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Croissance EJM et caractérisation de Zn3N2 et Mg3N2 : de l'épitaxie à la science des 

matériaux 

Résumé :  

Les semi-conducteurs cubiques à base de nitrures du groupe II sont presque inconnus dans la 

communauté scientifique, même si beaucoup d'entre eux sont constitués d'éléments présents 

en abondance sur terre. Le Zn3N2 et le Mg3N2, par exemple, ne sont pas toxiques et ont des 

bandes interdites d'environ 1 eV et 3 eV, respectivement, ce qui en fait des candidats intéressants 

pour des applications dans des dispositifs optoélectroniques. Cependant, afin d'évaluer la 

potentialité de ces matériaux pour des applications, il est nécessaire de les synthétiser avec une 

qualité cristalline suffisamment élevée et de caractériser leurs propriétés physiques 

fondamentales. 

Dans le cadre de cette thèse, nous développons la croissance épitaxiale de couches minces de 

Zn3N2 et de Mg3N2 par EJM. Afin d’éviter la décomposition des films minces de Mg3N2 à l'air, des 

couches de protection de MgO polycrystallin ont été déposées in-situ dans la chambre d’EJM. 

Cette couche augmente la durée de vie du Mg3N2 passant de quelques minutes à plusieurs 

semaines à l'air, permettant ainsi une caractérisation approfondie. L'orientation des couches 

minces, à la fois de Zn3N2 et de Mg3N2, sur des substrats de MgO (100) peut être contrôlée à 

façon, passant de (100) à (111) suite à une variation des conditions de croissance. Par ailleurs, le 

Zn3N2 (100) est épitaxié sur YSZ (100) et le Mg3N2 (111) est epitaxié sur des substrats YSZ (100) et 

MgO (111). Les relations épitaxiales et la qualité structurale de chaque combinaisons couche 

mince-substrat ont été déterminées en utilisant la diffraction d'électrons à haute énergie en 

incidence rasante, la diffraction de rayons X et / ou la microscopie électronique en transmission. 

Grâce à cela nous pouvons proposer une image précise de l'épitaxie de nitrures du groupe II et 

de leur microstructure, jamais rapportée précédemment dans la littérature. 

En plus de leurs propriétés structurales, nous avons exploré certaines des propriétés physiques 

fondamentales du Zn3N2 et du Mg3N2. En raison de la sensibilité des nitrures du groupe II à 

l'humidité, une détermination fiable de la bande interdite optique du Zn3N2 et du Mg3N2 est 

difficile. En utilisant des mesures de photoluminescence, de réflectance diffuse et de 

transmittance, nous avons mesuré la bande interdite de Mg3N2, sur nos couches minces, et dont 

la valeur est 2.9 eV à température ambiante. Nous avons mesuré aussi celle du Zn3N2 qui vaut 

1.0 eV à température ambiante (et se décale vers le bleu en fonction de la concentration de 

porteurs en raison de l'effet Moss-Burstein). Alors que les couches minces de Zn3N2 sont de type 

n et dégénérées, avec des concentrations de porteurs entre 1019 cm-3 et 1021 cm-3, les couches 

minces de Mg3N2 se révèlent être électriquement isolantes. Enfin, la dilatation du réseau cristallin 

hors plan était surveillée en fonction de la température pour les couches minces de Zn3N2 et 

Mg3N2, permettant l'extraction de leurs coefficients de dilatation thermiques, des paramètres 

importants pour la conception d'hétérostructures épitaxiales. Nous avons établi des valeurs 

moyennes de 1.5 × 10-5 K-1 et 1.1 × 10-5 K-1 dans une gamme de température de 300 K à 700 K-

800 K pour Zn3N2 et Mg3N2, respectivement, trois à quatre fois plus élevées que celles des 

nitrures du groupe III. 
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MBE-growth and characterization of Zn3N2 and Mg3N2: From epitaxy to materials 

science  

Abstract: 

Cubic group II-nitride materials are almost unknown in the scientific community, even though 

many of them consists of earth-abundant elements. Zn3N2 and Mg3N2, for instance, are non-toxic 

and have band gaps of around 1 eV and 3 eV, respectively, making them attractive candidates for 

the application in optoelectronic devices. However, in order to evaluate these materials for 

device applications it is necessary to grow them in a sufficiently high quality, and characterize 

their fundamental physical properties. 

In this work we develop the epitaxial growth of Zn3N2 and Mg3N2 thin films by MBE. To prevent 

the decomposition of Mg3N2 thin films in air, we employed polycrystalline MgO capping layers 

grown in-situ in the MBE chamber, thereby increasing the Mg3N2 lifetime from a few minutes to 

several weeks in air and enabling further characterization. The film orientation of both Zn3N2 and 

Mg3N2 on MgO (100) substrates can be tuned from epitaxial (100) to (111) by varying the growth 

conditions. Apart from that, epitaxial Zn3N2 (100) is obtained on YSZ (100), whereas epitaxial 

Mg3N2 (111) is obtained on YSZ (100) and MgO (111) substrates. The epitaxial relationships and 

structural qualities are analyzed for all thin film-substrate combinations using reflection high-

energy electron diffraction, x-ray diffraction and/or transmission electron microscopy, giving 

thereby a detailed insight into group-II nitride epitaxy and their film microstructure, as never 

reported before in the literature.  

Besides their structural properties, we explored some of the fundamental physical properties of 

Zn3N2 and Mg3N2. Due to the sensitivity of II-nitrides towards humidity, a reliable determination 

of the optical band gap of Zn3N2 and Mg3N2 is challenging. By employing photoluminescence, 

diffuse reflectance and transmittance measurements we measure the band gap of our MBE-

grown Mg3N2 thin films to be 2.9 eV at room temperature, as well as the band gap of MBE-grown 

Zn3N2 as a function of carrier concentration (1.0 eV at room temperature, blue-shifted due to the 

Moss-Burstein effect). While Zn3N2 thin films were found to be n-type and degenerate, with 

carrier concentrations between 1019 cm-3 and 1021 cm-3, consistent with previous literature work, 

Mg3N2 thin films turn out to be electrically insulating. Finally, we monitored the out-of-plane 

lattice dilatation as a function of temperature for Zn3N2 and Mg3N2 thin films, enabling the 

extraction of their linear thermal expansion coefficients therefrom, an important parameter for 

the design of epitaxial heterostructures. We established average values of 1.5 × 10-5 K-1 and 

1.1 × 10-5 K-1 in a temperature range from 300 K to 700 K-800 K for Zn3N2 and Mg3N2, 

respectively, three to four times higher than III-nitrides. 

Keywords: Molecular beam epitaxy, Group II-nitrides, X-ray diffraction, Optical and electrical 

characterization of thin films, Transmission electron microscopy 
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Introduction

THE digital revolution, also referred to as third industrial revolution, started in the 20th

century with the development of the first computers in the 1940s [1] and led to radi-

cal changes of everyone’s daily life. Although initially with poor calculation power, computers

gained in performance, were already indispensable for the moon landing in 1969 [2] and be-

came finally connected by the world wide web in 1989 [3]. Nowadays, the world is digitalized

and nearly everyone uses personal computers, as well as optoelectronic devices addressing an

increasing number of applications, for example in data storage (CDs, DVDs, USB flash drives),

communications (mobile phones) and projection (flat panel displays, video projectors).

Many of the above-mentioned products are not manufacturable without the use of semi-

conductors. Integrated circuits, for instance, the base of microchips and hence, computers,

are composed of numerous transistors, a semiconductor device that allows the switching and

amplification of electric current. The first transistor made of germanium (Ge) was already

demonstrated by Bell Labs in 1947 [4]. However, early transistors suffered from high leakage

currents and low operation temperatures of 70 ◦C due to the small Ge band gap of 0.67 eV [5].

They were therefore replaced by silicon (Si) transistors in 1954 [6], which became the dominat-

ing semiconductor material up to now. While semiconductors were initially used in their bulk

form, nowadays’ electronic devices consist of semiconducting thin films, which are commonly

grown on Si substrates. On the one hand, the use of thin films reduces the amount of utilized

material, allowing the production of cheaper and smaller devices, such as microchips. On the

other hand, the confinement in one dimension down to nanometric scales leads to the occur-

rence of quantum effects, which enabled the improvement of optoelectronic devices, such as

light-emitting diodes (LEDs) and semiconductor lasers.

A breakthrough for solid state lightening was certainly the development of efficient white-

light LEDs based on group III-nitrides, which was awarded with the Nobel Prize for Physics

in 2014 [7]. III-nitride materials are nowadays well-established in the commercial market of

opto- and microelectronic devices, as in lasers [8], LEDs [9] and transistors [10]. These versa-

tile applications are, after all, feasible due to the physical properties of III-nitrides, i.e. a direct,

widely tunable band gap from the near infrared (IR) to the deep ultraviolet (UV) spectral range,

as well as the possibility to fabricate n- and p-type doped III-nitride materials. The final appli-

cation of GaN and related III-nitrides in devices was accomplished thanks to the development
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of high-quality epitaxial thin films coupled with efficient device designs.

In the last years, the advent of a new industrial revolution can be foreseen: in 2010, the

number of devices connected through internet was for the first time larger than the number of

human beings on this planet [2]. These devices will be soon connected with the 5G technol-

ogy, whose development was initiated in 2016 [11], enabling data-communication of machines

with each other. The so-called "Internet of things", requiring new concepts of smart devices

that perceive their environment, is predicted to eventually lead to large energy savings [12] (al-

though one might express some skepticism about this argument suggested so many times). To

realize this goal, research in semiconductor sensing technology (e.g. development of electronic

noses or electronic tongues), in communication between the devices (e.g. by new platforms),

as well as in the application side (e.g. new devices for smart lighting) is necessary.

The III-nitride system will be surely contributing to the development of these applications.

Nevertheless, there are some limitations associated with this material system: when it comes

to optoelectronic applications, it suffers from low efficiencies in the wavelength range above

550 nm (i.e. in the red visible spectrum). Quantum wells of gallium nitride (GaN) and indium

gallium nitride (InGaN) with large indium (In) concentrations are required to cover this spec-

tral range. However, these layers are challenging to grow with sufficiently high quality, leading

to a drop of external quantum efficiency (EQE) to lower than 20 % in the red spectral range, as

shown in Figure 1(a) [13], although more recent advances enable III-nitrides to eventually cover

the full visible spectrum with large efficiencies [14]. The reason for the low EQE lies, on the

one hand, in an increased quantum confined Stark effect (QCSE) for InGaN with larger In con-

centration, reducing thereby the overlap between electron and hole wave-functions [15, 16].

On the other hand, the InGaN material quality decreases, probably due to the differences in

optimum growth temperature and lattice parameters of the binary GaN and indium nitride

(InN) compounds, as indicated in Figure 1(b), leading to larger non-radiative recombination

rates [13]. Another factor may be increased random fluctuations of the In content in InGaN,

naturally occurring in such ternary alloys and leading to statistical spreads of the electronic

states, thereby reducing the LED efficiency too [13, 17, 18].

Besides the physical limitations of III-nitride materials, there is another limitation that will

probably become more critical in the future: In and Ga are "critical elements", i.e. they are rare,

present in very low concentrations or unevenly distributed, leading to a critical availability and

high prices [19, 20].

Thus, to realize the above-mentioned applications, more research in semiconductor ma-

terials, especially on earth abundant ones, is necessary. Besides new device designs, it is im-

portant to seek for novel semiconductors that can eventually complement or substitute the

existing ones. The development of well-controlled, high-quality epitaxial thin films plays a key

role in this research, allowing to reliably explore the fundamental physical properties of these

unknown materials and, eventually, exploit them in devices.

In contrast to III-nitrides, the research on II-nitride materials is almost in-existent and
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Figure 1: (a) Maximum External Quantum Efficiency of III-nitride LEDs as a function of their
emission wavelength, reprinted from [13]. Note that reference [13] dates back to 2016
and the efficiencies of nitride LEDs in the green and red spectral range are continu-
ously improved. (b) Comparison of III- and II-nitride band gaps as a function of their
lattice mismatch. Note that the III-nitride lattice mismatches are calculated with re-
spect to AlN and the II-nitride lattice mismatches with respect to Zn3N2. The dot-
ted lines indicate the corresponding ternary compounds (bowing parameters are ne-
glected).

some of their basic physical properties are still unknown. Magnesium nitride (Mg3N2), for in-

stance, was first observed as early as 1857 [21]. Nevertheless, its epitaxial growth was in-existent

at the beginning of this PhD and many of its properties, such as band gap, electrical character-

istics or linear thermal expansion coefficient were still under controversial discussion or, in

most cases, unknown. This is quite surprising, given that magnesium (Mg) metal and nitrogen

(N) are earth abundant elements. Furthermore, Mg3N2 was detected as a parasitic phase in

highly Mg-doped GaN, where it decreases its doping efficiency [22], which demonstrates also

the technological relevance of this material and which might have pushed the community to

address its fundamental properties.

Another, and probably the most studied, II-nitride material is zinc nitride (Zn3N2), attract-

ing attention due to the strong interest to fabricate p-type doped zinc oxide (ZnO) in the 2000s.

In this context, several attempts were made to achieve p-type ZnO, e.g. by (partial) oxidation of

Zn3N2 [23–31] or by fabricating nitrogen-doped ZnO from Zn3N2 targets, as demonstrated by

pulsed laser ablation [32]. This led also to increased research activity on Zn3N2 itself, including

first demonstrations of Zn3N2-based devices, such as thin film transistors (TFTs) [33–41].

A material that emerged from these approaches is zinc oxynitride (ZnON), proposed by

Samsung Electronics as an alternative in flat panel displays to replace hydrogenated amor-

phous silicon (a-Si:H) TFTs, having a limited electron mobility of ∼1 cm2V−1s−1 [42–45]. This

ternary ZnON alloy was designed to deactivate oxygen vacancies naturally occurring in ZnO,

and to enable electron mobilities as large as 100 cm2V−1s−1, even in an amorphous matrix,

making it highly promising for the next generation of displays.

Although alloying of two (or more) materials is known to allow the manipulation of mate-
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rial properties according to the requirements necessary for device production (as also demon-

strated for many III-V semiconductors), nobody tried to apply this approach on II-nitride ma-

terials at the beginning of this project. In particular, the Zn3N2/Mg3N2 system offers several

possible advantages in the context of material engineering. Due to the very similar ionic radii of

the Zn2+ and Mg2+ cations [46], being both hosted in the cubic anti-bixbyite structure, the two

materials have a relatively low lattice mismatch, as indicated in Figure 1(b). Hence, once these

materials can be epitaxially grown in sufficiently high quality, it should be relatively straightfor-

ward to grow also its ternary (Zn1 – xMgx)3N2 compound in a large compositional range, thereby

covering almost the whole visible spectral range and enabling to address a wide range of ap-

plications. Finally, the compounds Zn3N2 and Mg3N2 consist of earth abundant elements, en-

abling in principle the possibility of cheap and large scale production.

In this work, we develop the epitaxial growth of Zn3N2 and Mg3N2 using plasma assisted

molecular beam epitaxy (MBE) with crystalline qualities never reported before in literature.

We explored some of their basic physical properties, such as band gaps, linear thermal expan-

sion coefficients and electrical characteristics and proposed strategies to improve their quality

further. These developments are the base for addressing the growth of ternary II-nitride com-

pounds, such as (Zn1 – xMgx)3N2, where we obtained first epitaxial thin films by the end of this

PhD.

In the first chapter, we introduce the II-nitride system, being the materials of interest in

the context of this thesis. Epitaxy and the associated occurrence of strain and defects, as well

as the choice of adequate substrates for II-nitride heteroepitaxy are discussed. Subsequently,

we address the anti-bixbyite crystal structure, the reactivity of II-nitrides and the fundamental

physical properties of Mg3N2 and Zn3N2, as established before the beginning of this PhD. Fi-

nally, the state of development and applications up to date, as well as the motivation for this

thesis, are discussed.

The second chapter covers the principles of MBE as a technique for epitaxial thin film

growth. Moreover, the techniques employed during this thesis for structural, optical and elec-

trical characterization of the grown thin films are briefly introduced. We discuss in more detail

techniques using diffraction as a means of characterization, since they allow the evaluation of

the film microstructure and crystalline quality, which are the key figures of merit for the devel-

opment of epitaxial growth and have been systematically employed during this PhD.

The epitaxial growth of Zn3N2 is discussed in the third chapter. We report epitaxy for two

Zn3N2 orientations on two different substrates, investigate the epitaxial relationships and the

crystalline quality of the thin films. Furthermore, we investigated the thermal expansion co-

efficient of Zn3N2, an important parameter for growth optimization, and discuss strategies to

improve the crystalline quality in epitaxial Zn3N2. To evaluate its applicability in devices, we

measured the electrical and optical properties of Zn3N2, paying special attention to their cor-

relation with crystallinity and carrier concentrations, respectively.

The fourth chapter deals with Mg3N2 epitaxy. A growth process for a protective MgO cap-
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ping layer was developed in order to prevent the otherwise irreversible decomposition of Mg3N2

in air. Epitaxial Mg3N2 was obtained in two film orientations and on three different substrates.

The epitaxial relationships and the structural quality for each film-substrate combination is

addressed. Furthermore, we performed in-depth structural analysis on Mg3N2 (111) grown on

MgO (100) using advanced diffraction techniques, allowing us to develop a growth model and

to discuss strategies for further growth optimization, also thanks to the investigation of its ther-

mal expansion coefficient. At last, we investigated the optical properties of our Mg3N2 thin

films and compared them to commercially available Mg3N2 micro-particles.

Finally, the last chapter summarizes this thesis and discusses perspectives for future work

in this direction.
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Chapter 1

Epitaxy and II-nitride thin films

IN THIS CHAPTER, epitaxial growth in general, its application to the II-nitride material sys-

tem, as well as the fundamental physical properties of Zn3N2 and Mg3N2 are addressed

(as established in 2018, i.e. at the beginning of this PhD). This chapter covers:

• Epitaxy, choice of the substrate and defects in thin films

• II-nitride materials, their crystal structure and reactivity in air, with a particular focus on

Zn3N2 and Mg3N2

• Band structure and electronic properties of Zn3N2 and Mg3N2

• State of the art and applications of Zn3N2, Mg3N2 and their alloys

• Motivation for the PhD work
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1.1 Epitaxial thin film growth

A thin film is a condensed layer of solid matter deposited on a bulk material, referred to as

substrate. Among various classifications that can be made to differentiate thin films (as for ex-

ample by their composition or material properties), they can be classified according to their

microstructure, being commonly assigned to three main groups: Amorphous, polycrystalline

and single crystalline (epitaxial) thin films, as shown in Figure 1.1. While amorphous thin films

show an unorganized atomic arrangement, without any long-range order, epitaxial thin films

are fully crystalline and exhibit one definite orientation with respect to their crystalline sub-

strate. Polycrystalline thin films are an intermediate case, as they consist of crystallites (grains),

which are randomly oriented on the substrate and separated by grain boundaries. The synthe-

sis of crystalline thin films is commonly referred to as growth.

Figure 1.1: Different thin film microstructures.

In the frame of this project we develop the epitaxial growth of II-nitride thin films by MBE

with the aim of obtaining high quality films, as achieved by this technique on many other mate-

rial systems (for MBE see Section 2.1). Besides the strict qualitative requirements that thin films

have to fulfill for the application in opto- and microelectronic devices, the growth of epitaxial,

high quality II-nitride thin films has the advantage that basic physical properties, such as band

gap, thermal expansion coefficient, etc., being partially unknown up to now, are less influenced

by the presence of defects, as will be discussed in the following, and should be measured more

reliably.

1.1.1 The choice of the substrate

There are several factors that influence the quality of epitaxial thin films. The choice of the

substrate plays probably the most crucial role, which can either consist of the same material

(homoepitaxy) or, more commonly, of a different material than the growing film (heteroepi-

taxy). The application of homoepitaxy is rather limited, because the desired single crystalline

substrates are often expensive, if even commercially available. On the other hand, due to the
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Figure 1.2: (a) Lattices of the substrate and a free-standing layer. (b) Pseudomorphic, defect-
free layer. (c) Relaxed layer with misfit dislocation at the film-substrate interface.
(d) Relaxed layer with dislocation within the thin film volume.

differences of thin film and substrate in chemical composition, crystal structure, orientation

and/or lattice parameter, heteroepitaxial thin films often exhibit comparatively high defect

concentrations. In the context of II-nitrides, the issue of lattice mismatch between film and

substrate is particularly challenging due to the large lattice parameters of anti-bixbyite mate-

rials (for the cubic anti-bixbyite crystal structure, see Figure 1.7 in Section 1.2.1). Lattice mis-

matches, as shown in Figure 1.2(a), induce strain in the growing crystal. In the case of very

thin films, the layer can stay pseudomorphic, i.e. it adopts the lattice parameter of the sub-

strate while undergoing an elastic deformation, as shown in Figure 1.2(b). However, in case of

thicker layers relaxation takes place and the strain is released by the formation of defects such

as misfit dislocations at the film-substrate interface [see Figure 1.2(c)], or dislocations within

the thin film volume [see Figure 1.2(d)]. In this case the layer undergoes an irreversible, plastic

deformation.

Therefore, for the selection of an appropriate substrate the lattice mismatch between the

respective M3N2 layer to be grown (where M denotes the corresponding metal cation) and the

possible substrate material has to be considered. We therefore calculated the mismatch be-

tween Mg3N2 and Zn3N2 with selected substrate materials according to

M =
aL −aS

aS
, (1.1)

where aL and aS are the in-plane lattice parameters of the layer and the substrate, respectively.

Hence, a positive M indicates compressive strain with aL > aS (see Figure 1.2), whereas a nega-

tive M indicates tensile strain, where aL < aS . However, epitaxial growth is commonly done at

temperatures higher than room temperature. Due to the differences in linear thermal expan-

sion coefficient of thin film and substrate, the lattice mismatch varies as a function of tempera-

ture. For mature semiconductors (such as GaAs or GaN), this phenomenon is known and taken

into account when considering the film-substrate configuration. For II-nitrides, such as Zn3N2
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Figure 1.3: Different growth modes of a thin film.

and Mg3N2, however, neither the exact growth temperatures for epitaxy, nor the linear thermal

expansion coefficients were known at the beginning of this project.

Another factor influencing the growth process is the chemical composition of layer and

substrate, determining the interaction strengths between the arriving adatoms and the sur-

face (see Figure 1.3). If the chemical interaction strength between the adatoms themselves is

stronger than between the adatoms and the surface, the nucleating atoms tend to conglom-

erate and form three-dimensional (3D) islands, and the growth mode is referred to as 3D is-

land growth (or Volmer-Weber growth). On the opposite, if the interaction strength is stronger

between the adatoms and the surface than between the adatoms themselves, the nucleating

atoms form a two-dimensional (2D) layer, and the growth mode is referred to as 2D layer

growth (also Franck-van der Merwe growth). An intermediate case is the so-called mixed (or

Stranski–Krastanov) , consisting in an initial 2D layer growth that turns into 3D island growth

subsequently, due to a competition between the energies associated to the adatoms/surface

system and the adatoms system alone. Once the thickness is sufficiently large, the interaction

between adatoms overcomes the adatoms/surface interaction.

Besides the lattice parameter and composition, determining the rotational symmetry of a

substrate around its out-of-plane axis (being perpendicular to the sample surface), determined

by its crystal structure and orientation, is crucial. A symmetry mismatch between the substrate

and the growing epilayer can lead to the formation of rotational epitaxial domains, i.e. ener-

getically equivalent crystallites that exhibit different in-plane rotation angle with respect to the

substrate. In general, crystal twinning needs to be avoided, since it leads to boundaries be-

tween the twins themselves, which may deteriorate the optical and electrical properties of the

thin film. The minimum number of energetically equivalent epitaxial domains is entirely de-

pendent on the symmetry relation between the substrate and the epilayer, with their Cn and Cm

rotational axes around the surface normal having n and m-fold symmetries, respectively [47].
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Figure 1.4: Schematic representation of the number of epitaxial domains, depending on the
substrate (sub) and epilayer (epi) symmetries, reprinted from [47].

The number of rotational domains is given by

Ndomai ns =
lcm(n,m)

m
, (1.2)

where n,m ∈ {1,2,3,4,6} and lcm denotes their least common multiple. Figure 1.4 shows the

numbers and arrangements of the energetically equivalent rotational domains originating from

different substrate-epilayer symmetries. Note that the actual number of domains occurring in

epitaxy may be higher than calculated in Equation 1.2, which provides the minimum number

one should obtain based on symmetry considerations alone.

The crystallographic parameters of Zn3N2 and Mg3N2 and those of selected substrate ma-

terials, namely magnesium oxide (MgO), yttria stabilized zirconia (YSZ) and a-plane sapphire,

are summarized in Table 1.1. MgO and YSZ have a cubic structure and exhibit thus the same

symmetry as the M3N2 layers, being therefore both in principle suitable substrate materials.

