 and proposed that, in addition to vacancies, Zn interstitial defects
could also be involved as donor centres in the DAP processes, but are not an essential defect
for the mechanisms that give rise to emission in the visible range.20,127 To gain knowledge
about the origin of these emissions, low-temperature PL measurements were performed

3.2.3.2 PL at 4 K

To further investigate the intriguing nature of the UV emission bands, low temperature
PL and PLE measurements have been performed. Figure 3.18(a) and (b) displays a series
of PL spectra at 4K for T(11) and T(21) respectively, recorded under different excitation
wavelengths. For T(11) structures, the W-UV band is visible when excited with wavelengths
from 250 up to 260 nm. This band is not observed at RT, as it was shown in Figure
3.16(a), so this emission is quenched by increasing the temperature for this sample. When
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excited at longer wavelengths, this W-UV band disappears completely due to exciting below
the bandgap as seen above, and the visible emission observed at RT appears at around
450 nm (blue band). On the other hand, for T(21) structures the W-UV band is detected
when exciting from 250 up to 260nm, whereas the N-UV band (370nm) is observed for
all excitation wavelengths. No visible emissions (blue or GY bands) are detected at low
temperature.

Fig. 3.18: PL spectra of Zn2GeO4 structures of (a) T(11) and (b) T(21) recorded at several excitation
wavelengths λex at 4K. PL excitation spectra corresponding to the W-UV (blueline) and N-UV (red
line) emissions of (c) T(11) and (d) T(21) samples.

In order to clarify the excitation conditions for the W-UV and N-UV bands, PLE spectra
have been recorded and shown in Figure 3.18(c) and (d). It can be observed that the W-UV
band is only excited by energies above the bandgap (blue line) in both treatments, while
the N-UV can also be excited with lower photon energies (red line) for the T(21) sample.
In addition, the N-UV is actually split into two components (370nm and 375nm), clearly
resolved when excitation is below the bandgap [see Figure 3.18(b)].

Therefore, from the above RT and 4K PL results, it can be concluded that different donor
levels may be involved in the origin of the luminescence in Zn2GeO4, offering alternative
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pathways for radiative transitions (either for UV or visible emissions). In this context, it is
of interest to compare the experimental data with DFT calculations, which may shed some
light on the origin of these emissions in relation to the electronic levels associated with the
native defects in Zn2GeO4.

First-principles calculations

DFT calculations have been performed in order to analyze the effect of the native defects in
the electronic structure of Zn2GeO4.

Perfect material

To begin with, simulations were carried out for the perfect Zn2GeO4. The optimized unit cell
can be seen in Figure 3.19(a), being the calculated lattice parameters (a = b = 14.27Å and
c = 9.53Å) compatible with the rhombohedral phase of Zn2GeO4 (ICSD 00-011-0687). The
density of states and electronic band structure for the stoichiometric Zn2GeO4 are shown in
Figure 3.19(b) and (c). The conduction band is mainly composed of Zn-4s, Ge-4s, and O-2p
orbitals, while the valence band is dominated by Zn-3d and O-2p orbitals. The calculated
bandgap is 4.62 eV, which is good accordance with reported data.20,38,28,128

Fig. 3.19: (a) Zn2GeO4 unit cell view from c-axis. Zn, Ge and O atoms are represented as blue,
magenta and green circles, respectively. a, b and c correspond to the x, y and z axis, respectively. (b)
Band structure for the stoichiometric Zn2GeO4 and (c) DOS for the stoichiometric Zn2GeO4 . Blue,
magenta, and green lines are the projections on the Zn, Ge and O atoms, respectively. The black line
shows the total DOS.
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Defective Zn2GeO4

Figure 3.20 shows some of the different point defects that can exist in the Zn2GeO4, such as
Zn interstitial (Zni), O vacancies (VO), Ge vacancies (VGe) and Zn vacancies (VZn). These
defects are illustrated because of previous work, trying to explain the luminescence of native
defects in Zn2GeO4, concludes that luminescent emissions arise from DAP recombinations
related to them.20 Figure 3.20(a) shows that Zni have two possible positions where to be
located due to the fact that in the Zn2GeO4 lattice there are two types of six-member rings
that could host Zni at their centres. One type (position 1) of six-member ring is built by
alternate corner-shared ZnO4 tetrahedra and GeO4 tetrahedra with the ring size 2.77Å and a
second one (position 2) emerge as result of the corner-shared ZnO4 tetrahedra only with the
ring size 1.96Å.

Fig. 3.20: (a) Considered Zni positions in Zn2GeO4. Zn, Ge and O atoms are represented as blue,
magenta and green circles, respectively. (b) Considered native defects in Zn2GeO4. Zn, Ge, and O are
represented as blue, magenta and green spheres. Orange, light blue and dark magenta represent the O,
Zn, and Ge vacancies, respectively.

DFT calculations of Zni states are presented in Figures 3.21(a) and (b) for both possible
configurations. The spin moment of the Zni atom (0.1 µB, where µB is the Bohr magneton)
leads to a DOS split into spin-up and spin-down states, and a dopant-induced state appears
within the bandgap. The energies of the Zni states, which are located at around 3 eV above
from the valence band, are very similar in both structures, with an energy difference of
around 0.2 eV between them [see Figures 3.21(a) and (b)].

Figures 3.21(c) and (d) show DFT results of O, Zn and Ge vacancy-related states, for
which the sites shown in Figure 3.20(b) have been considered. The two unpaired electrons
generated by the O vacancy lead to three different states in the bandgap. Two of them close
to the valence band at 0.7 eV (spin up) and 0.9 eV (spin down), and another one very wide
(0.3 eV width) and close to the conduction band at 4.2 eV. According to the Mulliken
population analysis, 0.3 electrons go to the oxygen vacancy site, 0.7 electrons are placed at
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Fig. 3.21: (a) Bands structure for Zni in Zn2GeO4. (b) DOS for Zni in Zn2GeO4. Blue, magenta and
green lines are the projections on the Zn,Ge, O atoms, respectively. The black line shows the total
DOS. Dopant-induced states are represented in orange (position 1) and cyan (position 2). (c) Band
structure for O (orange lines), Zn (blue lines), and Ge (magenta lines) vacancies in Zn2GeO4. (d) DOS
for O, Zn, and Ge vacancies in Zn2GeO4. Blue, magenta, and green lines are the projections on the Zn,
Ge, O atoms, respectively. The black line shows the total DOS.

the Ge contiguous to the vacancy and the rest are distributed over the remaining of oxygen
atoms in the unit cell. In the case of the Zn vacancy, two spin down states appear at 1.4 eV
and 1.6 eV. These states are generated by the 0.92 µB spin moment of two oxygen atoms.
Finally, the three unpaired electrons created by the Ge vacancy generate a spin moment
of 0.98 µB in three oxygen atoms, which correspond to three bandgap states at 2.9 eV,
3.2 eV and 3.6 eV. The strong spin polarization that appears for both Ge and Zn vacancies
have been previously reported in the literature.24 The formation energy of the vacancies is
calculated by using the expression

E f = Edef +
1
2

EX2 −Enodef , (3.1)
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where Edef and Enodef are the total energies of the defective and non-defective structures,
respectively. EX2 represents the total energy of O2 (X = O), Zn2 (X = Zn) and Ge2 (X =

Ge). The obtained formation energies for the O, Zn, and Ge vacancies are 6.4 eV , 8.2 eV,
and 13.0 eV, respectively. For the Zni defects, the formula used is

E f = Enodef +
1
2

EZn2 −Edef . (3.2)

The resulting formation energies for Zni in position 1 and position 2 are 2.2 eV and 2.3 eV,
respectively. The oxygen vacancy appears to be the most stable from the three considered
ones, while the Zni defects are more favourable.

These results provide a general idea of the electronic structure resulting from native
defects in Zn2GeO4, which give rise to different electron recombination paths within the
bandgap. Comparing the above experimental results with the DFT calculations, some
conclusions can be drawn. Firstly, the broad shape of the W-UV band and the energy range
in which this emission is found (3.1 - 3.5 eV) suggest that it is related to oxygen vacancies,
which are a wide state (0.3 eV width) and are located around 4 eV from the valence band as
calculated by DFT. As discussed above, VO would have a donor character, so these results
suggest that the W-UV band seen in CL could be a radiative electron recombination from the
oxygen vacancy level to the valence band. On the other hand, the N-UV emission at 3.2 eV
could be related to the point defect of Zni. According to DFT calculations, Zni introduces
a very localised level into the bandgap at around 3 eV from the valence band. Thus, the
N-UV emission would result from a radiative recombination of electrons from the Zni state
to the valence band. And finally, emissions in the visible range would be caused by DAP
recombinations between the VO level acting as donors and the VGe and VZn levels acting
as acceptors. These conclusions are in agreement with the literature. Liu and co-workers
showed that while the VO level always exists as a donor centre in the visible luminescence
of Zn2GeO4, Zni was not an essential defect for this emission.20 In this line, Takahashi et
al. observed that the PL intensity of the visible emission was similar both when VO and
Zni were detected by electron spin resonance (ESR) and when only VO was detected.127

This would explain why both W-UV and visible emission are present in the microrods of
both treatments, while N-UV emission is only observed in the microrods obtained from
T(21). While VO is present in both treatments equally, the point defect of Zni is favoured in
the T(21) treatment as the concentration of ZnO in the precursor pellet is higher and would
result in a higher amount of Zni in the lattice.

Figure 3.22 shows a sketch of the possible electron recombination pathways that give
rise to emissions in the UV range. Firstly, excitation above the bandgap [Figure 3.22(a)]
would saturate the VO-related level and the electrons would recombine with the valence
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band holes leading to the W-UV emission (in the same way that the emission at 424 nm in
ZnO was proposed as the electronic transition between shallow donors (VO) to the VB129).
According to DFT calculations, the VO level is close to the CB and is a very broad state
(0.3 eV width), which would be in agreement with the fact that this W-UV emission is only
observed when excited above the bandgap and would also explain how broad this emission is.
On the other hand, when excited at energies below the bandgap [Figure 3.22(b)], only N-UV
emission is observed. This could be explained by the fact that the VO level does not become
saturated and electron capture by the Zni level predominates (which is around 3 eV from the
VB according to DFT calculations). This would be in agreement with the observations of
Takahashi et al., who suggest that excess Zni is closely related to electron traps.127

Fig. 3.22: Energy band model for UV transitions due to native defects in Zn2GeO4. When the electrons
are excited with energy above the bandgap (a) the W-UV band is observed while when excited below
the bandgap (b) only the N-UV band is seen.

3.2.3.3 PLE temperature dependence

As it has been mentioned, the W-UV emission band is only observed when electrons are
excited above the bandgap. PLE measurements indirectly provide an estimated value of
the optical bandgap in a semiconductor by extrapolating the sharp decay at the shortest
wavelengths to a linear function.130 The bandgap of Zn2GeO4 has been measured in several
works from the optical absorbance edge, obtaining in all cases a value around 4.5 eV at
RT.20,38,28,128 However, the behaviour of the Zn2GeO4 bandgap with temperature has not
been reported to date. To this purpose, PLE spectra of the T(11) and T(21) structures have
been acquired between 4 and 180 K for T(11) (since the most energetic component of the
W-UV band has already almost disappeared at that temperature, as will be seen below) and
from 4K to RT for T(21), which are shown in Figures 3.23(a) and (b) respectively.
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Fig. 3.23: PLE spectra of the structure arrays of (a) T(11) and (b) T(21) as a function of temperature
for W-UV emission (355 nm). Bandgap of Zn2GeO4 (c) T(11) and (d) T(21) structures as a function
of temperature. Red and blue circles correspond to experimental data obtained from PLE spectra from
4K to 180K for T(11) and from 4K to 280K for T(21). The solid line shows the fitting to the Varshni
equation (3.3). Experimental error bars are also displayed. The inset of (c) shows the PLE spectrum at
5 K of T(11) microrods, in which the sharp decay is fitted to a linear function to calculate the energy of
the bandgap.

The experimental values of Eg(T ) are obtained and displayed in Figures 3.23(c) and (d).
To obtain these values, the abrupt decay of each PLE spectrum was fitted to a linear function,
as shown in the inset of Figure 3.23(c). Data were fitted by the semi-empirical relationship
postulated by the Varshni equation131

Eg(T ) = E0 −
αT 2

T +β
. (3.3)

Where E0 is the width of the bandgap at 0 K, α is an empirical constant and the value
of β is generally believed to be related and comparable to the Debye temperature ΘD. This
empirical equation has turned out to be an extreme success in the history of fitting the
temperature dependent energy bandgaps in many semiconductor materials, including not
only the bulk materials but also their nanostructures.132,133,134 The temperature dependence
of the bandgap is due to the effects of the thermal expansion of the lattice and the electron-
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phonon interaction. Usually, the balance between these effects produces a redshift of Eg

as temperature increases. The fitting of the experimental data to Equation 3.3 yields E0 =
4.75 eV, α = 4.3 meV/K2 and β = 960 K for T(11) and E0 = 4.76 eV, α = 3.6 meV/K2 and
β = 1100 K for T(21). These values obtained of E0 from the fit is in excellent agreement
with the theorical bandgap calculated by DFT of 4.62 eV shown in Figure 3.19. In addition,
an anomalous behaviour is observed in the low temperature regime for T(21) structures,
from 4K to 40K. This anomaly has been reported in some semiconductors, such as CuInS2,
where it has been explained by the reduction of d-levels in the upper valence band due to
thermal expansion and the competition with the electron-phonon interaction.135

3.2.3.4 PL N-UV band temperature dependence

The temperature dependence of PL intensity, band shape and position provides valuable infor-
mation about the defects and helps to identify them. For instance, at very low temperatures,
excitonic lines in high-quality direct bandgap semiconductors are narrow, whereas defect-
related bands are commonly broad because of the strong electron-phonon coupling typical
for deep-level defects. Therefore, in order to further investigate the N-UV emission observed
in T(21) structures, the two components of the N-UV band resolved in Figure 3.18(b) have
been monitored as a function of temperature. Figures 3.24(a) and (b) show a complete series
of PL spectra under λexc = 305nm, from 10K to RT. The selected λexc allows us to study
the nature and origin of the two components of the N-UV band (peaked at 375 and 370
nm at 4 K and labelled as N-UV1 and N-UV2 respectively) as a function of temperature,
without major contributions of the W-UV band. For the sake of clarity, PL curves have been
separated into two plots, corresponding to low (10K to 100K) and high (120K to 300K)
temperature range.

The analysis of the PL spectra in T(21) structures as a function of the temperature
gives rise to distinguish two temperature ranges. In the low temperature regime, from
10K to 100K [see Figure 3.24(a)], there is a marked drop of the intensity of the 370nm
band (N-UV2) relative to 375nm one (N-UV1). On the other hand, in the 120K to RT range
[Figure 3.24(b)], both components broaden in shape and experience a shift to lower energies.
This different behaviour with temperature of the 370nm and 375nm bands leads to consider
that they could be originated from emission centres whose levels are close in energy. In some
works, Zni defects have been proposed to be involved in luminescence processes in ZnO
and Zn2GeO4.136,20 The obtained results are consistent with the hypothesis that the N-UV
emission originates from Zni related levels as well. The two components resolved in the
N-UV band may be due to the two possible positions of the Zni in the Zn2GeO4 crystalline
lattice, which would modify the local environment of the defect. In particular, there are two
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Fig. 3.24: PL spectra of T(21) structures as a function of the temperature obtained under 305nm
excitation wavelength, (a) from 10K to 100K and (b) from 120K to RT. Integrated PL intensity of
the (c) N-UV2 and (d) N-UV1 components, respectively, as a function of 1/kBT. Experimental data
(dots) are represented in comparison with a theoretical fitting (solid line) based on the energy band
model explained in the following subsection. Insets show the level diagrams illustrating the radiative
transitions.

types of six-member rings in the Zn2GeO4 lattice that could host Zni at their centres. But in
any case, both possible positions should be very similar since the energies of both centres
are also similar, as seen above in the DFT calculations [see Figure 3.21(b)].

Hence, the composed nature of the N-UV band would be explained by the two possible
local environment of Zni defects. The energy band model and the relevant transitions to
explain the observed low temperature dependence of the N-UV PL intensity are shown
in Figure 3.25 and developed in detail in this reference.137 In this analysis have also been
considered transitions between the two levels 1 and 2 shown in Figure 3.25, with nonradiative
rates k12 and k21. According to this model, the intensity of the N-UV2 band (3.34eV) as a
function of temperature can be cast in the form137

IPL
2 (T ) =

I0
2

1+A2 +B2 exp(−E2a/kBT )
, (3.4)

where I0
2 , A2 and B2 are temperature-independent parameters. Here E2a is an activation

energy for nonradiative recombination of electrons in the upper level (level 2 in Figure 3.25).
Figure 3.24(c) shows the PL intensity of the N-UV2 band (3.34eV) as a function of tempera-
ture and the corresponding non-linear fit to Equation (3.4) at low temperature (T < 80K).
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Fig. 3.25: Energy band model and relevant transitions for interpreting the N-UV PL properties of
native defects in Zn2GeO4. τ r

i and τnr
i with i = 1,2 stand for the radiative and nonradiative decay time

constants, respectively. Transitions between the two levels with nonradiative interlevel rates k12 and
k21 have also been sketched. At low temperature k12 ≃ 0.

The fitting parameters are A2 = 0.01, B2 = 48 and E2a = 8.8meV. According to the relation
of these parameters with the model’s microscopic parameters, it can be concluded that k21 is
vanishingly small compared to the generation rate of the upper level by the optical pumping
since A2 ≪ 1. In other words, nonradiative transitions from the upper level to the lower level
are irrelevant. This result gives further support to the claim that both deep levels are related
to different and spatially separated point defects.

The PL intensity of the N-UV1 band shown in Figure 3.24(d) is assessed below. The
intensity of this band as a function of temperature is given as137

IPL
1 (T ) =

I0
1

1+B1 exp(−E1a/kBT )
, (3.5)

where I0
1 and B1 are temperature-independent parameters. Here E1a is an activation energy

for nonradiative recombination of electrons in the lower level (level 1 in Figure 3.25). Recall
that this expression only holds in the low temperature regime. The non-linear fitting of the
experimental data at low temperature (T < 80K) yields B1 = 11 and E1a = 6.4meV. The
fact that E1a and E2a are not very different from each other is consistent with the similar
surroundings of both native defects, as suggested from the DFT calculations shown in the
previous section.
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3.2.3.5 PL W-UV band temperature dependence

With increasing temperature, the broad PL bands just slightly change their shape and position.
However, the intensity of the PL, may change by orders of magnitude. In most solids the PL
quantum yield increases with cooling, showing dependence of nonradiative recombination
centres (NRCs) on local properties. In this context, the W-UV band was monitored with
temperature to obtain more information on these luminescent mechanisms. Figures 3.26(a)
and (b) show the evolution with temperature of the PL spectra excited with 250 nm acquired
on T(11) and T(21) structures respectively, where differences in luminescence behaviour can
be seen between the structures of both treatments. Recalling the previous findings in CL, the
W-UV band is composed by two components, at 3.1 eV (400 nm and labelled as W-UV1)
and a more intense one at 3.5 eV (355 nm and labelled as W-UV2). In the T(11) sample,
the relative intensity of the W-UV1 component is higher than the W-UV2 component from
around 200 K upwards, and it eventually vanishes at higher temperatures. In addition, the
W-UV1 component undergoes a red-shift with increasing temperature. On the other hand,
in the T(21) sample, the relative intensity of both components of the W-UV band remains
similar and hardly changes position.

The PL intensity commonly decreases exponentially with increasing temperature above a
characteristic temperature (T0), a process called the PL quenching. The following empirical
Arrhenius formula is universally used to fit the PL intensity dependence138,139

IPL(T ) =
IPL
0

1+Aexp(−Ea/kBT )
(3.6)

Where IPL
0 denote the PL emission intensity in the limit of low temperatures, A is a

coefficient given by the ratio of the luminescent radiative lifetime of carriers (τr) and the
constant related to nonradiative lifetime of carriers (τnr), kB is Boltzmann’s constant and
Ea is the activation energy of the corresponding NRC (in a similar way to the expression
obtained above for N-UV emission).

The integrated intensity was monitored by deconvoluting the spectra to the two com-
ponents for each temperature. For T(11), the W-UV1 component shifts with temperature
and it is difficult to discern between this component and the mechanisms leading to visible
emission at high temperatures. Therefore, the evolution with temperature of the W-UV2

component, which hardly shifts and is usually the most intense component, was studied. In
addition, the intensity was studied in the range from 10 to 200 K (since in T(11) the W-UV2

component ceases to be more intense than the W-UV1 component at that temperature, and
disappears completely shortly afterwards). Figures 3.26(c) and (d) show the integrated PL
intensity of the W-UV2 band with the temperature for T(11) and T(21) structures respectively.
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Fig. 3.26: PL spectra as a function of the temperature obtained under 250 nm excitation wavelength
of (a) T(11) and (b) T(21) sample. Integrated PL intensity of the W-UV band of (c) T(11) and (d)
T(21) sample as a function of 1/kBT. Experimental data (dots) are represented in comparison with a
theoretical fitting (solid line) following Equation 3.6. The dashed line indicates the critical temperature
T0 from which PL intensity decreases exponentially.

At low temperatures, PL intensity is constant, and above a critical temperature T0 [∼40 K
in T(11) and ∼50 K in T(21)], it decreases exponentially in agreement with Equation 3.6.
Fitting experimental data to Equation 3.6 leads to A = 21 ± 6 and Ea = 24 ± 2 meV for
T(11) and A = 5 ± 1 and Ea = 26 ± 1 meV for T(21). Both activation energies are similar,
which suggests the presence of the same NRC in the structures of both treatments. However,
quenching amplitude A is an order of magnitude greater in T(11) than in T(21), indicating
that nonradiative mechanisms are more efficient in T(11) structures. This could explain why
the W-UV band can be observed at RT for T(21) while it vanishes for T(11).

The defect-related PL quenching in an n-type semiconductor is commonly attributed to
one of the following mechanisms: According to the first model (called multi-centre or the
Schön-Klasens mechanism), the defect remains radiative at all temperatures; however, the
competition between different types of defects causes changes in PL intensity. For example,
the thermal emission of holes from an acceptor to the valence band (or, what is the same,
the excitation of an electron to the acceptor level) in an n-type semiconductor results in the
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re-capture of these holes by other types of defects, which begins at a critical temperature,
above which the PL quenching takes place with the activation energy equal to the ionization
energy of this defect. This would lead to the reduction of PL intensity related to the acceptor
and to a rise of the recombination rate via all other recombination channels. According to
the second model (often called one-centre or the Seitz-Mott mechanism), PL quenching is
caused by the gradual replacement of radiative transitions by nonradiative ones involving the
same defect. In this case, a defect may overcome a potential barrier separating the excited
and ground states and release energy in the form of multiple phonons instead of emitting a
photon. In this case, holes do not appear in the valence band during nonradiative quenching
of the PL band, and the quenching of this PL band does not affect the intensities of other
PL bands. Reshchikov et al. concluded that the Schön-Klasens mechanism is the main
mechanism of PL quenching in semiconductors while the quenching with the Seitz–Mott
mechanism is rare or nonexistent in semiconductors.140,141

However, these traditional models sometimes fail to explain the PL quenching behavior
when it occurs abruptly. Reshchikov et al. have proposed a third PL quenching mechanism
for high-resistivity semiconductors: the abrupt and tunable quenching.142 It occurs when
the PL intensity drops substantially within a relatively small range of temperatures. A
characteristic feature of the abrupt quenching is that the temperature T0, at which the PL
quenching begins, increases with increasing electron-hole generation rate. Therefore, in
line with this theory, the temperature dependence of a defect-related PL can be formally
described with Equation 3.6; however, the parameters not always have a physical meaning.

According to the Reshchikov’s theory,142 the radiative channels (which involve free
electrons) are abruptly quenched at T ≈ T0, because the concentration of electrons in the
conduction band suddenly drops at that temperature. The model that explains this unusual
quenching behavior should include at least three types of defects: a shallow donor, a
radiative defect (acceptor), and a nonradiative defect (deep donor S). At low temperatures,
a population inversion occurs in the bandgap in conditions of steady-state PL due to fast
capture of photogenerated holes by acceptors and fast capture of photogenerated electrons
by S centres. Slow radiative transitions of electrons from shallow donors (DAP) or from the
conduction band to the acceptors produce PL with high efficiency, because the nonradiative
channel is saturated and blocked by electrons accumulated at S centres. In their GaN study,
they propose that the abrupt quenching of the PL occurs at a critical temperature T0, when the
concentration of holes in the valence band, which are thermally emitted from the acceptor,
becomes equal to the concentration of optically generated holes. The drop in PL intensity
near T0 may be very abrupt [nearly vertical in the Arrhenius plot, as in the case shown
in Figures 3.26(c) and (d)], so that the “activation energy” or the measured slope has no
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physical meaning (to find the "true" value of the activation energy, the dependence of T0 as a
function of the electron–hole generation rate would have to be taken into account).

In line with this theory, an attempt to explain the mechanisms involved in the W-UV
emission has been made and the following hypothesis sketched in Figure 3.27 is suggested:
Firstly, the origin of the W-UV emission has previously been related to the recombination
of electrons from the VO level to the valence band. According to DFT calculations, this
VO defect is a broad state which is very close to the conduction band edge and, following
the EPR study carried out by Liu et al.,20 this defect has a donor character. Therefore, the
upper part of this defect could be considered as a shallow donor level. On the other hand,
the VB is considered as a supply of holes (playing the role of the radiative acceptor defect
of the previous theory) and both the VGe and VZn levels (between 2.9 - 3.6 eV and 1.4 -
1.6 eV from VB respectively, according to DFT calculations) will be considered as deep
centres within the bandgap, which have an acceptor character20 (and could play the role of
nonradiative defects).

Fig. 3.27: Suggested energy band model to explain the behaviour of the W-UV emission (a) when the
intensity is independent of temperature (T < T0) and (b) when PL emission quenching takes place T
> T0). The solid lines represent radiative mechanisms, while the dashed lines represent nonradiative
(NR) mechanisms.

At low temperatures [see Figure 3.27(a)], both the thermal emission of electrons from
the shallow donor to the CB and the thermally generated holes in the VB can be ignored.
Under conditions of continuous illumination above the bandgap in this temperature range
(temperature independent part, T < T0), the VO donor level is populated with electrons
giving rise to W-UV or visible emissions, as the electrons recombine with the VB or with
VGe and VZn respectively. As previously seen in CL, W-UV emission is favoured when VO

level saturation occurs, while under conditions of low carrier generation the visible band is
enhanced (i.e., the UV mechanism is much faster than the visible one). Therefore, at low
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temperatures both VGe and VZn are full of electrons, since their recombination with the VB
holes is much slower than the recombination of electrons from the VO level with the VB
holes (this could explain why the visible band is not observed).

As the temperature rises [see Figure 3.27(b)], two things may be happening: Firstly,
electrons start escaping from the shallow donor to the CB, which starts to decrease the carrier
population in the VO level that leads to W-UV emission. On the other hand, if there are
acceptors near the VB, they may be thermally emitting holes into the VB. The latter process
would cause the deep acceptor levels to have more holes with which to recombine their
electrons, so that either nonradiative recombination (electrons from the VGe or VZn levels
with VB holes) or visible emission (electrons from the VO level with holes from the VGe or
VZn levels) could take place. These events would cause an exponential decay of the W-UV
emission (T > T0) and visible emission would eventually be observed, as is the case for
T(11).

Finally, it is important to note the role of VGe or VZn defects in this approach, as they can
lead to both radiative and nonradiative recombination. Previous DFT calculations yielded a
formation energy of VZn was 8.2 eV while that of VGe was 13 eV (i.e. it is less energetically
costly to form VZn). However, the T(21) treatment contained a higher amount of Zn in
the growth atmosphere, so it is to be expected that there is a lower amount of VZn in the
structures of this treatment compared to those of T(11). These nonradiative centres would
be present in the structures of both treatments (which is consistent with the same activation
energy obtained) but the efficiency of the mechanism would not be the same [which is the
reason why the A coefficient is higher in T(11) than in T(21)]. This would be in agreement
with the experimental data, since with more VZn in T(11), the W-UV emission would have to
decay faster in T(11) as there would be more nonradiative recombination centres (as shown
in Figure 3.26). Furthermore, if VZn also gives rise to radiative emission, that would have to
be observed in T(11). As it was mentioned above, the GY emission, which is observed in
both treatments, is related to the Ge centres.47 Nevertheless, the origin of the blue emission
is uncertain (it had only been related to oxygen defects47) and is observed in T(11) but not
in T(21). Therefore, this model of the luminescent mechanisms raises the possibility that
the blue emission is related to the VZn defect (in the same way that the peak at 460 nm in
ZnO was related to the VZn

129), which would have an acceptor character (which would be in
agreement with that proposed by Liu et al.20).

The above model is only a hypothesis of possible radiative and nonradiative mechanisms
leading to the quenching of the PL W-UV band, but unfortunately it is difficult to distinguish
between the different mechanisms. To improve this study, the dependence of T0 as a function
of the electron-hole generation rate should be measured to obtain the "true" activation energy
according to the abrupt and tunable quenching model.142
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3.2.4 Time-resolved measurements of photoluminescence decay

Time-resolved measurements of luminescence decay can provide valuable information about
point defects in semiconductors. For instance, a nonexponential decay of PL after a pulse
excitation usually indicates that the PL band is associated with a DAP recombination.143

In this case, where the transition occurs between two defect states, the carrier population
is limited and results in a nonexponential decay of the luminescence. However, when
transitions from the conduction band to the different acceptor levels become dominant, these
transitions are expected to cause an exponential decay of PL after a pulse excitation, with
a characteristic lifetime inversely proportional to the concentration of free electrons.144 In
this case the transitions occur from the conduction band to a defect state (or from a defect
state to the valence band) and the population of electrons or holes is much larger than in the
previous case, leading to an exponential decay of the luminescence. In this work, W-UV
emission lifetimes were measured, so an exponential decay is expected as a recombination
between VO level electrons and valence band holes.

Time-correlated single photon counting (TCSPC) technique was used to measure PL
decay curves, which is used to record fluorescence data in the time range from picoseconds
to microseconds. A high repetition pulsed light is used to excite the sample and the photons
emitted by the sample are processed. For this purpose, a pulsed LED was used as excitation
source (λLED = 256.8 nm and pulses with a delay frequency of 1 MHz and a width of 1 ns).
Firstly, the W-UV emission decay curves of both samples T(11) and T(21) were measured at
4 K. For this purpose, the emission at 355 nm, which corresponds to the location of the most
intense component (W-UV2), was collected. The evolution of the W-UV2 intensity after a
pulse excitation for T(11) and T(21) structures at 4 K is shown in Figures 3.28(a) and (b)
respectively.

Fig. 3.28: TCSPC curves (dots) for (a) T(11) and (b) T(21) samples focusing the emission at 355 nm.
Decay time fits (green solid line) have been obtained taking into account the instrument response (IR),
whose profile is also shown (black solid line). All data were acquired at 4 K.
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Since the luminescence after the stimulation pulse is measured in addition to photomulti-
plier noise, the contribution of each time-resolved luminescence spectra after the pulse can
be fitted according to exponential functions of the form145

I(t) = A+∑
i

Bi exp
(
−t
τi

)
(3.7)

where A is a constant added to account for the background, Bi is a scaling parameter
for the ith component, t is the time and τi is the decay constant (luminescence lifetime) of
the ith component. In addition, in both cases the instrument response (IR) after stimulation
is present and the final response of the sample is convoluted with this IR. In order to
eliminate this instrument response, these decay curves were analyzed using a numerical
reconvolution.146,147 Thus, two exponentials were needed to fit the experimental data. The
first one being a consequence of the IR and providing in all cases a τ1 = 0.02 ns (which
is negligible) and the second one yielded τ2 = 55.0 ± 0.2 ns and τ2 = 68.4 ± 0.6 ns for
T(11) and T(21) respectively. These values are several orders of magnitude lower than the
lifetimes measured by Tang et al.124 for an array of Zn2GeO4 nanorods, who obtained a
value of around 6 ms for the visible emission at RT. These results confirm that the electronic
recombination mechanism leading to W-UV emission (from VO to VB) is much faster than
that leading to visible emission (from VO to VGe or VZn), as previously suggested by CL
measurements.

Temperature dependence of PL lifetime

After determination of each lifetime for both samples at 4 K, their evolution with the
temperature was studied. PL intensity decay curves of the W-UV2 band after an excitation
pulse at different temperatures (between 5 and 90 K) for samples T(11) and T(21) are shown
in Figures 3.29(a) and (b) respectively. The temperature dependencies of the PL lifetime
for both samples are shown in Figure 3.29(c). With increasing temperature, the PL lifetime
measured in time-resolved PL experiments changes very similar to the PL intensity and can
be fitted with the following expression148,149

τ(T ) =
τ0

1+C exp(−Ea/kBT )
(3.8)

where

τ0 =
1

CnAn
(3.9)
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Here, n are the concentration of free electrons, CnA is the electron-capture coefficient
for a defect A with ionization energy Ea, τ0 is the PL lifetime at low temperatures when the
thermal quenching of PL can be ignored (T < T0), and C is a coefficient related to several
parameters, such as the absolute internal quantum efficiency, the effective density of states
in the valence band, and degeneration of the defect level.148,141

Fig. 3.29: Decay of PL after laser pulse at different temperatures (between 5 and 90 K) for the W-UV2
band (at 355 nm) in (a) sample T(11) and (b) sample T(21). (c) Temperature dependence of PL lifetime
for T(11) (red dots) and T(21) (blue dots). The green solid lines are calculated using Equation 3.8. The
dashed line indicates the critical temperature T0 from which PL lifetime decreases exponentially.

As the temperature increases from 5 to 50 K, the PL lifetime of the W-UV2 band remains
unchanged [around 55 ns for T(11) and 66 ns for T(21)]. At higher temperatures, the PL
lifetime decreases sharply with a slope that reveals an activation energy Ea in the Arrhenius
plot [green solid line in Figure 3.29(c)]. Fitting experimental data to Equation 3.8 leads to τ0

= 53 ± 1 ns, C 1300 ± 500 and Ea = 42 ± 2 meV for T(11) and τ0 = 66 ± 1 ns, C 140 ± 90
and Ea = 37 ± 4 meV for T(21). Thus, fitting the temperature dependence of PL lifetimes to
the Arrhenius model provides higher activation energies of the nonradiative centre than those
obtained for the PL intensities (around 25 meV for both samples). This could be because
lifetime values are proportional to the internal quantum efficiency (IQE), while emission
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integrals to the external quantum efficiency (EQE), and both efficiencies behave differently
with temperature.150

In Figures 3.30(a) and (b) the PL lifetimes (circles) for the W-UV2 band both samples
are compared with the normalized PL intensities (diamonds). The values of T0 determined
from the temperature dependencies of the PL lifetime and PL intensity are almost identical
in both cases (around 40-50 K). However, the rate of decay of both PL lifetime and intensity
from this temperature is different for both samples. The lifetime of the sample T(11) decays
from 50 ns at 40 K to 10 ns at 80 K and the intensity decays by about 40%. In contrast, in the
T(21) sample the lifetime drops from 63 ns at 40 K to 42 ns at 80 K and the intensity only
decreases by about 10%. Therefore, these results suggest that the same type of nonradiative
centre is being activated in both samples (hence the similar T0) but the fact that both intensity
and lifetime decay at different rates from T0 indicates that the electron capture coefficients
and quantum efficiency is different in each sample (with the radiative mechanism being more
efficient in T(21) than in T(11), as can be seen in the decay rate of both the intensity and the
lifetime). These results would explain why the W-UV emission is still visible in T(21) at RT
but is completely quenched in T(11).

Fig. 3.30: Temperature dependence of PL lifetime (dots) and PL intensity (diamonds) for (a) T(11)
and (b) T(21). The black dashed line indicates the critical temperature T0 from which both PL lifetime
and intensity decrease exponentially. The dashed coloured lines have been obtained following the
Arrhenius model for both PL intensities and lifetimes.

3.2.5 Microcavities and waveguiding

This last section shows the study of optical properties performed on individual Zn2GeO4

microrods concerning their behaviour as optical cavities and waveguides. A first experiment
carried out by Hidalgo et al. showed the presence of optical resonances in CL spectra.33

Here, in this thesis, observed fingerprints occurring in CL spectra recorder from Zn2GeO4
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microrods are analyzed in the framework of Fabry-Perot (FP) resonances into the well facet
microstructures, which will provide an estimation of the refractive index of the microrods.

It is well known that the illumination conditions in terms of incident electromagnetic
radiation direction and polarization are very important in the resonant behavior.151 Symmetry
dictates that optically excited modes depend of the incident angle of the light and of the
incident electric field polarization. One way to reveal all modes is using a electron-induced
optical emission as cathodoluminescence because of no polarization effects will be observed.
Figure 3.31(a) presents a CL spectrum from a typical T(21) microrod (shown in the inset),
which shows the W-UV emission seen above. This CL spectrum presents a series of
interference fringes which are suggestive of the longitudinal modes of a Fabry-Perot cavity
(similar CL spectra were obtained for T(11) microrods). The origin of this modulation is
the successive reflexion of light between the parallel faces of the hexagonal microrod as has
been previously reported.

Fig. 3.31: (a) CL spectrum recorded at 20 kV from the T(21) microrod shown in the inset. Inset: SE
image of a T(21) microrod. (b) Calculated Cauchy (blue solid line) and Sellmeier (red dashed line)
dispersion curves.

These modulations can be used for to determine the dispersion relation of the refractive
index of Zn2GeO4 in all the visible range. It is well established a relationship between
the cavity length LFP, the mode spacing ∆λ and the wavelength that can be used for this
proposal according to152

∆λ =
λ 2

2LFP(n−λ
dn
dλ

)

(3.10)

where dn/dλ is the dispersion relation dependence for the refractive index with wave-
length. Until now, no information about this last relation has been published and only the
values for the dielectric permitivities ε∞ = 2.41 and ε0 = 7.02 for Zn2GeO4 in ceramics
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have been reported previously.153,154,155 A different approach to determine the dispersion
parameter in the microwave range has been proposed by Viegas et al.156 but not in the
visible range. For the purpose of this thesis, the optical path (LFP) can be determined in a
direct way measuring the top face of the hexagonal microrod as it can be seen in the inset of
Figure 3.31(a) and assuming that this microrod have a regular cross-section. The top face
of this hexagonal microrod is 1.85 µm, leading to an optical path of 3.21 µm. It is well
established that in transparent materials, the dispersion is small in the transparent range,
however some dispersion is expected as the wavelength decreases. Many description of
material refractive index dispersion exist but mainly equations of Cauchy, only valid in the
optically transparent region, and Sellmeier, valid away from optical bandgap, are commonly
accepted.157

Here on, it is sufficiently accurate to include only the first two terms and two constants for
Cauchy model. The two-constant Cauchy equation is then n = A+B/λ 2. As Cauchy model,
the Sellmeier model is valid away from bandgaps. For most solid materials transparent in the
visible region, a two Sellmeier terms models, one in the UV and other in the infrared (IR) are
sufficient for a wide frequency range away from absorption peaks.158 This double-oscillator
Sellmeier equation is written as

n2(λ ) = 1+
B1λ 2

λ 2 −C1
+

B2λ 2

λ 2 −C2
(3.11)

and will form, together with the Cauchy formula, the basis of most of our subsequent fit
analysis. By mean of the Cauchy or Sellmeier formulas and according to Equation 3.10, it
is possible determine the corresponding coefficients of both dispersion models. Moreover,
using the Fabry-Perot expression for determine the optical mode m = 2nLFP/λres in which
n is the refractive index and λres the resonance wavelength of the mode number m, it is
possible to know that modes are activated.

By an iterative fitting procedure similar to that proposed by Bordo et al.151 and using
Equations 3.10 and 3.11, in which the experimental LFP and ∆λ values provided from
the CL spectra are initially introduced, the corresponding coefficients for the Cauchy or
Sellmeier model are calculated. The Equation 3.11 makes it possible to double check the
fitting procedure. The best fitting result in this work is chosen as the value of the fit that
leads to the smallest chi-square.

In the case of use the Cauchy model, the best fit correspond to values of A = 1.675±
0.013 and B = 20358±1700 nm2. The Cauchy dispersion curve is shown in Figure 3.31(b)
(solid blue line). Alternatively, using the two Sellmeier terms equation in the fitting process
yields the following paremeters B1 = 0.9929, C1 = 30062 nm2, B2 = 0.8449 and C2 = 28900
nm2. Figure 3.31(b) (red dotted line) shows the dispersion relations for the Sellmeier model.
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As can be seen in Figure 3.31(b), both models are equal in the region 400 - 550 nm but, for
shorter wavelengths, Sellmeier dispersion yields higher n values than Cauchy dispersion.
This result is reasonable if it is considered that, in this region of 300 - 400 nm, a radiative
centre is present and that means that this resonator centre could have influence in the
Sellmeier model. In any case, both models propose a refractive index in the UV-vis region
which ranges from 1.90 - 1.93 in the UV region to 1.72 in the long wavelength visible region.

The optical properties can be determined too through the frequency-dependent dielectric
function ε(ω) = ε1(ω)+ iε2(ω).24 For materials with very low extinction coefficient (imag-
inary part of the dielectric permitivity) and under the Kramers-Kroning theory159 a simply
relation between the refractive index and relative permitivity (εr) can be established160

(n2 = εr). Considering the Cauchy model or the Sellmeier model at long wavelength when
the calculated refractive index is equal to 1.72, it is possible determine the relative permitivity
εr of the Zn2GeO4. This value is εr = 2.96 which is in good agreement with the reported
ε∞ = 2.41 keeping into account that the relative permitivity goes down if extrapolated to
high frequency region.

Fig. 3.32: Dispersion relation of the refractive index of Zn2GeO4 in the all visible range calculated by
DFT for the three possible axis [x, y (blue line) and z (red line)] considering the defect-free model.

To corroborate the experimental results, first-principles calculations were carried out to
determine the refractive index in the framework of density functional theory. Figure 3.32
shows the dispersion relation of the refractive index of Zn2GeO4 in all the visible range
calculated by DFT for the three possible axis (x, y and z) considering a defect-free model.
These results are in agreement with the experimental data, although the refractive index
values calculated by DFT are slightly higher This may be due to the fact that possible defects
within the material have not been taken into account, which decreases the refractive index
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values as Xie et al. have observed when performing DFT calculations to determine the
optical properties of Zn2GeO4.24

In addition, these DFT results show a clear anisotropy of the refractive index between
the x- and y-axis and the z-axis, which has not been seen before, and support that Zn2GeO4

exhibits the property of birefringence as has been observed in other ternary semiconductors
with non-centrosymmetric crystal lattices.161

Finally, the waveguiding behavior of the microrods has also been assessed with the aid
of a 325 nm UV laser. Figures 3.33(a) shows an optical image of a T(11) microrod and
Figures 3.33(b) shows the microrod under laser illumination, where light is observed both at
the end where the laser is incident (brighter) and at the other one. This is an indication of the
propagation of light along the wire. The same behaviour was seen in T(21) microrods in
the literature.33 Figure 3.32 shows that the theoretical refractive index calculated by DFT
is higher along the z-axis than in the perpendicular x and y directions. This is in perfect
agreement with the waveguiding behaviour exhibited by the microrods, which grow along
the c-axis as seen above. A higher refractive index means that the light is easier confined
and can travels along the microds. In addition, Figure 3.33(c) shows a micro-PL image with
the photoluminescence excited in the material while it was illuminated with the laser at one
end. The microrod shows an intense bluish luminescence at the end where it is illuminated
with the laser, which vanishes shortly afterwards. At the opposite end of the microrod, a
small point of blue light can also be seen, which is the result of the luminescence originated
by the laser travelling through the microrod.

Fig. 3.33: Optical images of a T(11) microrod (a) without laser excitation and (b) under UV laser
illumination in dark field showing the waveguiding behavior of the structure. (c) Dark field micro-PL
image of the same T(11) microrod.

Besides the analysis on the microrods, the waveguiding behaviour was also evaluated on
the T(11) structures in which the Zn2GeO4 wire is decorated with small GeO2 glass beads.
In this case, one of these beads was illuminated with a laser and it was observed that the light
travelled along the wire but a certain amount of light escaped through the beads in its path.
This behaviour in which the Zn2GeO4 wire acted as a waveguide and the GeO2 glass beads
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as light outputs was observed by illuminating with both a 325 nm UV laser and a 633 nm
visible light laser, as shown in Figures 3.34(a) and (b) respectively. The fact that the beads
act as light outputs is due to the difference in the refractive index between the wire through
which the light travels and the beads. As discussed above, the refractive index of Zn2GeO4

is between ∼1.9 (in the UV region) and ∼1.7 (in the long wavelength visible region) while
the refractive index of GeO2 glass is around 1.6.162,163 This slight difference in the refractive
index makes it possible for light to escape through the beads, whereas when the difference is
greater, as in the case between the wire and the air, the light is confined in the wire.

Fig. 3.34: Optical images of a T(11) beaded rod without illumination (top) and under laser illumination
(bottom) showing the waveguiding behaviour of the structure and the light output by the GeO2 glass
beads (a) illuminated with a UV laser, (b) illuminated with a visible light laser and (c) dark field
micro-PL image when illuminated with a UV laser.

On the other hand, Figure 3.34(c) shows a micro-PL image of one of these beaded rods
with the photoluminescence excited in the material while it was illuminated with the laser in
a bead. In this case, the wire shows an intense bluish luminescence at the point of excitation
while exhibiting a persistent greenish luminescence in the rest of the wire, being especially
intense in the beads where the light escapes. As discussed above, Zn2GeO4 presents a
visible emission composed of a green-yellow and a blue band, while GeO2 normally exhibits
an emission in the green region,121 which could explain the intense green emission in the
beads. Although only a few of these structures appear in the thermal treatment carried
out in this work, Gu et al. have demonstrated a simple method by a vapor-phase reaction
in a tube furnace system to grow these complex GeO2-Zn2GeO4 structures as chain-like
nanostructures.107 Furthermore, in this thesis it has been found that the addition of Sn as
impurity favours the growth of these GeO2-Zn2GeO4 nanostructures like necklaces, as will
be seen in the next chapter. Therefore, the results obtained in this work together with the
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possibility to grow these beaded rods easily pave the way to exploit the features of these
structures in applications such as emission devices or as waveguides with periodic light
outputs.

3.3 Conclusions

In this chapter a detailed characterization and a deep analysis of the optical properties of
Zn2GeO4 microstructures obtained keeping the same conditions but modifying the precursor
ratio [T(11) and T(21)] have been carried out. From the obtained results the following
conclusions were drawn:

Morphological, chemical and structural characterization

1. The morphological study by SEM revealed that T(11) structures showed a wide variety
of shapes and sizes, obtaining mainly microrods (size between 500 nm - 4µ) with
hexagonal shape. In addition, some thinner rods were decorated with small beads.
On the other hand, the structures obtained in T(21) grew in smaller amount but in a
more regular distribution of shapes and sizes (size between 1 - 6µ), with most of the
structures being hexagonal-shaped microrods.

2. The structural study by XRD patterns confirmed the rhombohedral crystal structure of
Zn2GeO4 for both sets of samples, and the compositional analysis by EDS revealed
a homogeneous distribution of Zn, Ge and O and a Zn/Ge ratio close to 2 in the
structures of both treatments. Also Raman studies were carried out on both large
amounts of structures and individual wires. The results showed in all cases that the
samples presented four main peaks (745, 751, 777 and 802 cm−1) attributed in the
literature to Zn2GeO4. In addition, EBDS measurements allowed to identify that the
hexagonal microrods obtained in T(21) grew along the direction [001]. Finally, in
order to obtain information on local chemistry at the surface, XPS measurements were
carried out on T(21) microrods, in which the main peaks correspond to core levels of
Ge 3d, O 2s, and Zn 3d were analyzed. It is noteworthy that while for the Zn peak
only one component associated with Zn2+ was observed, the Ge peak was composed
of three components, assigned to the three possible Ge states of oxidation: neutral
Ge, Ge2+, and Ge4+. The fact that the Zn 3d line is almost unaltered in the XPS
spectra, but the Ge 3d line reveals reduced oxidation states of Ge, would suggest that
oxygen vacancies tend to be segregated around both O-Ge-O and Ge-O-Zn bonds,
which could affect the recombination mechanisms that lead to luminescence.
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3. The structural and chemical analysis of the beaded rods seen in T(11) concluded that
beads were composed of GeO2 in form of GeO2 glass or crystallizes in trigonal GeO2

and the central rod was Zn2GeO4, resulting in these complex structures.

Optical properties

1. First, a broad study of the luminescence of Zn2GeO4 microrods was carried out to
examine all possible recombination pathways related to defects within the bandgap.