However, the unit cells of Zn3N2 and Mg3N2 are approximately two times larger than the ones

of MgO and YSZ. Therefore, considering a domain matching epitaxy [48], we multiplied the

substrate lattice parameter by two when using Equation 1.1 to calculate the lattice mismatch

to the respective M3N2 material.

The large lattice mismatch to MgO (100) will impose a high compressive strain to the grow-

ing M3N2 (100) crystal (if epitaxy is even possible in this configuration), leading probably to

high defect densities. The lattice mismatch between YSZ (100) and M3N2 (100) is smaller,

hence, the defect densities occurring in this configuration might be lower than on MgO. Note

again that, in these cases, the lattice mismatches are calculated using two substrate unit cells

with one M3N2 unit cell.
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Table 1.1: Crystallographic parameters of selected substrates and their lattice mismatch to
Zn3N2 and Mg3N2. Note that the lattice mismatches of the respective M3N2 crystal
to MgO, YSZ and a-plane sapphire were calculated using two substrate unit cells with
one M3N2 unit cell. The literature lattice parameters were obtained from [49–52].

Mg3N2 Zn3N2 MgO YSZ Sapphire
Crystal structure anti-bixbyite anti-bixbyite rocksalt fluorite corundum
Orientation (100) (100) (100) (100) (112̄0)
Symmetry 4-fold 4-fold 4-fold 4-fold 2-fold
Lattice parameter a (Å) 9.953 9.769 4.211 5.145 4.758
Lattice parameter c (Å) —– —– —– —– 12.983
Lattice mismatch Mg3N2 —– 1.9 % 18.2 % −3.3 % 4.6 %/−23.3 %
Lattice mismatch Zn3N2 −1.8 % —– 16.0 % −5.1 % 2.7 %/−24.8 %

Interestingly, epitaxial Zn3N2 was reported on a-plane sapphire [53], although the lattice

mismatch along the in-plane c-direction is very high and symmetry mismatch between sap-

phire and Zn3N2 leads necessarily to two epitaxial twins. However, instead of growing along

the [100] direction, the Zn3N2 layer was found to be oriented along [111], thereby reducing the

lattice mismatch with the substrate to 6.5 %, which did however not prevent the occurrence of

two twin domains (see Figure 1.4). This example demonstrates that epitaxy can still occur on

materials that may be at first appearance not suitable as substrate material. The final orienta-

tions of the growing crystal with respect to its substrate, also referred to as epitaxial relation-

ships, are difficult to predict and may change as a function of growth parameters. Therefore, it

is indispensable to perform growth on several different substrates in order to find out the most

suitable configuration.

Figure 1.5: 2×2µm2 AFM micrographs of different single-crystalline substrate surfaces.
(a) MgO (100) without any surface treatment. (b) MgO (100) and (c) YSZ (100), both
annealed for 2 min under O2 atmosphere at 1150 ◦C.

Besides the lattice parameter and symmetry of the substrate, its surface quality is crucial for

epitaxial growth. While sapphire and Si substrates are commercially available as "epi-ready"

(i.e. with a high surface quality, hence, ready for epitaxy right after delivery) in numerous ori-

entations and sizes, MgO and YSZ, for instance, are available only in selected orientations and
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sizes, and with limited surface quality. Figure 1.5(a) shows an AFM image of an as-delivered

10×20 cm2 MgO (100) substrate (for more details about AFM, see Section 2.3.1). The surface

is dominated by agglomerates that are oriented along more or less parallel lines. These ag-

glomerates are probably residues of the chemical-mechanical polishing process that is used

for surface smoothening of the substrate and may lead to perturbations during the nucleation

process. Interestingly, by applying a rapid thermal annealing (RTA) procedure under oxygen

atmosphere in CRHEA’s clean-room, one can achieve high surface qualities, as shown in Fig-

ure 1.5(b). The step-and-terrace morphology is due to a voluntary introduced miscut, which

usually promotes the nucleation process, where the measured step height corresponds to one

MgO unit cell. Note that the annealing process did not eliminate all the agglomerates from the

surface, which either diffuse to the rinks of the atomic steps, or, on the contrary, prevent the

diffusion of the atoms surrounding them, leading to the same result. On the other hand, Fig-

ure 1.5(c) shows an AFM micrograph of a 10×20 cm2 YSZ (100) substrate, annealed under the

same conditions as the MgO substrate. While also in this case a step-and-terrace morphology is

present after annealing, where the step height corresponds also in this case to one YSZ unit cell,

the residues of the chemical-mechanical polishing procedure could be successfully removed,

leading to a higher surface quality.

1.1.2 Defects in crystals

All crystals, even bulk ones, exhibit imperfections. These defects can be classified according

to their dimensionality into point defects, line defects (e.g. dislocations), surface defects (e.g.

stacking faults, grain boundaries) and volume defects (e.g. misorientations, precipitates, bub-

bles) [54]. All of these defects lead to deviations of the atoms from their ideal crystallographic

positions and influence hence the mechanical, electrical and optical properties of the crys-

tal [54–58]. The defect concentrations of a crystal depend, among others, on its synthesis con-

ditions. Hence, in the context of epitaxy they are determined by the film-substrate configura-

tion, as mentioned in Section 1.1.1, as well as the growth method and growth conditions. In the

following we restrict ourselves to point defects, grain boundaries and misorientations, being

the most important defect classes found in the context of this project.

Intrinsic point defects are either missing atoms (vacancies) from a lattice site, additional

(interstitial) atoms into a non-lattice site or anti-sites (i.e. exchanged anion and cation posi-

tions), causing very local distortions of the crystalline lattice. The equilibrium concentration of

these defects depends, among others, on the growth temperature, since their formation energy

is positive. However, thin film growth is a non-equilibrium process and, therefore, the defect

concentration may be controlled, to some extent, by adapting the growth conditions.

This becomes particularly important in the case of extrinsic defects, i.e. impurities. Im-

purity atoms, which can either substitute atoms located on lattice sites or occupy interstitial

sites, may be intentionally introduced and enable to control some of the crystal’s properties.

In semiconductors, for instance, the substitution of lattice atoms with impurities having ox-
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Figure 1.6: Schematic representation of misorientations (twist and tilt) that can occur in epi-
taxial thin films.

idation states different than the host atoms (doping), enables to introduce additional charge

carriers and to control thereby the crystal’s electrical properties.

Grain boundaries occur particularly in polycrystalline thin films, where they separate the

crystallites the layer consists of. While the grains themselves are single-crystalline and exhibit

the above-mentioned defects, the grain boundaries are two-dimensional interface defects, ini-

tiating a directional change of the crystalline lattice when passing from one grain to another.

The nature of the grain boundaries is hence highly dependent on the rotational angle between

two grains. Polycrystalline films exhibit mainly high-angle grain boundaries, since the rota-

tional angle between the grains is large. The atomic structure of high-angle grain boundaries is

usually rather complex, although periodic, and is described in more detail in reference [59].

A special case of high-angle grain boundaries is found between epitaxial twin domains.

As discussed in Section 1.1.1, epitaxial twins are the consequence of a symmetry mismatch

between the film and the substrate and are obtained by rotating one twin by usually 60°, 90°

or 180° around the out-of-plane axis (see Figure 1.4). Due to this rotational symmetry of the

twins with respect to each other, their boundary can, in the simplest case, consist of a shared

atomic plane between both twin lattices, the so called twin plane [54]. Due to their well-defined

geometrical relation, this same twin plane may be identical between all the present twins.

However, grain boundaries can also occur more generally in epitaxial thin films, as these

films may consist of mosaic crystallites that are only slightly misoriented with respect to each

other [60, 61]. As mentioned earlier, epitaxial thin films exhibit a certain crystallographic re-

lationship to the substrate on which they are grown. Misorientations are rotational deviations

of the crystallite’s lattice with respect to this ideal epitaxial relationship. They are described

by a rotational angle around the out-of-plane axis of the film (also referred to as twist) and

a rotational angle around an in-plane axis (referred to as tilt). Figure 1.6 shows a schematic

representation of twist and tilt that can occur in epitaxial mosaic crystals. The necessary con-

sequence of these slight misorientations are grain boundaries. These so-called low-angle grain

boundaries consist commonly of arrays of threading dislocations [54] that compensate the an-

gular mismatch between the grains (similarly to misfit dislocations that compensate the lattice

mismatch between film and substrate, see Figure 1.2). The larger the misorientation angles, the

higher the threading dislocation density in the boundary that is needed for orientation com-
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pensation. More information about defects and, especially, dislocations can be found in refer-

ence [54].

1.2 II-nitride materials

To construct an imaginary crystalline II-nitride material one needs to combine an element in

the +II oxidation state with the element nitrogen, exhibiting the -III oxidation state. The result-

ing chemical formula is then M3N2, where M denotes the corresponding metal cation. M3N2

compounds are known for alkaline earth metals in group 2 of the periodic table, such as Be3N2,

Mg3N2, Ca3N2, which crystallize in the cubic anti-bixbyite structure [50, 62]. The crystal struc-

tures of Sr3N2 and Ba3N2 are not yet experimentally confirmed, but density functional theory

(DFT) calculations propose the anti-bixbyite structure as the most stable polymorph for Sr3N2

and as one possible polymorph for Ba3N2 [63]. This structure is deduced from the crystal struc-

ture of the bixbyite mineral (Mn, Fe)2O3, but with inversed cation and anion positions.

Besides alkaline earth metals, many transition metals show +II oxidation states and can

therefore possibly serve as cations for a II-nitride material, as it is for example the case for

Zn3N2. Like the alkaline earth nitrides, Zn3N2 crystallizes in the cubic anti-bixbyite struc-

ture [50]. Due to the very similar ionic radii of Zn2+ and Mg2+ of 88 pm and 86 pm, respec-

tively [46], Zn3N2 and Mg3N2 exhibit almost the same lattice parameters (see Table 1.1) making

the growth of their ternary alloys or heterostructures particularly attractive. In the following

we introduce the structural and physical properties of II-nitrides, with a focus on Zn3N2 and

Mg3N2, being grown and investigated within this project.

1.2.1 Crystal structure of II-nitrides

Figure 1.7(a) shows an anti-bixbyite M3N2 unit cell (space group Ia3̄, No. 206, for Wyckoff po-

sitions and symmetry operations see Figure A.1 of the Appendix), containing 80 atoms. The

48 M2+ cations, which are situated on crystallographically equivalent lattice sites, are tetrahe-

drally coordinated and occupy the 48e Wyckoff positions. On the other hand, the 32 N3− anions

are surrounded by M2+ in a distorted octahedral geometry and occupy two crystallographically

non-equivalent lattice sites, Wyckoff 8b and 24d. The sixfold coordination of the N3− anions

can be considered as a deficient cubic one, as schematically shown in Figure 1.7(b).

The N3− anions occupying the Wyckoff 8b sites exhibit two M-vacancies along the cube di-

agonal, leading to an equal bond length to all neighboring M2+ cations in the relaxed structure.

On the contrary, the N3− anions on the 24d sites exhibit two M-vacancies along the face diag-

onal of the cube, leading to an unequal relaxation and hence, the occurrence of three different

bond lengths to the surrounding M2+ [64]. In this system, the M-vacancies form a specific net-

work, situated on the 16c Wyckoff positions of the structure.

In the case of Mg3N2, these vacancies may play in important role when the material is ex-
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Figure 1.7: Crystal structure of a cubic anti-bixbyite material with the formula M3N2. (a) Rep-
resentation of one unit cell. (b) Cooordination sphere of the two non-equivalent N
sites (small dotted squares represent M vacancies).

posed to hydrogen. Theoretical calculations predict that the Mg-vacancy sites can be filled by

hydrogen ions (resulting, formally, in the cubic CaF2 fluorite crystal structure), making Mg3N2

an interesting candidate as a hydrogen storage material [64].

1.2.2 Reactivity towards humidity

Interestingly, most of the II-nitrides discussed above are sensitive to humidity and decompose

to their corresponding oxides or hydroxides and ammonia, according to one of the following

reactions [65–67]:

M3N2 +6H2O −−→ 3M(OH)2 +2NH3 (1.3a)

M3N2 +3H2O −−→ 3MO+2NH3. (1.3b)

The reason for this reactivity lies most probably in the low ionization energies of group II ele-

ments [68], leading also to a strong oxidation tendency of the alkaline earth metals themselves.

Furthermore, the formation energies of M3N2 compounds in case of M = Mg,Zn with respect to

the elemental metal and molecular nitrogen are much smaller compared to their correspond-

ing metal oxides (∆H 0
f (Zn3N2) =−22.6 kJ mol−1 vs. ∆H 0

f (ZnO) =−348.3 kJ mol−1,∆H 0
f (Mg3N2) =

−460.7 kJ mol−1 vs. ∆H 0
f (MgO) =−601.7 kJ mol−1) [69]. This is mainly due to the high stability

of the nitrogen bonds of the N2 molecule, being a general problem when dealing with growth

of metal nitrides [70].

To illustrate this reactivity, we monitored the decomposition of commercial Mg3N2 micro-

particles (Alfa Aesar, nominal particle size: 44µm, purity 99.5 %). The initially yellowish powder

becomes completely white and undergoes a drastic volume increase within 24 h upon air expo-

sure, as shown in the inset of Figure 1.8(a). In order to better quantify the decomposition kinet-



1.2 II-NITRIDE MATERIALS 17

Figure 1.8: (a) Series of 2θ/ω scans on commercial Mg3N2 micro-particles in ambient condi-
tions. The diffraction peaks for exposures shorter than 12 h correspond to Mg3N2.
The insets show photographs of the initial and the decomposed powder. (b) Photo-
graph of an Mg3N2 thin film capped with ∼50 nm MgO after one week of air expo-
sure. (c) Laser microscopy image of (b) in the area indicated by the black rectangle
(measurements done in the Semiconductor Physics Group of the Leipzig University,
Germany).

ics of the Mg3N2 micro-particles, we performed a series of XRD measurements as a function of

time (for the theory of XRD see Section 2.2.1). As shown in Figure 1.8(a), the powder starts to

decompose after only 1 h, indicated by a decrease in diffracted intensity, although no Mg(OH)2

signal is yet detected. Indeed, the decomposition starts only on the surface of the micro-metric

particles. Once the reaction spreads into the volume Mg(OH)2 is detected, dominating the

pattern after 24 h. Nevertheless, the final diffracted intensity from Mg(OH)2 stays rather low,

indicating that the product of the decomposition reaction exhibits a poor crystallinity. By eval-

uating the peak areas of the Mg3N2 reflections as a function of time, the decomposition kinetics

can be quantified with an exponential fit using

A(t ) = A0e−
t
τ , (1.4)

where A0 is the initial peak area, A(t ) the peak area at the time t , and τ the decomposition

time constant, indicating the moment where A(t )
A0

= 1
e . Averaging the four reflections leads to a

mean decomposition time constant of τ= (5.5±0.2)h for the Mg3N2 powder in ambient condi-

tions. This fast reaction needs to be taken into account when dealing with II-nitride thin films,

whose surface-to-volume ratio is considerably larger than the one of the micro-particles, lead-

ing to even faster reaction rates. Indeed, an investigation on the decomposition of 500 nm-thick

Mg3N2 thin films finds a decomposition time constant of τ< 1min [71].

The high reactivity of II-nitride thin films towards humidity is probably the main reason

limiting the research activity on these materials. Furthermore, it may account for the inaccu-

racy when determining the physical properties of II-nitrides, as will be discussed in the follow-
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ing sections. Therefore, the development of appropriate capping layers is indispensable when

dealing with II-nitride film growth and, especially, their application in devices.

We investigated the decomposition of Mg3N2 thin films capped by a ∼50 nm-thick poly-

crystalline MgO protection layer (grown in-situ in the MBE chamber). After one week of air

exposure, the thin film starts to degrade in certain areas. Humidity enters probably around de-

fects that are present in the MgO capping layer, as shown in Figure 1.8(b). Interestingly, once

this process is initiated, the decomposed areas expand laterally and degrade thereby the whole

Mg3N2 thin film within a few days. This process is accompanied by a volume increase, similarly

to the decomposition of the Mg3N2 micro-particles, as measured by Laser-microscopy inves-

tigations shown in Figure 1.8(c). The development of an appropriate protecting MgO capping

layer is discussed in detail in Section 4.2.2.

While Mg3N2 decomposes immediately in contact with air, Zn3N2 shows larger decompo-

sition time constants, in the order of several days [66]. The uncapped Zn3N2 thin films grown

within this project commonly decompose within 1 to 2 weeks, enabling still thorough thin film

characterization. Therefore, we did in most cases not deposit capping layers on Zn3N2. Nev-

ertheless, all grown samples were kept in a vacuum desiccator, ensuring the thin films to stay

intact even for several years.

1.2.3 Band structure of Zn3N2 and Mg3N2

The calculated band structures of Zn3N2 and Mg3N2 are shown in Figure 1.9. For both mate-

rials, the valence band maximum (VBM) as well as the conduction band minimum (CBM) are

located at the Γ-point of the Brillouin zone [see Figure 1.9(c)], indicating direct band gap semi-

conductors. Indeed, all theoretical calculations for Zn3N2 published so far find direct band

gap behavior, although relatively large discrepancies are reported for the actual band gap en-

ergy (from completely metallic to 1.48 eV, depending on the calculation method) [72–77]. For

Mg3N2, five of the theoretical studies find direct band gap transitions (ranging from 1.1 eV to

2.85 eV [64, 73, 78–80]), while one study suggests a 10 meV difference between a direct and an

indirect transition around 2.25 eV, resulting in practice in a direct band gap character too [81].

DFT calculations find commonly largely scattered band gap energies, but their accuracy

can be usually improved by taking into account experimentally measured values. However, it

turns out that the determination of the band gap energies of Zn3N2 and Mg3N2 is not straight-

forward. The few experimental measurements for Mg3N2 suggest values ranging from 2.5 eV

to 2.62 eV determined by UV-vis spectroscopy [82, 83], via 2.8 eV to 2.9 eV obtained by UV-vis

spectroscopy and photoluminescence measurements [84–86], to a maximum value of 3.15 eV

at room temperature obtained by UV-vis spectroscopy, too [84]. The discrepancy for Zn3N2

is even larger: Experimental values between 0.9 eV to 3.4 eV have been determined by various

methods [23, 33, 35, 66, 87–101]. However, most of the recent reports, including photolumi-

nescence measurements, find values in the range of 0.9 eV to 1.5 eV [23, 90–101]. Large dis-

crepancies in band gap values are commonly observed as the band gap can be perturbed by
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Figure 1.9: Calculated band structures of (a) Zn3N2 and (b) Mg3N2, reprinted from [72] and
[78], respectively. The VBM and CBM of both materials are located at the Γ-point of
the Brillouin zone, indicating direct band gaps. (c) First Brillouin zone of an anti-
bixbyite material, reprinted from [79].

many factors, such as carrier concentration, crystalline quality and impurity atoms. An exam-

ple is InN, whose band gap was thought for many years to be around 1.9 eV. With increased

material quality, however, it was found to lay around 0.7 eV [102]. Indeed, due to the lack of

single-crystalline II-nitrides, most of the experimental studies mentioned above are performed

on polycrystalline materials, leading to large defect concentrations. This points out the need

of fundamental research on II-nitrides, being necessary to increase their material quality and

reliably measure their physical properties. Furthermore, it seems to be difficult to deposit non-

degenerate II-nitrides. Most of the reports on Zn3N2, for instance, find high electron concen-

trations, larger than 1018 cm−3 [71, 92, 96, 98, 99, 101, 103], which can shift the Fermi-level into

the conduction band, leading to a larger apparent optical band gap due to the Moss-Burstein

effect.

Nevertheless, the discrepancy in the reported band gap values, especially for Zn3N2, is too

high to be explained by these effects. Hence, a different origin has to be considered, which

is probably the strong tendency of the M3N2 compounds to oxidize in ambient conditions, as

discussed in Section 1.2.2. Indeed, a change in chemical composition of a material leads neces-

sarily to a change of its band gap energy. In case of a replacement of nitrogen atoms by oxygen

ones, the band gap commonly increases due to the higher electro-negativity of oxygen [70].

This is probably the reason for the large reported band gap energies, of up to 3.4 eV for Zn3N2,

which is close to the band gaps of ZnO and Zn(OH)2, as also investigated by studies on inten-

tionally oxidized Zn3N2 [66, 87, 91, 98, 104]. The tendency of oxidation explains, furthermore,

the enormous number of reports dealing with transparent Zn3N2 thin films [33, 35, 89, 105],

although commercial available Zn3N2 powder is black in color, indicating clearly a band gap in

the infrared (IR) region.

Besides the actual band gap energies, the dispersion behavior of the bands is crucial for

the evaluation whether or not a material is appropriate to be applied in devices, and which

device is the most suitable one. A comparison of the electronic structure of Zn3N2 and Mg3N2

with InN and GaN, being widely applied in commercial devices, is given in Table 1.2. For both
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Table 1.2: Summary of the electronic structure of Mg3N2 and Zn3N2, compared to GaN and
InN.

Type Eg (eV) me (m0) mh(m0)
calc. exper. calc. exper. calc. exper.

Mg3N2
a direct (Γ) 1.1−2.85 2.5−3.15 0.20 —– 9.65−29.43 —–

Zn3N2
b direct (Γ) 0−1.48 0.9−1.5 0.08 0.08−0.37 0.99−1.20 —–

GaN c direct (Γ) 3.5 3.4 0.15−0.22 0.20 0.81−2.11 0.3−2.2
InN d direct (Γ) 0.8 0.7 0.06−0.13 0.06 0.84−2.97 2.30−2.80
a References [64, 73, 78–86] c References [106–112]
b References [23, 72–77, 90–101] d References [102, 106–109, 109, 113–116]

Zn3N2 and Mg3N2 the valence bands, being mainly composed of N 2p orbitals (especially close

to the VBM), are degenerate, in contrast to for example wurtzite materials like GaN. Mg3N2

exhibits a very flat valence band dispersion, leading to heavy calculated effective hole masses of

mh = 9.647 to 29.428 m0, where m0 denotes the free electron mass. The valence band of Zn3N2,

on the other hand, shows a high dispersion with calculated hole masses of mh = 0.99 to 1.20 m0,

approximately half of that of GaN. Due to the lack of reports on p-type Zn3N2 or Mg3N2, an

experimental confirmation of these values for Zn3N2 or Mg3N2 is still missing.

The conduction bands of Zn3N2 and Mg3N2 are mainly composed of the s states of the

respective cations (Zn 4s and Mg 3s for Zn3N2 and Mg3N2, respectively) with small contribu-

tions of N s states. Due to the high dispersion, both materials show quite low effective electron

masses. Calculations suggest a low value for Zn3N2 down to around me = 0.08 m0, being close

to experimentally reported ones of me = 0.16 to 0.37 m0, depending on the carrier concen-

tration, while a theoretical minimum was extrapolated from these experiments to be around

me = 0.08 m0, close to the value of InN. This low electron effective mass leads to quite high

electron mobilities in Zn3N2 layers, in the order of 100 cm2V−1s−1 [71, 92, 96, 98, 99, 101, 103],

even though most of the studies are on polycrystalline or amorphous material with high elec-

tron concentrations. Due to their improved structural quality, one may expect even higher

mobilities in case of epitaxial thin films, making Zn3N2 an attractive candidate as active layer

for TFTs.

On the other hand, the electron effective mass of Mg3N2 has been calculated to lay around

me = 0.20 m0, which is close to the value of GaN. Also here, experimental evidence is still miss-

ing, probably due to the extremely rapid decomposition of Mg3N2 in air, as discussed in Sec-

tion 1.2.2, pointing out the necessity of fundamental research on this material.

1.2.4 State of the art: Applications and epitaxial growth

1.2.4.1 Applications of Zn3N2 and Mg3N2 binaries

Although some of their basic physical properties are still unknown, Zn3N2 and Mg3N2 have

several applications. As discussed in Section 1.2.2, II-nitride materials are chemically quite
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Figure 1.10: (a) NH3 photo-synthesis using Mg3N2, reprinted from [117]. (b) Intact and (c) de-
composed Zn3N2 humidity indicator on a flexible substrate with (d) its lifetime as
a function of relative humidity, reprinted from [66].

reactive. In the case of bulk Mg3N2 this reactivity is utilized in chemical synthesis, e.g. as ni-

triding agent. The rapid hydrolysis of Mg3N2 with water according to Equation 1.3a, for in-

stance, enables the synthesis of ammonia (NH3), being the basic source of agricultural fer-

tilizers [117]. The yearly industrial NH3 production of 235 million tonnes (as in 2019 [118])

is done at high temperatures and pressures of around 500 ◦C and 200 bar, respectively [119].

Hence, a photo-synthesis process, as proposed with Mg3N2 [see Figure 1.10(a)], could possi-

bly reduce the tremendous energy consumption needed for this so-called Haber-Bosch pro-

cess [117]. Similarly, Mg3N2 allows the synthesis of IIIa-nitrides from their corresponding chlo-

rides by metathesis exchange reactions, as demonstrated for scandium nitride and yttrium

nitride [120], and has been used as a nitriding agent for the synthesis of AlN particles [121].

Furthermore, Mg3N2 is used in catalytic applications. It turned out that it was one of the first

effective catalysts for the synthesis of cubic boron nitride (BN) [122], a material that is as hard

as diamond. More recently, mixtures of Mg3N2 and Li3N were evaluated for applications as

hydrogen storage materials, due to the reversible formation of magnesium hydrides, amides

or imides [123–126]. Interestingly, while the physico-chemical properties of Mg3N2 are largely

utilized in these applications, its opto-electronic ones are not exploited in devices.

The chemical reactivity of II-nitride materials is also utilized in the case of Zn3N2. Although

less reactive than Mg3N2, Zn3N2 decomposes slowly within several days in ambient conditions,

while undergoing a drastic color change from black to completely transparent [66]. This slow,

irreversible process together with the color change can be e.g. used for applications as hu-

midity indicator during the transportation of goods [66]. Once the indicator is in contact with

humidity, the Zn3N2 layer starts to decompose, which is visible by eye or can be e.g. electri-

cally detected. By changing the layer thickness, one can adapt the decomposition time to the

sensitivity of the product towards humid conditions [see Figure 1.10(b)-(d)].

Moreover, Zn3N2 got in the focus of research as material for thin film electronics. Orig-

inally evaluated as a precursor for the deposition of p-type ZnO [23–32], Zn3N2 is now itself

applied as active channel layer in TFTs in several configurations [33–41, 127]. One of the ad-

vantages of Zn3N2 is its low growth temperature, enabling the deposition on flexible polymer
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substrates. Due to its low electron effective mass and its conduction band being mainly com-

posed of spherical s states (see Section 1.2.3), high electron mobilities are achieved, even for

polycrystalline and amorphous Zn3N2.

Despite the relatively wide range of applications of Mg3N2 and Zn3N2, their fundamental

physical properties are still not yet completely unraveled. Their band gap energies and band

offsets are under controversial discussion (see Section 1.2.3) and their linear thermal expan-

sion coefficients above room temperature, being of large interest in the context of epitaxy, were

completely unknown at the beginning of this project. Additionally, there is no report on the

electrical properties of Mg3N2, being one of the sources for the ternary (Zn1 – xMgx)3N2 com-

pound.

1.2.4.2 Epitaxial growth of Zn3N2 and Mg3N2 binaries

The epitaxial growth of both Zn3N2 and Mg3N2 is barely studied. Zn3N2 epitaxy has been

achieved in [100] direction on MgO (100) and a-plane sapphire by MBE, as well as on YSZ (100)

by sputtering (see Figure 1.11(a) and (b), respectively) [99, 103]. Furthermore, there is one study

on Zn3N2 (111) on a-plane sapphire grown by MBE, as shown in Figure 1.11(c) [53]. Note that

there is no data on the structural quality of these thin films and only two studies report the

epitaxial relationships between film and substrate [53, 103]. Besides epitaxy, there is research

activity on polycrystalline and amorphous Zn3N2 thin films due to its application as TFT chan-

nel material, for instance by sputtering (see e.g. [33, 34, 36–41, 92, 98, 101]) and metal-organic

chemical vapor deposition (MOCVD) [100, 128], being important techniques for industrial ap-

plications.

Even more scare are the reports on Mg3N2 growth. Mg3N2 had not been grown at all epi-

taxially at the beginning of this project, the only report on Mg3N2 thin films being published in

2005 on polycrystalline material deposited by an electrochemical process [84], which has been

recently supplemented by another study on polycrystalline Mg3N2 by sputtering (in 2020) [83].

One attempt to grow epitaxial Mg3N2 (100) on MgO (100) by MBE has then been made in 2018

(i.e. during the first year of this PhD) [82]. Nevertheless, the structural quality found in these

layers is very low, the XRD intensity being "barely detectable" for films thinner than 800 nm ac-

cording to the authors of this study, as shown in in Figure 1.11(b). The low diffraction intensity

(much lower than in the case of polycrystalline Mg3N2 [83, 84]) was explained by the presence

of the light elements Mg and N, leading to a low associated structure factor and hence, weak

x-ray scattering strength, approximately five orders of magnitude smaller than the MgO sub-

strate, which incidentally consists of light elements, too.

Despite their various applications, the few reports that exist on Zn3N2 and Mg3N2 thin film

deposition, especially on their epitaxy, underline the need of fundamental research in this field.

In order to improve the structural quality of new materials such as Zn3N2 and Mg3N2 and to im-

plement them into opto-electronic devices, one has to understand their microstructure, which

in turn influences their physical properties. The extracted structural information can be then
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utilized to optimize the growth conditions (e.g. by using buffer layers, post-growth annealings

or different substrates) and to, eventually, achieve device quality.

Figure 1.11: XRD of epitaxial Zn3N2 and Mg3N2 thin films. (a) MBE-grown Zn3N2 (100) on a-
plane sapphire and MgO (100), reprinted from [99]. (b) Zn3N2 (100) on YSZ (100)
grown by sputtering, reprinted from [103]. (c) MBE-grown Zn3N2 (111) on a-
plane sapphire, reprinted from [53]. (d) MBE-grown Mg3N2 (100) on MgO (100),
reprinted from [82].

1.2.4.3 Ternary and quaternary compounds containing Zn3N2 and Mg3N2

Besides the fundamental research on the II-nitride binary compounds, it is particularly inter-

esting to study their alloy, (Zn1 – xMgx)3N2, since it allows to combine the advantages of both

binaries Zn3N2 and Mg3N2. Similarly to Zn1 – xMgxO or InxGa1 – xN, a large range of band gap

energies should be accessible in almost the entire visible spectral range. However, Zn1 – xMgxO

and InxGa1 – xN have the disadvantages that a variation of their stoichiometry involves either

a change of crystal structure and lattice parameter, or solely of the lattice parameter (9 % dif-

ference between InN and GaN), respectively [13, 129], rendering the growth of high quality

ternary crystals in the entire compositional range and their combination in heterostructures

extremely difficult. Since Zn3N2 and Mg3N2 crystallize both in the anti-bixbyite structure with

very similar lattice parameters (1.8 % mismatch), all compositions should be in principle ac-

cessible for (Zn1 – xMgx)3N2 with a rather constant crystalline quality, and their combination

in heterostructures should be eased. Indeed, the only report on (Zn1 – xMgx)3N2, sputtered on

YSZ (100) by Wu et al. in 2019 (i.e. in the second year of this PhD), confirms some of these
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Figure 1.12: (a) Band gap energy as a function of Mg concentration in (Zn1 – xMgx)3N2 thin
films, reprinted from [130]. (b) Carrier concentration and mobility as a function
of Mg concentration in (Zn1 – xMgx)3N2 thin films, reprinted from [130]. (c) Carrier
concentration, mobility and band gap energy as a function of Mg concentration in
amorphous zinc magnesium oxynitride thin films, reprinted from [131]

.

considerations: A compositional range of 0.0 ≤ x ≤ 0.59 was achieved, where epitaxial (100)

growth was observed between 0.0 ≤ x ≤ 0.30 that turned into amorphous thin films for com-

positions of x > 0.30 [130]. The authors were thereby able to control the band gap energy of

the new ternary alloy between 1.2 eV to 2.5 eV, as shown in Figure 1.12(a). This result is par-

ticularly interesting in the context of photovoltaic absorbing layers, requiring a material with a

direct, 1.4 eV-wide band gap for optimum absorption, which was obtained at an Mg concen-

tration of x = 0.18 with an electron mobility of 47 cm2V−1s−1. The epitaxial growth of this earth

abundant (Zn1 – xMgx)3N2 semiconductor, achieved at a temperature as low as 140 ◦C, makes it

a promising candidate for cheap thin film photovoltaics on large scale substrates.

While the electron mobility in (Zn1 – xMgx)3N2 decreases as a function of Mg content (from

87 to 5 cm2V−1s−1), their concentration is found to stay at a high level, around 1019 cm−3 in the

entire range, as shown in Figure 1.12(b). This large residual concentration is, however, detri-

mental for the application in many devices, such as LEDs or transistors. An interesting strategy

to control the electron concentration in (Zn1 – xMgx)3N2 with low x was proposed very recently,

and consisted in alloying this material with oxygen [131]. The new reported quarternary amor-

phous zinc magnesium oxynitride compound with Mg cation compositions between 1 at.% and

7.5 at.% and O anion compositions between 35 at.% and 70 at.% shows extremely tunable elec-

tron concentrations in the range of 1015 cm−3 to 1019 cm−3, mobilities of 10 to 23 cm2V−1s−1
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and an absorption edge in the range of 1.3 eV to 1.7 eV, by combining a multi-anion with a

multi-cation approach [see Figure 1.12(c)]. This result demonstrates the opportunities in ex-

ploring new, earth abundant semiconductors, enabling possibly cheap production methods

and a potential application in numerous devices, such as TFTs and photovoltaics, among oth-

ers. To achieve this goal, fundamental material research, i.e. the growth and thorough charac-

terization of new semiconductors is absolutely indispensable.

1.2.5 Motivation

The motivation of this thesis is the development of epitaxial growth processes for Zn3N2 and

Mg3N2 thin films by MBE and their potential use in TFTs and, eventually, solar cells. These

binary compounds consist of earth abundant elements and can be, therefore, potentially pro-

duced at low cost and in large quantities, being an essential necessity in a more and more tech-

nologized world. Most of the reports up to date deal with amorphous or polycrystalline II-

nitrides, preventing therefore the accurate determination of their fundamental physical prop-

erties, as well as the exploration of their full potential in terms of device application. Hence,

growing crystalline, high-quality Zn3N2 and Mg3N2 thin films is indispensable in both fun-

damental and applied research. Although the range of potential applications of Zn3N2 and

Mg3N2 is quite wide, as discussed earlier, most applications rely on the chemical reactivity of

these II-nitride compounds, enabling mainly passive applications, e.g. as catalysts or synthetic

reagents. For the possible application in (opto-)electronic devices, however, the problem of re-

activity in ambient air has to be solved by developing proper methods of encapsulation, being

a key step for a simple handling of these materials.

Figure 1.13: Number of articles per year containing "Zn3N2" and "Mg3N2", found on the Sco-
pus webpage. Note that every point represents an average over 5 years in order to
reduce the noise coming from the low number of publications

.

The difficulties that have to be faced when doing research on such compounds manifest
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also in the number of publications per year containing the keywords "Zn3N2" and "Mg3N2",

found on the Scopus website, as graphically shown in Figure 1.13. Although a rapid growth of

research activity is observed (starting in the 1980s for Mg3N2 and the 1990s for Zn3N2), the total

number of articles is still very low.

Nevertheless, once these compounds can be successfully grown and stabilized, a play-

ground of completely new materials may open by combining Zn3N2 and Mg3N2 to their ternary

(Zn1 – xMgx)3N2 compound. Due to the identical crystal structure and very similar lattice pa-

rameters of Zn3N2 and Mg3N2, the whole compositional range of (Zn1 – xMgx)3N2 is in princi-

ple accessible without the creation of large defect densities, enabling thereby to cover a large

band gap range of almost the entire visible spectral range from ca. 1 eV to 3 eV, which can be

eventually enlarged by alloying this compound with oxygen, leading to the quarternary zinc

magnesium oxynitride compound. Therefore, we intend to develop likewise the epitaxy of

(Zn1 – xMgx)3N2 in a large compositional range in order to characterize and evaluate this new

material in the context of possible device fabrication, as well as testing the introduction of oxy-

gen into this material.

Figure 1.14: Schematic strategy for the epitaxial growth and characterization of new II-nitride
materials.
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The strategy employed in this PhD for the development of II-nitride epitaxy and their char-

acterization, schematically shown in Figure 1.14, is as follows: the process conditions of the

material to be grown are explored and optimized until epitaxy is achieved. Subsequently, the

epitaxial relationships and the crystalline quality, which depend mainly on the underlying sub-

strate as well as the growth conditions, are determined. Finally, the physical properties of the

thin films are investigated in the context of their structural ones, in order to evaluate the influ-

ence of crystalline quality.
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Chapter 2

Epitaxial growth by MBE and thin film

characterization

THIS CHAPTER presents the principles of MBE as a technique for epitaxial film growth, in-

cluding its advantages and disadvantages. Further, the theory and technical implemen-

tation of the characterization techniques most commonly employed in this PhD are briefly dis-

cussed. Note that this chapter intends to give a brief overview of the techniques used in this

thesis. Deeper information can be found in the references given herein. This chapter covers:

• Epitaxial thin film growth using MBE

• Structural characterization using diffraction techniques, from XRD via RHEED to TEM

• Surface characterization by AFM and XRR

• Optical characterization, including transmittance and photoluminescence spectroscopy

• Electrical characterization using Hall effect



30 CHAPTER 2: GROWTH AND FILM CHARACTERIZATION

2.1 Molecular beam epitaxy

There are several techniques for epitaxial film growth available, such as vapor phase epitaxy,

liquid phase epitaxy, pulsed laser deposition, etc. However, due to the ultra-high vacuum

(UHV) conditions, MBE offers the advantage that the atoms/molecules are sent to the sub-

strate as a molecular beam, i.e. their mean free path is larger than the source-substrate dis-

tance. Consequently, the atoms/molecules do not experience any collisions before reaching

the substrate, leading to adsorbed species with a large kinetic energy, which may be further

increased by substrate heating. Ideally, this allows the adsorbed species to find their perfect

positions in the growing crystal.

MBE is a relatively young technique for film growth, the first conceptions being realized in

the 1960s [132–134], with the aim to fabricate ultra pure materials and new heterostructures.

Since then, large progress has been made in terms of UHV equipment, source materials and in-

situ characterization. This allowed the development of growth processes for a variety of materi-

als, such as group IV, III-V and II-VI semiconductors [135], oxides [136, 137], new nitrides [138],

metals [137] and 2D materials [139]. More about the history of the MBE development can be

found in reference [140].

A schematic representation of the MBE growth reactor used to grow thin films within this

project is depicted in Figure 2.1. Knudsen effusion cells are used to evaporate elemental metals.

Shutters in front of the cells enable the metal fluxes to be switched on and off. Oxygen and

nitrogen gases are ionized using RF plasma cells in order to grow the compounds. The substrate

rotation ensures conformal growth over the sample area.

Besides the molecular beams characteristics, MBE offers some additional advantages that

makes it particularly interesting for research on new materials. Due to its simplicity, the chem-

ical reactions for compound formation are straightforward and do not imply side reactions as

the case for MOCVD, making it easier to identify growth mechanisms. MBE enables further very

accurate thickness control down to mono-layer precision, as well as precise control of dopant

concentrations. Furthermore, several in-situ characterization techniques can be used thanks

to the UHV conditions. Among them, reflection high-energy electron diffraction (RHEED) is

probably the most applied one, enabling the characterization of surface morphology, crys-

tallinity and (in some cases) thickness during film growth, and making it a powerful tool in

growth monitoring (for a more detailed explanation, see Section 2.2.2). Therefore, MBE is an

adapted technique to grow high quality epitaxial films, in particular new materials.

However, the strong points making it an efficient tool in research are at the same time weak

points when considering industrial applications. UHV conditions require expensive equip-

ment, long pumping times and cooling of the reactor walls (mostly by liquid nitrogen), leading

to limited throughputs and high maintenance costs. Moreover, the accurate thickness control

being possible due to relatively low growth rates, increases time and cost even further, espe-

cially when growing thick layers. Therefore, MBE is industrially probably one of the least used
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Figure 2.1: Schematic representation of an MBE growth reactor.

techniques for epitaxy among the ones listed above. Nevertheless the interest in industrial MBE

techniques increases and this technique is applied in more and more niche applications, as for

example for the production of high-quality RF transistors [141].

All thin films presented in this thesis were grown by plasma-assisted MBE in a Riber EPINEAT

system. The substrates are loaded in an introduction chamber that is pumped to ∼10−8 Torr.

A buffer chamber prior to the actual growth chamber allows the storage of several substrates

and is kept at 10−9 Torr. Cooling of the reactor walls with liquid nitrogen allows to decrease

the residual background pressure in the growth chamber below 10−9 Torr, in order to decrease

the amount of possible impurities. Growth was performed on 10×20 mm2 YSZ (100), MgO (100)

and MgO (111) substrates, purchased from CrysTec GmbH and CRYSTAL GmbH. The substrates

were prepared in CRHEA’s cleanroom by rapid thermal annealing for 2 min at 1150 ◦C under

2000 sccm oxygen (JIPelec JetFirst 100 system) flow to obtain atomically flat surfaces. The MBE

chamber is equipped with two Knudsen effusion cells for elemental Zn and one for elemen-

tal Mg (both with purities of 99.9999 %), serving as cation sources. Oxygen and nitrogen gases

(both 99.9999 %, ionized using an RF plasma with powers between 360 W to 400 W) were used

as anion sources. The pressure during growth was in the order of 10−5 Torr, depending on the

gas flows. A pyrometer and two thermocouples were used to evaluate the growth temperature.

In-situ optical reflectivity with a 650 nm laser and RHEED were applied to monitor the growth

rate and surface crystallinity, respectively.
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Figure 2.2: Metal flux as a function of cell temperature for the two Zn as well as the Mg effusion
cell.

The two Zn effusion cells are redundant to allow long growth series even if one cell becomes

empty. By measuring the metal flux as a function of cell temperature using a pressure gauge,

one can assure the same Zn flux of both cells, even with different cell geometries. The Zn flux

measured as a function of temperature for both cells is shown in Figure 2.2. The fluxes follow

the Clausius-Clapeyron equation [142, 143], where

ln

(

p1

p2

)

=−
∆Hvap

R

(

1

T1
−

1

T2

)

. (2.1)

Here p1 and p2 are the vapor pressures at the temperatures T1 and T2, respectively, ∆Hvap the

enthalpy of vaporization and R the gas constant. Taking all the measured fluxes, average val-

ues of ∆Hvap (Zn(2)) = 85.3 kJ mol−1 and ∆Hvap (Zn(3)) = 123 kJ mol−1 are found for the Zn(2)

and Zn(3) cells, respectively, which are close to the reported literature value of ∆Hvap (Znlit) =

115 kJ mol−1 [144]. The cell geometry, however, seems to slightly influence the evaporation

characteristics, leading to a different slope for the two cells.

We performed the same analysis on the Mg effusion cell, where a much steeper slope is

observed (see blue triangles in Figure 2.2). Fitting the fluxes using Equation 2.1 gives an average

value of ∆Hvap (Mg) = 156 kJ mol−1, indicating a lower vapor pressure of Mg when compared

to Zn (literature value for Mg: ∆Hvap (Mglit) = 132 kJ mol−1 [144].)

2.2 Diffraction by a crystal

The structure of crystalline materials is commonly analyzed using diffraction techniques. In

the following we restrict ourselves to x-ray and electron diffraction since these techniques were

applied in the frame of this work. However, all diffraction techniques have in common that
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they rely on the scattering of the incident radiation with the material to be analyzed, and sub-

sequent interference between the scattered beams. In case of constructive interference, an

intensity maximum is observed and the process is called diffraction. In this thesis, three differ-

ent diffraction techniques are used to analyze the structural properties of the grown films: XRD,

RHEED and transmission electron microscopy (TEM). While XRD and RHEED rely on diffrac-

tion of reflected radiation (x-rays and electrons, respectively), TEM diffraction is the result of

the interaction of a transmitted electron beam with the crystalline lattice. In the following, the

kinematical scattering theory (assuming no re-diffraction of the scattered beam), which is ap-

plicable for diffraction of thin layers, is discussed in the context of x-ray and electron diffraction

and can be e.g. found in references [145] and [146].

In a diffraction experiment, the incident beam is scattered by the atomic planes of a crys-

tal, as shown in Figure 2.3(a). Constructive interference and, hence, diffraction occurs if the

path difference of the interfering waves (indicated in green) is a multiple of the radiation wave-

length. Using simple geometrical considerations, we can deduce Bragg’s formulation of x-ray

diffraction (also describing electron diffraction) [147] found in 1913

2dhkl sin(θ) = nλ, (2.2)

where dhkl is the inter-planar distance of the (hkl ) reflection, θ the diffraction angle, λ the

wavelength and n the diffraction order. From Equation 2.2, the inter-planar distance can be

determined experimentally just by measuring the diffraction angle. On the other hand, the

scattering amplitude of a given reflection depends on the atomic scattering factors of the el-

ements the diffracting planes consist of. The scattering factor of an element j is the Fourier

transform of its electron probability density ρ(r )

f j =

∫

space
e iQhkl r ρ(r )dV , (2.3)

where Qhkl is the scattering vector of the (hkl ) reflection and r a spatial vector in real space,

running from the origin of the unit cell to the position of the atom j. From Equation 2.3, ρ(r )dV

(being the probability of an electron being in the volume dV ) depends mainly on the atomic

number Z. Therefore, f j is sensitive to the kind of element causing the diffraction. For a given

element, f j depends then only on Qhkl , i.e. which (hkl ) reflection is measured. The scattering

amplitude of a whole unit cell is given by the structure factor

Fhkl =
N
∑

j=1

f j e−2πi (hx j+k y j+l z j ), (2.4)

which is the summation over all atoms N of the unit cell, where x j , y j , and z j are the fractional

coordinates of r . As indicated in the Equations 2.2 to 2.4, each (hkl ) reflection of a crystal has

a certain scattering amplitude and diffracts at a certain angle θ, depending on the inter-planar

distance dhkl . Consequently, one can construct an imaginary lattice containing all possible
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Figure 2.3: (a) Bragg conditions for diffraction. (b) Laue conditions for diffraction including the
Ewald sphere.

(hkl ) reflections associated to the crystal lattice. This is the important concept of reciprocal

space, where the reciprocal lattice represents the Fourier transform of the direct, real space

lattice. For a cubic crystal, the primitive vectors of the reciprocal lattice

b1 = 2π
a2 ×a3

a1 · (a2 ×a3)
, b2 = 2π

a3 ×a1

a1 · (a2 ×a3)
, b3 = 2π

a1 ×a2

a1 · (a2 ×a3)
(2.5)

have the same direction, but the inverse length of primitive vectors a1, a2 and a3 of the direct

lattice, where a1 · (a2 ×a3) is the direct unit cell volume. Using the concept of reciprocal space

together with the so-called Ewald sphere construction, one can derive which planes diffract for

any given λ and diffraction geometry. Figure 2.3(b) shows an Ewald sphere construction that

is equivalent to the Bragg condition discussed earlier. The radius of the Ewald sphere is the

magnitude of the wave vectors k i n and kout

ki n = kout =
2π

λ
. (2.6)

Diffraction occurs when the reciprocal space vector Q = kout −k i n ends in a reciprocal lattice

point (hkl ) and the Ewald sphere intersects this point (Laue-conditions of diffraction). With

the geometry given in Figure 2.3(b), the magnitude of the reciprocal lattice vector Qhkl is given

by

Qhkl =
4πsin(θ)

λ
. (2.7)

To obtain the final intensity diffracted by a crystal, one has to take into account its thickness.

The presence of a finite crystal thickness has two important consequences. First, the diffracted

intensity is a function of the thickness; this is because the x-ray absorption length of the ma-

terial is commonly large with respect to the film thickness, i.e. the more material diffracts, the

larger the diffraction intensity. Second, the scattered beam interferes with the atomic planes of

different unit cells due to the phase difference r j ·Qhkl of the unit cells located at different r j .
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This interference can be described by the interference function

J =
∑

i
e2πi r j ·Qhkl , (2.8)

summing up the phase difference of all unit cells. The final intensity of a thin layer containing

the interference term is then given by

I = F 2
hkl J 2 = F 2

hkl

sin2(πnuc q)

sin2(πq)
. (2.9)

where q is a small deviation of the diffraction vector Qhkl and nuc is the thickness in unit cells.

For q = 0 strong diffraction occurs as the Bragg condition is fulfilled. The first minimum in

the interference term occurs at nuc q = 1, hence, the width of the diffraction peak is inversely

dependent on the film thickness. We will make use of this equation for our thin film analyses

discussed in the following chapters in order to extract the out-of-plane lattice parameter and

thickness of the crystalline thin films. Interference of the diffracted beam can be, however, only

observed in case of a high out-of-plane crystalline scattering coherence. Note that interference

fringes are not visible in case of electron diffraction due to the high electron energies (short

wavelengths) used in these techniques (see Section 2.2.2).

Using the relatively simple concept of reciprocal space, one can draw many characteristics

from diffraction patterns of a given sample, such as:

• Crystallinity (is the sample crystalline or amorphous?)

• Crystal structure (which crystal structure(s) is/are present?)

• Orientation (how many and which orientation(s) is/are present?)

• Lattice parameter (is the sample relaxed, strained, etc.?)