• CL measurements were carried out, in which electrons are excited from the
valence band to well above the conduction band and give rise to all recombination
mechanisms. Under these conditions, a wide band in the UV range (W-UV)
was observed around 3.5 eV in both treatments. In addition, for T(11), CL
measurements at 100 K revealed a green-yellow (GY) band around 2.4 eV.

• PL measurements were performed with a more selective excitation source, such
as a 325 nm UV laser, whose excitation energy (3.8 eV) is below the Zn2GeO4

bandgap. In this case, more differences were found between samples of the two
treatments. In T(11) sample it was observed that the GY band predominated and
a new emission appeared in the visible range peaked at 2.8 eV, labelled as blue
band. In contrast, in T(21) the GY band was very weak and a new narrow band
was observed in the UV range (N-UV) at 3.2 eV. PL measurements were also
carried out using a Xe lamp, which allowed to excite with different wavelengths,
both at RT and at 4K. In this case, the broad shape of the W-UV and visible
bands suggests that they are related to oxygen vacancy defects. In addition, The
strong dependence of the different emissions (W-UV, N-UV, and visible) on
the excitation wavelength indicates that different levels may be involved in the
origin of the luminescence of Zn2GeO4, offering different alternative pathways
of radiative transitions.

• Finally, DFT calculations were performed to shed some light on the origin of
these emissions in relation to the electronic levels associated with the native
defects in Zn2GeO4. Comparing the experimental results with the theoretical
ones, some conclusions can be drawn: Firstly, the broad shape of the W-UV
band and the energy range in which this emission is found suggest that it could
be a radiative electron recombination from the VO level to the valence band. On
the other hand, the N-UV emission could result from a radiative recombination
of electrons from the Zni state to the valence band. And finally, emissions in the
visible range would be caused by DAP recombinations between the VO level
acting as donors and the VGe and VZn levels acting as acceptors.

91



Characterization and optical properties of undoped Zn2GeO4 microstructures

Label Range Sample Mechanism

GY band 2.0-2.4 eV (520-620 nm) T(11) & T(21) DAP (VO to VGe/ VZn)
Blue band 2.8 eV (440 nm) T(11) DAP (VO to VGe/ VZn)

N-UV band 3.2 eV (388 nm) T(21) Zni to VB
W-UV band 3.1-3.5 eV (350-400 nm) T(11) & T(21) VO to VB

Table 3.5: Luminescence bands of Zn2GeO4 microrods.

2. Once the different luminescence emissions of the Zn2GeO4 were known, the UV
bands have been in-depth studied as a function of temperature and excitation energy
using a tunable excitation wavelength Xe-lamp.

• PLE temperature dependence study of the W-UV band in both treatments allowed
to calculate the Zn2GeO4 optical bandgap (obtaining a value of 4.75 eV at 0 K).

• The dependence of the PL N-UV band on temperature was studied in T(21)
sample. The results show that this emission is quite stable upon temperature
changes and is the only dominant emission when exciting below the energy
bandgap in the low temperature regime, up to 100 K. The composite nature of
this emission has been explained as originating from the two possible interstitial
sites for Zni within the Zn-Ge or Zn rings in the lattice structure. Besides, the
temperature dependence in the low temperature regime of both components has
been theoretically modeled, yielding activation energies of nonradiative channels
about 6 - 8 meV.

• The temperature dependence of the PL W-UV band in both treatments was
studied. The results show that this emission vanishes above 200 K in T(11) while
in T(21) it remains up to room temperature. In order to try to explain this PL
quenching, an analysis of the PL intensity of the most intense component of this
W-UV emission as a function of temperature was carried out. The results show
that at low temperatures the intensity remains independent of temperature, while
for temperatures above 40 K the PL intensity decays exponentially. Fitting the
intensity decay following the Arrhenius model led to values of the activation
energies of the nonradiative centres of 24 and 26 meV for T(11) and T(21)
respectively. The resulting higher quenching coefficient for T(11) indicates a
higher efficiency of the nonradiative mechanisms in this treatment.

To complete the analysis about the W-UV emission, time-resolved PL measure-
ments were carried out employing a pulsed LED, yielding a lifetime value of 55
and 68 ns for T(11) and T(21), respectively, at 4 K. Furthermore, PL lifetime
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temperature dependence measurements revealed a similar behaviour of the PL
lifetime and intensity in both treatments, remaining constant at low temperatures,
and decaying sharply from 40 K onwards. A higher decay rate in T(11) (in
both PL lifetime and intensity) compared to T(21) reveals a higher efficiency of
the radiative mechanisms in T(21), which explains why the W-UV band is still
visible at RT in this treatment.

3. Finally, the behaviour of individual microrods as optical cavities and waveguides was
assessed. The microrods of both treatments act as optical resonators, with genera-
tion of Fabry-Perot modes in the hexagonal cross-section under an electron beam.
These modulations were used to determine the refractive index dispersion relation of
Zn2GeO4 in the entire visible range, which has not been reported before. The disper-
sion curves were calculated following both, the Cauchy model (valid in the optically
transparent region) and the Sellmeier model (valid away from the optical bandgap).
Both models provide a refractive index in the UV-vis region than go from 1.90 - 1.93
in the UV region to 1.72 in the long wavelength visible region. For this value of
the refractive index in the long wavelength region, the permittivity of Zn2GeO4 was
calculated and a value of εr=2.96 was obtained. In addition, the dispersion relation
of the refractive index of Zn2GeO4 was determined by first-principles calculations.
These results were in agreement with those obtained experimentally, although with
slightly higher refractive index values, probably because the calculations were per-
formed according to the defect-free model. Furthermore, the DFT results show a clear
refractive index anisotropy between the x and y axis and the z axis, which has not been
observed before, and suggest that Zn2GeO4 exhibits the property of birefringence.

On the other hand, the microrods showed waveguiding behaviour as the light travelled
along the wire when illuminated with a UV laser, which excited a bluish luminescence
along the way. Beaded rods, in which GeO2 glass beads were attached to the Zn2GeO4

wire, also showed waveguide behaviour, but in this case part of the light escaped
through the beads arranged along the wire. These structures could be of interest in the
development of new low-dimensional waveguides with periodic light outputs.
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Chapter 4

Tin-doped Zn2GeO4: Structural
and optical properties of
Zn2GeO4 nanowires and
Zn2GeO4/SnO2 heterostructures

In this chapter, the effects of tin incorporation on the growth process of Zn2GeO4 structures
are analyzed. For this purpose, SnO2 powders was added to the mixture of precursor
materials used in the T(21) treatment discussed in Chapter 3, i.e., a mixture composed of
ZnO, Ge and C in 2:1:2 weight ratio. SnO2 was incorporated in different proportions in
relation to the total amount of ZnO:Ge. The thermal treatments conditions carried out were
the same as in the previous chapters, in order to ensure that the changes in the properties of
the structures obtained are due to the Sn and not to the conditions of the treatment.

The choice to add SnO2 in the treatment is motivated by what has been seen in other
works, where the presence of Sn at an impurity level can modify the production yield
of some oxide nanostructures, as in the case of Ga2O3 and GeO2.164,165 Furthermore,
Sn doping can modify the surface properties of the nanowires and favours the eventual
formation of complex nanostructures in one-step process, leading to the growth of complex
SnO2/Ga2O3 nanowires.166 In the different sections of this chapter the changes produced
by the introduction of SnO2 in the treatment with respect to the undoped T(21) sample
are discussed, through an in-depth characterization of the new structures obtained and an
extensive study of their optical properties.
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4.1 Morphological, chemical and structural characteriza-
tion

Treatment T(21) was chosen to introduce Sn due to the low production yield of structures,
in contrast to treatment T(11) which produced a large number of structures as discussed in
Chapter 3. SnO2 powders were introduced into the precursor mixture in proportions of 5,
10, and 15 wt% related to the total ZnO:Ge amount and the same thermal treatment was
conducted for all the samples (see Table 4.1). Samples were labeled as TSnx, where x is
the percent of SnO2 added to the precursor mixture. Figure 4.1 shows the different pellets
after the thermal treatment. Clearly, the amount of structures grown in the undoped T(21)
sample [Figure 4.1(a)] and adding SnO2 in the precursor mixture [Figure 4.1(b)-(d)] is very
different. In the case of the undoped T(21) sample, a poor amount of structures was obtained
as detailed in Chapter 3, while the pellets containing SnO2 are completely covered by a
white tangle of structures.

Name SnO2 % Temperature (ºC) Ar flow (L/min) Time (h)

TSn5 5 %wt 800 1.5 8
TSn10 10 %wt 800 1.5 8
TSn15 15 %wt 800 1.5 8

Table 4.1: Zn2GeO4:Sn samples by changing the added percentage of SnO2 powders in relation to the
total ZnO:Ge amount.

Fig. 4.1: Pictures of (a) undoped T(21), (b) TSn5, (c) TSn10 and (d) TSn15 pellets after treatment.

4.1.1 X-ray diffraction

The first step was to study the crystal structure of the samples by XRD. The XRD pattern in
Figure 4.2 reveals that most of the peaks appearing for the structures of the three treatments
correspond to the rhombohedral crystal structure of the Zn2GeO4 (ICSD Collection Code:
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68382). In the case of TSn10 and TSn15, a peak associated with the (110) SnO2 plane
also appears, and its relative intensity increases with increasing Sn content in the treatment.
In TSn15 there is also a weak peak associated with GeO2. In addition, remaining peaks
corresponding to Zn and graphite appear in TSn10 and TSn15 in the range between 42º and
45º.

Fig. 4.2: XRD pattern acquired from the structures of TSn5 (blue line), TSn10 (green line), Sn15
(orange line) and the theoretical XRD pattern of the Zn2GeO4 crystal structure (red line).

4.1.2 SEM characterization

Once it was confirmed that the incorporation of SnO2 in the treatment continued to provide
Zn2GeO4 structures, the morphology was examined by a SEM revealing some distinctive
features as the concentration of Sn increase. Figure 4.3(a) and (b) show a general picture of
the structures grown on the TSn5 pellet. The main differences with respect to the undoped
T(21) sample are the large number of structures obtained, as shown in Figure 4.3(a), and
the large difference in the size of the structures. Ultralong and thin Zn2GeO4 nanowires
(NWs) with diameters of 100-300 nm and up to a hundred micrometers in length were
obtained [see Figure 4.3(b)], in contrast to the microrods obtained in the undoped T(21).
Other groups have successfully grown Zn2GeO4 nanowires via vapor-liquid-solid (VLS)
by CVD method, but they required a metal as growth catalyst.42,43 However, the Zn2GeO4

nanowires shown here are obtained by the thermal evaporation method without the presence
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Fig. 4.3: SE images of (a)-(b) nanowires and (c) necklace-like structure grown over the pellet of the
TSn5 treatment (the inset shows in more detail some of the beads), (d)-(e) skewer-like structures grown
in TSn10 treatment and (f) mixed NL and SK structure grown in TSn15 treatment.

of any foreign catalyst and at ambient pressure, only by adding small concentrations of SnO2

to the precursor materials. Moreover, some Zn2GeO4 NWs are decorated with small beads,
forming a long necklace-like (NL) structure [see Figure 4.3(c)], which resemble the beaded
rods obtained in the T(11) treatment seen in Chapter 3 but at the nanoscale.

In the case of TSn10 sample, skewer-like (SK) morphologies were also formed [see
Figure 4.3(d) and (e)] in addition to the Zn2GeO4 NWs and NLs. They consist of a central
wire with surrounding well-faceted particles. The size and frequency of the particles vary
between structures, though their maximum diameter (typically 1-2 µm) is often several
times larger than that of the wire (100-300 nm). This SK-like structure has also been
observed before for Ga2O3 nanowires with SnO2 particles obtained by thermal evaporation
methods.166

Finally, thermal treatment of TSn15 pellets leads to the formation of all types of nanos-
tructures: single nanowires, necklaces, skewers and even a combination of the last two
[see Figure 4.3(f)]. Therefore, from the morphological analysis carried out by SEM, three
important differences can be observed between undoped T(21) and when incorporating Sn in
the treatment: i) A larger number of stuctures are obtained. ii) The structures are Zn2GeO4

nanowires instead of microrods. iii) Complex nanostructures eventually appear in which
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small droplets or well-faceted particles are attached to the central nanowire, giving rise to
necklace or skewer complex structures, respectively.

The chemical composition was evaluated using EDS. Firstly, the necklace-like structures
were studied. Figure 4.4(a)-(b) shows the SE image and the EDS maps of one of these
NL-structures, which confirms that the central wire is composed by Zn, Ge and O. On the
other hand, the smooth appearance of the beads suggests an amorphous phase of germanium
oxide (a-GeO2) particle (in the same line as the beads seen in the T(11) beaded rods) with
no Zn or Sn, as can be appreciated in more detail in Figure 4.4(c)-(d).

Fig. 4.4: (a) SE images and (b) EDS maps of a NL-like structure. (c) SE images and (d) EDS maps of
a bead at higher magnification of a NL-like structure. The elemental distribution of Zn, Ge, and O
elements are shown in blue, red, and yellow respectively.

Fig. 4.5: (a) SE images and (b) EDS maps of a SK-like structure. The elemental distribution of Zn,
Ge, O and Sn elements are shown in blue, red, yellow and green respectively.

Then, the skewer-like structures obtained in TSn10 and TSn15 were studied by EDS.
Figure 4.5(a)-(b) shows the SE image and the EDS maps of one of these SK-structures,
which reveals that the central wire is composed by Zn, Ge and O, while the faceted particles
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are mainly composed of Sn and O (i.e., tin oxide particles). Here again, no Zn was observed
in the attached particles in the SK structure, but a certain amount of Ge is detected in these
particles.

4.1.3 EDS in STEM

In order to further characterize the SK structures, cross-section specimens perpendicular and
parallel to the nanowire axis axes were prepared, using the focused ion beam (FIB) technique
to be examinated in a scanning transmission electron microscopy (STEM) equipment with
EDS setup. Figure 4.6 corresponds to the ADF-STEM and EDS map results from the FIB
samples prepared by cutting perpendicular [Figure 4.6(a)-(b)] and parallel [Figure 4.6(c)-(d)]
to the NW long axis. The chemical maps show the hexagonal shape of the NW and the
poor diffusion of Sn atoms into the NW. In addition, quantitative studies were also carried
out on the points of the central nanowire indicated in Figures 4.6(a) and (c). The results
are displayed in Table 4.2 and show a Zn/Ge ratio close to 2, as expected for a Zn2GeO4

compound.

Point Zn (At%) Ge (At%)

A 67.3 32.7
B 67.1 32.9

Table 4.2: Atomic ratio Zn:Ge obtained by measuring at points A and B of Figure 4.6, quantifying the
intensity of the Zn K-line series and the Ge L-line series.

Fig. 4.6: (a) ADF image of a cross-section perpendicular to the long axis wire of one of the SnO2
crystals of a SK-structure and (b) its EDS maps. (c) ADF image of a cross-section parallel to the axis
wire of one of the SnO2 crystals of a SK-structure and (d) its EDS maps. The elemental distribution of
Zn, Ge, O and Sn elements are shown in blue, red, yellow and green respectively.
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On the other hand, the EDS maps show that the attached particles composed by Sn and
O also contain a certain amount of Ge. The Ge map (red color) in Figure 4.6(d) shows that
some Ge segregation takes place, leaving a higher Ge concentration at the lateral surfaces
of the particles. In order to clarify the role of Ge, quantitative analyzes were carried out
on different particles. Table 4.3 shows the Sn and Ge elemental composition for a range of
particles (the O content has been omitted since quantitative EDS of light elements is often
unreliable). The Ge atomic proportion varies from 8% to 17%, which is too high to consider
Ge just a dopant impurity into the SnO2. These values would suggest the formation of a
ternary oxide such as a Sn1−xGexO2-type solid solution that retains the rutile structure.167

However, the solid solubility of GeO2 in SnO2 has been found to be limited to 6% after
calcination of constituent oxides at 1100 ºC,168 which is much less than these measurements.
To shed light on this issue, Raman and high-resolution transmission electron microscopy
(HRTEM) measurements were performed to obtain structural information, which are shown
below.

Particle Sn (At%) Ge (At%)

1 92.1 7.9
2 85.7 10.7
3 86.5 13.5
4 82.9 17.1

Table 4.3: Atomic ratio Sn:Ge obtained by measuring in different particles of the SK-structures of the
TSn15 treatment, quantifying the intensity of the Ge and Sn L-line series.

This compositional study demonstrate that a low Sn content (TSn5) in the precursor
pellet produces just Zn2GeO4 NWs (confirmed by the XRD results shown in Figure 4.2) and
eventually the appearance of a-GeO2 droplets periodically distributed along the sidewalls of
the nanowires. By an increase in the amount of Sn in the precursors (TSn10 and TSn15),
additional SnO2 particles with significant amount of Ge are formed on certain Zn2GeO4

NWs, leading to Zn2GeO4/SnO2 heterostructures. These EDS results are in agreement with
the previous XRD pattern, where in TSn10 and TSn15 there was a peak associated with
SnO2, which would correspond to the growth of these SK structures.

4.1.4 Micro-Raman spectroscopy

In addition to X-ray diffraction and EDS study, structural information of both Zn2GeO4

simple nanowires and Zn2GeO4/SnO2 heterostructures was obtained by Raman spectroscopy.
For this purpose, TSn5 and TSTn10 grown structures were deposited on different substrates
of Si. Figure 4.7(a) shows a nanowire array grown in TSn5 on which the Raman spectrum
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of Figure 4.7(b) was acquired. This spectrum shows the characteristic Raman peaks of the
rhombohedral structure of Zn2GeO4 (745, 751, 777 and 802 cm−1) associated with Ge-O-
Zn symmetric and asymmetric vibration modes and the O-Ge-O bending and stretching
modes109 (as seen in Chapter 3), and confirms the high crystalline quality of the nanowires
grown in TSn5.

Fig. 4.7: (a) SE image of an array of nanowires grown in TSn5 and (b) Raman spectrum acquired from
them. (c) SE image of a SK heterostructure grown in TSn10 and (d) Raman spectra acquired from the
SnO2 coating (green line) and from the Zn2GeO4 nanowire (blue line).

On the other hand, Figure 4.7(c) shows a SE image of a Zn2GeO4/SnO2 heterostructure.
Local Raman spectra at the points marked by arrows in Figure 4.7(c) have been recorded
to check the microstructure. Figure 4.7(d) shows the Raman peaks of the rhombohedral
structure of Zn2GeO4 (blue line) seen above in the range between 720 cm−1 and 820 cm−1

when excited over the central nanowire [position between blue arrows in Figure 4.7(c)]. The
Raman peaks representative of the rutile phase of SnO2 (green line) corresponding to the
Eg (478 cm−1), A1g (634 cm−1) and B2g (778 cm−1) vibration modes169 are also shown.
In this case, the spectrum was recorded on the coating [position between green arrows in
Figure 4.7(c)]. The fact that none of the rutile phase peaks are shifted in the Raman spectra
would exclude the formation of a ternary oxide between the Sn and Ge. The 520 cm−1 peak
corresponds to the silicon substrate.
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4.1.5 HRTEM

The crystal structure of the complex structures obtanied by SnO2 addition was analyzed
by high-resolution transmission electron microscopy (HRTEM) to shed more light on the
growth mechanism of these heterostructures. Figure 4.8(a) shows a low-magnification TEM
image of a NL-structure. Figure 4.8(b) and (c) are a HRTEM image and a selected area
electron diffraction pattern respectively, recorded in the NW region of the NL-structure.
The SAED pattern and HRTEM image correspond to the Zn2GeO4 rhombohedral structure
viewed along a [1-10] zone axis, revealing the growth direction of the NW to be ⟨110⟩.
HRTEM image in Figure 4.8(b) shows that the NW surface is coated by a thin (5-7 nm)
amorphous layer. ADF-STEM and HRTEM images of a detail of the NW surface-bead
interface are shown in Figure 4.8(d) and (e), in which it is clearly revealed that while the
central nanowire is crystalline, the bead is amorphous in structure.

Fig. 4.8: (a) Low-magnification TEM image of a necklace-like Zn2GeO4/GeO2 structure. (b) HRTEM
image and (c) SAED pattern taken from the Zn2GeO4 NL in (a). (b) and (c) were recorded along
the [11̄0] zone axis and demonstrating a [110] growth direction for the NW. (d) ADF-STEM and (e)
HRTEM images of a single bead, with plane spacing of the crystalline central wire as shown in (e).

The generation of amorphous oxide thin layer on a NW surfaces is often observed,
especially if the growth process takes place at high temperatures in an unsealed furnace. In
particular, the presence of germanium oxide around Zn2GeO4 obtained by thermal deposition
methods have already been reported both in thin films and thermal treated ZnO:Ge mixtures.
Zheng et al.170 demonstrated that GeO clusters can be found in Zn2GeO4 thin films by
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thermal annealing of Ge/ZnO multilayers. On the other hand, other observations indicated
that when the amount of Ge exceeded the solid solubility limit of Ge in ZnO, the formation
of the new compounds Zn2GeO4 and GeO results.171 Uniform GeO2-Zn2GeO4 chain-like
nanostructures grown by a vapor phase reaction have been reported, in which a Ge vapor
formed a GeO shell layer on the NWs.107 Therefore, the results shown above suggest a
surface oxidation of Zn2GeO4 NWs due to Ge out-diffusion and air ingress during thermal
treatment. Moreover, the addition of Sn in the treatment helps this process, since the Sn
atoms substitute onto Ge sites as previously commented, allowing Ge out-diffusion and
the formation of a GeO2 shell. In the Chapter 3 it was shown how the same thermal T(21)
treatment without any Sn in the precursor pellet only produces Zn2GeO4 microrods without
any GeO2. Therefore, Sn impurities limit somehow the thickness of the wires by producing
a kind of an amorphous wetting layer of a-GeO2 that prevent the lateral growth of the
Zn2GeO4 wires.

However, the observation of NL-type structures suggests that some total or partial dewet-
ting of this a-GeO2 shell may occur, leading to the formation of an array of beads along
the Zn2GeO4 NWs. The occurrence of periodic droplets around nanowires has been previ-
ously reported in various materials, such as Si/Ge, Ge/Ge, GaP/GaOx or SiC/SiO2 systems,
claiming the Plateau-Rayleigh (P-R) instability as the main formation mechanism.172,173,174

This mechanism is based on the total surface energy reduction and it is controlled by the
atom diffusion lengths.175 Day et al.172 proposed the P-R instability phenomenon as the
driving force to form a periodic array of Ge particles instead of a conformal shell around Si
or Ge NWs. Later on, the P-R mechanism was also invoked as the formation mechanism
of SiC/SiO2 nanochains composed by a crystalline SiC core, an amorphous SiO2 shell and
a periodic array of SiO2 beads176 and in GaP/GaOx core-shell NWs,177 via vapor solid
deposition methods at higher temperatures. Under these conditions, the saturated vapor
pressure and viscosity of intermediate products could also play a role since the process
takes place at temperatures close to the melting point of precursors. The P-R instability is
described as the constant-volume transformation of 1D liquids and solids that reduce the total
tension or surface energy. Thus, size effects are relevant for the process, such as the thickness
of the layer and the diameter of the nanowire.175 In the case of thin layers around NWs, the
models predict a linear relationship between the diameter of the NW and the spacing between
the produced particles.178 In order to see if this dependence is fulfilled, the NW diameter
and length separation period between beads [see Figure 4.9(a)] in several NL structures
were measured in a SEM. The obtained results are plotted in Figure 4.9(b). The linear
dependence found is a signature of the P-R mechanism. In addition, the growth temperature,
close to the Ge melting point, favors atomic diffusion along the NW surface. Therefore, the
thermodynamic and kinetic conditions promote the formation of evenly a-GeO2 beads along
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the NW in a P-R scheme. This scheme could also be somehow applied to the beaded rods of
T(11), as only the GeO2 droplets were visible on the thinner rods.

Fig. 4.9: (a) ADF-STEM image of a NL. (b) For NL structures, plot of the length of the period of the
beads as a function of the NW diameter taken from a representative number of NLs from TSn5. The
linear dependence supports the P-R mechanism for the NL formation.