• Thickness (in principle with mono-layer precision)

2.2.1 X-ray diffraction

Since the first XRD experiments on rock salt by Friedrich, Knipping and von Laue in 1912 [148]

and the subsequent theoretical description by Bragg [147], Darwin [60], Ewald [149] and von

Laue [150], XRD became an important technique to analyze crystalline materials in both ba-

sic research and device characterization. While crystal structures of new materials are mainly

identified using single crystal XRD coupled with theoretical calculations, the structural proper-

ties of epitaxially grown materials are analyzed using thin film XRD. The theory explained here

can be found with more details in references [145] and [146].

In a thin film XRD setup (Bragg-Brentano geometry), diffraction occurs from atomic planes

parallel to the crystal surface (also referred to as symmetric planes), as indicated by dotted
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lines in Figure 2.3(a). From Equation 2.2, the inter-planar distance can be determined with

XRD by measuring the diffraction angle with so-called 2θ/ω scans, which are scans along the

Qz component of Qhkl in reciprocal space (also referred to as longitudinal scans), where the

Qx and Qz components of Qhkl are given by

Qx =
2π

λ
(cos(ω)−cos(2θ−ω)), (2.10a)

Qz =
2π

λ
(sin(ω)+ sin(2θ−ω)). (2.10b)

To asses diffraction spots coming from planes non-parallel to the sample surface (asymmetric

planes), one can apply an inclination angle χ according to the inter-planar angle between the

surface and the plane to be measured (skew-geometry), thereby fulfilling the diffraction con-

ditions. The measurement of the asymmetric plane is done by performing a 2θ/ω scan under

these conditions, allowing the extraction of more detailed crystallographic information, such

as in-plane orientation or in-plane lattice parameter of the grown crystal.

Once the basic crystallographic parameters of a sample are known, it may be interesting to

extract further information about the crystalline quality of a sample, which is commonly done

by measuring of rocking curves (ω scans) as shown in Figure 2.4, where ω is the rotational angle

around an in-plane axis. In order to measure rocking curves, the source-detector geometry is

stationary, aligned on the maximum of the diffraction spot to be observed in Qz direction. The

sample is then rotated around its ω axis, perpendicular to the paper plane in Figure 2.4, leading

to a scan perpendicular to Qhkl (i.e. along Qx ) in reciprocal space, also referred to as transverse

scan.

Figure 2.4: (a) Schematic rocking curve measurement on a perfect thin film, leading to a narrow
line width. (b) Schematic rocking curve measurement on a thin film exhibiting tilt,
leading to broad line widths.

The broadening of the diffraction spot in Qx direction contains information about the crys-

talline quality of the sample and the in-plane size of the crystalline grains. In case of a perfect

crystalline quality [see Figure 2.4(a)], the x-rays are scattered coherently from large sample ar-
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Figure 2.5: Schematic setup of the diffractometer used in this project.

eas and a narrow line width is predicted by kinematical scattering theory. On the other hand,

defects such as finite crystallite sizes or lattice rotations (the latter occur due to the presence

of dislocations, grain boundaries or misorientations) induce broadening of the reciprocal lat-

tice spot in the Qx direction, because coherent scattering is disturbed by their presence, as

schematically shown in Figure 2.4(b). Symmetric reflections are broadened by tilt (and the ver-

tical size of the grains), whereas asymmetric reflections are broadened by tilt and twist (plus

vertical and in-plane size effects).

There are several instrumental setups enabling to perform XRD measurements. An impor-

tant choice to make is the detector configuration. In many cases, a rough knowledge about

presence and positions of the diffraction peaks is usually sufficient to determine the crys-

tallinity, crystal structure and orientation of a sample. For this purpose, conventional fully-

open detectors that offer high intensities, but relatively low angular precision are desired in

order to detect even small amounts of crystalline material. For the precise determination of

lattice parameters, the resolution of interference fringes and the evaluation of crystalline qual-

ity, a high-resolution optics is introduced in front of the detector, leading to a triple axis con-

figuration. In this case the diffracted beam undergoes several reflections in an analyzer crystal

before entering the detector, leading to a high precision in reciprocal space.

The measurements shown in this thesis were performed on a Panalytical X’Pert PRO MRD

diffractometer, as shown in Figure 2.5, equipped with two detector optics: One leading to a

conventional fully-open detector configuration and one equipped with a Ge crystal analyzer in

triple axis configuration, in which the diffracted beam undergoes three (220) reflections before

entering the detector. A Cu anode and a Ge (220) asymmetrical four-crystal monochromator

provide incident Cu Kα1 radiation (1.54056 Å). An x-ray mirror leads to a parallel beam with a

divergence of less than 0.05°. High resolution rocking curves (transverse ω scans) and longitu-

dinal 2θ/ω scans were measured using the detector in the triple axis configuration. Standard

measurements were done using the conventional detector configuration, either fully-open or

with a 1/4° slit in the diffraction path. We performed high-temperature XRD measurements on
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selected samples to evaluate their lattice parameter as a function of temperature. These mea-

surements were performed either by G. Monge (CEMEF-MINES ParisTech, Valbonne, France),

using a Empyrean Panalytical, or by R. Bachelet and G. Saint-Girons (INL, Lyon, France), using

a Rigaku Smartlab diffractometer. In both cases Cu Kα radiation was used and the sample was

kept in a closed Anton Paar chamber.

2.2.2 Reflection high-energy electron diffraction

RHEED is a diffraction technique invented in 1928 by Nishikawa and Kikuchi [151]. Nowadays,

it is widely used in MBE to analyze the surface crystallinity and morphology of the growing

crystal in-situ. Since its first application in MBE in 1969 by Arthur and Lepore [152], it led to

several breakthroughs in MBE growth, which in turn drove the development of better RHEED

systems, becoming finally a standard measurement tool of growth monitoring in MBE.

In RHEED, a high-energy electron beam is sent to the sample surface at a very low incident

angle, leading to diffraction from a few mono-layers below the sample surface, as seen in Fig-

ure 2.6. Due to the quasi 2D diffraction geometry, the reciprocal lattice consists of diffraction

rods instead of points, as it is the case in XRD (see Section 2.2.1). These rods are consequently

named by only two indices (hl ) due to the lack of the third diffraction condition. Diffraction

occurs at the intersection of the Ewald sphere with the diffraction rods and is detected by a lu-

minescent screen. The radius of the Ewald sphere is again given by the magnitude of the wave

vector k i n , which can be calculated by inserting the De Broglie wavelength of the electrons

λ=
h

√

2m0E +E 2c2
(2.11)

in Equation 2.6, where E is the kinetic energy of the electrons (in our case 30 keV), m0 the elec-

tron mass, h the Planck constant and c the speed of light in vacuum.

By simulating the collected diffraction patterns (usually recorded in several azimuthal an-

gles), one can easily determine the orientation and crystallinity of the sample during growth.

Furthermore, the distances between spots in the reciprocal lattice can be reproduced by taking

into account the electron energy and chamber geometry, giving an idea of the lattice parame-

ters of the structure. In practice, the lattice parameter of the growing thin film is obtained by

comparing the observed distances in its RHEED pattern with the ones coming from reference

samples with a known lattice parameter (e.g. the substrate prior to growth).

Due to the high energy of the electrons (of several keV) the Ewald shere in RHEED is quite

large compared to XRD. Imperfections in the sample and beam divergence lead to broadening

of the diffraction rods and the Ewald sphere, respectively, and can hence lead to the occurrence

of elongated spots or streaks in the pattern, because sphere and rods intersect along large dis-

tances fulfilling the diffraction conditions. Nevertheless, in an optimized case, streaky RHEED

patterns are commonly associated with a flat sample surface, whereas spotty patterns are as-

sociated with rougher surfaces (see Figure 1.3).
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Figure 2.6: Diffraction conditions for a RHEED measurement.

For the extraction of qualitative information of RHEED patterns it is sufficient to apply the

simple kinematic approach, assuming one single, elastic scattering process of the electrons

with the sample surface. However, due to the low incident angle (leading to a large interac-

tion surface) and the high scattering strength of electrons with matter, the beam can undergo

multiple diffractions. This so-called dynamic scattering is the reason for the occurrence of e.g.

Kikuchi-lines, connecting in some cases the diffraction spots in RHEED patterns, as e.g. seen

in Figure 3.1 of Section 3.2.1, showing the RHEED pattern of an MgO substrate. Dynamic scat-

tering also needs to be taken into account when analyzing the relative intensity of diffraction

spots. The theory of RHEED and more information on the interpretation of RHEED patterns

can be found in reference [153].

2.2.3 Transmission electron microscopy

The first electron microscope was built by Knoll and Ruska in 1931 [154], who worked on fo-

cusing electron beams with magnetic lenses, initially to optimize cathode-ray oscilloscopes.

Although the achieved magnification was not better than in conventional light microscopes,

Ruska continued the development of magnetic lenses further. He was able to achieve magnifi-

cations of more than 12,000 in 1934 [155], roughly 10 times better than light microscopes and

received the Nobel Prize in physics in 1986 [156] for the development of transmission electron

microscopy. A more detailed insight into the history of TEM development is found in refer-

ence [157].

The theoretical resolution limit M in any microscopy technique is given by the wavelength

λ of the used radiation and the numerical aperture NA of the system.

M =
λ

2NA
. (2.12)
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Figure 2.7: Schematic operation of a TEM.

Therefore, the resolution limit in optical microscopes is around 0.2µm, approximately half of

the wavelength of visible light. In electron microscopy, the wavelength of the used radiation is

the De Broglie wavelength of the electrons as given in Equation 2.11. At typical TEM operation

voltages (100 keV to 300 keV), the De Broglie wavelength is around 0.025 Å. However, in practice

resolutions of approximately 0.5 Å are achieved nowadays, because a compromise has to be

made between relatively large spherical aberrations and the diffraction limit [158]. Since inter-

atomic distances are larger than this value, this resolution is still sufficient to achieve atomic

resolution in crystalline materials.

In TEM, an electron beam is transmitted through a thin specimen sample, as schematically

shown in Figure 2.7, with a thickness from a few nm to several tens of nm depending on the

material to be analyzed. When an electron beam passes through a crystal, the main portion of

electrons is either transmitted or elastically scattered (i.e. diffracted).

In order to see the diffraction pattern of the crystal, which can be used to determine its

structure and orientation, one has select the back focal plane of the objective lens as an object

for the intermediate lens. This operation mode, referred to as Diffraction mode, is possible by

an adjustment of intermediate lens strength, leading to the projection of the diffraction pattern

on the observation screen. In practice, a selected area electron diffraction (SAED) aperture is

inserted in the image plane, which enables to select a certain sample area for the collection of

the diffraction pattern.

The obtained SAED pattern consists of a bright central spot (containing directly transmit-
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Figure 2.8: Schematic operation of (a) bright field and (b) dark field imaging.

ted electrons) and, in case of a crystalline sample, of diffraction spots surrounding the central

one. If one wants to obtain an image of the sample, the strength of the intermediate lens is

re-adjusted such that the image plane of the objective lens becomes the object of the interme-

diate lens, referred to as Image mode. The image is formed on the screen by either selecting the

direct beam or by selecting one (or several) diffracted beams, realized due to the insertion of

objective apertures.

The first case is referred to as bright field mode, where the objective aperture blocks the

diffracted beams, as shown in Figure 2.8(a). The intensity contrast of the direct beam depends

on the crystallinity, thickness and atomic mass of the specimen.

In the latter case, referred to as dark field mode [see Figure 2.8(b)], the direct beam is

blocked by the objective aperture, leading to an image consisting of diffracted electrons, par-

ticularly sensitive to structural information of the sample, because sample areas that fulfill the

selected diffraction conditions appear bright in the obtained image. This is realized by tilting

the incident electron beam, so that it arrives at the specimen with an angle opposite to the

diffraction angle, bringing the diffracted beam on axis.

For very thin specimens, the transmitted beams undergo mainly phase changes (since ab-

sorption becomes weak) leading to a phase contrast in the image. High-resolution transmission

electron microscopy (HRTEM) uses this property to image the crystalline arrangement with

atomic resolution. In practice, the phase difference in the transmitted beams is not measur-

able, but can be imaged by interfering the different electron beams (transmitted and diffracted).

This leads, in turn, to an intensity contrast in the image plane that can be measured. Although

this intensity contrast is highly sensitive to the sample thickness, the focus and aberrations of

the microscope, the geometry of the crystalline lattice, the containing defects and the positions

of the atoms are reproduced in the image. Furthermore, simulations based on atomic models
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enable to reproduce high-resolution images, enabling the full determination of the atomic ar-

rangement.

Since the thin films presented in this thesis are sensitive to air, classical specimen prepa-

ration including a chemical-mechanical polishing approach is not possible since it would lead

to sample degradation. Therefore, the preparation was performed under vacuum in a scan-

ning electron microscope using focus ion beam sectioning with a FEI Helios 600 NanoLab dual

beam instrument (CP2M, Marseille, France) by M. Cabie. Ions from a liquid Ga source were ac-

celerated with 30 kV in order to obtain a thin specimen by ion beam milling. For final thinning,

the specimen was exposed to Ga ions at 1 kV, minimizing sample damage by the ion beam. The

transfer to the TEM was done in a vacuum desiccator to minimize the reaction with ambient

air. The samples were investigated using a FEI Titan 80-300 objective-corrected microscope

(CP2M, Marseille, France) at 200 keV by P. Vennéguès.

2.3 Surface and interface characterization

The surface of materials can be characterized using AFM, allowing to extract images of the sur-

face morphology in nanometric scale and thereby to asses the surface roughness. While AFM

provides information on short spatial scales, XRR can be used to obtain the average interface

roughnesses on larger spacial scales, but also allows the measurement of the film thickness and

density of the grown material, independent of its crystalline quality.

2.3.1 Atomic force microscopy

Among the characterization techniques discussed so far, AFM is the youngest technique, as

it was developed by Binnig et al. in 1985 [159]. AFM combines the properties of a scanning

tunneling microscope, i.e. surfaces can be laterally resolved in nanometric and vertically even

in subnanometric scales, with those of a stylus profilometer, i.e. measurements are quick and

can be performed in ambient air. During the measurement, a tip being attached to a cantilever

scans the sample surface line by line, moving it with piezoelectric elements. Due to the interac-

tion with the surface atoms, the cantilever bends differently as a function of tip position. This

bending is assessed by a laser that is reflected from the back side of the cantilever and mea-

sured at a detector, consisting of several photodiodes, as seen in Figure 2.9. Changes in height

and bending of the cantilever lead to intensity fluctuations in the photodiodes, enabling the

extraction of morphological images of the sample surface.

From these images, the root mean square (RMS) roughness Rq can be extracted using

Rq =

√

1

L

∫L

0
(y(x))2 d x, (2.13)

where L is the length of one line profile and y(x) is the height variation for each data point with
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Figure 2.9: Schematic representation of an AFM measurement.

respect to their average height.

AFM images of 2×2 or 5×5µm2 were recorded using a Bruker Edge system equipped with a

Si tip at a scanning frequency of 1 Hz in tapping mode.

2.3.2 X-ray reflectivity

If thin films exhibit a low crystalline quality and a lack of vertical x-ray coherence, it may be

difficult or even impossible to extract their thickness using Equation 2.9. Another way to assess

the thickness of thin films, including poorly crystalline and amorphous ones, is XRR, as ex-

plained in [146, 160, 161]. In an XRR experiment the incident x-rays impinge the sample at very

low angles (around 0.2° to 5°) and their reflection is measured using 2θ/ω scans. Total reflec-

tion takes place due to the refractive index of the material being generally smaller than unity

for x-rays, until a critical angle θc is reached. At angles above θc , the incident beam penetrates

into the film and interference between x-rays reflected from the sample surface and from the

film-substrate interface takes place. This leads to a drop of reflected intensity and the occur-

rence of interference fringes as a function of angle, as shown in Figure 3.2 of Section 3.2.1. The

thickness d is linked with the angular positions θn of the maxima (or minima) having the order

n with Snell’s and Fresnel’s laws as follows

θ2
n =

(

λ

2d

)2

n2 +θc . (2.14)

In case of several maxima (or minima) being present, a linear plot of θ2
n against n2 exhibits

the slope of (λ/2d)2 and enables hence the determination of the film thickness. However, XRR

curves contain additional information about the material being analyzed. The position of the
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critical angle θc depends on its refractive index and, hence, electron density ρe as follows

θc =

√

λ2re

π
ρe , (2.15)

where re is the classical electron radius, giving the possibility to extract information about the

materials’ mass density. Furthermore, the damping of the interference fringes depends on the

interface qualities, especially their roughness. The rougher the interfaces, the stronger the

damping, because the x-rays are randomly scattered and are therefore not allowed to interfere.

The exact dependence of the reflectivity curve on the interface roughnesses is rather complex

and is given in the references cited above.

A fit of the XRR curves using appropriate simulation softwares allows the extraction of these

additional information and further enables the analysis of multiple layer systems, as will be

seen in the following chapters.

XRR experiments were performed in the same diffractometer as used for XRD (see Sec-

tion 2.2.1), using the crystal analyzer detector in triple axis configuration in order to enable the

resolution of interference fringes. Fitting of the curves was performed using the GenX [162]

software.

2.4 Optical characterization

When electromagnetic radiation arrives from the vacuum to a material, the photons interact

with the particles this material consists of. In general, light can be reflected, transmitted or

absorbed.

In case of absorption, the energy of the incident radiation is transferred to the material

leading to excitations. The nature of the excitations is mainly dependent on the incident light

energy. Microwaves usually lead to rotational, IR radiation to vibrational and visible and UV

radiation to electronic excitations. The latter process is particularly interesting for semicon-

ductors, since the energy of band-to-band transitions can be assessed. Furthermore x-rays can

excite core electrons and lead to ionization. In this section, optical characterization using pho-

toluminescence (PL) and transmittance spectroscopy (light intensity that is neither absorbed,

nor reflected) in the UV-vis-near infrared (NIR) region are briefly explained in order to evalu-

ate the band gap energy of the materials studied in this thesis. Detailed information about the

theory of light-matter interactions can be found e.g. in reference [163].

2.4.1 Photoluminescence

In PL, a UV-laser is used to excite electrons from the valence band to the conduction band,

creating an electron-hole pair. Due to the excess of laser excitation energy with respect to the

band gap, the electrons are excited to high energetic conduction band states. Non-radiative
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Figure 2.10: Schematic band gap diagram for radiative transitions.

relaxation of the electrons to the conduction band minimum, with the energy EC B , takes place

by exciting lattice phonons and changing their momentum k, as shown in Figure 2.10. On the

other hand, the created holes in the valence band relax to its maximum, with the energy EV B .

Direct recombination of electrons and holes between the conduction band minimum and

valence band maximum create photons with the energy of the band gap Eg . However, elec-

trons and holes can attract each other due to Coulomb interactions forming so-called excitons,

whose energy levels lie within the band gap. These free excitons can, furthermore, bind to lat-

tice defects or impurities, thereby reducing their energy further. The observed energy hν of

emission coming from bound exciton transitions is given by

hν= Eg −E Y z X −
e2

4πǫRB
, (2.16)

where E Y z X is the binding energy to the impurity state (being zero for free excitons), Y denotes

the nature of impurity species and z the charge of the impurity (e.g. E D0 X indicates binding to

a neutral donor, E A0 X to a neutral acceptor, etc.). The last term denotes the coulomb energy as

discussed above, with the electron charge e, the absolute permittivity ǫ and the exciton Bohr

radius RB . By measuring the energy of the emitted photons, one can therefore infer information

about the band gap energy and eventually the type and density of impurities.

In practice, lowest energy transitions are most commonly observed, because the probabil-

ity of a certain energy level being occupied follows Boltzmann statistics

Ni

Ntot
= e

−
Ei

kB T , (2.17)
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where Ntot denotes the total number of states of the system and Ni the number of possibly

occupied states of a level i with an energy Ei , kB is the Boltzmann constant and T the temper-

ature. Equation 2.17 indicates that PL measurements are strongly dependent on temperature.

Higher temperatures generally allow the occupation of higher energy levels, but broaden the

peaks and lower the emission efficiency. Nevertheless, higher energy levels can also be assessed

by increasing the laser intensity and thereby completely filling the lowest energy states. More

detailed information about the theory of PL can be found in the references [164] and [165].

PL measurements were done using a frequency doubled Ar laser, leading to an excitation

wavelength of 244 nm, or a HeCd laser with an excitation wavelength of 325 nm. For the Ar

laser, a Si CCD camera was used as a detector, whereas for the HeCd laser the emitted light was

detected by a photomultiplier after passing through a monochromator. The samples were kept

under vacuum in a liquid helium cryostat, allowing a minimum measurement temperature of

around 10 K.

2.4.2 Transmittance

By analyzing the properties of light that is transmitted through a sample, one can also deduce

some of its basic optical properties. It enables for instance the evaluation of the absorption

coefficient α(λ) of semiconductors, which can be used to deduce the band gap energy Eg . The

advantage of this technique is that the sample does not have to be crystalline and exhibit a low

density of defects, as it does not need to exhibit radiative emission. As mentioned above, light

can be principally reflected, absorbed or transmitted from the sample. The transmitted portion

T (λ) can be calculated after the Lambert-Beer’s law [166–168]

I

I0
= T (λ) = e−α(λ)d , (2.18)

where I is the measured intensity and I0 the incident light intensity. The measurement of T (λ)

allows therefore the determination of α(λ), which, in turn, can be used to determine the optical

band gap energy of the sample. J. Tauc et al. [169] showed in 1966 that a representation of the

absorption coefficient as a function of photon energy hν can be used for the determination of

the optical band gap. Close to the band edge, the absorption coefficient depends on the photon

energy as follows

(α(λ)hν)1/r ∝ (hν−Eg ), (2.19)

where r = 1/2 for direct and r = 2 for indirect transitions. The band gap is hence given by

extrapolating the linear regime of this so-called Tauc plot and determining its intersection with

the x-axis.

White light transmission measurements were performed at CRHEA using a home-built sys-

tem, where the transmitted light passes via a monochromator to a photomultiplier that serves

as the detector. Measurements including the NIR range were done by U. Teschner in the Felix-
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Bloch-Institut für Festkörperphysik, Leipzig, Germany, using a PerkinElmer Lambda 19 spec-

trometer, equipped with a photomultiplier tube for the UV-vis range and a PbS detector for the

NIR range.

2.5 Electrical characterization

In the context of device fabrication, it is extremely important to know the electrical proper-

ties of a sample, especially the type, concentration as well as mobility of the carriers present

in the thin film. One possibility to determine these parameters is to perform Hall effect mea-

surements using the van der Pauw method, developed in 1958 [170]. Using four ohmic contacts

placed on the boundary of a sample, as shown in Figure 2.11(a), one can determine a resistance

RAB ,C D by applying a current to two of the contacts (here A and B) and measuring the voltage

drop across the other ones (here C and D). After Ohm’s law

RAB ,C D =
VC D

I AB
, (2.20)

where I AB is the applied current between A and B, and VC D the measured voltage between C

and D. Another resistance, RC D,AB , can be similarly measured by simply applying the current

between C and D and measuring the voltage drop across A and B. Van der Pauw showed that

these two resistances are linked to the resistivity ρ by

e−πd
RAB ,C D

ρ +e−πd
RC D,AB

ρ = 1, (2.21)

where ρ/d is the sheet resistance and d the film thickness. If RAB ,C D = RC D,AB = R (being the

case for geometrically perfect symmetric samples), Equation 2.21 simplifies to

ρ =
πdR

ln(2)
. (2.22)

In the case of asymmetric samples, a geometrical correction factor, depending on the ratio of

RAB ,C D and RC D,AB , can be introduced to Equation 2.22. The expression for this factor is given

in reference [170].

Once the resistivity is known, one can do the actual Hall effect measurement (already dis-

covered in 1879 by E. Hall [171]), as shown in Figure 2.11(b). A magnetic field is applied perpen-

dicularly to the sample. When a current is flowing between two diagonal contacts, the charge

carriers are deviated according to the Lorentz force

FL = evB , (2.23)

where e is the elemental charge, B the magnetic field strength and v the the average drift ve-
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Figure 2.11: (a) Schematic resistivity measurement using the van der Pauw method. (b)
Schematic Hall effect measurement. The magnetic field lines were omitted for
clarity, but they originate in the north pole and point towards the south pole of
the magnets.

locity of the carriers, which can be calculated by

v =
Iel

nH Ae
. (2.24)

Here, Iel is the electric current, nH the carrier concentration and A the cross sectional area of

the (semi-)conductor. The electric field created by the deviation of the carriers is obtained by

combining Equation 2.23 and 2.24, leading to

E =
Iel B

nH Ae
. (2.25)

This electric field can be measured as a Hall voltage (taking into account the width of the sam-

ple)

VH =
Iel B

nH de
, (2.26)

which can be used to calculate nH . The direction of the deviation determines the sign of VH ,

containing therefore information about the type of the majority carriers (electrons or holes).