The crystalline structure of the SK structures that appear when increasing the amount of
SnO2 in the precursor pellet was also analyzed by HRTEM. Figure 4.10(a) corresponds to a
low magnification TEM image of the SK nanostructures, with the red circle indicating the
area of Zn2GeO4 NW where the HRTEM image of Figure 4.10(b) was acquired. The SAED
pattern of Figure 4.10(c) was recorded over this area, which enables the identification of the
rhombohedral structure for the Zn2GeO4 NW and the determination that the central NW
grows along the [001] direction, unlike the NL structures seen in Figure 4.8, which grow
in the [110] direction. In these Zn2GeO4 NW images (110) and (003) planes (d = 0.714
nm and 0.318 nm, respectively) are revealed. In addition, the crystal structure of the SnO2

particle shown in Figure 4.10(d) was analyzed. Figures 4.10(e) and (f) show respectively
the HRTEM image and the SAED pattern of the area highlighted with a yellow circle in
Figure 4.10(d). The rutile structure was identified from the SAED pattern for the SnO2

particle, which exhibit {110} facets truncated by (001) planes when viewed along [11̄0].
The ionic radius of Ge4+ (0.053 nm) is considerably smaller than that of Sn4+ (0.069 nm).
Thus, the possible presence of Ge in the SnO2 rutile structure would imply some strain in
the particles, since Ge4+ is expected to replace Sn4+ sites in a hypothetical formation of
a ternary oxide such as a Sn1−xGexO2. However, no significant changes were observed in
the lattice parameters of any of the SnO2 particles studied by HRTEM. Therefore, it can be
speculated that most of the Ge content observed in the particles of the SK structures is in an
amorphous GeO2 phase. This would explain the amount of Ge observed by EDS and why
there has been a negligible change in the crystal structure of rutile SnO2 studied by Raman
and HRTEM.
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Fig. 4.10: (a) TEM image of the nanowire from a SK structure. (b) HRTEM image and (c) SAED
pattern taken from the red circled region in (a), corresponding to the [11̄0] zone axis. (d) TEM image
of the particle from a SK structure. (e) HRTEM image and (f) SAED pattern taken from the yellow
circled region in (d), corresponding to the [11̄0] zone axis.

The crystal structure of the cross-section specimens parallel and perpendicular to the
nanowire of the SK structures mentioned above was also analyzed. Figure 4.11(a) corre-
sponds to the ADF-STEM image from the FIB sample prepared by cutting parallel to the
NW long axis. Figures 4.11(b) and (c) correspond to HRTEM images of the particle and the
nanowire respectively. Figures 4.11(d) and (e) show the VESTA-simulated crystal structure
for rutile SnO2 and rhombohedral Zn2GeO4 respectively as viewed along [11̄0] direction,
on which the planes identified in Figure 4.10 are indicated. As can be seen in these images,
the SnO2 (110) planes are parallel to the Zn2GeO4 NW. Good lattice matching is present
between these planes, since cation distances for (110) Zn2GeO4 and (110) SnO2 planes are
3.178 and 3.187 Å, respectively. Moreover, this high-resolution ADF image from the central
NW with atomic resolution allows to identify the unit cell of the Zn2GeO4 and confirms the
[001] growth direction of the Zn2GeO4 NW (in excellent agreement with the result obtained
for T(21) microrods in Chapter 3).

To further study the Zn2GeO4/SnO2 heterojunction, a FIB specimen section perpen-
dicular to the NW was analyzed. Figure 4.12(a) corresponds to a low magnification ADF
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Fig. 4.11: (a) ADF-STEM image of a cross-section parallel to the NW axis of one of the SK structures.
HRTEM images of (b) the SnO2 particle and (c) the Zn2GeO4 nanowire. The insets show a zoom
to see the structure in more detail. VESTA-simulated crystal structure for (d) rutile SnO2 and (e)
rhombohedral Zn2GeO4 as viewed along [11̄0] direction, on which planes (110) (blue) and (001) and
(003) (pink) are indicated. The green square in (e) corresponds to the atoms arrangement seen in the
atomic resolution HRTEM image in (c).

image of this section where the hexagonal Zn2GeO4 nanowire core is clearly revealed. (200)
planes for the SnO2 particle and (36̄0) planes for the Zn2GeO4 wire have been marked at the
interface in Figure 4.12(b). These planes have a very similar inter-planar spacing of 2.370 Å
and 2.372 Å for the (200) and (36̄0) planes respectively, giving a lattice mismatch of only
0.08%. Although they are not perfectly aligned, they are close enough to provide a good
epitaxial lattice matching at the interface. It has been noted that for radial heterostructures
such as this NW-particle, a significantly larger lattice mismatch strain can be elastically
accommodated than traditional planar structures,179 with theoretical predictions that such
structures could allow 5-10 times more strain than planar structures. Figure 4.12(c) displays
the atomic resolution ADF-STEM image of the NW/particle interface. These measurements
show that SnO2 lattice must insert a central Zn2GeO4 nanowire that expose facets with (2̄10)
(1̄20) and (110) planes, in agreement with its [001] orientation. It can also be seen that at
the interface there is good alignment of (020) planes in SnO2 and (330) planes in Zn2GeO4,
displayed as a set of black and white lines, respectively.
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Fig. 4.12: (a) ADF-STEM image of the cross section perpendicular to the NW long axis as a whole.
(b) Detail of the NW-particle interface showing the alignment of (36̄0) Zn2GeO4 and (200) planes
SnO2. Cation positions of Zn, Ge, and Sn are colored blue, red and green, respectively. (c) Atomic
resolution ADF image of the NW-particle interface from (a). The (2̄10) and (1̄20) surface facets for the
Zn2GeO4 nanowire have been marked, as well as the (330) planes for Zn2GeO4 and the (020) planes
for SnO2. A unit cell of Zn2GeO4 is shown for reference.
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Compiling all the information shown in above figures from the compositional and
structural study by EDS and TEM/STEM respectively, the following growth model for NL
and SK nano-heterostructures is proposed and sketched in Figure 4.13: Thermal growth of
the precursors lead to the formation of Zn2GeO4 nanowires with diameters less than 300
nm, and for many of them an array of a-GeO2 beads along the central Zn2GeO4 NW is
produced via the P-R mechanism, as described above. This is the trend in samples produced
in growth TSn5. Then, the a-GeO2 beads would act as preferential sites for the nucleation
of tin oxide crystallites in the Zn2GeO4 NWs when Sn concentration increases (TSn10 and
TSn15). This could explain the rather high Ge content detected in the SnO2 crystals and
the similar pattern of crystallites arrangement along the central wire. TEM measurements
have shown that Zn2GeO4 NWs grow along [110] and [001] directions. The fact that not
all the necklaces have become skewers could be related to the particular orientation of the
central Zn2GeO4 NW, which leads to the exposure of different sidewall planes. In particular,
Zn2GeO4 NW along the [001] orientation favours the nucleation of tin oxide crystallites,
as discussed above. However, the amorphous nature of the germanium oxide beads in NLs
should not demand a preferred orientation of the central Zn2GeO4 NW.

Fig. 4.13: Sketch illustrating the growth model.

The lateral size of the SnO2 crystals formed on [001] NWs can reach up to 1-2 microns in
diameter as maximum size, however their growth can continue parallel to the NW sidewalls,
leading in some cases to a quasi-fully coated NW in a core-shell morphology. This is
consistent with the fact that {110} are the lower surface energy planes in SnO2.

4.1.6 X-ray photoelectron spectroscopy

Finally, XPS analysis of Zn2GeO4 nanowires obtained in TSn15 was carried out in order
to get information on the local chemistry at the surface. TSn15 NWs were selected due to
being the treatment where the highest amount of SnO2 was incorporated into the precursor
pellet, and therefore where Sn was most likely to affect the local chemistry. To carry out the
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measurements, some of these TSn15 nanowires were deposited on a In substrate in order
to avoid charging effects while measuring. Figure 4.14 show the XPS spectra measured
over two different positions (A and B) indicated in the inset of Figure 4.14(a), which shows
the XPS mapping captured with the Ge 3d binding energy of some Zn2GeO4 NWs. The
XPS spectra recorded at these points are similar in both cases as shown Figures 4.14(a),(c)
and (e). The main peaks observed in the spectra of Figure 4.14(a) correspond to core levels
of Ge 3d (∼32 eV), O 2s (25 eV), and Zn 3d (11.3 eV). Whereas Zn 3d line has only
one component assigned to Zn2+ (not shown in detail here), in Figure 4.14(b) it can be
appreciated that the Ge 3d line is composed of three components (at ∼30, ∼31 and ∼32
eV), which reveal that Ge displays several oxidation states (neutral Ge, Ge2+, and Ge4+

respectively112) as happened in undoped Zn2GeO4 microrods. Figure 4.14(c) shows the
XPS spectra acquired on these same positions in the energy range between 480 and 500
eV. The Sn 3d peaks can be weakly observed in both cases, split into a 3d5/2 and 3d3/2

doublet by the spin-orbit interaction. The observed spin-orbit splitting of 8.3 eV is in good
agreement with the tabulated value.180 Figure 4.14(d) shows the Sn 3d5/2 deconvoluted
peak, where it can be seen that it is constituted by two components, one at 485-486 eV and
the other one at 487 eV. The most intense component is assigned to the Sn4+ oxidation
state, while the component at ∼486 eV is assigned to the Sn2+ or Sn0 oxidation state.181

Distinguishing between these two oxidation states is difficult due to the weak intensity
and the slight difference between their binding energies.181 In any case, the predominant
oxidation state of Sn in the nanowires is clearly Sn4+. Lastly, Figure 4.14(e) shows the high-
resolution XPS spectra of O 1s core level, which was deconvoluted into three components
[see Figure 4.14(f)] located at ∼531, ∼532 and ∼533 eV assigned to the lattice O2− ions,
native defects of O2− vacancies and chemically adsorbed H2O or -CO3 bond on the surface,
respectively.113 Therefore, these XPS results would confirm a surface oxidation of Zn2GeO4

NWs due to Ge out-diffusion, which would be assisted by the addition of Sn in the treatment,
allowing Ge out-diffusion and the formation of a GeO2 shell around the nanowires that limits
its lateral growth. Furthermore, this out-diffusion of Ge towards the surface would lead to
the formation of Ge vacancies in the lattice that could affect the luminescent mechanisms.
On the other hand, the presence of some Ge2+ and neutral Ge seen in Figure 4.14(b) could
be explained by the high concentration of oxygen vacancies, in such a way that electrical
charges are balanced.

However, not all the nanowires that were analyzed showed the same chemical environ-
ment at the surface. Figure 4.15(a) shows the XPS spectra measured over two different
positions (C and D) indicated in the inset, which shows the XPS mapping captured with the
Ge 3d binding energy of some Zn2GeO4 NWs. The Ge 3d line shows significant differences
depending on the acquisition area. Figures 4.15(b) and (c) show in detail the Ge line of the
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Fig. 4.14: (a),(c) and (e): XPS spectra recorded from points marked as A and B in the inset of (a),
which shows XPS mapping acquired with the Ge 3d line. High-resolution XPS spectra of the (b) Ge
3d, (d) Sn 3e5/2 and (f) O 1s core level along with the fitted Gaussian lines.

spectra recorded at point C and D, where it can be appreciated that the Ge line is composed
by the three oxidation states seen above (neutral Ge, Ge2+, and Ge4+). It is noteworthy
the relevance of the neutral Ge component (the lowest binding energy) in C compared to
position D, where the most intense component is the one assigned to Ge4+. As discussed in
Chapter 3, the Ge4+ component has been also measured by other authors in GeO2 (linked
to O-Ge-O bonds),112 which seems reasonable since the crystalline structure of Zn2GeO4

contains GeO4 tetrahedral. The fact that in some nanowires the neutral Ge component is the
most intense, could be explained by the above theory: The presence of Sn in the thermal
treatment would favour the formation of an amorphous Ge-oxide layer around the thread,
which would limit the lateral growth of the Zn2GeO4 wires. This is supported by the fact that
in those nanowires where the neutral Ge component is relevant, the Ge 3d line is much more
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intense than the Zn 3d line [see Figure 4.15(a)] because besides the signal from the Zn2GeO4

NW, a signal would be obtained from the amorphous Ge surface layer. In contrast, when
the neutral Ge component is of low relevance, the Zn and Ge 3d lines have a more similar
intensity [see Figure 4.14(a)], in line with what has been measured in the T(21) microrods.
Moreover, the O 1s core level spectra are shown in Figure 4.15(d) for both positions. A
shift of the O 1s spectra to the higher binding energy side is observed as the neutral Ge
component decreases and the components of the oxide species increase. This effect is due
to a change of ionicity of the Ge-O bond, as has been discussed in other work related to
α-GeO2.182 Therefore, in addition to the size reduction with respect to the T(21) microrods,
the most significant changes in the local chemistry of the Zn2GeO4 nanowires occur in the
variety of Ge oxidation states and in a small incorporation of Sn. These changes affect the
electric charge balance of the structure, which could lead to changes in the defect levels and
thus in the luminescence mechanisms as will be discussed in the next section.

Fig. 4.15: (a) and (d): XPS spectra recorded from points marked as C and D in the inset, which shows
XPS mapping acquired with the Ge 3d line. High-resolution XPS spectra of the Ge 3d core level
acquired on point (b) C and (c) D along with the fitted Gaussian lines.
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4.2 Optical properties

In Chapter 3 the role of the different native defects of Zn2GeO4 microrods in the luminescent
mechanisms was studied. This section shows a detailed analysis of the optical properties
of Zn2GeO4 nanostructures grown by including SnO2 in the T(21) treatment discussed in
Chapter 3, in order to examine and understand possible luminescence changes. For this
purpose, this section is divided into two parts: The first focuses on the study of the optical
properties of Zn2GeO4 nanowires to see the effects of downsizing on luminescence. As
nanowires were studied on average, structures obtained in TSn5 were chosen for this part,
in order to avoid the luminescence of SnO2 crystals formed in the other treatments. The
second part is aimed at the study of individual nanoheterostructures, in order to understand
the optical properties of these novel architectures arising from the semiconductor junction.

4.2.1 Optical properties of Zn2GeO4 nanowires

The first step was to carry out CL measurements in a SEM. Figure 4.16(a) shows a typical CL
spectrum acquired on an array of nanowires, which was recorded at 100 K (the CL spectra at
RT were similar, but much less intense). The spectrum shows the W-UV emission consisting
of two components (peaked at 3.1 and 3.5 eV), which was also previously analyzed in
Zn2GeO4 microrods and what was related to oxygen vacancies, pointing out that this defect
also plays an important role in the luminescence of Zn2GeO4 nanowires.

Fig. 4.16: (a) CL spectrum recorded at 15 kV and 100 K from an array of Zn2GeO4 nanowires of
TSn5. (b) PL spectrum excited by an 325 nm UV laser at RT acquired on an array of TSn5 nanowires,
which is shown in an optical image as a inset. Gaussian bands that fit experimental results are shown
in each case (dashes lines).

The luminescence of the nanowires also was studied employing a 325 nm UV laser as
an excitation source in a confocal optical microscope at RT. Figure 4.16(b) show typical
PL spectrum recorded on an array of TSn5 nanowires, which shows two well distinguished
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emissions: a narrow band in the UV range (N-UV band, with components at 3.18 and
3.24 eV) and a broad band in the visible range (GY band, with components at 2.0 and 2.4
eV). The main difference with respect to the luminescence observed in the T(21) Zn2GeO4

microrods is the high intensity of the GY band compared to the N-UV emission. Recalling
what was seen in Chapter 3, the N-UV emission was assigned to the recombination between
the electrons in the Zn interstitials state and the holes in the valence band. On the other
hand, according to the literature, the nature of the GY emission could involve donor and
acceptor centres from the presence of oxygen vacancies and other native defects, such as the
Ge-related centres.20,47 It should also be mentioned that luminescence from GeO2 crystals
usually exhibits a broad visible band in the green region associated with oxygen vacancies
at around 2.4 eV,121 which could reminds of this GY band observed in Zn2GeO4 NWs.
Therefore, these luminescence results suggest that Zn2GeO4 NWs show differences with
respect to microrods in the emissions associated with Ge-related defects (which could be
related to the different oxidation states observed in TSnx nanowires by XPS) and oxygen
vacancies, which could have been affected by the large size reduction and by a low Sn
incorporation.

Additionally, a PL and PLE analysis was carried out using as excitation source a Xenon
lamp of selective excitation wavelength. Measurements were recorded at different tempera-
tures, from 4 K up to RT. Figure 4.17(a) shows the PL spectra acquired on an array of TSn5
nanowires at RT excited with wavelengths of 250 nm (5.0 eV) and 280 nm (4.4 eV). These
excitation wavelengths were selected to study the luminescence behaviour upon excitation at
energies above and below the bandgap (∼4.5 eV at RT). When exciting above the bandgap
(upper spectrum) a bluish-white emission is observed, which is composed of a blue band
(∼2.8 eV), a green band (∼2.4 eV) and a yellow band (∼2.0 eV) of lesser intensity. It is
noteworthy that the W-UV band, seen in CL, is not detected whereas it was observable
in the T(21) microrods under the same excitation conditions. As mentioned above, the
W-UV emission is related to oxygen vacancies and strongly depends on the excitation energy
density. These results suggests that the W-UV band behaves differently in TSnx nanowires
with respect to T(21) microrods.

On the other hand, PL was examined by exciting below the bandgap (bottom spectrum).
In this case, the GY band is more intense than the blue band, resulting in a yellowish-
white emission. Of note is the relative intensity of the yellow component in the nanowires,
which was almost negligible in T(21) microrods. In addition, a small contribution of N-UV
emission (3.2 eV) is visible in this spectrum, confirming that visible emission is predominant
in nanowires. Figure 4.17(b) shows CIE map with three points that correspond to integrated
PL emission shown in Figure 4.17(a) and in the PL spectrum of Figure 4.16(b). It shows
how the luminescence of Zn2GeO4 shifts from a sky-blue to a yellowish-white colour when
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excited with wavelengths above (250 nm) and below (280 nm) the bandgap employing a
monochromated Xenon lamp. However, when a 325 nm UV laser was used, the map shows
a clear emission in the green region. These results suggest that the different components of
Zn2GeO4 visible emission can be promoted by switching the excitation energy or excitation
energy density. Therefore, the luminescence of Zn2GeO4 nanowires could be tuned from the
excitation conditions, something that Bai et al.183 have tried to do by doping Zn2GeO4 with
Cr3+.

Fig. 4.17: (a) PL spectra excited by a Xe lamp monochromated at 250 (up) and 280 nm (bottom)
acquired on a Zn2GeO4 nanowire array at RT. Gaussian bands that fit experimental results are shown
in each case (dashes lines). (b) CIE map with three points that correspond to integrated PL emission
shown in (a) (λex = 250 and 280 nm) and in the PL spectrum of Figure 4.16(b) (λex = 325 nm).

To further explore the luminescent mechanisms of Zn2GeO4 nanowires, PL and PLE
measurements were carried out at low temperature. Since PL and PLE measurements were
acquired by varying both the excitation and emission wavelengths, the following spectra
are presented with respect to wavelength, and not in energy as has been the case up to now,
in order to present them in a more intuitive way. Figures 4.18(a) and (b) show PL spectra
(right side) excited at the same wavelengths as in the spectra shown in Figures 4.17(a) (λex

= 250 and 280 nm respectively), in order to see the changes with temperature since in
Figures 4.17(a) spectra were recorded at RT. PLE spectra for the most intense PL emissions
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in each case is displayed on the same graph but in the left side. In the PL spectrum of
Figure 4.18(a), which it is excited with a wavelength above the bandgap, the W-UV emission
around 360 nm (3.4 eV) is clearly appreciated. This emission was not detected at RT,
while it was detected for T(21) microrods. Therefore, this confirms that the W-UV emission
behaves differently in TSn5 nanowires than in T(21) microrods, in which the W-UV emission
vanishes when the temperature increases. PLE spectrum on the left side of Figure 4.18(a)
reveal that the W-UV emission is only visible at excitation energies above the bandgap,
showing the same behaviour as it was seen in Zn2GeO4 microrods.

Fig. 4.18: PL spectra (right hand side) excited by a Xe lamp monochromated at (a) 250 and (b) 280
nm acquired on a Zn2GeO4 nanowire array at 4 K. PLE spectra (left hand side) for (a) W-UV (360
nm) and (b) yellow (600 nm) emissions at 4 K.

Figure 4.18(b) shows the PL spectrum obtained when excited with a wavelength lower
than the bandgap. The visible band consists of three componentenes at 440 nm (2.8 eV,
blue band), 540 nm (2.3 eV, green band) and 600 nm (2.1 eV, yellow band) but in this
case the most intense component is the yellow one. PLE spectrum shows that the intensity
of this yellow emission is minimal when it is excited at wavelengths above the bandgap
and increases as the excitation energy decreases, reaching a maximum emission when it
is excited between 270 and 290 nm (4.3 and 4.6 eV). This energy range, just below the
conduction band, corresponds to the energy calculated by first principles for the oxygen
vacancy state [see Section ?? of Chapter 3]. Figure 4.19 sketches the energy level diagram
calculated by DFT. Figure 4.19(a) shows that, when excited above the bandgap, the situation
is the same as in the microrods, and the VO level is saturated with electrons and only W-UV
emission is observed (because it is the fastest recombination mechanism). On the other hand,
Figure 4.19(b) suggests the possible recombination mechanism when excited below the
bandgap. In this case, since the VO level is not saturated, the electrons of the VO donor centre
would recombine with the holes of the VGe acceptor centre leading to the GY emission. This
model would be in agreement with what has been proposed in the literature, where the origin
of the visible emission of Zn2GeO4 is attributed to DAP recombinations (where VO and Zni
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are donor centres, and VZn and VGe are acceptor acceptor centres).20 Furthermore, the fact
that the GY band is so intense could be in agreement with previous XPS results, where it
was suggested that out-diffusion of Ge towards the surface could originate Ge vacancies,
which would be the acceptor centre responsible for this emission.

Fig. 4.19: Energy band model for luminescent emissions at 4 K due to native defects in Zn2GeO4
NWs. When the electrons are excited with energy above the bandgap (a) the W-UV band is observed
while when excited below the bandgap (b) only the GY band is seen.

PL and PLE measurements were carried out at different temperatures. As seen in Chapter
3, the fact that the W-UV emission is only detectable when the electrons are excited with
energies higher than the bandgap allows an indirect estimation of the optical bandgap from
the PLE measurements by extrapolating the sharp decay at the shortest wavelengths to a
linear function.130 Figure 4.20(a) shows the PLE spectra acquired on the nanowires from 5
to 140 K for W-UV emission (although spectra were acquired up to 200 K, the temperature
above which the W-UV band disappears). The experimental values of Eg(T ) are obtained
and displayed in Figure 4.20(b), which were fitted to the Varshni equation131 [see Equation
3.3]. The fitting of the experimental data to this equation yields E0 = 4.76 eV, α = 3.6
meV/K2 and β = 840 K. The results for these parameters are in perfect agreement with those
obtained for the T(21) microrods. However, the anomalous behaviour of the bandgap in the
low temperature regime observed in the Zn2GeO4 microrods (explained by the reduction
of d-levels in the upper valence band due to thermal expansion and the competition with
the electron-phonon interaction135) is not present in these NWs, which could suggest that
the thermal expansion of the lattice overcomes the effects of electron-phonon interaction,
probably due to the reduction in size in the case of the nanowires.

Finally, the W-UV emission was monitored as a function of temperature. Figure 4.21(a)
shows the PL spectra acquired between 10 and 150 K exciting with 250 nm on the TSn5
nanowires array. As mentioned above, the W-UV emission becomes very weak from 150
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Fig. 4.20: (a) PLE spectra collected over an array of Zn2GeO4 TSn5 NWs as a function of temperature
for W-UV emission (360 nm). (b) Bandgap of Zn2GeO4 NWs as a function of temperature. Green
circles correspond to experimental data obtained from PLE spectra from 10K to 200K. The red line
shows the fitting to the Varshni equation 3.3. Experimental error bars are also displayed.