The carrier mobility µH can then be calculated using the resistivity and the carrier concentra-

tion obtained from the measurements

µH =
1

nHρe
. (2.27)

The mobility of the carriers is influenced by the number of scattering processes they expe-

rience when propagating through the material. This property is, in turn, determined by the

materials crystallinity (number and type of defects, disorder, grain boundaries, etc.), the impu-

rity concentration (intentional dopants or unintentional impurities), the carrier concentration

itself (leading to scattering between the carriers) and scattering with lattice phonons. The sum
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of these effects determines the overall transport characteristics of a material. More details to

electrical transport, e.g. about the temperature dependence of the mobility, can be found in

reference [165].

The Hall effect measurements in the frame of this thesis were performed using a self built

system, equipped with an electromagnet at a magnetic flux density of 0.8 T. Temperature de-

pendent Hall effect measurements of selected samples were done by A. Welk with a Physical

Property Measurement System (PPMS) from Quantum Design Europe in a range of 30 K to 300 K

and a magnetic flux density up to 9 T (Felix-Bloch-Institut für Festkörperphysik, Leipzig, Ger-

many).
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Chapter 3

MBE growth and characterization of

Zn3N2 thin films

IN THIS CHAPTER, the development of epitaxial Zn3N2 thin film growth is discussed. We

present the effect of the substrate material and the growth conditions on the film orien-

tation and quality, and identify the epitaxial relationships of the grown thin films to their sub-

strates [MgO (100) and YSZ (100)]. Subsequently, the fundamental physical properties, such as

linear thermal expansion coefficient, electrical transport characteristics and band gap of Zn3N2

thin films are addressed. This chapter covers:

• Epitaxy of Zn3N2: Growth orientation tuning

• Structural characterization by XRD and RHEED: From epitaxial relations to crystalline

quality

• Linear thermal expansion coefficients of Zn3N2

• Electrical transport in Zn3N2

• Band gap as a function of electron concentration



52 CHAPTER 3: EPITAXY AND CHARACTERIZATION OF Zn3N2

3.1 State of the art: Reminder

Although Zn3N2 epitaxy has been studied previously by MBE and sputtering on MgO (100),

YSZ (100) and a-plane sapphire (see Section 1.2.4), a detailed description of the effect of sub-

strate and growth conditions on the structural film properties, such as crystallinity, orientation

and morphology, is still missing. Similarly, there is no report on the evaluation of the structural

quality in epitaxial Zn3N2 up to now, although such investigations are necessary to develop

strategies for the improvement of film qualities, and their use in devices. Furthermore, the lin-

ear thermal expansion coefficient of Zn3N2, a crucial parameter for the design of heterostruc-

tures, was not reported before this PhD.

Besides, the band gap of Zn3N2 is still under controversial discussion, experimental values

ranging from 0.9 eV to 3.4 eV, as discussed in Section 1.2.3. This may be, on the one hand,

connected to the immaturity of Zn3N2 growth, leading to low structural qualities that perturb

the determination of the band gap. On the other hand, it seems clear that this large range or

band gap energies is (at least partially) linked to the oxidation of Zn3N2 in air to ZnO and/or

Zn(OH)2, leading to an overestimation of the band gap energy [66, 87, 91, 98, 104]. Taking this

effect into account, the Zn3N2 band energy is nowadays estimated to lay in a range of 0.9 eV to

1.5 eV.

On the contrary, the electrical properties of Zn3N2 are quite well established, probably due

to its application as channel layer in TFTs. A low electron effective mass of 0.08 m0 is accepted,

leading to a high electron mobility of 395 cm2V−1s−1 [99], which seems to be relatively indepen-

dent of the crystalline quality of Zn3N2. Nevertheless, the growth of non-degenerate Zn3N2 is

still challenging, with only one study displaying electron concentrations below 1018 cm−3 [92].

This is probably due to N-vacancies, Zn interstitials and/or oxygen contamination [72, 74, 75,

103].

3.2 Epitaxial growth of Zn3N2 by MBE

In the following, the development of Zn3N2 epitaxy, starting from the first attempts until the

achievement of epitaxial thin films, is discussed. Since Zn3N2 epitaxy has not been established

in CRHEA before the beginning of this project, the entire growth process needed to be ex-

plored and optimized. We point out the optimization necessary to achieve epitaxial Zn3N2 and

demonstrate the possibility to control the film orientation by changing the growth conditions.

Finally, the epitaxial relationships of the thin films to their crystalline substrates [MgO (100)

and YSZ (100)] using XRD and RHEED are addressed, and their structural quality is evaluated

as a function of the substrate and film orientation.
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3.2.1 First attempts towards Zn3N2

In the literature, Zn3N2 epitaxy has been carried out in a quite large temperature range from

140 ◦C to 400 ◦C [53, 99, 103], which was used as a starting point for the substrate temperatures

used in the first attempts to develop a Zn3N2 growth process by MBE in CRHEA. The XRD pat-

terns of three early grown Zn3N2 thin films on MgO (100) are shown in Figure 3.1(a), grown at

the conditions given in Table 3.1.

Sample I is grown at a relatively high substrate temperature of 400 ◦C, as well as a high Zn/N

ratio. Although the peak at ∼31.5° originates from (111)-oriented Zn3N2, there is a broad con-

tribution close to the MgO (200) substrate reflection which is assigned to metallic Zn, indicat-

ing a too large Zn/N ratio during growth. Reducing the substrate temperature to 275 ◦C (sam-

ple II) leads to an increased intensity of the Zn3N2 (222) signal and a concomitant decrease of

Zn (010). However, a third signal occurs, which can be assigned to ZnO (002). Similar results

were obtained by Oshima et al. [see Figure 1.11(c)], who attributed the occurrence of ZnO to

an increased activation of residual oxygen in the MBE chamber at high temperatures, since

they were able to decrease the ZnO contamination by reducing the substrate temperature [53].

An alternative explanation for the occurrence of the ZnO peak could be a partial oxidation of

Zn3N2 in air after the growth or the diffusion of oxygen from the substrate.

Table 3.1: Growth conditions of some of the first Zn3N2 thin films on MgO (100) grown at
CRHEA.

Sample Growth temp. Zn flux Nitrogen flow Thickness Growth rate

(◦C) (10−7 Torr ) (sccm) (nm) (nm min−1)

I 400 30 0.35 45 0.33

II 275 30 0.35 ∼55 ∼0.36

III 200 2.7 1.0 42 0.8

Therefore, we reduced the growth temperature further and changed the Zn/N ratio towards

more N-rich conditions, in order to avoid ZnO contamination, as well as the occurrence of

metallic Zn. In sample III two signals, both originating from diffraction of Zn3N2 planes [(222)

and (400)], are observed, giving rise to a polycrystalline thin film, but without any additional

parasitic phase. This sample was used as a starting point for further optimization towards epi-

taxial Zn3N2. The associated RHEED pattern taken along the MgO [011] axis is a superposi-

tion of two diffraction patterns [see Figure 3.1(c)], where the streaky pattern corresponds to

diffraction of Zn3N2 (222) and the spotty one to diffraction of Zn3N2 (400) planes, as will be

demonstrated in the following section.

Interestingly, the growth is initiated by Zn3N2 (111), as no spots are observed in the RHEED

pattern at an early stage. As the growth proceeds, the spotty pattern occurs and becomes more

intense, until it finally dominates the RHEED. This phenomenon is discussed in more detail in

the following sections, too.
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Figure 3.1: (a) 2θ/ω scans of the first samples aiming to grow Zn3N2, measured with a fully open
detector in order to detect all contributions from parasitic phases. The numbers I
to III refer to the growth conditions reported in Table 3.1, the curves are vertically
shifted for clarity. The RHEED patterns of the MgO substrate and of sample III, both
taken along the MgO [011] axis, are shown in (b) and (c), respectively.

Figure 3.2: XRR curve of sample III. The density, thickness and roughness given in the inset
are extracted using a fit based on the characteristics indicated in the curve and ex-
plained in Section 2.3.2.
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The thicknesses of the samples I and III were obtained by XRR measurements, as shown for

sample III in Figure 3.2. Besides the extraction of thickness, it is worth mentioning that for this

sample the obtained density from the fit is close to the established Zn3N2 value of 6.22 g cm−3,

indicating a compact thin film with a stoichiometry close to ideal Zn3N2.

We employed systematically XRR for all grown Zn3N2 to extract their thicknesses. Note that

in some cases (as e.g. for sample II), interference fringes are not visible in XRR due to high

surface roughness and/or large thicknesses. In these cases, we estimated the thickness using

in-situ reflectivity and/or extrapolation of the growth rate from similar samples and indicate

this by the insertion of a "∼" symbol wherever the thickness value is given.

3.2.2 From polycrystalline to epitaxial Zn3N2: Tuning of film orien-

tation

After some optimization starting from sample III of the previous section, we investigated sys-

tematically the effect of the Zn/N ratio and the growth temperature on the film microstructure

on two grown Zn3N2 series. Note that prior to growth the substrates were exposed for 10 min to

N-plasma as well as Zn flux at a temperature of 300 ◦C. Although no growth takes place under

these conditions, an improvement of the RHEED pattern is observed, indicating an improved

surface crystallinity.

Effect of Zn/N ratio:

In order to change the Zn/N ratio, a Zn3N2 series with varying Zn flux is grown on MgO (100),

at a substrate temperature of 100 ◦C. The growth conditions are given in Table 3.2.

Figure 3.3(a) shows the effect of Zn/N ratio on the growth orientation of the Zn3N2 thin

films. At the highest Zn fluxes (samples i and ii), the thin films do not show any diffraction

intensity besides the MgO (200) substrate reflection, indicating an amorphous film microstruc-

ture. Decreasing the Zn/N ratio leads to crystallization of the thin films along the [100]-direction,

as observed in sample iii. While one may already announce the achievement of epitaxial Zn3N2

due to the unique presence of Zn3N2 (400) planes, the crystallinity of this thin film is still rather

poor, indicated by a low diffraction intensity as well as spots elongated along circular arcs in

the RHEED pattern (see Figure A.2 of the Appendix). Both features indicate a poor in-plane

orientation.

A further decrease of the Zn/N ratio leads to the occurrence of a second peak, as observed

for the samples iv to vi, which is assigned to the crystallization of (111)-oriented grains, con-

comitantly present with the Zn3N2 (100) grains that still dominate the diffraction pattern. In-

terestingly, the growth along the [111]-direction becomes dominant as the Zn/N ratio is further

decreased (see sample vii), which may be used as a first step towards a tuning of Zn3N2 film

orientation by adjusting the growth conditions.

The growth rate of this Zn3N2 series increases linearly as a function of Zn flux, as shown

in Figure 3.3(b). At high growth temperatures, the growth rate usually increases initially as



56 CHAPTER 3: EPITAXY AND CHARACTERIZATION OF Zn3N2

Table 3.2: Growth conditions of Zn3N2 thin films on MgO (100) with varying Zn flux.

Sample Growth temp. Zn flux Nitrogen flow Thickness Growth rate
(◦C) (10−7 Torr ) (sccm) (nm) (nm min−1)

i 100 4.0 0.85 31 1.29
ii 100 3.1 0.85 31 1.0
iii 100 2.4 0.85 44 0.72
iv 100 2.0 0.85 35 0.56
v 100 1.6 0.85 42 0.42
vi 100 1.3 0.85 36 0.26
vii 100 1.1 0.85 30 0.24

Figure 3.3: (a) 2θ/ω scans of Zn3N2 thin films as a function of Zn flux, measured with a fully
open detector. The numbers i to vii refer to the growth conditions given in Table 3.2
and the curves are vertically shifted for clarity. (b) Growth rates of the samples in
(a).

a function of metal flux until it reaches a saturation limit, indicating an increased metal re-

evaporation rate when passing from the anion-rich to the metal-rich growth regime (see e.g. [172]).

However, the low growth temperature of 100 ◦C chosen here prevents significant Zn re-evaporation.

Hence, no saturation is observed and all Zn atoms arriving at the substrate are incorporated to

the growing layer, leading to metal-rich stoichiometries when grown at high Zn fluxes, as dis-

cussed later.

Unfortunately, the determination of Zn-rich and N-rich growth regimes from this data is

not straightforward and can be only estimated, given that no plateau is observed. We assumed

Zn-rich conditions for the samples i to iii, where comparatively high growth rates and the tran-

sition from amorphous to crystalline Zn3N2 are found. On the other hand, the low growth rates

of samples vi and vii indicate a lack of Zn, indicating N-rich conditions.

Effect of growth temperature:

In order to grow epitaxial Zn3N2, we also investigated the effect of substrate temperature on the

film orientation, grown at an intermediate Zn/N ratio, as illustrated in Figure 3.4. The growth

temperature was varied between 50 ◦C to 250 ◦C, with the conditions reported in detail in Ta-
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Figure 3.4: (a) 2θ/ω scans of Zn3N2 thin films as a function of growth temperature, measured
with a fully open detector. The letters A to G refer to the growth conditions given
in Table 3.3, the curves are vertically shifted for clarity. The RHEED patterns of the
samples E and F, taken along the MgO [011] axis, are shown in (b) and (c), respec-
tively. A simulated diffraction pattern corresponding to the Zn3N2 (011) plane of the
reciprocal lattice is superimposed the RHEED of sample F, indicated by black dots.

ble 3.3.

At the lowest temperature of 50 ◦C (sample A), the thin film is nanocrystalline/amorphous,

as no significant signals besides the MgO (200) substrate peak are detected. An increase of

growth temperature leads to crystallization of the Zn3N2 thin films. In the samples B and C,

grown at 100 ◦C and 150 ◦C, respectively, the Zn3N2 (400) reflection dominates the diffraction

pattern. Hence, the majority of the grains are oriented along the [100]-direction, although a

low-intensity contribution coming from Zn3N2 (222) planes is present. A further increase of

substrate temperature leads to a stabilization of Zn3N2 (111), as found for the samples D and

E (grown at 200 ◦C and 250 ◦C, respectively), since the (222) reflection is this time dominating

the XRD pattern. Nevertheless, a parasitic contribution coming from Zn3N2 (100) grains is still

present.

Interestingly, the growth of the samples B to E starts always with Zn3N2 (111) as discussed

before, since no traces of (100)-oriented Zn3N2 could be detected by RHEED in the initial

growth stage, as shown in Figure 3.4(b). The associated RHEED pattern of sample E is streaky,

indicating a low surface roughness (XRR roughness was found to be 2.3 nm), and consists of

numerous diffraction rods. The epitaxial relationships generating such a RHEED pattern are

discussed in Section 3.2.3. Let us now focus on the fact that, as the growth proceeds, the

Zn3N2 (111) layer is overgrown by (100)-oriented Zn3N2, as indicated by the parasitic Zn3N2 (400)

reflection in XRD and the occurrence of additional spots in the RHEED pattern (inset III of Fig-
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Table 3.3: Growth conditions of Zn3N2 thin films with varied substrate temperature.

Sample Substrate Growth temp. Zn flux Nitrogen flow Thickness Growth rate
(◦C) (10−7 Torr ) (sccm) (nm) (nm min−1)

A MgO (100) 50 2.2 1.0 48 0.69
B MgO (100) 100 2.2 1.0 44 0.69
C MgO (100) 150 2.2 1.0 38 0.60
D MgO (100) 200 2.2 1.0 37 0.59
E MgO (100) 250 2.2 1.0 41 0.54
F MgO (100) 100 2.8 0.85 65 1.08
G YSZ (100) 200 2.0 0.85 25 0.72

ure 3.1). Indeed, in cubic materials, (100) surfaces are commonly the most stable ones due to a

low dangling bond density compared to other orientations, as for example reported for rocksalt

and perovskite structures [173].

The initial (111)-oriented growth could be explained by the lattice parameter mismatch of

Zn3N2 to MgO. In a [100]Zn3N2 ∥ [100]MgO configuration, the lattice mismatch is +16.0 %, as re-

ported in Table 1.1. However, in the configuration found here the average lattice mismatch

is reduced to around +8 % (see Section 3.2.3). From this point of view, one could argue that

at initial growth stages the substrate-film interaction dominates, while for larger thicknesses

thermodynamics takes over. Although a lattice mismatch of +8 % is still large, the substrate

imposes a (111) orientation to the nucleating Zn3N2, which reorients along the thermodynam-

ically more stable [100] direction subsequently.

By slightly adjusting the Zn/N ratio we were able to grow epitaxial Zn3N2 (100) at 100 ◦C (see

sample F in the left inset of Figure 3.4). The RHEED pattern associated to this sample and taken

along the MgO [011] axis is spotty (XRR roughness 2.7 nm), but can be perfectly reproduced

using a single theoretical diffraction pattern corresponding to the Zn3N2 (011) plane of the

reciprocal lattice, as shown by the black dots superimposed to the RHEED in Figure 3.4(c).

However, small traces of Zn3N2 (111) are still present at 31.7°, in agreement with our statement

of a (111) oriented inter-layer at the nucleation stage.

In order to avoid the parasitic Zn3N2 (111) phase being present at the film-substrate inter-

face, we performed growth on YSZ (100) substrates, having a lower lattice parameter mismatch

to Zn3N2 (−5.1 % in a [100]Zn3N2 ∥ [100]YSZ configuration, as reported in Table 1.1). Indeed, no

parasitic Zn3N2 (111) phase is observed in the XRD pattern of sample G, grown at 200 ◦C and

shown in the right inset of Figure 3.4, giving rise to epitaxial Zn3N2 (100). The RHEED pattern

of this thin film is very similar to that of Zn3N2 (100) on MgO (100), as shown in Figure 3.9(c) of

Section 3.2.3.

In this series, there was no (or very slow) growth observed above a substrate temperature of

250 ◦C, indicating the onset of Zn re-evaporation, consistent with some of the previous studies

on epitaxial Zn3N2 [99, 103]. Note that we grew samples at 400 ◦C, as discussed in the context

of Figure 3.1, but with a low growth rate of 0.33 nm min−1, although a Zn flux one order of
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magnitude higher than in this series was used (see Table 3.1).

To conclude this section, we successfully established Zn3N2 growth in CRHEA and are able

to grow amorphous, polycrystalline and epitaxial Zn3N2 by MBE. Furthermore, the film orien-

tation can be controlled by varying the growth conditions, Zn3N2 (111) is stable on MgO (100)

in the first ∼40 nm at a substrate temperature of 250 ◦C and occurs generally as inter-layer on

MgO (100). On the other hand Zn3N2 (100) is the thermodynamically more stable orientation,

and is achieved at 100 ◦C on MgO (100), as well as at 200 ◦C on YSZ (100).

3.2.3 Epitaxial relationships of Zn3N2 on different substrates

In order to identify the epitaxial relationships of the grown Zn3N2 (100) and (111) thin films (i.e.

their in-plane orientation with respect to their substrate) and assess their epitaxial character,

we measured XRD Φ scans on asymmetric Zn3N2 planes, where Φ denotes the azimuthal angle

around the growth direction. The Φ scan on Zn3N2 (440) planes of sample E [Zn3N2 (111) on

MgO (100)] is shown in Figure 3.5(a). Given that the film orientation is (111), three peaks are in

principle expected for a rotation of Φ= 360°. However, 12 peaks are experimentally observed.

Figure 3.5: (a) Φ scan on asymmetric Zn3N2 (440) planes of sample E [Zn3N2 (111) on
MgO (100)] compared to the Φ scan on the MgO (220) substrate planes. (b)
Schematic epitaxial relationships resulting from (a).

In order to explain this discrepancy one has to reconsider the theory of epitaxial rotational

domains as explained in Section 1.1.1: For a cubic [111]-oriented thin film (having 3-fold rota-

tional symmetry) grown on a cubic [100]-oriented substrate (with 4-fold rotational symmetry),

there are four energetically equivalent in-plane arrangements. Therefore, four epitaxial do-

mains are expected, as schematically illustrated in Figure 3.5(b), leading, in turn, to the obser-

vation of 12 peaks in the Φ scan. Note that the Zn3N2 (440) peaks occur at a different azimuthal

angle than the MgO (220) substrate peaks, indicating a 45° in-plane rotation of the four epitax-

ial domains with respect to the substrate. The in-plane epitaxial relationships for Zn3N2 (111)
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on MgO (100) are hence given by

[11̄0] Zn3N2 ∥ [011] MgO (3.1a)

[112̄] Zn3N2 ∥ [011̄] MgO (3.1b)

plus the three additional epitaxial domains obtained by 90°, 180°, and 270° rotations of one

triangular Zn3N2 domain around the [111] growth axis. For clarity, the projections of the Zn3N2

[11̄0] and [112̄] directions are indicated in one epitaxial domain in the schematic structure of

Figure 3.5(b).

Figure 3.6: (a)Φ scan on asymmetric Zn3N2 (440) planes of sample G [Zn3N2 (100) on YSZ (100)]
compared to the Φ scan on the YSZ (220) substrate planes. (b) Schematic epitaxial
relationships resulting from (a).

The presence of four epitaxial domains leads also to the presence of the numerous diffrac-

tion rods observed in the RHEED pattern of this sample (see Figure 3.4), due to a superposition

of the diffraction pattern belonging to each individual domain family. The diffraction patterns

of such thin films is discussed in more detail in Section 4.3.2 and 4.3.3, where we show simula-

tions to reproduce a similar RHEED obtained for the growth of iso-structural Mg3N2 thin films,

also along the [111] direction on MgO (100).

Figure 3.6(a) shows theΦ scan on Zn3N2 (440) planes of sample G [Zn3N2 (100) on YSZ (100)].

As expected for a (100)-oriented 4-fold symmetric thin film, four peaks are found experimen-

tally, which occur at the same azimuthal angles as the YSZ (220) peaks. Consequently, the epi-

taxial relationships [shown schematically in Figure 3.6(b)] are

[100] Zn3N2 ∥ [100] YSZ (3.2a)

[011] Zn3N2 ∥ [011] YSZ. (3.2b)
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The same epitaxial relationships were found for Zn3N2 (100) on MgO (100) (sample F, Φ scan

shown in Figure A.3 of the Appendix), as confirmed by the RHEED pattern observed for this

sample [see Figure 3.4(c)], where diffraction of Zn3N2 (011) planes was observed along the MgO

[011] direction. Hence, Zn3N2 (100) shows the same epitaxial relationships on both MgO (100)

and YSZ (100), without additional rotational domains.

3.2.4 Out-of plane lattice parameter

In order to assess the out-of-plane lattice parameter of the grown Zn3N2 thin films, being a

measure of their strain state, we measured high-resolution XRD on the symmetric Zn3N2 reflec-

tions of the different thin film-substrate configurations discussed above. Figure 3.7(a) shows

the high-resolution 2θ/ω scan of sample E [Zn3N2 (111) on MgO (100)]. Finite thickness in-

terference fringes surrounding the (222) main reflection are clearly observed, indicating a high

out-of-plane x-ray scattering coherence, as explained in Section 2.2. Representing Equation 2.9

in angular coordinates allows us to simulate the theoretical diffraction pattern (considering a

perfect crystal without interface roughness) using

I ∝
sin2(2πnuc dhkl sinθ/λ)

sin2(2πdhkl sinθ/λ)
. (3.3)

Note that the experimental thickness fringes surrounding the (222) main peak exhibit an asym-

metry between the higher/lower 2θ angles, with higher intensity on the smaller 2θ-side. This

indicates a change of the out-of-plane lattice parameter as a function of thickness, which can

be interpreted as a strain/compositional gradient. Inserting a dhkl that can vary as a function

of thickness into Equation 3.3 allows to reproduce this asymmetry. Lichtensteiger [174] devel-

oped a software based on a dhkl that changes gradually as a function of thickness according

to

dhkl = AeNuc /B +C , (3.4)

where Nuc is the running unit cell number and A, B and C are fitting parameters.

Using her simulation software, a good agreement is achieved for Sample E, where an aver-

age d222 of 2.826±0.001 Å is obtained, as well as a thickness of 40.1 ± 0.3 nm, in agreement with

the value of 41 nm obtained from XRR (see Table 3.3). The out-of-plane inter-planar distance is

somewhat larger than the literature value of 2.820 Å for fully relaxed Zn3N2, indicating a global

in-plane compressive strain state of the layer. Plotting the inter-planar d222 distance obtained

from the simulation as a function of thickness [Figure 3.7(b)], reveals a d222 that is largest at

the film-substrate interface, and relaxes to the literature value of unstrained Zn3N2 (222) as the

growth proceeds.

To account for this behavior, the determination of the lattice mismatch in this configura-

tion, according to the epitaxial relationships determined in the previous section, is necessary.