K until it disappears around 200 K. Figure 4.21(b) shows the integrated PL intensity of the
W-UV band, in particular of the most intense component at 355 nm (3.5 eV, labelled as W-
UV2). The integrated intensity of the W-UV2 band was obtained by Gaussian deconvolution
of each spectrum, for which it was necessary to include a band around 380 nm (3.3 eV, which
could be the N-UV band) and another one of lesser intensity at 400 nm (3.1 eV, W-UV1).
Experimental data were fitted using the Arrhenius equation, which provides information
about nonradiative recombination centres (NRCs). In this case, it was necessary to consider
at least two NRCs in order to correctly fit the experimental data (while in the T(21) microrods
only one was needed under the same conditions). Fitting experimental data to Equation 3.6
leads to A1 = 2 ± 1 and Ea1 = 5 ± 1 meV for the first centre and A2= 119 ± 30 and Ea2 = 27
± 2 meV for the second centre. The latter NRC shows an activation energy (27 meV) similar
to that calculated for NRC activation in undoped T(21) microrods (26 meV), suggesting
the existence of the same NRC in both Zn2GeO4 nanowires and microrods. However, the
first NRC calculated for the nanowires, with smaller activation energy (5 meV), was not
present in T(21) microrods, which implies that at low temperature (60 K) this nonradiative
channel would have enough thermal energy to be activated, quenching the W-UV emission
more quickly. In other semiconductor oxides, such as β -Ga2O3 nanowires, it has been found
that Sn as impurity in the crystal lattice introduces an energy level within the forbidden
bandgap.184 In the same way, Sn impurities can be expected to introduce some new level
into the bandgap in Zn2GeO4 nanowires. However, the similarity between the oxidation
states of Sn with those of Zn or Ge, which it can substitute in the lattice, suggests that Sn
as an impurity would cause milder changes than those it causes in Ga2O3. The fact that a
low amount of Sn would be incorporated into the nanowire crystal lattice as impurity could
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explain the formation of new levels within the bandgap that are not present in undoped
microrods, which could act as traps. Therefore, these results confirm the different W-UV
band behaviour of Zn2GeO4 nanowires compared to undoped microrods, as there are more
NRCs which could be related to the presence of Sn impurities in the lattice.

Fig. 4.21: (a) PL spectra as a function of the temperature obtained under 250 nm excitation wavelength
of TSn5 nanowires. (b) PL integrated intensity of the W-UV2 band as a function of 1/kBT. Experimental
data (purple dots) are represented in comparison with a theoretical fitting (red solid line) following the
Arrhenius equation 3.6.

4.2.2 Optical properties of Zn2GeO4/SnO2 heterostructures

The particular nature of the NL and SK structures may influence their physical properties
with respect to previously studied Zn2GeO4 nanowires or microrods. In order to explore
the different electronic states of these heterostructures, their optical properties were studied
by luminescence techniques, which are non-invasive methods. Unlike electrical techniques,
luminescence ones skip the problems of electrical contact, which can affect the surface of
the material and can be a serious experimental drawback, especially when it comes to low
dimensional materials that are difficult to handle.

NL structures

Figure 4.22(a) shows the CL spectrum collected on an NL structure at 100 K. The spectrum
shows the W-UV band aorund 3.4 eV (370 nm) associated with oxygen vacancies previously
seen in CL in both T(21) microrods and TSn5 nanowires. Thus, it appears that the emission
comes from the Zn2GeO4 nanowire, with no new emission coming from the a-GeO2 beads
or, at least, its influence is not significant.

In addition, taking advantage of the SEM, CL images were performed to check if any dif-
ferences in the emissions from the different parts of the NL structure existed. Figure 4.22(b)
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Fig. 4.22: (a) CL spectrum acquired on a NL structure. (b) CL image of a NL structure. SE (top) and
CL (bottom) images of NLs with particular CL (c) enhancement between beads or (d) quenching. All
measurements were performed at 15 kV and 100 K.

shows the CL image of a NL structure, where a remarkable increase of the CL intensity at the
a-GeO2 beads is noticed. It seems that in amorphous beads the light escapes easily, similar
to what happened in the T(11) beaded rods examined in Chapter 3 due to the difference
in refractive index. In addition, some coupling effects seem to happen between adjacent
beads at suitable beads separations, as it is shown in Figures 4.22(c) and (d). In some cases
luminescence generated in the nanowire is confined between two beads leading to a nanowire
segment brighter than the rest of the NW [see Figure 4.22(c)], while local quenching of
the emission at a particular bead is also observed [see Figure 4.22(d)]. This behaviour
could be due to destructive and constructive interference of optical modes confined in the
nanowire when the NW acts as a optical fiber for its own luminescence. Hence, the periodic
arrangement of beads along the nanowire affects their luminescence properties.

SK structures

Figure 4.23(a) shows CL spectra acquired over a NW and a SK structure at 100 K. In the
case of the NW (red line), only the W-UV emission is recorded at 3.4 eV as seen at the
beginning of this section. Nevertheless, in the case of the SK structure, two emissions
at around 2.3 eV (545 nm) and 3.4 eV (370 nm) can be clearly identified. On the other
hand, Figures 4.23(b) and (c) show the SEM and monochromatic CL images from a SK
structure respectively. To obtain the CL image, two overlapping images were used, one
image collected the monochromatic signal at 370 nm (pink colour) and the other at 545 nm
(green colour). This reveals that the emission collected at 370 nm comes from the NW axis,
which was expected as it corresponds to the Zn2GeO4 W-UV band, and the 545 nm emission
comes from the SnO2 particles.
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Fig. 4.23: (a) CL spectra acquired on a NW (red line) and a SK structure (blue line) at 15 kV and 100
K. (b) SE and (c) monochromatic CL mapping at 370 nm (pink) and 545 nm (green) of a SK structure.

Luminescence from undoped SnO2 is quite complex and the origin of reported orange,
green and blue emission bands, centred at 2.0 eV, 2.3 eV and 2.6 eV respectively, has been
subject of discussion for many years.29 Besides, in the case of crystals with small dimensions
the role of the surface is relevant to the luminescence properties, since electronic states of
defects are coupled to surface states.185 In this work, the green-orange components at 2.1
eV and 2.3 eV were detected, what means a slight displacement in comparison with other
works.186 The high Ge concentration measured by EDS would induce this slight modification
in the defects-related band.

The CL spectrum and image in Figure 4.23 were collected over the overall SK structure
in order to identify the different emissions. However, in order to study only the SnO2-
Zn2GeO4 interface region of these heterostructures, a correlation study was carried out
between Monte Carlo simulations (MCs) and CL measurements at different acceleration
voltages. The first step was to simulate the electron penetration profiles and calculate the CL
signal generation volume using CASINO software based on Monte Carlo calculations.100

For the simulations, the average cross-sectional size of the SK structure was measured in the
SEM [see Figure 4.7(c)]. Thus, the dimensions for the SnO2-Zn2GeO4-SnO2 heterostructure
introduced in the MCs were 200-100-200 nm respectively [as sketched in Figure 4.24(a)].
The results of these simulations are shown in Figure 4.24. The rate of the CL intensity
recorded for 5 kV < Vacc < 12 kV is plotted in Figures 4.24(b)-(d), and showing that
the highest percentage of CL emission comes from the SnO2 crystallite (area outside the
dashed lines). On the other hand, the simulation shows that for 12 kV < Vacc < 20 kV
[Figures 4.24(e)-(g)] the signal is generated in through the whole Zn2GeO4/SnO2 assembly
including the interface region.

Figure 4.25(a) shows the CL spectra recorded by excitation on one of the SnO2 crystals
of an SK structure [specifically, on the point indicated by green arrows in the Figure 4.7(c)]
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Fig. 4.24: (a) Sketch of the SnO2-Zn2GeO4 heterostructure. (b)-(g) Rate of CL intensity as a function
of sample depth for increasing Vacc. Vertical dotted lines are used to locate the central Zn2GeO4
nanowire.

for 5 kV <Vacc < 20 kV and at 100 K. For the sake of clarity, normalized CL spectra are
plotted in Figure 4.25(b). The dominant emission at 2.1 - 2.4 eV is similar to that shown
in Figure 4.23(a), which is attributed to native defects in SnO2

29 as discussed above. In
particular, for 5 kV <Vacc < 12 kV, where only emission from the SnO2 crystal was expected
according to the MCs, the CL spectra only display this broad band. For Vacc > 16 kV, the
electron beam goes deeper in the sample and reaches the Zn2GeO4 nanowire, which could
lead to additional emission bands. In particular, the W-UV band at ∼3.4 eV related to the
oxygen vacancies was expected since it had been observed in CL in all previously analyzed
Zn2GeO4 structures. Nevertheless, the CL spectra for Vacc > 16 kV show an increase of
the CL intensity in the middle-UV range with an additional emission peaked at 4.4 eV not
seen before. Taking into account the MCs, this deep-UV emission could be related to the
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influence of SnO2 on the surface states of Zn2GeO4 NW, leading to the activation of shallow
energy levels linked to the oxygen vacancies states.

Fig. 4.25: (a) Local CL spectra from a Zn2GeO4/SnO2 heterostructure for different Vacc collected at
100 K. (b) The same normalized CL spectra.

To verify the role of SnO2 in this deep-UV emission and elucidate its effect on the
Zn2GeO4 surface electronic properties, a 20 nm Sn thin layer was deposited by sputtering on
Zn2GeO4 nanowires [see Figure 4.26(a)], which turned into SnO2 under ambient conditions.
Figure 4.26(b) (red line) shows the CL spectrum of the as-grown Zn2GeO4 nanowires, in
which the W-UV band (∼3.4 eV) related to oxygen vacancies is visible. However, the CL
spectrum recorded after Sn deposition and oxidation (blue line) shows, although weak, the
band around 4.4 eV above observed. It should be noticed that the layer of SnO2 in this case
is very thin in comparison with the SnO2 crystallites in the heterostructures, and hence the
visible emission related to SnO2 (at 2.1 - 2.4 eV) is weak. The appearance of the deep-UV
band would confirm the need of some coating of the Zn2GeO4 nanowires to achieve radiative
recombination from shallow levels to the valence band, which otherwise are not active. This
process could be possible by Zn2GeO4 band bending effects at the Zn2GeO4/SnO2 interface.
The band bending effects and the formation of a shallow depletion region at the oxides
surface as a consequence of oxygen exchange have been reported in TiO2 or Zn2GeO4

nanowires.187,84 The results would be of interest in applications for solar cells, where the
surface passivation is a key factor to significantly improve some relevant parameters in the
device performance.188

Finally, PL measurements were performed on the SK structures by excitation with
a 325 nm UV laser in the confocal optical microscope. In all cases a visible emission
related to SnO2 was observed at 2.0 - 2.4 eV (520 - 620 nm) with the peculiarity that this
PL emission showed modulations [see Figures 4.27(a) and (b)]. The size (in the range
of hundred nanometers) and the well-faceted shape of the SnO2 crystallites would allow
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Fig. 4.26: (a) SE image of Zn2GeO4 nanowires. (b) CL spectra acquired at 15 kV and 100 K from
as-grown Zn2GeO4 nanowires (red line) and after 20 nm SnO2 deposition (blue line).

for optical confinement, converting the crystals into optical active microcavities. Light
reflections between parallel facets of the crystallites would bring about Fabry-Perot (F-P)
resonances or, alternatively, reflections between adjacent facets in the crystal would lead to
Whispering Gallery modes resonances. Optical confinement in SnO2 microtubes and ZnO-
core/SnO2-shell nanorods following different paths have been previously reported.189,190

These resonances are originated from constructive interference of reflected light inside the
crystallites. According to the F-P theory, resonance condition is reach when λ = 2nLFP/N,
where LFP is the cavity length, n the refractive index and N an integer. The separation of the
wavelength maxima is related to the cavity length and the refractive index, which provide
peaks separation according to the Equation 3.10 seen in Chapter 3. The refractive index has
been estimated for each λ using the Cauchy formula, n = A+B/λ 2, in the same way as
was done for Zn2GeO4 microrods in Chapter 3. The coefficients A and B can be obtained
by fitting experimental PL maxima wavelengths of Figures 4.27(a) and (b) with the above
mentioned expressions. However, this requires measurement of the optical pathway value
(LFP). The first attempt was to perform the fitting considering that the optical pathway was
the cross-sectional length of the SnO2 crystals (denoted as LFP1). In the two SK structures
studied here, which are shown in Figures 4.27(c) and (d), the transverse optical pathway was
similar (between 400 and 600 nm). Fitting the experimental data to these transverse optical
pathways provides inconsistent results, with values of the refractive index greater than four.
The fact that the ∆λ are different for the two SK structures [see Figures 4.27(a) and (b)]
suggests that the optical pathways should be more different from each other. In this way,
SnO2 crystal length was considered as the optical pathway (denoted as LFP2), with LFP2 =
3.83 µm and LFP2 = 4.90 µm measured in the SEM for the SK structures of Figures 4.27(c)
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and (d) respectively. The obtained values of the Cauchy coefficients in each case were A =
1.978 ± 0.001 and B = 29294 ± 60 nm2 and A = 2.05 ± 0.01 and B = 26888 ± 3100 nm2,
which agree reasonably with those reported for tin oxide.191 Therefore, the SnO2 crystals act
as microcavities confining the light along the longitudinal direction of the crystals (parallel
to the central Zn2GeO4 nanowire, avoiding the interface between both materials). In spite of
the rather poor quality of the optical resonances observed, the results are promising since
they show that these Zn2GeO4 based nano-chains can be considered as a linear array of
optical microcavities at different wavelengths, which cannot be easily built otherwise.

Fig. 4.27: (a) and (b) PL spectra recorded from the SnO2 crystals shown in the SE images of (c) and
(d) respectively. The possible optical pathways between the SnO2 crystal faces or along the crystal are
indicated as LFP1 and LFP2 respectively.
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4.3 Conclusions

In this chapter the effects of adding SnO2 at different concentrations (5, 10 and 15 in wt%)
in the precursor mixture of the undoped treatment T(21) (in which Zn2GeO4 microrods were
obtained) have been studied. Both Zn2GeO4 nanowires and Zn2GeO4/SnO2 heterostructures
were grown, on which a detailed structural characterization and a deep analysis of the optical
properties was carried out. The main conclusions derived from this study are:

1. The incorporation of Sn to the T(21) treatment in different proportions has the follow-
ing effects:

i A larger number of stuctures are obtained.

ii The majority of structures obtained in all treatments were thin Zn2GeO4 nanowires
with diameters in the range of 100-300 nm and up to a hundred micrometers in
length.

iii Nanoheterostructures based on Zn2GeO4 nanowires with a-GeO2 (necklace-like
structures, NL) or SnO2 (skewer-like structures, SK) evenly crystalline particles
around them have been obtained.

Therefore, Sn incorporation dramatically affects the yield performance, morphology
and size of the grown Zn2GeO4 structures.

2. The chemical and structural characterization in the TEM has allowed to propose a
growth mechanism for the NL and SK structures: The growth conditions promote
the formation of a periodic shell of a-GeO2 particles, in a necklace configuration,
around the Zn2GeO4 nanowires. The bead separation length scales linearly with the
diameter of the NW, which supports the Plateau-Rayleigh instability as the formation
mechanism. The driving force in the whole process is the lowering of the surface
energy. Due to the lattice symmetries, the longitudinal axis of the Zn2GeO4 nanowires
follows [110] or [001] as preferred directions, determined by TEM /STEM imaging
analysis. In the latter case, Zn2GeO4 NWs with [001] orientation serve as substrate
for the growth of SnO2 crystals where the a-GeO2 particles act as nucleation sites,
leading to a skewer-like shape. The [001] orientation of the central Zn2GeO4 NWs
exposes lateral surfaces that have good lattice match with the rutile phase of SnO2.
On the other hand, a rather high amount of Ge is found into the SnO2 particles, which
could even lead to the stabilization of small clusters of a solid solution of both oxides
(GeO2 and SnO2). However, the structural analysis confirms the rutile symmetry.
Once the radial growth of the SnO2 reaches a critical size, the growth may continue
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further parallel to the nanowire axis, if there is still tin available in the source materials,
tending to close the gaps between adjacent crystals.

3. XPS analysis of Zn2GeO4 NWs obtained in the treatment with higher amount of SnO2

in the precursor mixture (TSn15) was carried out in order to get information on the
local chemistry at the surface. The fact that the neutral Ge component predominates in
some nanowires could confirm that the presence of Sn in the treatment would favour
the formation of an amorphous Ge layer around the thread, which would limit the
lateral growth of the Zn2GeO4 wires. In addition, the presence of the Sn 3d weak
peaks was detected on the nanowires. This supports the above theory that a small
concentration of Sn is introduced into the nanowires assisting Ge out-diffusion towards
the surface, which could lead to Ge vacancies in the structure that could affect the
luminescent mechanisms.

4. The influence of Sn doping in the optical properties was studied by different lumi-
nescence techniques. Firstly, the optical properties of the nanowires were analyzed.
PL measurements acquired with the 325 nm UV laser show that the N-UV band
observed in the T(21) microrods remains, although in this case the visible emission
gains much relevance. On the other hand, PL measurements recorded with a Xenon
lamp of tunable excitation wavelength show that at room temperature either the blue
band or the green-yellow band predominates, depending on the excitation wavelength.
Low temperature PLE measurements revealed that this GY emission is related to a
donor-acceptor transition between the levels of oxygen vacancies and Ge vacancies.
Therefore, the increase of the GY band of luminescence observed in the nanowires
may be in agreement with those observed by XPS, where an increase of Ge vacancies
due to its out-diffusion towards the surface was suggested.

5. CL measurements acquired on NWs revealed the presence of W-UV emission, also
present in the microrods. Monitoring the PL integrated intensity of the W-UV band
versus temperature allowed to calculate the activation energies of the nonradiative
channels. Two activation energies were obtained for NRCs, Ea1 = 5 meV and Ea2 =
27 meV, which is an additional one to that calculated in T(21). The existence of an
additional NRC in the nanowires grown in presence of Sn could be related to a low
concentration of Sn impurities into the crystal lattice, where new levels and modified
oxygen defects could act as NRCs. In addition, PLE measurements of the W-UV band
versus temperature provided an indirect estimation of the optical bandgap, yielding a
value of 4.76 eV at low temperature similar to that obtained for Zn2GeO4 microrods
but without the presence of the anomalous behaviour at low temperature as has been
shown in sample T(21).
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6. The optical properties of the Zn2GeO4/SnO2 nanoheterostructures were studied. CL
results show the W-UV and visible bands reported from Zn2GeO4 and SnO2, respec-
tively, attributed to native defects. However, local CL measurements in Zn2GeO4/SnO2

heterostructures reveal a novel component at 4.4 eV originated at the interface region
between both materials. In order to check the role of the SnO2, CL spectra from bare
and Zn2GeO4 wires coated with a SnO2 thin layer were also carried out. The main
luminescence band is centered at 3.4 eV (W-UV emission), but the deep-UV band
at 4.4 eV only appears in SnO2 coated nanowires. The results support that a shallow
level near the conduction band in Zn2GeO4 is activated by passivation of Zn2GeO4

nanowires surface by the SnO2 coating.

7. PL experiments have also revealed that some SK structures display light confinement
effects, such as the presence of optical resonances in the luminescence spectra. The
analysis demonstrates that Fabry-Perot resonances occur due to reflection at the SnO2

end-facets of light propagating parallel to the NWs. These results show that SK
structures may act as an array of optical microcavities sustained by a nanowire, with
potential applications in UV-blue optoelectronic devices. In addition, this analysis
allowed an estimation of the refractive index of SnO2 using the Cauchy equation.
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Chapter 5

Li doping effects on the structural
and luminescent properties of
Zn2GeO4 microstructures

Li doping in semiconductor oxides has been gaining more and more interest due to changes
in electrical and optical properties. For instance, Li doping can be used to enhance the
p-type conductivity of NiO.192 The incorporation of Li element influences the morphology
and the optical properties of Ga2O3 microrods193 or significantly varies the morphological
and electrical properties of ZnO nanostructure.194 Since the electronic configuration of Li
is [1s22s1], Li can become neutral by accepting an electron or by donating an electron.
Experimentally it has been well established that Li substitution for Zn in ZnO transforms it
from n-type to p-type semiconductor by creating deep acceptor levels due to the occupation
of Li atoms at the Zn site in the hexagonal structure. Alternatively, Li1+ ions, when occupy
the interstitials positions, become electron donors.195 These possible roles of the Li ion are
reflected in the luminescence features.196

There is no previous work on Li-doped Zn2GeO4 to the best of our knowledge. Therefore,
it is of great interest to examine how Li incorporation into Zn2GeO4 could affect the
microstructure (e.g. for use in energy storage) or the in luminescence properties when new
donor or acceptor levels are introduced.

In this chapter, the effects of Li incorporation on the growth process of Zn2GeO4

structures and in the luminescence properties are analyzed. For this purpose, Li2CO3

powders were added to the mixture of precursors in different proportions in relation to the
total amount of ZnO:Ge. The thermal treatments conditions carried out were the same as in
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the previous chapters, in order to ensure that the changes in the properties of the structures
obtained are due to the Li and not to the conditions of the treatment.

5.1 Morphological, chemical and structural characteriza-
tion

To achieve Li doping of Zn2GeO4 structures, Li2CO3 powders were added to the initial
powder mixture (ZnO and Ge in a 1:1 weight ratio) in different proportions (5, 10, and
15 wt%) in relation to the total amount of ZnO:Ge, and the same thermal treatment was
conducted for all the samples (see Table 5.1). Samples were labeled as TLix, where x is the
percent of Li2CO3 added to the precursor mixture. Figure 5.1(a) shows pictures of the pellets
after the thermal treatments of the three samples fabricated. In TLi5 (on top) the pellet is
completely coated by a white mat of structures. In TLi10 (in the middle) the pellet is not
fully covered, but still has a lot of structures, especially at the edges. Finally, in TLi15 (at
the bottom) the amount of structures grown on the pellet has decreased considerably and the
colour of the pellet is darker than in the other two cases. Therefore, the higher the amount of
Li2CO3 introduced, the lower the amount of structures obtained.

Name Li2CO3 % Temperature (ºC) Ar flow (L/min) Time (h)

TLi5 5 %wt 800 1.5 8
TLi10 10 %wt 800 1.5 8
TLi15 15 %wt 800 1.5 8

Table 5.1: Zn2GeO4:Li samples by changing the added percent of Li2CO3 powders in relation to the
total ZnO:Ge amount.

5.1.1 X-ray diffraction

The first step was to study the crystal structure of the samples by XRD. In the case of
sample TLi15 the amount of structures was much smaller, so these were placed on a (100)
Si substrate for analysis by grazing incidence XRD. The XRD pattern in Figure 5.1(b)
reveals that all peaks appearing for the structures of the three treatments correspond to the
rhombohedral crystal structure of the Zn2GeO4 (ICSD Collection Code: 68382), although
the signal of some peaks was weak and not well defined. No peaks associated with other
phases that may have formed during treatment are visible. Hence, thermal annealing with
added Li still favours the growth of Zn2GeO4 material.
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Fig. 5.1: (a) Photographs of TLi5 (top), TLi10 (middle) and TLi15 (bottom) pellets after the thermal
treatment. (b) XRD pattern acquired from the structures of TLi5 (green line), TLi10 (blue line), Li15
(purple line) and the theoretical XRD pattern of the Zn2GeO4 crystal structure (red line).

5.1.2 SEM characterization

Once it was confirmed that the incorporation of Li2CO3 in the treatment continued to provide
Zn2GeO4 structures, the morphology was examined by a SEM revealing some distinctive
features as the concentration of Li increase. Figure 5.2(a) shows a SE image of the mat
structures obtained on the TLi5 pellet. Most of them are hexagonal-shaped microrods [see
Figures 5.2(b) and (c)], similar to those obtained in undoped samples. In this case, the
microrods had cross-sectional dimensions in the approximate range of 1µm to about 10µm
and their lengths extend to hundreds of microns. However, a number of rods with distorted
surfaces also appear, which were not observed in the Li-free treatment [Figures 5.2(d)
and (e)] and, in some cases, well-defined plaques are formed on microwires as shown in
Figure 5.2(f).

In the TLi10 treatment, similar features are observed. Figure 5.3(a) shows a SE image of
the tangle of structures grown on the pellet. As with TLi5, most of the structures obtained
are hexagonal-shaped microrods [see Figures 5.3(b) and (c)] with a similar size range to the
previous treatment. However, in this case, the number of microstructures with platelet-shaped
branches is considerably higher. Three types of platelet-branched (P-B) structures can be
identified: i) microrods on which sporadic lateral plates grow [Figure 5.3(d)]; ii) microstruc-
tures with platelet-shaped branches, which grow in a preferential direction perpendicular
to the trunk [Figure 5.3(d)]; and iii) fully covered structures with platelet-shaped branches
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Fig. 5.2: (a) Low magnification SE image of the mat of structures that have grown on the surface of
the TLi5 pellet. SE images of the detail of (b)-(c) hexagonal-shaped microrods and (d)-(f) distorted
microstructures.

Fig. 5.3: SE images of (a)-(c) hexagonal-shaped microrods and (d)-(f) microstructures with platelet-
shaped branches that have grown on the surface of the TLi10 pellet.
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growing in all directions [Figure 5.3(d)]. The formation of these lateral plates suggests that
Li indeed has an influence on the growth process.

Fig. 5.4: (a)-(b) Low magnification SE images of the mat of structures that have grown on the surface
of the TLi15 pellet. SE images of the detail of (c) hexagonal-shaped microrod and (d)-(f) stratified
microstructures.

Finally, the structures obtained in the TLi15 treatment were analyzed. Figures 5.4(a) and
(b) show SE images of the mat of structures grown on the pellet, in which it can be seen
that, in addition to the microrods, quite a few deformed structures are also obtained. As in
the previous treatments, most of the structures obtained were microrods in a similar size
range as TLi5 and TLi10 [see Figure 5.4(c)]. However, in this treatment, no structures with
platelet-shaped branches were found. Instead, rough surfaces were found as a consequence
of small strata [see Figures 5.4(d) and (e)]. These structures appear to grow as large slabs
made up of several layers, as it can be clearly seen in Figure 5.4(f). The evolution of the
observed morphology from TLi5 up to TLi15 suggests that the Zn2GeO4 assimilates Li in a
different way as the Li content in the precursor is increased.

In order to study the elemental composition of the samples, EDS measurements were
conducted on several individual structures, and the representative results are displayed in
Figure 5.5. Figures 5.5(a)-(b) shows a compositional analysis of a representative hexagonal
microrods obtained in TLi10. The EDS maps shows a homogeneous distribution of Zn, Ge
and O along the structure. All microrods examined for the other treatments showed the same
chemical mapping. Figures 5.5(c)-(d) and Figures 5.5(e)-(f) show the compositional analysis
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Fig. 5.5: Representative SE image and EDS maps of (a)-(b) a microrod obtained in TLi10, (c)-(d) a
microstructure with platelet-shaped branches obtained in TLi5, (e)-(f) a microstructure with platelet-
shaped branches obtained in TLi10, and (g)-(h) a stratified structure obtained in TLi15 showing the
elemental distribution of Zn (blue), Ge (red) and O (yellow) elements.

of microstructures with platelet-shaped branches obtained in TLi5 and TLi10 respectively.
The EDS maps show a homogeneous distribution of Zn, Ge and O along both the trunk and
the plate-shaped branches, suggesting that both parts are Zn2GeO4. Finally, Figures 5.5(g)-
(h) show the compositional analysis of a stratified structure obtained in TLi15. The EDS
maps again show a homogeneous distribution of Zn, Ge and O throughout the structure.

In addition, a quantitative compositional analysis of the different structures obtained in
each treatment was carried out, which is shown in Table 5.2. Both the microrod and the P-B
microstructures obtained in TLi5 and TLi10 present an atomic Zn/Ge ratio close to 2, as
expected for the compound Zn2GeO4. However, the stratified structure obtained in TLi15
shows a Zn/Ge atomic ratio close to 1, suggesting that the introduction of Li has considerably
reduced the amount of Zn in the structure. XRD results showed that the analyzed samples
corresponded to the crystal structure of Zn2GeO4 and did not reveal the presence of other
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phases, but the EDS measurements of TLi15 suggest that a possible microstructural change
has occurred.

Zn (At%) Ge (At%)

Mircrorod 66.8 ± 1.5 33.2 ± 0.9
PBs TLi5 68.0 ± 2.2 32.0 ± 2.8
PBs TLi10 64.8 ± 2.5 35.2 ± 3.5
Ss TLi15 49.7 ± 1.82 50.3 ± 4.5

Table 5.2: Atomic ratio Zn:Ge in individual structures obtained in each treatment, quantifying the
intensity of the Zn K-line series and the Ge L-line series (PBs: Platelet-Branched structure, Ss:
Stratified structure).

5.1.3 Micro-Raman spectroscopy

In order to study possible structural changes caused by Li in the structures grown in the
different treatments, micro-Raman spectroscopy measurements were carried out. For this
purpose, structures from each treatment were deposited on a Si substrate. Figure 5.6(a)
shows the Raman spectrum acquired on a representative microrod of TLi10. This spectrum
shows the characteristic Raman peaks of the rhombohedral structure of Zn2GeO4 (745, 751,
777 and 802 cm−1) associated with Ge-O-Zn symmetric and asymmetric vibration modes
and the O-Ge-O bending and stretching modes,109 as seen in Chapter 3. All microrods
examined in the other treatments (TLi5 and TLi15) show similar Raman spectra.

Fig. 5.6: (a) Raman spectrum acquired on a TLi10 microrod. (b) Top: Raman spectra acquired on
P-B microstructures obtained in TLi5 (green solid line) and TLi10 (blue dashed). Bottom: Raman
spectrum acquired on a stratified structure obtained in TLi15 (purple solid line). The insets show the
pictures of the different structures acquired in the confocal optical microscope (PBs: Platelet-Branched
structure, Ss: Stratified structure).
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On the other hand, Figure 5.6(b) shows the Raman spectra for the different types of
structures found in each treatment. The upper part of the figure shows the typical Raman
spectra acquired on P-B microstructures obtained in TLi5 and TLi10, while the lower part
shows the Raman spectrum acquired on a representative stratified structure of TLi15. In the
first case, P-B microstructures show the characteristic Raman peaks of the rhombohedral
structure of Zn2GeO4 (745, 751, 777 and 802 cm−1), similar to microrods. However,
the stratified structures of TLi15 show a modified Raman spectrum with peaks at 427,
440, 484, 495, 710, 720 and 752 cm−1. These Raman peaks match to the structure of
Li2ZnGeO4, in which the lattice consists of a distorted hexagonal (rhombohedral) array of
GeO4 tetrahedra, which are linked together by LiO4 and ZnO4 tetrahedra.197 These Raman
results are in perfect agreement with the quantitative compositional analysis where a Zn/Ge
ratio close to 1 was observed, as expected for the compound Li2ZnGeO4. This compound is
part of the family group known as "LIthium SuperIonic CONductors" (LISICON), which,
as the name suggests, exhibits high conductivity due to lithium ions.198 This family of
Li2+2xZn1−xGeO4 lithium-ion conductors derived from the stoichiometric and fully ordered
Li2ZnGeO4 parent phase, by Zn2+ → 2Li+ substitution.197 Therefore, the achievement of
this compound confirms that Li is introduced into the lattice structure of Zn2GeO4. Also
suggests that it is occupying Zn sites, which would explain the eventual formation of the
compound Li2ZnGeO4 and would help to understand possible changes in the luminescence
of Zn2GeO4.

5.2 Optical properties

This section analyzes the possible changes in the luminescent features of Zn2GeO4 mi-
crostructures obtained by introducing Li into the precursor material mixture. Luminescence
changes have been observed when Li doping other semiconducting oxides such as Ga2O3 or
ZnO. In the case of Li doped Ga2O3 microrods, a sharp luminescence peak in the near-IR
region has been detected, whose origin is tentatively related to the presence of Li+ ions.193

In ZnO, it has been reported that Li doping can introduce either deep or shallow acceptor
levels and donor levels, depending on its position in the lattice.196,195

Firstly, the two types of Zn2GeO4 structures obtained (microrods and P-B microstruc-
tures) were studied in order to determine whether there was any difference between them.
For this purpose, spatially resolved spectra, such as CL in a SEM and µ-PL with a 325 nm
UV laser in a confocal microscope, were carried out. Secondly, the luminescence of an
array of TLi10 structures was studied (as seen in the previous section, most of the structures
obtained in the treatment were microrods, so it is expected that on average the luminescence
comes from these structures). PL and PLE measurements were performed using a Xenon
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lamp (which allows tuning of the excitation wavelength) by varying the temperature. This
allowed the kinetic parameters involved in the luminescence processes to be evaluated and
compared with the undoped T(11) treatment to analyze the possible effects of Li doping.

5.2.1 Cathodoluminescence

Taking advantage of the spatial resolution in the SEM, CL measurements of both Zn2GeO4

microrods and P-B microstructures were carried out individually. Figure 5.7(a) shows CL
spectra of three different microrods (blue lines) and three different microstructures (red
lines) compared to the structures obtained in the undoped T(11) treatment (black dotted
line). As it can be seen, the P-B microstructures present CL spectra similar to the undoped
T(11) structures, displaying in all cases the W-UV emission. However, in the case of
microrods, the CL emission has undergone a redshift. Figures 5.7(b) and (c) show the
Gaussian deconvolution of the emission components of a microrod and a P-B structure
respectively. In both cases, the W-UV1 (3.1 eV) and W-UV2 (3.5 eV) components of the
W-UV emission are present with different relative intensities, but the microrods show an
additional component at 2.8 eV (blue band), which is the most intense.

In Chapter 3, the W-UV emission was related to oxygen vacancy defects. Therefore, the
fact that the W-UV band is the main emission in the P-B microstructures suggests that this
type of structure has a large amount of oxygen defects, probably caused by the growth of
platelet-like branching. On the other hand, the blue band of the TLi10 microrods had not
been observed in CL previously in the microrods of the undoped T(11) treatment (although
it was observed in PL). These changes in luminescence may be related to the presence of Li
during the growth of the structures. To investigate this issue further, PL measurements were
carried out with selective excitation below the bandgap, in order to avoid the presence of
W-UV emission in the P-B microstructures.

5.2.2 Photoluminescence with UV laser

Figure 5.8(a) shows PL spectra acquired with a 325 nm UV laser of undoped T(11) microrod
(green line), TLi10 microrod (blue line) and TLi10 P-B microstructure (red line). In contrast
to CL, in this case the PL spectra obtained in the TLi10 microrod and P-B microstructure are
very similar. In both cases two clearly distinguishable bands are observed, a bluish-green
band between 2.4 - 2.6 eV and a more intense blue-violet band between 2.8 - 3.2 eV. These
spectra are different from those obtained for the microrods of the undoped treatment, where
the GY band was always more intense than the blue band. Figure 5.8(b) shows the different
components of the TLi10 microrod PL spectrum obtained by Gaussian deconvolution, which
are peaked at 2.5, 2.8 and 3.1 eV. The component at 2.5 eV could correspond to the green
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Fig. 5.7: (a) CL spectra collected at 10 kV and RT on undoped T(11) treatment structures (black dotted
line), single microrods (blue lines) and single P-B microstructures (red lines) of TLi10 . CL spectra
of (b) a microrod and (c) a P-B microstructure with their respective Gaussian deconvolutions (MR:
Microrod, PBs: Platelet-Branched structure).

band observed in the undoped microrods, with a slight blueshift. The component at 2.8 eV
is the blue band while the component at 3.1 eV could be the W-UV1 (violet) component,
previously observed in CL. On the other hand, Figure 5.8(c) shows the PL spectra on a P-B
structure by varying the excitation energy density conditions by changing the filter used in
the excitation laser path. It can be seen that when excited without a filter (D0), the blue-violet
band is the most intense. In contrast, when excited with a D1 filter (laser power divided
by 10), the intensity of the bluish-green band is higher than that of the blue-violet band,
suggesting that these mechanisms are competitive with each other.

Finally, the waveguiding behavior of the Li doped microrods and P-B structures has
been assessed with the aid of the UV laser. On the right side of Figure 5.8(d) shows an
optical image of one microrod where the brightest with laser incident at one end and the
bright spot at the other one. This is an indication of just light propagation along the wire, as
previously seen for undoped microrods of T(11). In addition, µ-PL images were obtained
under laser excitation in the optical confocal microscope. The left-hand side of Figure 5.8(d)
shows the µ-PL image in this case. The microrod presents a persistent bluish luminescence
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Fig. 5.8: (a) PL spectra acquired with a 325 nm UV laser of undoped T(11) microrod (green line),
TLi10 microrod (blue line) and TLi10 P-B microstructure (red line). (b) PL spectrum of a TLi10
microrod with its respective components obtained by Gaussian deconvolution. (c) PL spectra measured
on a TLi10 P-B microstructure recorded without filter (red line) and with a D1 filter (blue line). (d)
Left: Optical image of an TLi10 microrod showing the waveguiding behavior of the structure. Right:
µ-PL image of the microrod in dark field showing persistent luminescence. (e) Left: Optical image
of a P-B structure. Right: µ-PL image of the structure in dark field showing persistent luminescence.
(MR: Microrod, PBs: Platelet-Branched structure).

resulting from the luminescence originated as the laser goes through the microrod. Similar
performance was observed in the P-B structure, as shown Figure 5.8(e). Such behaviour
was much more prominent in these Li-doped structures than in the undoped microrods
(see Chapter 3). A long-lasting photoluminescence (LLP) has been observed previously
in Zn2GeO4 by Takahashi and co-workers.127 They attributed this phenomenon to Zinc in
interstitial position that act as electron traps and conclude that Zni plays an important role for
the LLP. Therefore, these results suggest that Li could be placed as an interstitial and act as
an electron trap, which would enhance the long-lasting photoluminescence of the Zn2GeO4

microstructures.
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These results may draw some conclusions: Firstly, the fact that the PL spectra of
Zn2GeO4 microrods and P-B structures are similar suggests that there should be no major
differences in the defects within the bandgap, beyond the difference in oxygen defects
concentration suggested by the CL. Although all components of the PL emission were
observed in the undoped T(11) microrods, the relative intensities vary drastically compared to
those obtained in the TLi10 treatment. Therefore, these results suggest that Li is influencing
the electron recombination mechanisms that give rise to the luminescent emissions.

5.2.3 Photoluminescence temperature dependence

Once the main emissions bands in TLi samples have been identified by CL and PL at
RT, a temperature-dependent study was permormed. This section shows PL results at
different temperatures acquired for an array of TLi10 microstructures. In this case, a Xenon
lamp with modulable excitation wavelength was used as the excitation source. As seen
previously, most of the structures grown in TLi10 treatment were microrods, so it is expected
that the luminescence on average comes from this type of structure. Monitoring PL band
intensities with temperature provides information about the different electron recombination
mechanisms.

Figure 5.9(a) and (b) show the PL spectra from 10 K to 300 K acquired on an array of
microrods from the undoped T(11) treatment and the TLi10 treatment respectively excited
with 255 nm (4.86 eV). On the other hand, Figure 5.9(c) and (d) show the PL spectra with
their respective Gaussian deconvolutions of the TLi10 microrods at RT and 10 K. In the
first case the emission consists of two components peaked at 2.8 (blue band) and 3.1 eV
(W-UV1 or violet). This spectrum is similar to the one obtained previously in CL on a TLi10
microrod [Figure 5.7(b)], with the difference that in this case the W-UV2 component (3.5
eV) is not present. On the other hand, the PL spectrum at 10 K show the W-UV emission
with its two components at 3.1 and 3.5 eV (W-UV1 and W-UV2 respectively).

As seen in detail in Chapter 3 for T(11) microrods, the most energetic component of
the W-UV emission (W-UV2) dominates from 10 to 200 K. From 200 K onwards, the less
energetic component (W-UV1) becomes more intense. In addition, it was observed that this
component exhibited a redshift until the blue band (2.8 eV) dominated at room temperature.
The intensity of defect-related PL in semiconductors changes with temperature, and it usually
decreases exponentially above some critical temperature, a process called the PL quenching.
This is the case for the different emissions observed in the T(11) microrods, as can be seen
in Figure 5.9(a), and in Chapter 3 both the critical temperature (∼40 K) and the activation
energy of the nonradiative centre leading to the quenching of the W-UV2 band (24 meV)
were obtained.
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Fig. 5.9: PL spectra as a function of the temperature obtained under 255 nm excitation wavelength of
(a) undoped T(11) and (b) TLi10 microrods. PL spectra of TLi10 microrods collected at (c) RT and (d)
10 K with their respective Gaussian deconvolutions (dotted lines).

However, the PL emissions from the microrods obtained in TLi10 behave in a completely
different way, as shown in Figure 5.9(b). At low temperatures the W-UV2 band (3.5
eV) is the most intense, and its intensity decreases with increasing temperature (in the
same way as observed for T(11) microrods). On the other hand, from 70 K onwards, an
anomalous behaviour of the W-UV1 band (3.1 eV) is observed as its intensity starts to
rise with increasing temperature. At the same time, the blue band (2.8 eV), which was
quenched at low temperatures, starts to be observed in the PL emission and its intensity also
increases with increasing temperature. This phenomenon in which the PL intensity rises
with increasing temperature has been observed for different semiconductors and is often
called the negative thermal quenching (NTQ).199,200,201,202

To further analyze this behaviour, the integrated PL intensity of each band was monitored
with temperature, which is shown in Figure 5.10(a). It can be clearly seen that from 50 K
onwards the intensity of the W-UV2 band starts to decrease exponentially with increasing
temperature, which denotes an increase in the nonradiative recombination rate and is known
as positive thermal quenching (PTQ). On the other hand, both the W-UV1 band and the blue
band rise in intensity with increasing temperature (NTQ). However, the rate of intensity rise
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is different for the two bands. In fact, from 250 K the W-UV1 band starts to decrease in
intensity leaving the blue band as the most intense one. Therefore, at first sight, it appears
that there may be two different nonradiative channels leading to a decrease in the intensity
of the W-UV1 and W-UV2 bands, and an intermediate state leading to an increased intensity
with temperature of the W-UV1 and blue bands.

The NTQ can be described by a multi-level model developed by Shibata,203 which is
expressed as

IPL(T ) = IPL
0

1+
n

∑
q=1

Dq exp(−E ′
q/kBT )

1+
m

∑
j=1

C j exp(−E j/kBT )
(5.1)

Where IPL
0 denotes the PL emission intensity in the limit of low temperatures, kB is

Boltzmann’s constant, n is total number of intermediate states with respective activation
energy E ′

q (these states lead to an increase in PL intensity with temperature), and m is the
total number of nonradiative recombination processes, each having an activation energy
E j (leading these states to a decrease in PL intensity with temperature). Dq and C j are
coefficients for the intermediate and nonradiative processes, respectively. In this equation,
the exponential term in the denominator is related to the normal temperature quenching
process (PTQ), while the exponential term in the numerator is used to describe the NTQ
process. The experimental data were fitted using this equation and the results of the fitting
for each band are shown in Figures 5.10(b)-(d). To perform the fits, a single intermediate
state that leads to an increase of PL intensity with temperature was considered in each case
(n = 1 in the numerator of the Equation 5.1), while up to two possible nonradiative channels
(m = 2 in the denominator of the Equation 5.1) were considered, in accordance with the
observed behaviour of PL intensity with temperature in Figure 5.10(a). The fitted activation
energies for the different bands are summarized in Table 5.3. The values obtained for the
coefficients were: C1 = 835 ± 200 for the W-UV2 band; D1 = 76.6 ± 0.1, C1 = 8 ± 1 and C2

= 1497.1 ± 0.1 for the W-UV1 band; and D1 = 283 ± 15 for the blue band.

Band E ′
1 (meV) E1 (meV) E2 (meV) Quenching type

W-UV2 - 46 - PTQ
W-UV1 21 17 158 NTQ & PTQ
Blue 33 - - NTQ

Table 5.3: Activation energies for different thermal quenching processes for PL emissions from TLi10
microrods obtained by Equation 5.1.
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As can be seen, the fitting curves match to the experimental data, indicating that the
model is well suited to represent the variation of PL intensity with temperature. The W-UV2

band [Figure 5.10(b)] only exhibits PTQ, extinguishing completely for temperatures above
120 K. In the case of the W-UV1 band [Figure 5.10(c)], there is one temperature range in
which the intensity increases and another in which it decreases. Therefore, it is necessary to
include activation energies of both processes (NTQ and PTQ) for the experimental data to
fit well over the whole temperature range. On the contrary, the blue band [Figure 5.10(d)]
increases over the whole temperature range (from 60 to 300 K), so that the experimental data
fit well only considering NTQ-related processes.

Fig. 5.10: (a) Variation of the integrated PL intensity as a function of temperature for the different
bands observed in TLi10 microrods (W-UV2, W-UV1 and blue) and (b)-(d) their corresponding fit
following Equation 5.1.

For other semiconducting oxides, such as ZnO, it has been suggested that for activation
energies E ′

q above 30 meV, the origin of the NTQ behaviour comes from extrinsic defects
such as aluminium impurities.200 Huang et al. explained the NTQ in Cu-doped ZnO by the
occupation of Cu dopants in the lattice sites of Zn atoms, after generating VZn by annealing
in an oxygen-rich atmosphere.204 On the other hand, Reshchikov suggested that most of the
observed cases of negative PL quenching can be naturally explained by assuming that the
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thermal emission of electrons (or holes) takes place from the dominant nonradiative defect
to the nearest band.140 Taking these considerations into account, a qualitative explanation
for the NTQ process observed in Zn2GeO4 microrods when incorporating Li in the thermal
treatment has been attempted.

The origin of the blue band in Zn2GeO4 is uncertain. In the literature it is only related to
oxygen defects in a general way, but further study is needed to understand the mechanism
behind this emission.47 In Chapter 3 of this work it was suggested that Zn vacancies could
play a key role in this issue. This defect would act as a nonradiative centre through the
recombination of the electrons of this level with the holes of the valence band. At the same
time, it could act as a radiative deep acceptor centre, through the recombination of electrons
from the oxygen vacancy level with the holes of this level. At low temperatures, this centre
would be saturated with electrons, resulting in no free holes and the electrons in the VO level
recombining with the VB holes, leading to W-UV emission. As the temperature increases,
the acceptor levels near the VB can thermally emit holes towards the VB. This would cause
the deep acceptor levels to have more holes with which to recombine their electrons, thus
increasing both nonradiative recombinations (electrons from the VZn levels with holes in
the VB) and blue emission (electrons from the VO level with holes in the VZn). This was
the theory suggested in Chapter 3 to explain the quenching of the W-UV band in the T(11)
microrods, which left the blue emission as the only one to RT. However, in this case, not only
the W-UV emission is quenched, but the blue band increases in intensity as the temperature
increases, suggesting that Li doping has changed the ratio between the radiative mechanism
that gives rise to the blue band and the nonradiative mechanism that reduces its intensity.

To understand the possible effects of Li on the electron recombination mechanisms, it
is first necessary to study the possible places that occupies in the Zn2GeO4 lattice. Pei et
al. suggested a new way to suppress the formation of ZnO in the Zn2GeO4 system. They
proposed an alternative method in which the introduction of 2Li+ (using Li2CO3 as source,
the same as used in this work) to replace Zn2+ reduces the Zn content.205 Hence, it seems
consistent to assume that Li is being incorporated mainly by replacing Zn in the structure
of the Zn2GeO4 microrods (LiZn). This assumption is in perfect agreement with the fact
that when large amounts of Li2CO3 are introduced into the precursor mixture (TLi15),
structures with a Zn/Ge ratio equal to 1 are found, as expected for the compound Li2ZnGeO4

in which the lattice consists of GeO4 tetrahedra linked together by LiO4 and ZnO4 tetrahedra.
Therefore, different TLix treatments lead to the growth of structures with Li2xZn2−xGeO4

composition (in most structures, the amount x of Li incorporated would be very small and
changes in the amount of Zn are undetectable by EDS). On the other hand, Rauch et al.
have studied Li-related deep and shallow acceptors in Li-doped ZnO nanocrystals.196 By
detailed EPR analysis, they demonstrated the successful incorporation of substitutional Li
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into the Zn site (LiZn). The EPR analysis showed that LiZn was a deep acceptor centre
within the bandgap with an acceptor energy of 800 meV, which was responsible for the
yellow luminescence in ZnO. However, in addition to the deep LiZn centre, PL measurements
suggested that Li could also form shallow acceptor levels at 150 meV above the VB, e.g.
through the formation of defect complexes.

Fig. 5.11: Suggested energy band model to explain the anomalous NTQ behaviour of the blue band in
TLi10 microrods (a) in the low temperature range (4 - 50 K) where the blue band is not visible and (b)
from 50 K onwards, when the W-UV band is quenched and the increase in intensity of the blue band
begins. The solid lines represent radiative mechanisms, while the dashed lines represent nonradiative
(NR) mechanisms.

Considering that LiZn could generate acceptor levels within the bandgap and that doping
with appropriate elements can stabilise cation vacancies and produce holes at the same time,
a tentative model has been developed to explain the NTQ observed in Li-doped Zn2GeO4

microrods, which is sketched in Figure 5.11. Firstly, if the LiZn in Zn2GeO4 form a acceptor
level, it could play the same role as described above for the VZn centre, which would enhance
the blue emission that originates as a result of DAP recombination between VO electrons
and VZn or LiZn holes. As mentioned above, at low temperature [Figure 5.11(a)] the deep
acceptor levels would be saturated with electrons, blocking this DAP recombination and
promoting W-UV emission (VO electrons recombine with VB holes). On the other hand, for
every Li atom that is introduced into the lattice replacing Zn, it leads to the formation of a
hole in the valence band. Since the amount of Li added in the treatment is considerably high,
a large amount of holes must be generated in the VB. As the temperature increases, these
electrons from VZn or LiZn recombine with the VB holes, which promotes the formation of
holes in these centres. In this situation, the electrons can recombine from the donor level VO

to the acceptor levels VZn and LiZn, giving rise to blue emission. This tentative model could
explain the blue-band NTQ process, which allows high efficiency to be maintained over a
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wide temperature range, even above room temperature, making these Li-doped Zn2GeO4

microrods potential candidates for use as visible light LEDs.