Along the Zn3N2 [112̄] direction, a small lattice mismatch of +0.54 % is obtained using Equa-
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Figure 3.7: HRXRD on symmetric Zn3N2 reflections around (a) Zn3N2 (222) [sample E,
Zn3N2 (111) on MgO (100)], with the extracted depth-dependent lattice parame-
ter indicated in (b), and (c) Zn3N2 (400) [sample G, Zn3N2 (100) on YSZ (100)], with
the extracted depth-dependent lattice parameter indicated in (d). The curves were
recorded with the crystal analyzer detector.

tion 1.1. On the other hand, along Zn3N2 [11̄0], a mismatch of +16.0 % is present. Hence, the

substrate imposes its smaller lattice parameter to the nucleating Zn3N2 layer, leading to an in-

plane compressive strain at the film-substrate interface and, therefore, to an expansion of the

out-of-plane lattice spacing. As the thickness is increased, the strain is released by the introduc-

tion of defects, such as dislocations (see Figure 1.2). Note that the lattice mismatch is calculated

using two MgO unit cells with one Zn3N2 unit cell, due to the large lattice parameters present

in the anti-bixbyite crystal structure.

Similarly, the high-resolution 2θ/ω scan of sample G [Zn3N2 (100) on YSZ (100)] is pre-

sented in Figure 3.7(c). Also the symmetric (400) reflection of this sample is surrounded by

finite thickness interference fringes, indicating coherent x-ray scattering from large areas. The

average d400 was found to be 2.420±0.001 Å and the thickness extracted from the simulation

was 25.2 ± 0.3 nm, consistent with the XRR thickness of 25 nm. This time, the d400 lattice spac-

ing is smaller than the literature value of fully relaxed Zn3N2 (2.442 Å), indicating a global ten-
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sile strain due to a lattice expansion in-plane, as expected with a given lattice parameter mis-

match of −5.1 % (see Table 1.1) in this epitaxial configuration. The simulation of the diffraction

pattern reveals a strong tensile strain at the film-substrate interface that relaxes towards the

Zn3N2 (400) literature value. Although counterintuitive, the surrounding thickness oscillations

show an asymmetry similar to that of sample E, i.e. a higher intensity at smaller 2θ angles,

which was interpreted before to originate from a compressive strain at the film-substrate in-

terface. In sample G, however, an additional diffraction intensity coming from the scattering

tails of the YSZ (200) substrate reflection, closely located and superimposed to the Zn3N2 (400)

peak, leads to a similar asymmetry as observed in sample E. Including this effect in the simula-

tion gives rise to the evolution of d400 as shown in Figure 3.7(d), in agreement with an in-plane

tensile strain, where the YSZ substrate imposes its larger lattice parameter to the growing film.

Note that the lattice mismatch is also in this case calculated using two YSZ unit cells and one

Zn3N2 unit cell.

On the contrary, there are no finite size interference fringes observed for sample F (Zn3N2

(100) on MgO (100), see Figure A.4 of the Appendix for 2θ/ω scan), indicating a loss of out-of-

plane x-ray scattering coherence and pointing towards a lower structural quality of this thin

film, as will be demonstrated in the following.

3.2.5 Structural quality of Zn3N2

A good indicator for the crystalline quality of a thin film is the full width at half maximum

(FWHM) of its ω rocking curve, as discussed in Section 2.2.1. The ω scans on the symmetric

reflections of our epitaxial Zn3N2 thin films, measured with a fully open detector and fitted with

pseudo-voigt functions, are presented in Figure 3.8. Note that symmetric reflections contain

information about the tilt of a sample (see Figure 2.4), since only the rotational disorder of

atomic planes parallel to the surface is measured.

The (111)-oriented Zn3N2 thin film [sample E, see Figure 3.8(a)] exhibits a narrow rocking

curve with a peak width of 0.22°, proving a high parallelity of the atomic planes perpendicular

to the growth direction, consistent with the occurrence of finite thickness interference fringes

in Figure 3.7(a). On the contrary, sample F [Zn3N2 (100) on MgO (100), shown in Figure 3.8(b)]

shows a broad rocking curve with an FWHM of 1.6°, indicating a strong tilt that necessarily

leads to a loss of long-range x-ray scattering coherence, accompanied by vanishing thickness

fringes.

Interestingly, the rocking curve of sample G, illustrated in Figure 3.8(c), consists of two

components, one broad contribution with an FWHM of 1.1° and another, narrow contribu-

tion having a peak width of 0.16°. This two-component line shape gives rise to a film structure

with two grain families, one being well oriented along the [100] growth direction and another

one showing a relatively strong misorientation with respect to the [100] direction (tilt). In or-

der to identify the spatial distribution of these families in the film structure, we grew a thicker

Zn3N2 (100) thin film on YSZ (100), using the same growth conditions as for sample G. The
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ω scan of the symmetric (400) reflection of this 175 nm-thick sample is shown in Figure 3.8(d).

The narrow contribution disappeared completely and the rocking curve is dominated by a 1.0°-

wide peak. Similar observations were found by Miyake et al. [175], who found two-component

line shapes in symmetric ω rocking curves of their sputtered AlN layers on c-plane sapphire.

They attributed the narrow contribution to a highly oriented, 10 nm-thick nucleation layer as

confirmed by TEM experiments [175, 176], which is overgrown by strongly tilted AlN, causing

the broad contribution. While the diffraction intensity of the nucleation layer causing the nar-

row peak stays constant as the film thickness increases, the intensity of the tilted grain family

increases until it completely dominates the diffraction pattern, as observed in our case. We can

hence assume a similar microstructure for our Zn3N2 (100) thin films on YSZ (100).

Figure 3.8: Symmetric ω scans of different Zn3N2 thin films. (a) Around the (222) reflection
of sample E [41 nm Zn3N2 (111) on MgO (100)]. (b) Around the (400) reflection of
sample F [65 nm Zn3N2 (100) on MgO (100)]. (c) Around the (400) reflection of sam-
ple G [25 nm Zn3N2 (100) on YSZ (100)]. (d) Around the (400) reflection on 175 nm
Zn3N2 (100) on YSZ (100), grown at the same conditions as sample G. Note that dif-
ferent x-scales are used for the curves, which were all recorded using a fully open
detector.

In order to obtain information about in-plane lattice rotations (twist), one has to analyze

rocking curves of asymmetric reflections (see Section 2.2.1). These planes are measured by
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inclining the sample by an angle χ, until the desired plane to be measured fulfills the diffraction

conditions (skew-geometry). While the atomic planes perpendicularly to the surface (i.e. χ =

90°) allow to directly assess the twist, the planes between 0° < χ < 90° contain information

about both tilt and twist, which can be discriminated by subsequent modeling. In a model

proposed by Lee et al. [177], who evaluated the crystallinity of heteroepitaxial GaN, AlN and

AlGaN thin films, the FWHMs Γhkl of asymmetric reflections as a function of χ are given by

Γhkl =

√

(Γy cosχ)2 + (Γz sinχ)2 + (2π/L)2/Q2
hkl , (3.5)

where Γy and Γz are the contributions of tilt and twist, respectively, to the width of Γhkl . The

last term contains the effective coherence length L, correcting broadening due to finite grain

sizes.

The FWHM extracted from the rocking curves of several asymmetric reflections as a func-

tion of χ is shown in Figure 3.9(a) for the samples E, F and G.

For all three samples an increase of Γhkl as a function of χ is observed, indicating that the

film microstructure is dominated by twist, being well reproduced using Equation 3.5 and ne-

glecting finite grain sizes. However, the absolute degree of misorientation differs strongly when

considering the different samples. The samples E and G show relatively moderate misorienta-

tions with Γy tilt values of 0.3° and 1.0°, and Γz twist values of 1.1° and 1.6°, respectively, ex-

tracted from the fit. Note that we plotted the FWHM of the broad contribution for sample G, as

no narrow peak was observed in any of its asymmetric reflections. Sample F, on the contrary,

exhibits already an FWHM of Γy = 1.6° for the tilt, which increases strongly as a function of χ to

a value of Γz = 4.9°. This strong twist component can be also observed in the RHEED pattern of

sample F, which is reprinted here from Figure 3.4 without the simulated diffraction pattern and

compared to that of sample G (see Figure 3.9(b) and (c), respectively). Besides confirming again

that both thin films exhibit the same epitaxial relationships, the RHEED of sample F appears

blurry, exhibiting enlarged spots with respect to that of sample G, due to the strong in-plane

twist present in sample F.

To account for this large misorientation in Zn3N2 (100) grown on MgO (100) one has to

reconsider the lattice parameter mismatch of thin film and substrate. In this epitaxial config-

uration the lattice mismatch is +16.0 %, which is avoided by imposing a [111] growth direction

to the nucleating layer, thereby reducing the average lattice mismatch to ∼8 %, as mentioned

before. Note that this parasitic Zn3N2 (111) contribution is also detected in the XRD of sam-

ple F, though with very low intensity (see left inset of Figure 3.4). Hence, the (100)-oriented

Zn3N2 overgrows this Zn3N2 (111) inter-layer, probably accompanied by a reduction of struc-

tural quality in this thin film.

In summary, the crystalline properties of epitaxial Zn3N2 thin films have been investigated

in detail using XRD and RHEED. Zn3N2 (100) exhibits the same in-plane orientation on MgO (100)

and YSZ (100), where the cubic Zn3N2 thin film preserves the crystallographic directions of the

respective substrate. While the Zn3N2 (100) thin films nucleate with a high out-of-plane crys-
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Figure 3.9: (a) FWHM as a function of χ of various asymmetric reflections for the samples E, F
and G, measured with a fully open detector. The RHEED patterns along MgO [011]
for the samples F and G are illustrated in (b) and (c), respectively.

talline quality on YSZ (100), which degrades as the film thickness increases, a Zn3N2 (111) inter-

layer is introduced on MgO (100), thereby reducing the average lattice mismatch from 16 % to

8 %, at the expense of structural quality of the overgrowing (100) thin film. The thickness of the

Zn3N2 (111) inter-layer can be varied by changing the growth conditions, as discussed in the

previous section, allowing to grow thin epitaxial Zn3N2 (111) on MgO (100). These thin films

exhibit four epitaxial domains when grown on MgO (100) due to different substrate-epilayer ro-

tational symmetries. Nevertheless, they show small in-plane and out-of-plane misorientations

before a change of film orientation towards (100) takes place, at thicknesses above ∼40 nm.

3.3 Linear thermal expansion coefficient of Zn3N2

Since epitaxy is generally performed at temperatures higher than room temperature, the knowl-

edge of the linear thermal expansion coefficient of thin film and substrate material in a large

temperature range is extremely important in order to evaluate their lattice parameter mismatch

at a given growth temperature. On the one hand, this may enable the design of heterostructures

retaining pseudomorphic growth or, on the contrary, it can enable to favor a rapid plastic re-

laxation by maximizing the initial strain on the nucleating film. Furthermore, a mismatch of

thermal expansion coefficients of thin film and substrate material can eventually yield to the

formation of additional defects in the film, such as dislocations and cracks, during the cool-

down to room temperature, which may be detrimental for certain applications.

In this context, we measured the out-of-plane lattice parameter of two Zn3N2 samples as

a function of temperature by employing high-temperature XRD, as shown for one sample in
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Figure 3.10(a). A clear shift of the (400) reflection towards lower diffraction angles as a func-

tion of measurement temperature is observed in the 2θ/ω scan of the Zn3N2 (100) thin film

on YSZ (100), giving rise to an out-of-plane lattice expansion. Similar observations have been

made on a Zn3N2 (100) grown on MgO (100), as shown in Figure A.5 of the Appendix. Note that

no diffraction is detected above a temperature of 425 ◦C for any of the samples, indicating an

evaporation or decomposition of the Zn3N2 thin films. This is in agreement with the low growth

temperatures found for Zn3N2 in this work as well as in literature (≤ 400◦C) [53, 99, 103].

Figure 3.10: (a) High-temperature XRD on a Zn3N2 (100) thin film grown on YSZ (100). (b)
Zn3N2 d400 inter-planar distance as a function of temperature for two Zn3N2 (100)
thin films, the one shown in (a) and one grown on MgO (100). (c) Linear thermal
expansion coefficient point by point, extracted from (b).

Using Bragg’s Equation, one can extract the (400) inter-planar distance as a function of tem-

perature, as shown in Figure 3.10(b). A linear increase of d400 as a function of temperature

is observed. Note that in the entire temperature range, the absolute d400 value of Zn3N2 on

YSZ is smaller than for the film grown on MgO. This is due to the opposite lattice parameter

mismatches of Zn3N2 to YSZ and MgO, introducing an in-plane tensile or in-plane compres-
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sive strain to the growing thin film, respectively, as discussed in Section 3.2.3. From the slopes

in Figure 3.10(b), an average linear thermal expansion coefficient of αT = 1.5×10−5 K−1 is ex-

tracted, which is roughly four times higher than the linear thermal expansion coefficients of III-

nitrides such as GaN or AlN [178, 179], but in the same range than the one of the iso-structural

Mg3N2, as discussed in Section 4.5.

It is important to emphasize that we found similar slopes for both samples, even though

the effect of thermal expansion from the substrates is different in the two cases. Since our

thin films are epitaxially attached to their substrates, two different extreme scenarios for their

thermal expansion can be considered. In case of a pseudomorphic thin film with low defect

density, the thermal expansion of the layer will be mostly driven by the thermal expansion of

its underlying substrate, whose influence needs to be corrected for when extracting the linear

thermal expansion coefficients of the film. On the contrary, if the layer exhibits high defect den-

sities, it eventually expands independently from the substrate, giving direct access to the linear

thermal expansion coefficient without applying any further corrections. In order to investigate

this effect, we extracted the linear thermal expansion coefficients [180, 181] point-by-point as

a function of temperature for Zn3N2 on both MgO and YSZ, according to

αT =
d400(T +∆T )−d400(T )

1
2 [d400(T +∆T )+d400(T )]∆T

, (3.6)

where ∆T is the temperature difference between two consecutive points. Although the sub-

strates show fairly different expansion coefficients (MgO: ∼1.2×10−5 K−1, YSZ: ∼8×10−6 K−1

[182, 183]), the linear thermal expansion coefficient for Zn3N2 was found to be similar on both

substrates, as illustrated in Figure 3.10(c), close to the average value of αT = 1.5×10−5 K−1.

Hence, one can state that our films behave like in the second scenario, where the substrates

have a low influence on the thermal expansion of the layers, being in agreement with their

rather low structural quality (as discussed in Section 3.2.3).

Generally, the thermal expansion coefficient is not constant as a function of temperature,

but shows an S-behavior, where it increases strongly at low temperatures (from 0 K to ∼200 K)

and saturates at higher temperatures, which is explained by a successive excitation of acous-

tical and optical lattice phonons [179, 184, 185]. Two materials where this behavior has been

characterized are AlN and MgO, as illustrated in Figure A.6 of the Appendix. On the contrary,

the linear thermal expansion coefficients increase only slightly as a function of temperature, as

shown in Figure 3.10(c), indicating that they lie already in the saturation regime in the selected

temperature range.

Our measurements are the first that address the linear thermal expansion coefficient of

Zn3N2. While its knowledge is scientifically interesting from the fundamental point of view,

as it affects other physical properties of a material (e.g. the temperature-dependent band gap

energy), it may be important also in applied research, as it opens a way towards engineering

the growth of Zn3N2-containing heterostructures.
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3.4 Electrical properties of Zn3N2

When it comes to device applications of new materials, it is essential to know their electrical

transport characteristics in order to evaluate which device design is most suitable. Therefore,

the electrical properties of Zn3N2 are systematically investigated in this section. We address the

effect of growth parameters, namely substrate temperature and Zn/N ratio, on the transport

characteristics, and identify the scattering mechanisms limiting the electron mobility in Zn3N2

by employing low temperature Hall effect measurements.

3.4.1 Effect of growth conditions

All Zn3N2 layers grown in this PhD were found to be n-type conductive with low resistivities

and high carrier concentrations, consistent with previous studies [71, 92, 96, 98, 100, 101, 103].

Figure 3.11(a) shows the results of Hall effect measurements at room temperature, on the

Zn3N2 thin film series grown at different substrate temperatures (see Table 3.3). An electron

concentration of ∼3×1019 cm−3 was found at 50 ◦C, which slightly increases until a value of

∼1020 cm−3 as the growth temperature is increased, indicating degenerate Zn3N2. The electron

mobility of the thin films stays more or less constant at a high value of ∼150 cm2V−1s−1, inde-

pendent of the growth temperature and, interestingly, of their crystallinity [see Figure 3.4(a)].

This phenomenon may be linked to the band structure of Zn3N2. Since the conduction band is

mainly composed of spherical Zn 4s and N 2s states (see Section 1.2.3), the electron mobility is

expected to be relatively insensitive to the bond angle, enabling high mobilities also in amor-

phous Zn3N2 (as found in sample A, for instance). A counterexample is Si being composed of

tetrahedral sp3 states, where high mobilities of ∼1400 cm2V−1s−1 are observed in its crystalline

phase, but only ∼1 cm2V−1s−1 in amorphous Si, where the bond angles deviate from the per-

fect tetrahedral angle of 109.5° [186, 187]. Overall, the increase of electron concentration while

keeping a constant mobility leads to a slight reduction of film resistivity.

The effect of Zn flux on the electrical properties of Zn3N2 is illustrated in Figure 3.11(b). A

strong increase of carrier concentration as a function of Zn flux is found, where the electron

concentration increases from 2×1019 cm−3 to greater than 1021 cm−3 at high Zn/N flux ratios,

indicating a Zn-rich thin film stoichiometry in the high Zn flux regime and leading to an in-

creased donor concentration. The change towards metal rich stoichiometries is accompanied

by a morphological transition of the sample surface. For the smallest Zn fluxes, the thin films

are smooth, with uniformly distributed grains of ∼50 nm wide size [see AFM micrograph of

sample vi in Figure 3.11(c)], displaying an RMS roughness of 1.2 nm. As the Zn flux increases,

the grain distribution appears less homogeneous, accompanied by a slight reduction of grain

size to ∼30 nm, as shown in the AFM image of sample iii in Figure 3.11(d). Once the Zn flux is

increased further, the surface consists of agglomerates with heights larger than 100 nm and lat-

eral dimensions larger than 150 nm [see AFM micrograph of sample i in Figure 3.11(e)], which
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Figure 3.11: Electrical properties of Zn3N2 at room temperature, as a function of (a) Zn3N2

growth temperature and (b) Zn flux. The growth conditions for the samples in (a)
and (b) are reported in the Tables 3.3 and 3.2, respectively. (c), (d) and (e) show
2×2µm2 AFM micrographs of the samples vi, iii and i in (b), respectively.

can be interpreted as the formation of metallic Zn droplets on the surface, leading to an RMS

roughness of 22 nm. Interestingly, the resistivity stays at a low level upon agglomeration, show-

ing that the coverage is still sufficient to allow percolation conductivity. Besides agglomeration,

the increase of electron concentration is accompanied by a decrease in their mobility from

∼200 cm2V−1s−1 to 3 cm2V−1s−1, indicating that ionized impurity scattering plays a dominant

role limiting the carrier mobility.

3.4.2 Scattering mechanisms in Zn3N2

Before investigating the scattering mechanisms occurring in Zn3N2 in more detail, we plotted

the electron mobility of all Zn3N2 thin films grown in the context of this PhD, as a function of

their electron concentration (see Figure 3.12), and compared them to previous Zn3N2 literature
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Figure 3.12: Electron mobility for all grown Zn3N2 thin films as a function of their concentra-
tion, compared to previous literature work.

work. Besides showing that we grew a thin film with an electron mobility of 388 cm2V−1s−1,

close to the highest reported value of 395 cm2V−1s−1 at room temperature [99], a clear anti-

correlation between the electron mobility and the electron concentration is found, underlining

that ionized impurity scattering is the main mechanism limiting the mobility. Unfortunately,

we were not able to grow Zn3N2 with carrier concentrations below 1019 cm−3, probably due to

high densities of N-vacancies and/or Zn-interstitials, as commonly observed in nitride semi-

conductors. Indeed, these point defects are also predicted to have low formation energies in

Zn3N2 [72, 74, 75]. According to Figure 3.12, a decrease of the electron concentration below

1019 cm−3 can, eventually, lead to even higher electron mobilities. Therefore, we performed

annealing experiments up to 450 ◦C under nitrogen atmosphere, in order to reduce the num-

ber of point defects and, hence, ionized impurity centers (results for one sample are shown in

Figure A.7 of the Appendix). Yet, it was not possible to significantly reduce the electron con-

centration, which may indicate a residual amount of oxygen in the thin films, acting as a donor

in Zn3N2 [72, 103]. For a given electron concentration, however, our thin film show the highest

electron mobilities reported so far. For the low film thicknesses investigated here, scattering

due to interface and surface roughness may become an increasing factor limiting the electron

mobility, consistent with the AFM observations in Figure 3.11.

We measured temperature dependent Hall effect on selected Zn3N2 thin films (electron

concentrations from 2×1019 cm−3 to 7×1019 cm−3) in a temperature range from 30 K to 300 K,

as presented in Figure 3.13. The carrier concentration is almost constant as a function of tem-

perature, in agreement with our hypothesis of degeneracy [see Figure 3.13(a)]. Also, the elec-

tron mobility is only weakly dependent on the temperature. At temperatures below ∼100 K,

the mobility remains unchanged, as illustrated in Figure 3.13(b). Once the temperature is in-

creased above ∼100 K, a slight decrease of mobility is observed. By simulating this behavior

with appropriate physical models, one can withdraw information about the scattering mecha-
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nisms limiting the electrical transport.

In a model applied for polycrystalline transparent conducting oxides (TCOs) [188], i.e. for

degenerate semiconductors, the reciprocal mobility is given by

1

µH
=

1

µi
+

1

µl
+

1

µg
, (3.7)

where µi , µl and µg are the partial mobilities due to ionized impurity scattering, lattice phonon

scattering and grain boundary scattering, respectively. Since our Zn3N2 thin films are degen-

erate, the Fermi level is found within the conduction band, leading to a constant temperature

dependence of µi . On the other hand, lattice phonon excitation occurs only at high enough

temperatures, leading to a µl ∝ T −1 dependency. Grain boundary scattering is usually de-

scribed by trap states that create potential barriers in the conduction band between the sepa-

rate crystallites. Using Fermi-Dirac statistics, one obtains

µg = cT −1e
−

eVa
kB T , (3.8)

where Va is the barrier energy and c a fitting constant. Inserting the dependencies of the partial

mobilities in Equation 3.7 gives

1

µH
=

1

a
+

T

b
+

T

c exp(− eVa
kB T )

, (3.9)

where a and b are fitting constants. Applying Equation 3.9 gives a good agreement to our exper-

imental data, as indicated by the solid lines in Figure 3.13(b), demonstrating that the transport

characteristics of our Zn3N2 are similar to that of TCOs. Interestingly, the barrier energy Va is

found to be in the order of a few µeV for all measured thin films, around one order of magnitude

lower than kB T at room temperature, indicating that grain boundary scattering has only mi-

nor influence on the overall scattering characteristics. Indeed, omitting the term containing µg

in Equation 3.9 leads to practically identical fits. This is rather surprising, given that the grain

size in most of our Zn3N2 thin films is in the order of 50 nm (see AFM analysis in Figure 3.11).

Nevertheless, the effect of grain boundaries in TCOs is commonly found to be negligible, as

Va is found to be smaller than kB T at room temperature by many researchers, if even measur-

able [188]. The knowledge of Va can be used to deduce the barrier width of a grain boundary,

which was calculated to be in the order of one mono-layer for TCOs with similar electron con-

centrations as present in our thin films. Hence, the grain boundaries can be easily traversed

by electron tunneling. Moreover, the mean free path of electrons in degenerate TCOs is in the

order of a few nm, due to the large number of ionized scattering centers, still well below the

grain size observed here. Therefore, the effect of grain boundaries can be considered negligible

when compared to other scattering mechanisms [188].

Our results are in agreement with a study of Cao et al., who investigated the transport mech-

anisms in epitaxial and polycrystalline Zn3N2 thin films deposited by sputtering on YSZ (100) [103].
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Figure 3.13: Temperature dependent Hall effect measurements of selected Zn3N2 thin films.
(a) Electron concentration as a function of temperature. (b) Electron mobility as a
function of temperature. The lines in (b) are the fits using Equation 3.9.

Similarly, they identified ionized impurity scattering as the main mechanism limiting the car-

rier mobility, independent of the crystallinity. Nevertheless, their optical mobilities are in the

order of 110 cm2V−1s−1, as found by Fourier transform IR spectroscopy, almost two times larger

than their measured Hall mobilities of ∼65 cm2V−1s−1. They assign this discrepancy to grain

boundary scattering in their polycrystalline thin films, although these exhibit grains sizes of

around 100 nm, contradictory to our results. However, one should note that they did not em-

ploy temperature dependent Hall effect to verify their interpretations.

3.5 Optical properties of Zn3N2

The accurate knowledge of a new semiconductor’s band gap is essential, especially for its ap-

plication in optoelectronic devices. The determination of the optical properties of Zn3N2 is

particularly critical due to its tendency to slowly oxidize in ambient air and the high carrier

concentrations that are commonly achieved for this material, as discussed in Section 1.2.3.