First-principles calculations

In order to support the above suggested model, DFT calculations have been carried out to
analyze the effect of Li in the electronic structure of Zn2GeO4. For this purpose, the effects
of Li both in the interstitial position (Lii) and as substitutional Li into the Zn site (LiZn) have
been studied.

Fig. 5.12: Considered (a) Lii and (b) LiZn positions in Zn2GeO4. Ge, Zn, O and Li atoms are
represented as magenta, blue, yellow and green circles, respectively. DOS for (c) Lii and (d) LiZn in
Zn2GeO4. Magenta, blue, yellow and green lines are the projections on the Ge, Zn, O and Li atoms,
respectively. The black line shows the total DOS.

Figures 5.12(a) and (b) shows the two considered positions for Lii and LiZn. Zn2GeO4

lattice has two types of six-member rings that could host Lii at their centres or where Li
can replace Zn. One type (position I) of six-member ring is built by alternate corner-shared
ZnO4 tetrahedra and GeO4 tetrahedra and a second one (position II) emerge as result of the
corner-shared ZnO4 tetrahedra. DFT calculations of Lii states are presented in Figure 5.12(c),
which are identical for the two possible configurations. Note that no additional states appear
within the bandgap and no spin moment have been observed for this system. The Mulliken
population (number of electrons) for the different atoms can be seen in the second column
of Table 5.4. Therefore, according to these calculations, it does not appear that Lii will have
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a significant effect on luminescence as it does not induce new electronic states within the
bandgap.

Figure 5.12(d) shows DFT results of LiZn-related states, for which the sites shown in
Figures 5.12(b) have been considered. In this case, each Zn atom is surrounded by the
same number of Zn and Ge and at the same distance, so the positions are equivalent. The
unpaired electron introduced by the substitution of one Zn atom with one Li atom leads to a
DOS split into spin-up and spin-down states, and a dopant-induced state appears within of
the bandgap at 1.4 eV. This state comes from the spin moment of 0.89 µB (µB is the Bohr
magneton) generated in one oxygen atom. The Mulliken population (number of electrons)
for the different atoms can be seen in the third column of Table5.4.

Element Lii LiZn

Ge 30.284 30.277
Zn 28.877 28.864
O 9.070 8.524
Li 2.234 2.287

Table 5.4: Mulliken population for Lii and LiZn.

An explanation for the anomalous behaviour of the blue luminescence of Zn2GeO4

Li-doped could be that the formation of defect complex due to the presence of Li. Based on
density functional theory, Wardle et al. have predicted the existence of a neutral LiZn-Lii
complex in ZnO.206 Due to the low formation energy of this complex, compared to the sum
of that of isolated LiZn and Lii, they suggested that the complex may dominate the behaviour
of Li in ZnO. Yi et al. have recently reported that, at sufficiently high concentration, the
Li interstitial and substitutional defects in ZnO form a stable defect complex which helps
to lower the formation energy of VZn.207 This would be in agreement with the DFT results
presented here. Li leads to the creation of both types of defects (LiZn and Lii), which form
a complex and assist the formation of VZn by lowering its formation energy. In Chapter 3,
it was calculated that for VZn defects two negative spin states appear at 1.4 eV and 1.6 eV,
which are very close to the state calculated for LiZn (1.4 eV). When Li is introduced into
the Zn2GeO4 structure replacing Zn, it originates new electronic states similar to those
originating from VZn. These states would be responsible for the blue emission, which is
produced by the DAP recombination between the donor centre VO and the acceptor centres
VZn or LiZn. On the other hand, Lii have no significant effect on luminescence. However,
Takahashi et al., proposed that Zni state is not essential for the visible luminescence of
Zn2GeO4 but is instead closely related to the electron traps.127 In this case, the presence of
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Lii could be the cause of the enhancement of the long-lasting photoluminescence observed
in the microstructures [Figures 5.8(d) and (e)].

Therefore, DFT calculations have contributed to understand the enhancement of the
blue emission of the Li-doped Zn2GeO4 microrods observed in the previous luminescence
measurements, which would be related to the formation of a defective complex of LiZn-Lii
that would favour the formation of VZn. Both VZn and LiZn centres originate acceptor levels
within the bandgap that give rise to blue emission. These results show that this defect
engineering technique by Li doping could be used to tune the optical properties of Zn2GeO4.

5.3 Conclusions

The main conclusions of the results presented in this chapter are summarized as follows:

1. The efficient incorporation of Li into the Zn2GeO4 lattice has been studied by the
fabrication of samples adding Li2CO3 in different concentrations (5, 10, and 15
wt% in relation to the total amount of ZnO:Ge) to the precursor material mixture.
XRD measurements confirmed that the samples obtained corresponded to the crystal
structure of Zn2GeO4.

Morphological analysis carried out by SEM revealed that most of the structures ob-
tained in all treatments were microrods with cross-sectional dimensions in the range of
approximately 1 to about 10 µm and their lengths extending to hundreds of microns.
In addition, it was found that Li doping had effects on the morphology, leading to novel
structures. In the TLi5 and TLi10 treatments, microstructures with platelet-shaped
branches grew, while in the TLi15 treatment, stratified structures were found. Compo-
sitional analysis carried out by EDS measurements on the obtained structures revealed
that both the microrods and the P-B structures had a homogeneous composition of
Zn, Ge and O and a Zn/Ge ratio close to 2. In contrast, the TLi15 stratified structures
showed a Zn/Ge ratio equal to 1, revealing compositional changes. To clarify these
differences, micro-Raman measurements were performed on the structures, which
revealed that while the microrods and P-B structures showed the Raman peaks char-
acteristic of the rhombohedral structure of Zn2GeO4, the TLi15 stratified structures
showed the Raman peaks corresponding to the Li2ZnGeO4 structure. This last result
is in agreement with the Zn/Ge ratio equal to 1 measured by EDS and confirms that Li
is being incorporated into the structure.

2. The luminescence of the Li-doped Zn2GeO4 structures showed particular features not
observed in the undoped sample. CL measurements revealed that TLi10 microrods
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exhibited blue-violet emissions with components at 2.8 and 3.1 eV and a less intense
one at 3.5 eV, while the P-B structures exhibited the W-UV band (with 3.1 and 3.5
eV components). This difference in luminescence between the structures suggests
a difference in the amount of oxygen vacancies, which must be higher in the P-B
structures, since the W-UV band dominates. Furthermore, the fact that the blue-violet
band dominates in the microrods could be related to the presence of Li in the growth.

On the other hand, PL measurements were performed using a 325 nm UV laser as
excitation source. In this case, both microrods and P-B structures showed similar emis-
sions, in which the blue-violet band (with 2.8 and 3.1 eV components) dominated over
a bluish-green band (2.5 eV). The relative intensities between the bluish-green band
and the blue-violet band depend on excitation energy density. This suggest that the re-
combination mechanisms are competitive with each other. Finally, microrods and P-B
structures show waveguiding behavior and a persistent bluish luminescence resulting
from the luminescence caused when the laser passes through the microstructures.

3. A particular behaviour of each PL emission (2.8, 3.1 and 3.5 eV) as a function of
temperature was also found on TLi10 microrods. While the W-UV band is completely
quenched with increasing temperature, the blue-violet band exhibits an anomalous
negative thermal quenching as its intensity increases with increasing temperature.
The experimental data for the blue (2.8 eV), W-UV1 or violet (3.1 eV) and W-UV2

(3.5 eV) bands fitted perfectly to the multi-level model developed by Shibata, which
allowed the calculation of the activation energies of both intermediate states (which
increase the PL intensity with temperature) and nonradiative recombination processes
(which decrease the PL intensity with temperature). The NTQ of the blue band allows
high efficiency to be maintained over a wide temperature range, even above room
temperature, making these microrods potential candidates for use as visible light
LEDs.

4. The enhancement of the blue emission of the Li-doped Zn2GeO4 microrods would
be related to the Li entering into the crystal lattice replacing the Zn. This would
generate an acceptor level within the bandgap and increase the number of holes in the
valence band. In order to support the experimental data, DFT calculations related to
the incorporation of Li into the Zn2GeO4 lattice as an interstitial or as a substitutional
impurity were carried out. These calculations suggest the formation of a defective
complex of LiZn-Lii that would favour the creation of VZn. Both VZn and LiZn centres
originate acceptor levels within the bandgap that give rise to blue emission. On the
other hand, the Lii defect is not expected to have a significant effect on luminescence
as it does not introduce new electronic levels into the bandgap, but could be the reason
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of the observed persistent bluish luminescence enhancement. These results show
that this defect engineering technique by Li doping could be used to tune the optical
properties of Zn2GeO4.
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Chapter 6

Structural and luminescence
properties of Zn2GeO4

nanocrystals

This chapter provides both, a detailed structural characterization and an analysis of the
luminescence properties of Zn2GeO4 nanocrystals. In the previous chapters, Zn2GeO4

microrods and nanowires have been grown by the thermal evaporation method, however, in
this case, the Zn2GeO4 nanocrystals were synthesised by the chemical precipitation method
as was explained in Chapter 2.

The development of transparent conductive oxides (TCOs) is essential for many tech-
nologies, especially when these materials are synthesized as low dimensional structures.
One of the applications in which TCO materials have attracted a great deal of interest is as
white light emitters, especially due to their key role in solid state lighting devices.208 It has
been reported that semiconductor nanocrystals, such as CdSe, ZnSe or Mn-doped ZnS, are
highly fluorescent with fluorescence quantum efficiencies as high as 80%, being thus ideal
candidates for use in white-light emitting displays.209 In the previous chapters, an exhaustive
study of the optical properties of Zn2GeO4 microrods and nanowires has been carried out,
trying to understand the different parameters that affect the luminescent emissions such as
the intermediate states originated by the different native defects, the presence of nonradiative
centres or the role of the excitation energy density in the recombination mechanisms. The
subject of this chapter is, once Zn2GeO4 nanocrystals of the smallest possible dimensions
have been synthesized, to analyze whether they preserve the structural and optical properties
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previously studied in larger structures, in order to achieve their potential application as light
emitters.

6.1 Structural characterization

Zn2GeO4 nanocrystals (NCs) were obtained at room temperature by a chemical precipitation
method, as detailed in Chapter 2. After the reaction, a white precipitate was formed
immediately. The dissolution was kept under stirring at room temperature for 9 hours
(9h-NCs), being the minimum time in order to obtain the pure Zn2GeO4 phase, without the
presence of ZnO. Moreover, in order to increase the crystals size a second sample was also
treated for 36 hours (36h-NCs).

6.1.1 X-ray diffraction

The obtained NCs have been analyzed by powder XRD, and the results are shown in
Figure 6.1. All of the diffraction peaks of both samples, 9h-NCs and 36h-NCs, were
perfectly indexed on the rhombohedral space group R-3 basis of Zn2GeO4 (ICSD Collection
Code: 68382). It can be observed that the maxima are more defined and narrower than for
the 36h sample, suggesting a larger crystal size than in 9h sample. No other phases were
observed, indicating the high purity of the as-synthesized samples.

Fig. 6.1: XRD pattern of Zn2GeO4 nanocrystals with 9h and 36h reaction times. The most intense
diffraction maxima have been indexed according to the rhombohedral crystalline structure (green line).
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6.1.2 Micro-Raman spectroscopy

The most characteristic Raman peaks of Zn2GeO4 reported in the literature lie in the 750-810
cm−1 range and are: 745 (A(1)

g ), 751 (E(3)
g ), 777 (E(4)

g ) and 802 (A(2)
g ) cm−1, associated

with Ge-O-Zn symmetric and asymmetric vibration modes and the O-Ge-O bending and
stretching modes, respectively.109 Figure 6.2(a) shows the Raman spectra for the both set
of samples, which exhibit two strong peaks associated to the vibration modes of Zn2GeO4

in agreement with the literature. The weak peak at 520 cm−1 corresponds to the silicon
substrate. Figure 6.2(b) shows the Raman spectrum of 9h-NCs in comparison with the
Raman results of Zn2GeO4 microrods obtained in the previous chapters. The slight widening
of the main peaks at 802 cm−1 and 750 cm−1 could be due to the nanometer-scale size of
the crystals via the high surface to volume ratio. These results confirm the good crystalline
quality of the Zn2GeO4 nanocrystals.

Fig. 6.2: (a) Raman spectra for 9h-NCs (lower curve) and 36h-NCs (upper curve) samples. (b) Raman
spectra from Zn2GeO4 nanocrystals (9h-NCs) and Zn2GeO4 microrods.

6.1.3 TEM/HRTEM analysis

The size and shape of Zn2GeO4 NCs were examined by low magnification transmission
electron microscopy (TEM). Figures 6.3(a) and (b) show the electron micrographs of 9h-NCs
and 36h-NCs, respectively. From the analysis of the images, the average size of the crystals
has been measured, resulting in 10.5 nm for the 9h-NCs and 16.2 nm for the 36h-NCs. The
crystal size and the standard deviations increases with the time reaction, in good agreement
with the XRD data. It was observed that the crystals did not grow more after 36 hours of
reaction time. In this sense, these crystals are the smallest and biggest that can be obtained
by this method under these synthesis conditions. Figures 6.3(c)-(d) and (e)-(f) show HRTEM
images for single crystals of 9h-NCs and 36h-NCs, respectively. In these images, different
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interplanar distances can be clearly observed and measured. For example, Figure 6.3(c)
shows a 10 nm size NC along the [001] zones axis, as indicated in the correponding FFT,
where the a and b cell parameters are pointed out. Moreover, Figures 6.3(d)-(f) show the
(110) planes with interplanar spacing of 7.1 Å in different NCs.

Fig. 6.3: TEM images of the NCs synthesized for the different Zn2GeO4 oxides: (a) 9h, (b) 36h. The
inset shows the crystals size distribution. HRTEM images of Zn2GeO4 with reaction times of (c)-(d)
9h and (e)-(f) 36h. Different interplanar spacing are indicated in each image.

In the light of these results, it is important to note the great homogeneity in both shape
and small crystal size in the samples because the high control of the experimental synthesis
conditions which makes it possible to control the dimensions of the nanocrystals obtained
by this the co-precipitation method. This synthesis procedure makes a clear difference
in the size and shape of the obtained nanocrystals compared to other explored routes as
hydrothermal, solvothermal or microwave-assisted methods that produce larger nanorods,
microwires or microfibres, with a size range from 10 - 40 nm in width and from 200 nm to
1 micron in length.41,50,37,38 Therefore, besides the native defects structure, the nanoscale
size and crystals morphology could influence the luminescence features of the Zn2GeO4

nanocrystals, which are presented in the following section.
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6.2 Optical properties

In the previous chapters, luminescent emissions in both Zn2GeO4 microrods (which can
be considered as bulk material for this purpose) and nanowires have been studied in depth.
These emissions arise from electronic recombinations between the levels caused by native
defects within the bandgap, which extend from the UV to the visible range due to the
wide bandgap of Zn2GeO4 (Eg ≈ 4.5 eV at room temperature). In particular, the centres
responsible for the broad blue and green-yellow bands can result in intense white emission,
as seen in Zn2GeO4 microrods and nanowires. Low dimensionality of materials is currently
required for application in various optoelectronic devices, however the small size and shape
may affect the material properties. Therefore, this section studies the critical changes in the
luminescence features of Zn2GeO4 nanocrystals compared to the structures studied in the
previous chapters by several techniques, such as PL and CL, and their potential applications
as white light emitters.

6.2.1 PL and PLE at low temperature

First, low-temperature PL and PLE measurements are presented in order to examine the
luminescence bands in NCs. Figures 6.4(a) and (b) shows a series of PL spectra recorded at
4 K of the 36h-NC and 9h-NC, respectively, varying the excitation wavelength between 250 -
255 nm (4.96 - 4.86 eV), in order to ensure an excitation energy over or close to the bandgap
energy. In the case of 36h-NC, the main emission is the W-UV band at 365 nm (3.4 eV) when
excited with 250 nm. As the excitation energy is gradually reduced, the relative intensity of
the W-UV band decreases with respect to the broad visible emission, until it has practically
disappeared when excited with 255 nm. Recalling from the previous chapters, the W-UV
emission is related to the recombination of VO level electrons with valence band holes, while
the broad emission in the visible arises from the recombination of donor-acceptor pairs (VO

acts as donor centre while cation vacancies, such as VZn or VGe, act as acceptor centres20).
On the other hand, for 9h-NCs the main emission corresponds to the broad visible band
for all cases, although W-UV is also detected for shorter excitation wavelengths. Both UV
and visible emissions were recorded for both microrods and nanowires, although in these
cases the W-UV band had a much higher relative intensity, with the visible band being
practically negligible at these excitation wavelengths (250 - 255 nm). However, in the case of
nanocrystals, the visible band has an important weight, especially in 9h-NCs. Furthermore,
in both cases the W-UV band drops drastically as the excitation photon energy decreases,
which means that the W-UV band requires incident photons with energies higher than the
bandgap to be excited.
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Fig. 6.4: PL spectra of the (a) 36h-NCs and (b) 9h-NCs at 4 K for increasing excitation wavelengths,
from 250 nm up to 255 nm. Normalized PLE spectra at 4 K for the UV (purple line) and visible (blue
line) emissions of the (c) 36h-NCs and (d) 9h-NCs.

The PLE spectra corresponding to the W-UV and visible emissions at 4 K are shown
in Figures 6.4(c) and (d), respectively. The shape of the PLE spectra (purple line) for the
W-UV band (365 nm) suggests that it corresponds to the Zn2GeO4 absorption band edge, and
confirms that the UV emission is only excited under above energy bandgap conditions (in the
same way as observed in the microrods or nanowires of the previous chapters). On the other
hand, the PLE spectra corresponding to the visible band (blue line) shows a more complex
profile, pointing out that the visible emission can be excited through several electronic states
within the bandgap that are related to defects. The fact that the PLE spectra of both emissions
have the same shape for both 36h and 9h-NCs suggests that the electronic states within the
bandgap that give rise to these emissions are similar, varying only in their relative intensity.

6.2.2 Temperature monitoring of PLE and PL

As it has been mentioned, the PLE spectra of the W-UV band provide a way to estimate the
optical bandgap. To this purpose, PLE spectra of the 36h and 9h-NCs have been acquired
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between 4 and 120 K [Figures 6.5(a) and (b)], since the W-UV band vanishes above that
temperature. The extrapolation of the sharp PLE decay at the shortest wavelengths to a linear
function provides the value of the energy bandgap. Figure 6.5(c) shows the experimental
values of the bandgap as a function of the temperature calculated for both sets of nanocrystals
(9h-NCs in blue and 36h-NCs in red). These data were fitted to the semi-empirical equation
postuladed by Varshni131 for the bandgap temperature dependence (see Equation 3.3).

Fig. 6.5: PLE spectra from the (a) 36h-NCs and (b) 9h-NCs as a function of temperature, from 4 K up
to 120 K. (c) Calculated energy bandgap from the PLE curves of the 364 nm emission for the 9h-NCs
(blue) and the 36h-NCs (red). The green curve corresponds to data from Zn2GeO4 T(21) microrods.

The fitting curves to Equation 3.3 are plotted by discontinuous lines in Figure 6.5(c). The
fitting yields E0 = 4.84 eV , α = 3.9 meV/K2 and β = 940 K for 36h-NCs and E0 = 4.85 eV ,
α = 3.5 meV/K2 and β = 1100 K for 9h-NCs. These values of α and β are quite similar to
those previously obtained for Zn2GeO4 microrods or nanowires, and whose data and fitting
curve are also plotted in Figure 6.5(c) (green triangles and line) for comparison. In the case of
T(21) microrods, which could be considered as buk material for this purpose, a nonmonotonic
anomalous behaviour in the temperature dependence bandgap in the low temperature regime
was observed. The fact that the temperature dependence of the bandgap energy of Zn2GeO4
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nanocrystals follows the usual trend suggests that the thermal expansion of the lattice
overcomes the electron-phonon interaction effects, probably due to the nanoscale size of the
crystals. Figure 6.5(c) also shows that the bandgap energy is higher for nanocrystals than
for microrods. In particular, a value of E0 of 4.76 eV was obtained for Zn2GeO4 microrods
(bulk-like material), while 4.84 eV and 4.85 eV are achieved for 36h-NCs and 9h-NCs,
respectively. This fact is consistent with the blueshift of the energy bandgap observed in
many semiconductors as the crystal size is reduced.

From the above results seen, some conclusions can be drawn about the two types
of nanocrystals so far. Low temperature PL spectra revealed that both 36h-NCs and 9h-
NCs exhibited W-UV emission and broad visible emission, although W-UV was more
efficient in 36h-NCs. The obtained similar PLE spectra revealed the presence of the same
electronic states related to defects within the bandgap in both NCs. The calculation of
the optical bandgap revealed a slightly higher bandgap for nanocrystals compared to that
previously obtained for microrods or nanowires. Thus, 9h-NCs seem of greater interest for
implementation in optoelectronic devices as white light emitters due to their smaller size
and lower efficiency of W-UV emission. Consequently, the evolution of PL emissions with
temperature was studied for the 9h-NCs only.

The temperature dependence of the PL spectra under λexc = 250 nm from 10 K to RT is
shown in Figure 6.6(a). At low temperatures, both W-UV and visible bands are observed,
although the W-UV band only survives up to 150 K. This quenching of the W-UV band
suggests a thermal activated process that populates other energy levels from the oxygen-
related levels. On the other hand, this W-UV quenching is an advantage in order to achieve
a more whitish emission at room temperature. The visible emission is composed of the
green band at 510 nm (2.4 eV) and the blue band at 440 nm (2.8 eV), which are related
to transitions between donor levels associated with oxygen vacancies and acceptor levels
related to germanium or zinc vacancies respectively, as seen in the previous chapters. Like
W-UV emission, visible emission undergoes a decrease in intensity above a certain critical
temperature (around 50 K) at which the nonradiative centres (NRCs) are activated.

To learn more about these NRCs present in the nanocrystals, the intensity of both the
W-UV band and the visible band was monitored with temperature. To do this, the PL spectra
at each temperature were deconvoluted to Gaussian, as shown in Figure 6.6(b) for 10 K,
resulting in the green band (2.4 eV) related to VGe centres, the blue band (2.7 eV) related
to VZn centres, and and the W-UV band related to VO, which is composed by the violet or
W-UV1 component (3.1 eV) and the W-UV2 component (3.5 eV). Figures 6.6(c) and (d)
show the experimental data of the normalized integrated PL intensity of the W-UV2 and
blue bands, respectively, as a function of 1/kBT. The evolution with temperature of these
two bands was analyzed as they are the two most intense bands in the UV and visible range.
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Fig. 6.6: (a) Temperature evolution of the PL spectra from 10 K to 300 K under λexc = 250 nm of the
9h-NCs. (b) PL spectrum collected at 10 K with its Gaussian deconvolutions (dotted lines). Normalized
integrated PL intensity of the (c) W-UV2 and (d) blue band as a function of 1/kBT. Dots corresponds
to experimental data and red line is the fitted curve to Equation 6.1.

When considering eventual nonradiative channels competing with the radiative one, the PL
intensity temperature dependence can be described by the following equation210

IPL(T ) =
I0

1+Aexp(−Ea1/kBT )+Bexp(−Ea2/kBT )
(6.1)

that results from solving the balance equations that involve two additional nonradiative
levels. I0 represents the spectrally integrated intensity at 0 K, the pre-exponential factors are
basically the ratio between the radiative (τr) and nonradiative (τnr) lifetimes and Ea1 and Ea2

correspond to the activation energies of the processes that interact with the main radiative
channel. The experimental data fit nicely to this simple model, yielding values of A = 3.6 ±
0.4, Ea1 = 17 ± 1 meV, B = 1182.3 ± 274.1 and Ea2 = 84 ± 3 meV for the W-UV2 band
and A = 1.1 ± 0.2 and Ea1 = 14 ± 2 meV, B = 162.5 ± 36.4 and Ea2 = 87 ± 5 meV for the
blue band. Note that the activation energies obtained for both bands are similar, indicating
that both mechanisms are affected by the same NRCs. However, the quenching amplitudes

159



Structural and luminescence properties of Zn2GeO4 nanocrystals

are higher in the case of the W-UV2 band, especially the amplitude B, indicating a higher
efficiency of nonradiative recombinations in the W-UV2 band mechanism.

The nonradiative channel associated with Ea2 requires a very high temperature to be
thermally activated, so it is not of interest in the discussion of the results presented here. On
the other hand, the nonradiative level with activation energy Ea1 could affect the application
of nanocrystals as light emitters at room temperature. It is interesting to notice that the
estimated value of A is very close to unity for the blue band (τr ≃ τnr), which indicates that
the quantum efficiency of the radiative recombination is still rather high at room temperature.
The decrease in intensities could be related to electron hopping from the VO centre (shallow
level) to the conduction band, or nonradiative channels that populate the VGe and VZn

centres with electrons and hinder the DAP recombinations, as discussed in previous chapters.
However, these activation energies of NRCs are different from those obtained for Zn2GeO4

microrods and nanowires previously (25 meV for microrods and 5 and 27 meV for nanowires
in the case of W-UV emission). Therefore, surface states cannot be ruled out as trapping
centres that contribute to the luminescence quenching of the PL in Zn2GeO4 nanocrystals.

6.2.3 Luminescence at RT: Zn2GeO4 NCs as cold-white light emitters

Finally, the room temperature luminescence of the Zn2GeO4 nanocrystals has been assessed.
Figure 6.7(a) shows the room temperature luminescence spectra of 9h-NCs acquired under
several excitation sources: CL spectrum at 15 keV (top) and PL spectra acquired with a Xe
lamp monochromated at 270 nm (middle) or with an He-Cd laser (λ = 325 nm) (bottom).
The selected light sources allow excitation over and below the Zn2GeO4 bandgap energy
(Eg ∼ 4.5 eV) while the CL technique generate excess carriers well above in the conduction
band. In all cases, the luminescence shows a broad visible band covering practically the
whole visible range between 2 - 3 eV (400 - 600 nm, as discussed above, the W-UV emission
is quenched at RT), which make this system very attractive as white light emitter.

The PL and CL spectra profiles agree with the composed nature of the luminescence
bands, which could involve several radiative centres. The CL spectrum (Figure 6.7(a) - top)
shows a broad asymmetric band that can be deconvoluted into four emission bands at 2.1
(yellow band), 2.4 eV (green band), 2.8 eV (blue band) and 3.0 eV (violet or W-UV1 band).
These components are plotted by dotted lines in yellow, green, blue and purple, respectively.
The PL spectrum in Figure 6.7(a) - middle also shows a broad band that can be fitted to
three bands at 2.4, 2.7 and 3.1 eV. Notice that this PL spectrum is slightly red-shifted in
comparison to the CL one, which could be due to the different nature of the beam probes
and power excitation conditions. Alternatively, when exciting with the λ= 325 nm (3.8 eV)
laser, whose energy is below the Zn2GeO4 energy bandgap, the PL emission shows the green
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Fig. 6.7: (a) Luminescence spectra from 9h-NCs excited by an electron beam (top), an 325 nm UV
laser (bottom) and a Xe lamp monochromated at 270 nm (middle). Gaussian bands that fit experimental
results are shown in each case. (b) CIE map showing B and C points that correspond to the integrated
PL emission under 270 nm and 325 nm excitation sources, respectively, along with point A that
corresponds to the integrated CL emission. (c) Photograph of compacted Zn2GeO4 nanocrystals on
a silicon substrate under illumination with a 325 nm laser. The sample shines with a very bright
cold-white light.

component, at 2.4 eV, as the dominant one, although shoulders in the yellow (2.1 eV) and
blue regions (2.8 eV) are also resolved. The PL spectra from the 36h-NCs show the same
features as these shown by the 9h-NCs. Therefore, the increase in the crystal size from 10
nm up to 16 nm seems to have no strong impact on the luminescence properties at room
temperature.

These luminescence results show that Zn2GeO4 crystals with sizes in the nanometer
scale give rise to a cold-white emission at room temperature composed by a mixture of a
blue-band (∼ 2.8 eV) and a green-band (2.4 eV), whose relative intensities change, leading
to a bluish or a greenish hue, by changing the excitation source. Figure 6.7(b) shows the
Commission Internationale de l’Eclairage (CIE) 1931 map in which points A, B and C
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correspond to the coordinates of the overall emitted light of spectra shown in the top, middle
and bottom of Figure 6.7(a), respectively. Recent works have reported tuned luminescence
of Zn2GeO4 by doping with Cr3 or Eu3 ions,183,53 whereas here we have achieved a shift
from bluish- to greenish-white emission in undoped crystals just by changing the excitation
energy. This shift in the emission colour could allow the use of Zn2GeO4 nanocrystals as
a photo-switched multi-color luminescent device.211 Furthermore, Zn2GeO4 nanocrystals
show a very intense emission under laser irradiation. Figure 6.7(c) shows a photograph of
compacted Zn2GeO4 nanocrystals placed onto a silicon substrate under illumination by the
325 nm laser. A very bright cold-white light emerges and spreads over the whole pellet,
confirming the high efficiency yield at room temperature despite the intensity decrease due
to the NRCs seen above.

6.3 Conclusions

1. The precipitation method at room temperature is a synthesis route not explored so far
that produces Zn2GeO4 nanocrystalline material of high-quality, as shown by XRD
and Raman results, with a homogeneous distribution of the crystal size measured by
TEM. In particular, two sets of nanocrystals of 10 and 16 nm average size have been
obtained, being the smallest Zn2GeO4 nanocrystals reported so far.

2. At low temperatures, the luminescence results show the W-UV (3.4 eV) and complex
visible emission bands (which is formed by the green (2.4 eV) and blue (2.8 eV)
band), while only the visible emission dominates the PL and CL spectra when the
temperature increases due to thermal quenching of the W-UV band.

3. The analysis of the temperature dependent PLE allowed to monitor the increase of
the bandgap compared to microrods due to the small size of the crystals. In addition,
the temperature dependent PL study allowed to estimate the activation energies of the
nonradiative centres, which could be related to surface states, affecting both the W-UV
and visible bands. In both cases, similar activation energies were obtained (Ea1 ∼
15 meV and Ea2 ∼ 85 meV), although the quenching amplitudes were higher for the
W-UV band NRCs, indicating a higher efficiency of the nonradiative mechanisms for
this emission.

4. Finally, an intense cold-white emission is generated from compacted nanocrystals
when illuminated by a 325 nm laser. These results pave the way to the design
of efficient white light emitters using a single material system, such as Zn2GeO4

nanocrystals, and their use in white LEDs.
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Chapter 7

Conclusions

This chapter summarizes and highlights the most relevant conclusions obtained throughout
this thesis work following the goals set out in Chapter 1 according to the current state of the
art of Zn2GeO4.

7.1 Synthesis and characterization of Zn2GeO4 micro- and nanostruc-
tures.

The first goal of this work was the synthesis of Zn2GeO4 structures of different sizes and
shapes in a controlled way in order achieve the desired dimensions, morphologies and
physical properties. For this purpose, two different routes have been employed: the thermal
evaporation method and the chemical precipitation method. In addition, the structures were
doped with Sn and Li separately by the thermal evaporation method, which had effects on the
production yield, morphology, and structural and optical properties of the structures. Once
the different structures were obtained, a detailed morphological, compositional and structural
characterization was carried out to evaluate the quality of the micro- and nanostructures. The
characterization was performed employing different techniques such as XRD, SEM, EDX,
EBSD, Raman spectroscopy, TEM, STEM, SAED and XPS, which showed that the micro-
and nanostructures grown were single crystalline and showed a high crystalline quality. The
most relevant results obtained in each case are set out below.

• Zn2GeO4 hexagonal-shaped microrods (MRs), with cross sectional dimensions in the
range from 500 nm to about 6 µm and their lengths extend up to hundreds of microns
[see Figure 7.1(a)], were grown by the thermal evaporation method, where a pellet of
precursor powders was annealed under argon flow in a tubular furnace at 800 ºC for 8
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h. Two different precursor mixtures varying the ZnO:Ge ratio were used, which were
labelled T(11) and T(21). Although the size and morphology of the microstructures
were similar in both cases, the production yields were different.

• Zn2GeO4 microrods of similar size were obtained by incorporating Li2CO3 powders
in different concentrations in the precursor mixture of T(11) and carrying out the
same thermal treatment (labelled TLix, where x is the percent of Li2CO3 added to
the precursor mixture). However, incorporating Li into the treatment also produces
microstructures with a wrinkled surface and others in which well-defined plates grow
like branches on the trunk microrods [P-B structures, see Figures 7.1(b) and (c)].
Therefore, the addition of Li to the thermal treatment leads to morphological changes
in Zn2GeO4 microstructures. Moreover, in the TLi15 treatment, the Raman spectra
of some structures corresponded to Li2ZnGeO4, in which Li is incorporated into the
lattice replacing Zn.

• Zn2GeO4 nanowires (NWs), with diameters of 100-300 nm and up to a hundred
micrometers in length [see Figure 7.1(d)], were obtained by adding SnO2 in the
precursor mixture of T(21) and to carry out the thermal treatment under the same
conditions (labelled TSnx, where x is the percent of SnO2 added to the precursor
mixture). The presence of Sn in the treatment would favour the formation of an
amorphous Ge wetting layer around the wire, which would limit the lateral growth
of the Zn2GeO4 wires, and significantly increase the production yield of Zn2GeO4

structures.

• In addition, introducing higher concentrations of SnO2 in the treatment yields self-
assembled nanoheterostructures based on Zn2GeO4 nanowires with a-GeO2 (necklace-
like structures) or SnO2 (skewer-like structures) evenly crystalline particles around
them [see Figure 7.1(e)]. The growth mechanism of these heterostructures has been
proposed, which is based on Plateau-Rayleigh instability as the formation mechanism.
Therefore, Sn incorporation dramatically affects the yield performance, morphology
and size of the grown Zn2GeO4 structures.

• Finally, nanocrystals (NCs) [see Figure 7.1(f)] with sizes of 10 and 16 nm were
obtained by soft chemistry synthesis using the precipitation method, which are the
smallest Zn2GeO4 nanostructure grown to date. The precipitation method at room
temperature produces nanocrystalline material of high-quality with a homogeneous
distribution of the crystal size.
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Fig. 7.1: SE images of the detail of: (a) hexagonal-shaped microrod (MR) of T(21), (b) and (c)
microstructures with platelet-shaped branches (P-B structures) of TLi10, (d) nanowires, and (e)
Zn2GeO4/SnO2 nanoheterostructures of TSn5 and TSn10 respectively. (f) HRTEM image of Zn2GeO4
nanocrystal (NC).

7.2 Luminescence properties of Zn2GeO4

Once the Zn2GeO4 micro- and nanostructures were grown and characterized, the next goal
of the thesis was to carry out an exhaustive study of the optical properties by means of
different luminescence techniques, such as CL or PL, from which information about the
native defects of Zn2GeO4 can be obtained. Zn2GeO4 has an ultra-wide bandgap (∼4.5 eV
according to Zhang et al.28), which leads to native defects originating several electronic
levels within the bandgap that give rise to different radiative pathways. Table 7.1 shows the
different emissions detected in this work for Zn2GeO4.

Label Range

W-UV band 3.1-3.5 eV (350-400 nm)
N-UV band 3.2 eV (388 nm)
Blue band 2.8 eV (440 nm)
GY band 2.0-2.4 eV (520-620 nm)

Table 7.1: Luminescence bands of Zn2GeO4.
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In particular, the aim was to clarify the origin of the luminescence of Zn2GeO4, which has
so far been reported as a broad visible band attributed to DAP transitions in a general way.20

Most of the previous works on the luminescence of Zn2GeO4 refer to room temperature
experiments excited at energies below bandgap, so in this work an in-depth study of the
luminescence as a function of temperature and excitation energy conditions was carried out in
order to shed light on the different radiative mechanisms caused by native defects in Zn2GeO4.
In addition, these luminescence measurements were performed on the different micro- and
nanostructures grown, which helped to find the structural conditions for the different emission
bands. At the same time, DFT calculations were also performed considering the different
native defects of the material, which allowed to complete the defect structure within the
bandgap and helped to understand the luminescence results. The most relevant conclusions
about the origin of the different emissions are presented below.

• The W-UV emission is related to radiative recombination between the electrons of
the VO centre and the holes generated in the valence band due to the excitation of
electrons at higher levels, and is composed of two bands at 3.1 and 3.5 eV (labelled
W-UV1 and W-UV2 respectively). This emission is only detected when the electrons
are excited above the bandgap, indicating the need for excited electrons to reach the
conduction band in order to make this recombination mechanism possible. The DFT
calculations indicate that the electronic levels associated with the VO are close to the
conduction band (around 4 eV from the valence band) and form a wide state (0.3 eV
width), which is in perfect agreement with the broad shape of the W-UV band and the
energy range in which this emission is found. In addition, temperature monitoring of
the PLE spectra for this emission indirectly provides an estimated value of the optical
bandgap as a function of temperature, obtaining a value of 4.75 eV at low temperature
and ∼4.5 eV at RT.

The W-UV emission is present in all the samples studied, whether they are microrods,
nanowires or nanocrystals, indicating the important role of VO in the luminescent
characteristics of Zn2GeO4 as it was expected. However, the temperature dependence
of this emission is different for each sample. The W-UV band exhibits thermal
quenching of PL due to activation of the nonradiative centres (NRCs) with increasing
temperature, and these activation energies are different in each morphology. For the
T(11) and T(21) MRs, similar activation energies of the NRCs were obtained (around
25 meV), but a higher resulting quenching amplitude for T(11) indicates a higher
efficiency of the nonradiative mechanisms in this treatment. In the case of nanowires,
two activation energies were obtained for the NRCs, Ea1 = 5 meV and Ea2 = 27 meV.
These results suggest the existence of an additional NRC in the nanowires, which
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could be caused by the existence of Sn impurities in the crystal lattice, and would
explain the different behaviour of the W-UV band in the NWs with respect to the MRs.
Finally, for the nanocrystals, two NRCs with energies Ea1 = 18 meV and Ea2 = 84
meV were also found. In this case the energies of the NRCs differ from the previous
ones, which may be due to surface states that may be trapping centres that contribute
to the quenching of the PL luminescence, as they are nanocrystals.

• The N-UV emission results from a radiative recombination of electrons from the Zni

state to the valence band. This emission is only present in T(21) MRs and TSn NWs,
which are the treatments with the highest ratio of Zn to Ge (2:1), suggesting that it
is more likely to find Zni. The dependence of the PL N-UV band on temperature
was studied in T(21) sample. The results show that this emission is quite stable upon
temperature changes and is the only dominant emission when exciting below the
energy bandgap in the low temperature regime, up to 100 K. The composite nature
of this emission (composed of two bands at 3.31 and 3.34 eV) has been explained as
originating from the two possible interstitial sites for Zni within the Zn-Ge or Zn rings
in the lattice structure. This is in agreement with the DFT calculations, which indicate
the presence of an energy level related to the Zni states located at around 3 eV above
from the valence band and which is divided into two possible levels depending on
the position of Zni within the Zn2GeO4 lattice. Besides, the temperature dependence
in the low temperature regime of both components has been theoretically modeled,
yielding activation energies of nonradiative channels about 6 - 8 meV.

• The blue emission would be caused by DAP recombinations between the VO centre
acting as donor and the VZn centre acting as acceptor. This emission arises in T(11)
MRs, NWs and NCs, but is particularly interesting in the case of TLi microrods. In
this case, the blue band exhibits an anomalous negative thermal quenching (NTQ) as
its intensity increases with increasing temperature. The experimental data for the blue
band fitted perfectly to the multi-level model developed by Shibata, which allowed
the calculation of the activation energies of intermediate states (which increase the
PL intensity with temperature), resulting in a value of E ′

1 = 33 meV. This NTQ of the
blue band allows high efficiency to be maintained over a wide temperature range, even
above room temperature, making these microrods potential candidates for their use in
visible light LEDs.

The enhancement of the blue emission of the Li-doped Zn2GeO4 microrods would
be related to the Li entering into the crystal lattice replacing the Zn. This would
generate an acceptor level within the bandgap and increase the number of holes in the
valence band. In order to support the experimental data, DFT calculations related to
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the incorporation of Li into the Zn2GeO4 lattice as an interstitial or as a substitutional
impurity were carried out. These calculations suggest the formation of a complex
defect (LiZn-Lii) that would favour the creation of VZn. Both VZn and LiZn centres
originate acceptor levels within the bandgap that give rise to blue emission. On the
other hand, the Lii defect is not expected to have a significant effect on luminescence
as it does not introduce new electronic levels into the bandgap, but could be the reason
of the observed persistent bluish luminescence enhancement. These results show
that this defect engineering technique by Li doping could be used to tune the optical
properties of Zn2GeO4.

• The GY emission is related to the DAP transition the VO centre acting as donor and the
VGe centre acting as acceptor, and is composed of a yellow (2.0 eV) and a green (2.4
eV) band. This emission is present in all samples, with different relative intensities of
its components. In most of them the green band dominates, but in the case of NWs, the
yellow band dominates at low temperatures. The increase of the GY band observed in
the nanowires is associated with an increase of Ge vacancies due to its out-diffusion
towards the surface, suggested by XPS measurements. The DFT calculations indicate
that states related to VGe appear between 2.9 - 3.6 eV from the valence band, which
also support this conclusion.

Therefore, in this work, advances in the knowledge of the origin of the luminescence
of Zn2GeO4 have been achieved by studying the role of the native defects, as shown in
Figure 7.2. This understanding of the native defect structure is essential to fully exploit the
characteristics of Zn2GeO4 as it often plays a key role in the photocatalytic and optoelectronic
properties of semiconducting oxides.

7.3 Luminescent features depending on the structure type

Finally, the third objective of this work was to study the luminescent features of the different
structures obtained, according to their size, morphology and structure. The origin of the
Zn2GeO4 emissions, which are affected by the size, the synthesis route used or the presence
of impurities in the treatment, have been detailed above. Thus, by selecting the suitable
structure type, control over the desired physical properties can be obtained. The most relevant
luminescence results obtained according to the type of structure are presented as follows:

• UV luminescence

As shown above, Zn2GeO4 exhibits two emissions in the UV range, a wide band
(W-UV) and a narrow band (N-UV). Until this work, there was a lack of understanding
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Fig. 7.2: Schematic diagram of PL mechanism of Zn2GeO4 (a) proposed by Liu et al.20 and (b)
proposed in this work, where the solid lines represent radiative mechanisms, while the dashed lines
represent nonradiative mechanisms.

of the UV light absorption and emission processes in relation to its microstructure,
including its native defect structure, which is crucial to fully exploit its potential in
UV optoelectronic devices.

N-UV emission is only present in samples with high Zn content in the treatment, such
as T(21) micrords and TSnx nanowires. UV emission is generally rather difficult
to achieve in undoped oxides because the native defects induce traps that quench
near band-edge transitions. One way to tailor the luminescence is by doping with
optically active impurities, which provide emission at specific wavelengths depending
on the impurity chosen. For this purpose, rare earth ions are well suited due to
their well-defined intraion level transitions. However, doping with heavy ions is not
always straightforward because of the low ions diffusivity in the host crystal, and
ion implantation methods might be needed. In this thesis, a narrow and very well
defined UV emission from Zn2GeO4 is obtained simply by the presence of intrinsic
point defects such as Zni, which provides a valuable way of tuning the luminescence
emission without the need to import foreign cations, simply by favouring the formation
of such defects in the growth. The studies carried out in this work show that this N-UV
emission is quite stable upon temperature changes and is the only dominant emission
when exciting below the energy bandgap in the low temperature regime, up to 100 K. In
addition, at room temperature, the visible emission of MRs undergoes a blue-shift with
decreasing excitation wavelength, which results in a greenish-white emission when
excited with UV-B (280-320 nm) or a dark blue emission when excited with UV-C
(200-280 nm). Therefore, these results could be of major interest for applications since
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they pave the way to exploit defect engineering in achieving functional optoelectronic
devices operating in the near and medium UV region.

• Modulable emission in the visible range

It has been observed in this work that Zn2GeO4 emissions in the visible range (GY and
blue bands) depend on both the native defects of the material (altered by the growth
method or doping) and the excitation conditions. Depending on the intensity of each
band, the Zn2GeO4 emission can range from dark blue to green-yellowish, as can be
seen in the CIE map in Figure 7.3(a) (where the colour refers to the sample and shape
of the mark to the type of excitation). Thus, with the TLi microrods (yellow circle and
triangle) a blue emission with a high colour purity can be obtained, which also has a
high efficiency due to the anomalous negative thermal quenching. On the other hand,
under certain conditions, the contribution of GY and blue bands to the luminescence
give rise to white emission. For instance, a warm-white emission can be obtained
by exciting the nanowires with 280 nm (black square) or a cold-white emission by
exciting the nanocrystals with 325 nm (red triangle), as can be seen with the naked
eye in Figure 7.3(b). These results pave the way to the design of efficient white light
emitters using a single material system, such as Zn2GeO4 nanowires or nanocrystals,
and their use in white LEDs.

Fig. 7.3: (a) CIE map showing multiple points corresponding to the integrated PL emission of the
different Zn2GeO4 structures. Colour code: Purple-T(11) MRs, yellow-TLi MRs, black-NWs and
red-NCs. Shape code: Circles, squares and triangles correspond to PL emission under excitation of
250, 280 and 325 nm respectively. (b) Photograph of compacted Zn2GeO4 nanocrystals on a silicon
substrate under illumination with a 325 nm laser. The sample shines with a very bright cold-white
light.
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• Microcavities and waveguiding

The behaviour of individual undoped microrods as optical cavities and waveguides
was assessed. The microrods of both treatments act as optical resonators, with gener-
ation of Fabry-Perot modes in the hexagonal cross-section under an electron beam.
These modulations were used to determine the refractive index dispersion relation of
Zn2GeO4 in the entire visible range, which has not been reported before. The disper-
sion curves were calculated following both, the Cauchy model (valid in the optically
transparent region) and the Sellmeier model (valid away from the optical bandgap).
Both models provide a refractive index in the UV-vis region than go from 1.90 - 1.93
in the UV region to 1.72 in the long wavelength visible region. For this value of
the refractive index in the long wavelength region, the permittivity of Zn2GeO4 was
calculated and a value of εr = 2.96 was obtained. In addition, the dispersion relation
of the refractive index of Zn2GeO4 was determined by first-principles calculations.
These results were in agreement with those obtained experimentally, although with
slightly higher refractive index values, probably because the calculations were per-
formed according to the defect-free model. Furthermore, the DFT results show a clear
refractive index anisotropy between the x and y axes and the z axis, which has not been
observed before, and suggest that Zn2GeO4 exhibits the property of birefringence.

In addition, CL and PL experiments have revealed that self-assembled Zn2GeO4/SnO2

nanoheterostructures also display light confinement effects, and optical resonances
were observed in the luminescence spectra. The analysis demonstrates that Fabry-
Perot resonances occur due to reflection at the SnO2 end-facets of light propagating
parallel to the NWs. These results show that skewer-like structures may act as an
array of optical microcavities sustained by a nanowire, which could provide new
possibilities for tailoring the optical and optoelectronic properties of semiconductor
nanostructures.

On the other hand, the undoped MRs grown in this work exhibit waveguiding behaviour
as light propagates across them when an UV laser light is incident on one end of
the wire. Micro-PL images were obtained in which a persistent bluish luminescence
resulting from the luminescence caused by the laser travelling through the MRs was
visible. This persistent luminescence also appears more pronounced in both the
MRs and the P-B structures grown in the TLix treatments [see Figure 7.4(a)]. A
long-lasting photoluminescence has been attributed in the literature to Zni position
that act as electron traps.127 Therefore, these results suggest that Li could be placed
as an interstitial and act as an electron trap, which would enhance the long-lasting
photoluminescence of the Zn2GeO4 microstructures.
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Besides, in beaded rods in which GeO2 beads are attached to the Zn2GeO4 core wire
the laser light travels along the central wire and a certain amount of light escapes
through the beads arranged periodically along the wire, as shown in Figure 7.4(b).
Therefore, this architecture of the structures could be of interest for waveguides
research, as light can be extracted by simply depositing a small amount of GeO2 on
the wire of Zn2GeO4.

Fig. 7.4: Optical images of (a) MR of TLi10 and (b) beaded rod of T(11) showing the waveguiding
behavior. The bottom part of (a) shows a micro-PL image in which the persistent luminescence of the
MR is visible.
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