We employed optical transmittance measurements from the UV to the NIR range on eight

Zn3N2 thin films in order to reliably determine its band gap at room temperature. Figure 3.14

shows the normalized transmittance spectra of two Zn3N2 thin films with different electron

concentrations in a wavelength range from 250 nm to 2000 nm, where the data was obtained by

dividing the raw spectra by the one of the bare substrate. The thin film with a carrier concentra-

tion of 1.9×1019 cm−3 shows an absorption edge at around 1200 nm (1.0 eV). An increase of the

carrier concentration by one order of magnitude leads to a significant blue shift of the absorp-

tion edge to 1030 nm (1.2 eV, see thin film with an electron concentration of 2.3×1020 cm−3),

associated with a Moss-Burstein shift. Lambert-Beer’s law (see Equation 2.18) allows the extrac-

tion of the absorption coefficient α as a function of wavelength from the normalized transmit-

tance spectra, which was found to be in the 105 cm−1 range close to the absorption edge. This

large α is typical for direct band gap semiconductors, consistent with previous observations as
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Figure 3.14: Normalized room temperature transmittance spectra of two Zn3N2 thin films with
different electron concentrations. Note that the increase of noise at at around
850 nm is due to a change of detector.

well as theoretical calculations on Zn3N2 [72–77, 93, 98–101].

As explained previously, a plot of (αE)2 as a function of photon energy reveals a linear in-

crease close to the band edge for a direct band gap semiconductor, where the optical band

gap Eopt is found at the intersection with the x-axis (see Equation 2.19). This so-called Tauc

plot is shown for all measured Zn3N2 thin films in Figure 3.15(a). The band gap energies of

the measured samples lie between 1.04 eV and 1.37 eV, consistent with most of the previous

literature [23, 90–101].

In order to account for this large range of band energies, one has to evaluate the effect of

electron concentration on the band gap, as described by Burstein and Moss [57, 58]. As the

electron concentration in a semiconductor is increased, its Fermi level is shifted upwards in

energy, towards the conduction band. Once degeneracy is reached, the Fermi level lies within

the conduction band, leading to an apparent blue shift of the optical band energy in absorption

spectra, exactly as observed in Figure 3.15(a). Assuming a parabolic conduction band, the band

gap shift ∆E as a function of carrier concentration can be described according to

Eopt = Eg +∆En2/3
e , (3.10)

where Eg denotes the actual band gap energy. Plotting Eopt of all measured samples as a func-

tion of n2/3
e , as presented in Figure 3.15(b), reveals a linear increase, where Eg = 0.99eV and

∆E = 1.07×10−14 eVcm2 are extracted from the fit using Equation 3.10, which is indicated by

the black line. Hence, the Fermi level is indeed shifted into the conduction band as the carrier

concentration rises towards degeneracy. Although a non-parabolic conduction band was pre-

dicted for Zn3N2 by Kumagai et al. [78], Equation 3.10 agrees quite will with the experimental

data. Suda et al. performed a similar study on MBE and MOCVD grown Zn3N2 thin films. Using
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Figure 3.15: (a) Tauc plot for all measured Zn3N2 samples. A blue shift of the band gap is ob-
served as the carrier concentration is increased. Note that the change of noise
around 1.4 eV is due to a change of detector (b) Band gap of Zn3N2 thin films as
a function of n2/3

e , fitted with Equation 3.10.

the approximation of a parabolic conduction band, too, they extracted values of Eg = 1.06eV

and ∆E = 1.30×10−14 eVcm2 from their linear fit with Equation 3.10, agreeing well with out

experiments [100]. Therefore, the fundamental Zn3N2 band gap can be declared to be ∼1.0 eV.

Our measurements show that relatively large band gap shifts are indeed possible in Zn3N2,

and are associated to Moss-Burstein shifts of the Fermi level. Nevertheless, this effect can not

explain band gap energies of up to 3.4 eV, as reported in some literature studies. These can

only be explained by other mechanisms, as the oxidation of Zn3N2 in ambient air to ZnO or

Zn(OH)2 [66, 87, 91, 98, 104], and it can be excluded to originate from Zn3N2 itself.

3.6 Summary

We demonstrated the epitaxial thin film growth of Zn3N2 by MBE. By achieving (111) and (100)-

oriented Zn3N2 thin films on MgO (100), where the film orientation can be controlled by adapt-

ing the growth conditions, as well as (100)-oriented Zn3N2 on YSZ (100), we provide a compre-

hensive insight into Zn3N2 epitaxy, as never reported in literature, being an important step for

further growth optimization in future research. The structural properties of these films were in-

vestigated in detail using XRD and RHEED. A Zn3N2 (111) inter-layer nucleates on the substrate

when the growth is done on MgO, where its thickness can be controlled from a few mono-layers

to ∼40 nm. Zn3N2 (111) exhibits four epitaxial rotational in-plane domains, due to the differ-

ent substrate and epi-layer symmetries, as expected in this epitaxial configuration. The thin
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Zn3N2 (111) inter-layer is overgrown by (100)-oriented Zn3N2, probably due to the higher ther-

modynamic stability of (100) surfaces in cubic crystals, thereby reducing the crystalline quality

of the subsequent Zn3N2 (100). When growing on YSZ, (100)-oriented Zn3N2 nucleates directly

on the substrate with high crystalline quality, where the crystallographic orientation of the cu-

bic (100) substrate is transferred to the growing film. However, as the growth proceeds, the

structural quality of the growing film degrades. In future work, strategies to maintain a high-

quality Zn3N2 over the entire film thickness need to be developed. These may consist of, for

instance, temperature gradients after Zn3N2 nucleation, the change of substrate material or

its orientation, so to reduce the initial lattice mismatch. Eventually, one can develop devices

where only low film thicknesses (< 50 nm) are required.

An important step towards Zn3N2 growth optimization has been made by the measure-

ment of its linear thermal expansion coefficient from room temperature to 400 ◦C, allowing to

evaluate its lattice mismatch to a possible substrate material at any temperature where Zn3N2

epitaxy has been performed so far. While the knowledge of an average αT = 1.5×10−5 K−1 can

be practically used in epitaxy, it is also interesting from a fundamental point of view, since the

thermal expansion coefficient influences some of a material’s physical properties whenever

temperature changes come into play.

In order to evaluate the application of our Zn3N2 thin films in devices, we systematically

measured their electrical properties by employing Hall effect measurements. Although large

electron mobilities of up to 388 cm2V−1s−1 are found in the n-type thin films, their carrier con-

centration is at a high level, from 1019 cm−3 to 1021 cm−3, similar to that of TCOs, indicating de-

generate Zn3N2. Consistently, the mobility is mainly limited due to scattering by ionized impu-

rities, which probably consist of N-vacancies or residual O-impurities. Hence, further growth

optimization to decrease those is necessary if Zn3N2-based devices are considered, especially

as channel material in TFTs. More N-rich conditions in combination with higher growth rates

may favor the saturation of N-vacancies and dilution of residual oxygen in the thin films. Oth-

erwise, the introduction of additional impurities, or even Zn3N2-containing ternary alloys, may

help to decrease the carrier concentration further. Cu doping, for instance, was investigated by

DFT calculations to possibly enable p-type Zn3N2 [75]. Although very recently one study on Cu

addition in a range of 2.7 % to 5.7 % by sputtering presumably led to p-type Zn3N2 thin films,

one may express some skepticism about their results, since the authors find a high band energy

of 3.2 eV for their pure Zn3N2 thin films, that decreases to ∼1.7 eV upon Cu addition, and do not

give any explanation to account for these discrepancies [189].

Reliably determining a materials’ band gap is crucial, especially when new semiconductors

that decompose in air, such as Zn3N2, are measured. We investigated the band gap of Zn3N2

thin films with different carrier concentrations, and show that the actual Zn3N2 band energy

lays around 1 eV, consistent with most of the previous literature, and is shifted to higher ener-

gies (here around 1.4 eV) at high carrier concentrations due to the Moss-Burstein effect.



Chapter 4

MBE growth and characterization of

Mg3N2 thin films

IN THIS CHAPTER the development of an MBE process for Mg3N2 epitaxy is discussed. An

MgO capping layer is grown in the MBE chamber in-situ in order to prevent the irre-

versible decomposition of Mg3N2 in air. We present the effect of the substrate and the growth

conditions on the film orientation and quality, and identify the epitaxial relationships of the

grown thin films on different substrates [MgO (100), MgO (111) and YSZ (100)]. Furthermore,

the crystalline properties of Mg3N2 (111) thin films on MgO (100) are thoroughly investigated

by XRD and TEM, in order to assess the micro-structural evolution during growth. Finally, the

fundamental physical properties of Mg3N2, such as linear thermal expansion coefficient and

temperature-dependent band gap are addressed. This chapter covers:

• Development of an MgO capping: From homoepitaxy to heteroepitaxy

• Epitaxy of Mg3N2: Growth orientation tuning on MgO (100)

• Epitaxial relationships on different substrates: A RHEED/XRD study

• Micro-structural evolution of Mg3N2 (111) on MgO (100) by XRD and TEM

• Linear thermal expansion coefficients of Mg3N2

• Optical properties of Mg3N2
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4.1 State of the art: Reminder

As discussed in Section 1.2.4, Mg3N2 epitaxy was never reported before the beginning of this

PhD. Although the authors of the first attempt of Mg3N2 (100) growth (by MBE) claim the

achievement of epitaxy, diffraction was barely measurable, even for thicknesses as large as

800 nm [82]. Consequently, the epitaxial relationships to the underlying MgO (100) substrates,

as well as the structural properties, remained unknown. Furthermore, the linear expansion co-

efficient of Mg3N2 above 300 K was not reported before the beginning of this PhD. Such struc-

tural information are, however, necessary if one wants to develop strategies to improve the film

quality, understand the physical properties of new materials and, eventually, apply them into

devices. The low structural quality of Mg3N2 may be, besides its tendency to quickly decom-

pose to Mg(OH)2 in contact with humidity, one reason for the controversial determination of

its band gap, which is reported to lay between 2.5 eV and 3.15 eV at room temperature.

4.2 Development of a capping layer

Bulk Mg3N2 is highly reactive in humid conditions, as quantified in Section 1.2.2, and irre-

versibly decomposes to Mg(OH)2 upon air exposure within several hours. Due to their larger

surface-to-volume ratio, the decomposition time scales for Mg3N2 thin films are even shorter,

leading to a complete decomposition within a few minutes in air. Hence, the deposition of a

protective layer directly after Mg3N2 growth (i.e. in-situ in the MBE chamber) is absolutely in-

dispensable if one wants to analyze and use this II-nitride material ex-situ. Since the goal of

this protective layer is to ensure an adequate diffusion barrier for H2O and O2 molecules, the

layer’s compactness and smoothness are the crucial parameters to be optimized.

Due to its high chemical stability and the strength of the ionic Mg-O bond (10.3 eV [190]),

MgO seems a suitable candidate for an appropriate capping. Although the introduction of oxy-

gen into the MBE chamber seems counterproductive, since it may react with the underlying

Mg3N2 thin film, we will demonstrate a strategy that avoids Mg3N2 oxidation.

4.2.1 MgO homoepitaxy

Due to the wide application of MgO as refractory material, one may expect MgO homoepitaxy

to be well-studied in literature. Surprisingly, there are only a few reports on MgO homoepitaxy

by MBE, grown either by using separate molecular Mg and O beams, or by e-beam evaporated

MgO [191, 192]. Unfortunately, in none of these studies the influence of the growth parameters

on the surface morphology was deeply investigated.

We analyzed the surface morphology of MBE-grown homoepitaxial MgO (100) thin films

using AFM, as shown in Figure 4.1, where the RMS roughness of the thin films is shown as a

function of the growth conditions. The Mg cell temperature was kept at 410 ◦C throughout the



4.2 DEVELOPMENT OF A CAPPING LAYER 79

Figure 4.1: RMS roughness as a function of growth parameters for homoepitaxial MgO, ex-
tracted from 2×2µm2 AFM images. The letters (a)-(d) correspond to the AFM micro-
graphs given on the right-hand side, where the Zscale denotes the maximum height.
The Mg cell temperature was kept at 410 ◦C. One micrograph of an MgO substrate
surface prior to growth is shown for comparison.

entire growth series, while the substrate temperature and the oxygen flow were varied from

400 ◦C to 650 ◦C and from 0.25 sccm to 0.45 sccm, respectively. An AFM micrograph of an MgO

substrate surface prior to growth is shown in the upper right corner for comparison.

At the lowest temperature and oxygen flow of 420 ◦C and 0.25 sccm, respectively [see Fig-

ure 4.1(a)], a segregation of cubic∼100 nm large crystallites is observed. Such a rough morphol-

ogy (RMS>20 nm), with an incomplete wetting, is obviously not suitable for an application as a

protective capping layer. On the other hand, high oxygen flows in combination with moderate

substrate temperatures (570 ◦C and 0.45 sccm, respectively), slows down the MgO growth, lead-

ing to small and randomly distributed, isolated agglomerates on the surface [see Figure 4.1(b)].

Also with these growth conditions, a complete wetting of the surface is not insured. At the

highest growth temperature of 650 ◦C and moderate oxygen flow of 0.40 sccm [Figure 4.1(c)],

small MgO grains nucleate along the atomic terraces of the annealed substrate, accompanied

by the nucleation of some larger agglomerates. Finally, at intermediate temperatures and oxy-

gen flows of 580 ◦C and 0.35 sccm, respectively, 40 nm-sized homogeneously distributed cubic

grains are observed, leading to a complete wetting of the surface and a low RMS roughness of

1.4 nm. The growth rate using these optimized conditions was found to be 63 nm h−1, deter-

mined by XRR on a CdO/MgO heterostructure (see Figure A.8 in the Appendix). If not indicated

differently, an MgO capping with these growth parameters is deposited on top of every Mg3N2

thin film discussed hereafter, with a nominal thickness of 50 nm.
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4.2.2 Polycrystalline MgO on Mg3N2

Although MgO homoepitaxy leads to smooth and apparently dense thin films, possibly suit-

able as a capping layer, the deposition on the material to be protected, Mg3N2, needs to be

tested and evaluated. However, the introduction of oxygen into the chamber necessary for

MgO growth may be counterproductive, as it can possibly react with the underlying Mg3N2

thin film. To prevent oxidation, we protect the freshly grown thin film by closing the N shutter

after Mg3N2 growth, but leaving the Mg shutter open for further 30 s before introducing oxy-

gen, leading to a very thin layer of metallic Mg, which is monitored in the in-situ reflectance

curve. As illustrated in Figure 4.2(a), thickness interference oscillations occur when recording

the intensity of a 650 nm laser reflected from the sample surface during Mg3N2 growth. These

oscillations can be used to control the thickness of the growing film in real time. Additionally, a

sharp rise of intensity is observed at around 145 min, indicating an increase of reflectivity due

to the presence of metallic Mg. Interestingly, the intensity drops to the previous level right after

the introduction of oxygen, which seems to oxidize the metallic Mg (as will be shown below).

The introduction of an intermediate Mg layer was systematically used when capping Mg3N2

thin films by MgO.

Figure 4.2: (a) In-situ reflectance using a 650 nm laser during MBE growth. (b) RHEED pattern
of an MgO capping layer grown on Mg3N2. (c) HRTEM micrograph of the interface
between an Mg3N2 (111) thin film and the MgO capping layer, along the MgO [011]
substrate zone axis.

Although the MBE growth of homoepitaxial MgO at 580 ◦C, 0.35 sccm O2 on MgO (100) sub-

strates gives the best results, the same growth conditions lead, unfortunately, to poorly oriented

MgO when grown on Mg3N2 thin films. Figure 4.2(b) shows a RHEED pattern of a growing MgO
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capping layer on Mg3N2 (111). Diffraction occurs along circular arcs, indicating a poor in-plane

orientation of the growing MgO thin film. Interestingly, there are no additional MgO signals ob-

served in the XRD patterns of Mg3N2 capped with MgO (see e.g. Figure 4.4), indicating that the

MgO capping layer is out-of-plane oriented along the [100] direction. We performed TEM in-

vestigations at the interface between the MgO capping layer and the underlying Mg3N2 thin

film, as shown in Figure 4.2(c). Although the HRTEM micrograph reveals a relatively rough in-

terface, there is no inter-diffusion visible between the two materials, demonstrating that the

strategy of depositing sacrificial Mg is effective to prevent Mg3N2 oxidation. The MgO capping

layer itself appears dense, with crystallites of about 5 nm to 10 nm in diameter, and the nucle-

ating MgO grains at the interface to the Mg3N2 are seen to have the same orientation as the

MgO (100) substrate. This means that the metallic Mg intermediate film has been totally trans-

formed into MgO. Once the thickness increases, the in-plane orientation is lost, leading to a

polycrystalline microstructure. Using this kind of capping we were able to increase the Mg3N2

stability in air from a few minutes to several weeks. Still, after one month in air, a full decom-

position of the Mg3N2 takes place. This process may be further prevented, or slowed down, by

growing thicker capping layers, or employing cappings of better structural quality. Still, all the

results during this PhD were obtained thanks to the use of this polycrystalline cap.

4.3 Epitaxial growth of Mg3N2 by MBE

In this section we discuss the development of epitaxial MBE-grown Mg3N2 thin films, which

had never been done in CRHEA before nor anywhere else. Using MgO (100) substrates, we

demonstrate the possibility to tune the Mg3N2 film orientation from (100) to (111) by varying

the growth parameters. We identify the epitaxial relationships of Mg3N2 (111) to its underlying

MgO (100) substrate using RHEED and XRD. Furthermore, we investigate Mg3N2 (111) growth

on MgO (111) and YSZ (100), where we address the epitaxial relationships as well and compare

the structural qualities achieved.

4.3.1 First attempts towards Mg3N2

In the only previous study on Mg3N2 MBE growth, published in 2018, the thin films are grown

in a temperature range of 300 ◦C to 350 ◦C [82], which was used as a starting point for the de-

velopment of our MBE process. Note that all films presented here are protected with polycrys-

talline ∼50 nm MgO grown in the conditions described in Section 4.2.1, in order to slow down

the otherwise rapid Mg3N2 decomposition in contact with air. Besides, between the different

measurements the Mg3N2 thin films were stored in a vacuum desiccator, where there are stable

up to several years.

Although we were able to obtain thin films in the same temperature range as Wu et al. [82],

the thin films were amorphous, as illustrated in Figure 4.3(a). However, their yellow appearance
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Figure 4.3: (a) 2θ/ω scan of an amorphous Mg3N2 thin film on MgO (100). (b) Photograph of
the sample in (a). (c) XRR curve of the sample in (a).

[see Figure 4.3(b)], being a typical sign for Mg3N2 [82], and the XRR density of 2.66 g cm−3, close

to the Mg3N2 tabulated value of 2.71 g cm−3 [see Figure 4.3(c)], support that the grown material

is indeed Mg3N2. In order to promote crystallization, we grew Mg3N2 at higher temperatures

of up to 500 ◦C. Nevertheless, the obtained thin films were still amorphous or nano-crystalline

(with a very low diffraction intensity). Even a large variation of the Mg/N ratio (Mg cell temper-

ature varied from 410 ◦C to 430 ◦C and nitrogen flow from 0.35 sccm to 1.0 sccm) did not lead

to crystallization, pointing towards another problem occurring during Mg3N2 growth. For this

project, a new sample holder being capable to carry three 10×20 mm2 substrates simultane-

ously was bought. Although this configuration enables a higher throughput or the growth on

different substrates at the same time, it has not been tested before on a known MBE process

in CRHEA. A change of substrate holder to a commonly used one for ZnO epitaxy led, interest-

ingly, to crystallization of the Mg3N2 thin films, enabling us to develop a growth process using

this elder substrate holder, as discussed in the following section. We assign the occurrence of

amorphous Mg3N2 using the new sample holder to a poor heat transfer between the molybde-

num back plate and the underlying substrates.

4.3.2 From polycrystalline to epitaxial Mg3N2: Tuning of film orien-

tation

Effect of Mg/N ratio:

Using a standard mono-wafer substrate holder, we studied the effect of growth conditions (sub-

strate temperature and Mg/N ratio) on the Mg3N2 film growth. Figure 4.4(a) shows the 2θ/ω

scans of the sample series reported in Table 4.1. At 400 ◦C and for the lowest Mg/N ratio (sam-

ple A) the grains are oriented along the [100] direction, as shown by the presence of a diffraction

peak at ∼36°, consistent with the attempt by Wu et al. to grow epitaxial Mg3N2 [82]. Never-

theless, a second, broad peak close to that of the MgO (200) substrate reflection is observed,
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Table 4.1: Growth conditions of Mg3N2 thin films on MgO (100), capped with ∼50 nm MgO.

Sample Growth temp. Mg cell temp. Nitrogen flow Thickness Growth rate
(◦C) (◦C ) (sccm) (nm) (nm min−1)

A 400 410 1.0 ∼168 ∼1.6
B 400 410 0.5 ∼110 ∼1.5
C 400 410 0.35 73 1.6
D 400 420 0.35 92 2.0
E 400 430 0.35 98 2.2
F 460 430 0.35 97 2.1
G 400 440 0.35 94 2.1

which cannot be assigned to diffraction of any Mg3N2 plane, neither to MgO. This signal may

eventually originate from a magnesium oxynitride compound, which was observed during the

annealing of Mg metal in mixtures of O2 and N2 at 550 ◦C, showing a diffraction peak in the

vicinity of 40° [193]. The RHEED of this sample is streaky at the initial growth stage until the first

∼20 nm, as illustrated in Figure 4.4(d). However, as the growth proceeds, the pattern converts

into a spotty one, the spots elongating along circular arcs as the thickness increases, indicating

a decrease of in-plane structural quality. The in-plane Mg3N2 (020) inter-planar distance was

extracted to be 4.65±0.24 Å from the RHEED pattern in Figure 4.4(d), indicating a strong in-

plane compressive strain (the fully relaxed inter-planar Mg3N2 (020) distance is 4.976 Å), which

is indeed expected with a lattice mismatch of +18 %.

With a decrease of N2 flow, the additional peak around 40° disappears, accompanied by a

decrease in crystallinity of the Mg3N2 films (see sample B), although the (100) orientation is still

conserved. A further decrease of N2 flow leads to the appearance of Mg3N2 (111) grains, con-

comitantly present with the Mg3N2 (100) ones, which become dominant as the Mg/N ratio is

increased further (this time by an increase of Mg cell temperature), as observed for the samples

C and D.

Interestingly, a further increase of Mg/N ratio (see sample E) leads to a crystallization uniquely

along the [111] direction, giving rise to single-orientated Mg3N2. The associated RHEED pat-

tern shown in Figure 4.4(e) is spotty and can be simulated with diffraction of three different

crystallographic planes, as denoted by the colored dots. The epitaxial relations giving rise to

such a diffraction pattern are discussed in Figure 4.7 of the following section. We can hence

tune the film orientation of Mg3N2 from (100) to (111) by adjusting the growth conditions.

Interestingly, an increase of temperature using the growth conditions of sample E leads to

the same RHEED pattern, but streaky, as shown in Figure 4.4(f), indicating a smooth Mg3N2 (111)

surface, consistent with an RMS roughness found by XRR of 1 nm (sample F), whereas the

Mg3N2 thin film of sample E exhibits an XRR roughness of 2.2 nm. The streaky pattern found

for sample F is very similar to that found for the iso-structural Zn3N2 (111) grown on MgO (100)

[see Figure 3.4(b)], indicating that both thin films grow with the same epitaxial relationships.

The growth rates as a function of the Mg cell temperatures for selected samples are shown
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in Figure 4.4(b). Contrary to Zn3N2, where we found a linear dependence of the growth rate

as a function of Zn flux, a typical shape is obtained here for Mg3N2. From 410 ◦C to 420 ◦C, an

increase of growth rate is observed as a function of Mg cell temperature, indicating that the

growth rate is limited by the amount of Mg that arrives at the surface (i.e. the growth is N-rich).

Above 420 ◦C, a saturation takes place, showing that the additional Mg is no longer incorporated

into the film (i.e. the growth is Mg rich).

Figure 4.4: (a) 2θ/ω scans of Mg3N2 thin films grown at different growth conditions, which are
reported in Table 4.1. (b) Growth rates as a function of Mg cell temperature for some
selected samples. (c) and (d) show the RHEED patterns of the MgO (100) substrate
and of sample A along the MgO [010] axis, respectively. (e) and (f) show the RHEED
patterns of sample E and sample F, along the MgO [011] substrate axis, respectively.
The colored dots in (e) correspond to diffraction patterns coming from three differ-
ent families of planes (see Figure A.11 of the Appendix).

Effect of the substrate:

We further investigated growth on two other substrates, YSZ (100) and MgO (111), in order to

evaluate Mg3N2 epitaxy in different configurations. The growth conditions of the best sam-

ples are reported in Table 4.2. In the XRD of sample H [Mg3N2 on YSZ (100), see Figure 4.5(a)],

only one signal at 31° originating from Mg3N2 is observed, which can be assigned to diffrac-

tion of (222) planes, indicating single-oriented films. Besides the YSZ (200) substrate peak, a

small contribution at ∼42.5° is found, which can be assigned to MgO (200) originating from

the capping layer. The RHEED of this sample, shown in Figure 4.5(c) and taken along the YSZ

[010] direction, resembles that of Mg3N2 (111) grown on MgO (100) [see Figure 4.4(f)], indicat-

ing that the two films grow with the same in-plane and out-of plane orientations, although the

pattern here is taken at an azimuthal angle rotated by 45° with respect to Mg3N2 (111) grown
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Figure 4.5: 2θ/ω scans of (a) sample H [Mg3N2 (111) on YSZ (100)] and (b) sample J
[Mg3N2 (111) on MgO (111)]. (c) RHEED pattern of sample H, taken along the
YSZ [010] direction. (d) RHEED pattern of sample J, taken along the MgO [11̄0] di-
rection.

on MgO (100), which will be discussed in more detail in the following section. However, as the

film thickness increases, the pattern turns spotty and the spots elongate along circular arcs,

indicating a decrease of structural quality as the growth proceeds.

The XRD of Mg3N2 on MgO (111) (sample J) is shown in Figure 4.5(b). Also in this XRD

pattern, diffraction from Mg3N2 (222) planes, the MgO (200) capping layer, as well as the sub-

strate [MgO (111)] is observed, indicating single-oriented Mg3N2 films along the [111] direc-

tion. However, the intensity of the substrate reflection is significantly lower when compared to

the previous case (sample H), due to a poor adjustment in ω on the substrate reflection, as also

confirmed by the presence of a source/analyzer streak at around 38°. Readjusting the ω offset

reveals a high MgO (111) intensity, as expected for a substrate reflection (curve not shown), but

at the expense of Mg3N2 (222) intensity, showing that the Mg3N2 lattice is inclined with respect

to the MgO substrate one. This inclination is even visible in the RHEED pattern of this sample,

shown in Figure 4.5(d). Besides showing that we can correctly simulate the diffraction pattern

by using two families of Mg3N2 planes (see Figure A.12 of the Appendix), a ∼2° inclination of

the diffraction pattern with respect to the growth axis is observed, indicating that the symmet-

ric Mg3N2 planes are indeed not parallel to the sample surface.

In order to investigate the maximum inclination angle of the atomic Mg3N2 planes with re-

spect to the MgO (111) substrate ones, we measured the ω offset of the symmetric Mg3N2 (222)
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Table 4.2: Optimized growth conditions of Mg3N2 thin films on YSZ (100) and MgO (111),
capped with ∼50 nm MgO.

Sample Substrate Growth temp. Mg cell temp. Nitrogen flow Thickness Growth rate
(◦C) (◦C ) (sccm) (nm) (nm min−1)

H YSZ (100) 475 410 1.0 ∼105 ∼0.92
J MgO (111) 600 410 1.0 63 0.53

reflection as a function of azimuthal angle Φ, as shown in Figure 4.6(a). A sinus function is

observed for a 360° rotation around Φ. At Φ = 0° [i.e. parallel to the MgO [11̄0] direction, see

Figure 4.6(b)], the ω offset is 2°, in agreement with the RHEED observations in Figure 4.5(d),

taken in the same direction. The maximum inclination angle with respect to the substrate is

3°, occurring at Φ= 60° (and Φ=−120°) parallel to the MgO [1̄01], as indicated in Figure 4.6(c).

Hence, the rotational axis around which the inclination is observed lies in the perpendicular

[12̄1] direction. This is rather surprising, given that the three 〈112̄〉-type directions along the

diagonals of the MgO (111) planes are crystallographically equivalent. Due to their triangular

symmetry, an inclination around only one of these axis should be, in principle, energetically

unfavorable.

Although usually little attention is paid to this effect, tilted heteroepitaxy is quite commonly

observed. Nagai showed in 1974 that the inclination angle of heteroepitaxial GaxIn1−xAs on

GaAs (100) and (110) substrates increases as a function of the substrate’s miscut angle, due to

the change of the atomic step length in combination with the lattice mismatch [194]. In our

case, however, no miscut angle was introduced, and the MgO (111) substrates do not show

atomic steps, as shown in Figure A.9 of the Appendix. Another possible mechanism to ex-

plain tilted heteroepitaxy are arrays of misfit dislocations, preferentially oriented along cer-

tain crystallographic directions, as e.g. observed in the heteroepitaxial growth of semipolar

III-nitrides. Interfacial misfit dislocations with inclined burgers vectors were, for instance, ob-

served in InxGa1−xN and AlxGa1−xN layers on GaN (112̄2) substrates [195–198]. Since in hexag-

onal wurtzite materials, the (0001) c-plane is the most favorable glide system, interfacial misfit

dislocation lines tend to be created in this plane, leading to a film relaxation by lattice tilt due to

the introduction of inclined extra half-planes. Nevertheless, this mechanism fails for the cubic

Mg3N2 (111), because the crystallographic directions lying in the MgO (111) plane are symmet-

ric, excluding the occurrence of a preferred inclination around one of these axis, as mentioned

before. Although the exact mechanisms explaining inclined Mg3N2 (111) growth on MgO (111)

remain unclear, the large lattice mismatch of ∼18 % present in our thin films and some slight

unintentional substrate miscut may eventually play a role to explain the ω offset between the

atomic Mg3N2 and MgO planes.

In summary, we established Mg3N2 epitaxy by MBE in CRHEA and slowed down sufficiently

the irreversible decomposition to Mg(OH)2 in air by depositing an MgO cap in-situ, enabling

to carry out deeper analyses. Although Mg3N2 can be grown in two orientations by varying
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Figure 4.6: (a) ω offset between symmetric planes of Mg3N2 (111) on MgO (111) as a function
of the azimuthal angle Φ, showing that the maximum angle of inclination between
them is 3° and the rotational axis lies in the [12̄1] direction. (b) Schematic MgO
unit cell with an inserted triangular (111) plane. The colors of the edges denote
the 〈11̄0〉-type directions, which are indicated in (a). (c) Schematic arrangement of
Mg3N2 (111) on MgO (111). The atomic (222) and (111) planes of the thin film and
substrate, respectively, represented by dotted lines, show a relative ω offset.

the growth conditions [(100) and (111)], the conditions found so far for (100)-oriented thin

films lead to a poor in-plane orientation on MgO (100) once the thickness exceeds ∼20 nm. On

the other hand, Mg3N2 (111) epitaxy is maintained for higher film thicknesses when grown on

MgO (100), MgO (111) as well as YSZ (100), where the RHEED patterns can be simulated using

the epitaxial relationships discussed in the following section. While the Mg3N2 (222) planes are

parallel to the substrate surface when growth carried out on YSZ (100) and MgO (100), tilted

heteroepitaxy is observed on MgO (111), where the Mg3N2 (222) planes show a 3° inclination

with respect to the MgO (111) planes.

4.3.3 Epitaxial relationships of Mg3N2 on different substrates

To identify the epitaxial relationships of Mg3N2 (111) on the different substrates [MgO (100),

YSZ (100) and MgO (111)], we performed Φ scans on asymmetric Mg3N2 and the respective
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substrate reflections. The Φ scan on Mg3N2 440 planes of sample F [Mg3N2 (111) on MgO (100)]

is shown in Figure 4.7(a). Similarly to Zn3N2 (111) on MgO (100) [see Figure 3.5(a)], 12 peaks are

observed for a rotation of Φ = 360°, although three peaks would have been expected for a cu-

bic (111)-oriented layer. This indicates the presence of four in-plane rotational domains, due to

the different rotational symmetries of thin film and substrate, as discussed in Section 1.1.1. Also

this time, the peaks of the Mg3N2 (440) occur at different azimuthal angles than the MgO (220)

substrate ones, showing a 45° rotation of the entire domain structure around the growth direc-

tion [see Figure 4.7(b)], exactly as found for Zn3N2 (111) on MgO (100). The epitaxial relation-

ships are thus given by

[11̄0] Mg3N2 ∥ [011] MgO (4.1a)

[112̄] Mg3N2 ∥ [011̄] MgO (4.1b)

plus the three additional epitaxial domains obtained by 90°, 180°, and 270° rotations of one

triangular Mg3N2 domain around the [111] growth axis.

On the other hand, the Φ scan on Mg3N2 440 planes of sample H [Mg3N2 (111) on YSZ (100)]

is shown in Figure 4.7(c). While the presence of 12 peaks highlights again that the thin film con-

sists of four rotational in-plane domains, the azimuthal angles of the Mg3N2 (440) planes coin-

cide this time with the asymmetric YSZ (220) ones. Hence, the Mg3N2 domains show epitaxial

relationships as illustrated in Figure 4.7(d) and given by

[11̄0] Mg3N2 ∥ [010] YSZ (4.2a)

[112̄] Mg3N2 ∥ [001] YSZ. (4.2b)

plus the three additional epitaxial rotational domains obtained by 90°, 180°, and 270° rotations

of one triangular Mg3N2 domain around the [111] growth axis.

In order to avoid the formation of several rotational Mg3N2 domains, we performed growth

on MgO (111) substrates, as discussed before. When Mg3N2 (111) is grown on MgO (111), the

occurrence of additional domains should be in principle suppressed according to the theory

discussed in Section 1.1.1. Nevertheless, instead of three peaks, expected for a Φ scan around

360°, we experimentally find six peaks for sample J [see Figure 4.7(e)], giving rise to one ad-

ditional in-plane rotational domain, rotated by 180° around the growth axis with respect to

the first one. Although the occurrence of additional domains in epitaxy is possible, their for-

mation is energetically unfavorable. Therefore, the ratio of two energetically non-equivalent

domains should be in principle influenceable by varying the growth conditions. However, we

did not succeed to change this ratio, although we grew more samples at different growth tem-

peratures and Mg/N ratios (not shown here), indicating that the two domains are equally stable

at the investigated growth conditions. To account for this additional domain, one has to dis-

tinguish between the symmetry of the substrate surface and the substrate volume, as shown

in Figure A.10 of the Appendix. If the nucleation is mainly determined by the substrate vol-
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Figure 4.7: Φ scans on asymmetric Mg3N2 (440) planes. (a) On sample F [Mg3N2 (111) on
MgO (100)], with (b) the extracted schematic epitaxial relationships. (c) On sam-
ple H [Mg3N2 (111) on YSZ (100)], with (d) the extracted schematic epitaxial relation-
ships. (e) On sample J [Mg3N2 (111) on MgO (111)], with (f) the extracted schematic
epitaxial relationships.
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ume (also referred to as substrate half space) having three-fold symmetry, a single domain is

expected. This is observed for example for Ge (111) on Si (111) [199], C (111) on Si (111) [200]

or HfN (111) on Si (111) [201]. On the other hand, if the nucleation is mainly determined by

the topmost atomic (111) surface layer (having in our case a six-fold symmetry, see Figure .10),

two rotational domains are expected, as reported for ScN (111) on Si (111) [202] or TiN (111) on

Si (111) [203]. The fact that we observe two Mg3N2 (111) domains on MgO (111) points, hence,

towards a nucleation mainly determined by the first atomic layer. Note that the occurrence

of this additional domain was considered in the context of Figure 4.6, where we discussed the

lattice inclination occurring in this sample, although omitted for clarity in Figure 4.6(c). From

Figure 4.7(e), the in-plane epitaxial relationships of Mg3N2 (111) on MgO (111) are thus

[11̄0] Mg3N2 ∥ [11̄0] MgO (4.3a)

[112̄] Mg3N2 ∥ [112̄] MgO (4.3b)

plus the additional domain obtained by rotating one triangular Mg3N2 domain by 180°, as

shown in Figure 4.7(f).

Note that all the epitaxial relationships found here are in agreement with the RHEED ob-

servations discussed in Section 4.3.2. The RHEED pattern of Mg3N2 (111) on MgO (100), taken

along the MgO [011] axis [see sample E in Figure 4.4(e)] was simulated using the epitaxial re-

lations found here, where the colors of the diffraction spots correspond to the colors of the

epitaxial domains indicated in Figure 4.7(b): Blue spots correspond to the diffraction of (112̄)

planes (blue and black domains) and red and yellow spots correspond to diffraction of (11̄0)

planes in twin relation. By superimposing the simulated diffraction patterns of the different

domains, one can reproduce the experimental RHEED pattern. The exact reproduction of the

simulated diffraction is shown in Figure A.11 of the Appendix. Note that a similar RHEED pat-

tern is observed for Mg3N2 (111) on YSZ (100) (sample H), as shown in Figure 4.5(c), despite

45°-rotated epitaxial relationships with respect to Mg3N2 (111) on MgO (100) (samples E and

F). However, this RHEED is taken along the YSZ [010] direction, having a 45° angle to the [011]

direction, too (used to record the RHEED pattern of sample E), leading therefore to similar

diffraction.

The RHEED simulations done here are also consistent with the experimental pattern found

for Zn3N2 (111) thin films grown on MgO (100) [see Figure 3.4(b)]. Since these thin films crys-

tallize in the same structure and show the same epitaxial relationships as Mg3N2 (111) on

MgO (100), the observed pattern along the MgO [011] axis is practically identical.

Also the epitaxial relationships of Mg3N2 (111) on MgO (111) shown in Figure 4.7(f) can be

used to reproduce the experimental RHEED pattern of this sample [see Figure 4.5(d)]. Taken

along the MgO [11̄0] direction, diffraction from the (11̄0) planes of the two twins are expected.

Simulating those leads to a good agreement with the experimental pattern, where blue and

black dots correspond to the diffraction of the (11̄0) planes of the blue and the black domain,
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respectively. The superposition of the simulated diffraction patterns is shown in more detail in

Figure A.12 of the Appendix.

In summary, the epitaxial relationships of crystalline Mg3N2 (111) thin films on three differ-

ent substrates were identified. On MgO (100) and YSZ (100), the Mg3N2 (111) thin films exhibit

four rotational in-plane domains, as expected due to unequal thin film and substrate rotational

symmetries, where the different domains are obtained by a 90°, 180° and 270° rotation around

the growth axis. However, on MgO (100) the four domains are inclined by an angle of 45° with

respect to the domains on YSZ (100). To avoid the occurrence of rotational domains, we tried

growth on MgO (111) substrates. Nevertheless, the Mg3N2 (111) thin films consist still of two

epitaxial domains, rotated by 180° with respect to each other, due to the atomic structure of

the (111) substrate surface plane being six-fold symmetric. All the epitaxial relations found are

consistent with RHEED observations shown in the previous section.

4.3.4 Epitaxial MgO on Mg3N2

By the end of this PhD we succeeded to grow epitaxial MgO (111) on Mg3N2 (111), as illustrated

in Figure 4.8. Using the same conditions for the MgO capping discussed in Section 4.2.2 (580 ◦C,

0.35 sccm O2, Mg cell temperature 410 ◦C), but keeping the N2 plasma ignited during the tem-

perature ramping and during MgO growth (i.e. growing the capping layer under oxygen and

nitrogen) leads, interestingly, to the crystallization of MgO (111).

Figure 4.8: 2θ/ω scan of an Mg3N2 (111) thin film with epitaxial MgO (111) capping layer, grown
on MgO (100). The inset shows the ω scan of the MgO (111) reflection. Note that the
additional peak of ω= 20.5° is due to the detector/analyzer streak.

The XRD of the MgO (111)-capped Mg3N2 thin film reveals two signals (besides the MgO (200)

substrate reflection). While the signal around 31° corresponds to the diffraction of Mg3N2 (222)

planes, the peak at 37° can be assigned to diffraction of MgO (111). However, an ω scan on the
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MgO (111) reveals a broad peak with an FWHM of ∼2.5°, indicating a strong tilt present in the

MgO capping.

In order to investigate the epitaxial relationships of the epitaxial MgO capping to its under-

lying Mg3N2 layer we performed Φ scans on the asymmetric MgO (200) reflections, which we

compared to the one of Mg3N2 (400), as shown in Figure 4.9. 12 peaks are found for a rota-

tion of Φ around 360° [see Figure 4.9(a)], indicating that the four rotational domains present

in Mg3N2 (111) serve as growth template [see Figure 4.9(b)] and transfer their orientation to

the capping layer. The peak positions of the Mg3N2 (400) and the MgO (200) planes coincide,

showing that the MgO capping layer grows coherently on the Mg3N2 domains. The epitaxial

relationships of the MgO capping to the underlying Mg3N2 rotational domains are hence

[11̄0] MgOcap ∥ [11̄0] Mg3N2 (4.4a)

[112̄] MgOcap ∥ [112̄] Mg3N2. (4.4b)

Note that the Φ scan of the MgO (100) substrate is not shown. Using the epitaxial relationships

of the capping layer, we can simulate its RHEED pattern, as shown in Figure 4.9(c). Similarly to

Mg3N2 (111) on MgO (111), simulation of three different crystallographic planes is necessary.

Note that the color of the dots represent the color of the epitaxial domains shown in Figure A.13

of the Appendix, where purple denotes diffraction from MgO (112̄) planes, and orange and

green denote diffraction from MgO (11̄0) planes in twin relation.

Figure 4.9: (a) Φ scans on asymmetric MgO (200) planes of the capping layer compared to (b) Φ
scans on asymmetric (400) planes of the underlying Mg3N2 (111) layer. The Φ scan
of the MgO (100) is not shown. (c) RHEED pattern of the MgO capping, taken along
the MgO [011] substrate direction.
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Experiments about the protective effect of the epitaxial MgO (111) capping with respect to

its polycrystalline alternative are still ongoing. The growth of heteroepitaxial MgO on Mg3N2,

which has never been reported previously, is a first step towards Mg3N2/MgO heterostructures.

4.3.5 Structural quality of Mg3N2

To evaluate the crystalline quality of our epitaxial Mg3N2 (111) thin films we evaluated the

FWHMs of their ω rocking curves. The ω scans measured on the symmetric Mg3N2 (222) re-

flections of the samples F [Mg3N2 (111) on MgO (100)], H [Mg3N2 (111) on YSZ (100)] and J

[Mg3N2 (111) on MgO (111)], fitted with pseudo-voigt functions, are presented in Figure 4.10.

Note that the curves were recorded using a 1/4° slit in the diffraction path to better deconvolute

the two different contributions occurring in some of the films.

Figure 4.10: Symmetric ω scans of Mg3N2 (111) thin films on different substrates. (a) Around
the (222) reflection of sample F [Mg3N2 (111) on MgO (100)]. (b) Around the (222)
reflection of sample H [Mg3N2 (111) on YSZ (100)]. (c) Around the (222) reflection
of sample J [Mg3N2 (111) on MgO (111)]. Note that different x-scales are used for
the curves, which were all recorded using a 1/4° slit in the diffraction path. (d)
FWHM of the Mg3N2 (222) reflection as a function of azimuthal angle Φ on sam-
ple J.
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For sample F [Mg3N2 (111) on MgO (100)], an extremely narrow rocking curve with an

FWHM of 0.04° is observed, superimposed to a low-intensity, 1.2°-wide peak, as shown in Fig-

ure 4.10(a). A similar behavior was observed for Zn3N2 (100) on YSZ (100) [see Figure 3.8(c)],

where we assigned the narrow contribution to a thin, highly oriented nucleation layer, over-

grown by tilted Zn3N2. However, the Mg3N2 thin film measured here is roughly four times

thicker than the Zn3N2 thin film discussed in Figure 3.8(c). Still, the ratio of the narrow to the

broad contribution is significantly larger in the Mg3N2 case, indicating that the grains present

here are also highly oriented, but over a larger thickness range. While the extremely narrow

FWHM of 0.04° may be interpreted as a parameter for outstanding structural quality, we will

demonstrate in the following section that it occurs due to the correlation of defects, homoge-

neously distributed during the initial growth stage and, thus, can not be taken as a sign of good

structural quality.

Likewise, the rocking curve of sample H [Mg3N2 (111) on YSZ (100)], shown in Figure 4.10(b)

consists of a two component line shape. This time the broad contribution is more intense than

in sample F (despite similar film thicknesses), indicating that tilt is introduced to the film at a

lower thickness. Furthermore, the degree of tilt is larger, with the broad contribution having a

larger FWHM of 2.1°.

For Mg3N2 (111) on MgO (111) (sample J), on the contrary, only one single peak, as com-

monly observed in heteroepitaxial systems, is found. Its width, 2.3°, indicates a strongly tilted

thin film [Figure 4.10(c)]. Given the anisotropy of the symmetric Mg3N2 (222) planes (inclined

by 3° with respect to the MgO (111) substrate planes, see Figure 4.6), we investigated their

FWHM as a function of azimuthal angle Φ, as illustrated in Figure 4.10(d). Although one may

expect an influence of the tilt anisotropy on the FWHM, the latter one stays roughly constant

as a function of Φ.

4.4 Advanced structural characterization of Mg3N2 (111)

on MgO (100)

Understanding the microstructure of thin films is important to improve their crystalline qual-

ity by adapting the growth conditions, as well as to understand their physical properties. To

give a comprehensive insight into the microstructure of epitaxial Mg3N2, we grew a series of

Mg3N2 (111) thin films on MgO (100) with different thicknesses in order to investigate the

micro-structural evolution taking place during film growth. The growth conditions of these

samples are the same as used for sample E of the previous section (see Table 4.3).

We thoroughly analyzed the two-component line shapes occurring in the ω rocking curves

of these thin films, allowing us to extract detailed information of the film microstructure as a

function of thickness. The measurement of asymmetric reflections allowed us, furthermore, to

investigate the in-plane crystallinity in the investigated Mg3N2 (111) thin films (twist). Our re-
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sults are in agreement with plan-view and cross-section TEM observations, never done before

on Mg3N2 thin films, and enable us to develop a structural growth model for Mg3N2 (111) thin

films on MgO (100).

Table 4.3: Growth conditions and thicknesses of Mg3N2 (100) thin films on MgO (100), capped
with ∼50 nm MgO. Note that the growth conditions given here are the same as for
sample E of the previous section.

Sample Growth temp. Mg cell temp. Nitrogen flow Thickness

(◦C) (◦C ) (sccm) (nm)

I 400 430 0.35 15

II 400 430 0.35 69

III 400 430 0.35 90

IV 400 430 0.35 131

V 400 430 0.35 ∼302

VI 400 430 0.35 ∼547

4.4.1 Background

In heteroepitaxy the defect densities occurring can be particularly high due to the numerous

differences that the thin film and the substrate might have, including crystal structure, orien-

tation, lattice parameter and chemical composition (see Section 1.1.2). These differences can

give rise to the build-up of strain, which can be released by the formation of defects (e.g. dislo-

cations) as well as misorientations between neighboring grains (tilt and twist).

As demonstrated in the previous sections, XRD is a powerful, non-destructive technique

to evaluate accurately a materials’ microstructure, as it allows to determine the lattice param-

eters and crystalline quality over large spatial scales. Defects occurring in thin films lead to

rotations and distortions of its crystalline lattice. Hence, the diffraction characteristics of a thin

film depend on the defect types and on their concentrations. Generally, defects lead to peak

broadening in ω rocking curves, where the FWHM increases as a function of defect density.

More specifically, the lattice rotations and distortions, described by a vector u(r ) (representing

the sum of all displacements caused by defects in the point r ), directly influence the diffraction

intensity, which can be represented by a Fourier transform

I (q) =

∫

e i qr G(r )dr (4.5a)

of the correlation function

G(r ) = 〈exp(iQ[u(r )−u(0)])〉. (4.5b)

Here q denotes a small deviation from the reciprocal lattice vector Qhkl , where the average 〈〉

is performed over all possible origins. The dependence of G(r ) on the type and arrangement of

the defects causing displacements is rather complex, making it difficult (although not impossi-
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ble) to solve Equation 4.5a analytically [204–208].

However, there are two cases where G(r ) becomes unity, leading to I (q) = δ(q) and, hence,

an extremely narrow diffraction peak (with δ(q) denoting the Dirac delta function). The first

one is a perfectly crystalline thin film without any defects, i.e. a complete absence of displace-

ments with respect to the ideal atomic positions. While this case is often used to describe the

basic theory of diffraction, it will never be achievable, since even bulk crystals contain imper-

fections. In the second case, on the other hand, defects are still present in the layer, but with an

average net displacement that is zero over large spatial areas, hence, Equation 4.5b becomes

unity. This so-called correlation of defects defines an associated correlation length, determin-

ing the area of zero average net displacement. Even with relatively high defect densities, co-

herent x-ray scattering can be preserved if the position and, eventually, the orientation of the

defects are correlated, leading to very narrow FWHMs in ω rocking curves [204–217]. Besides

defects, also the finite size of crystallites lead to peak broadening. It is hence necessary to sep-

arate both effects.

While XRD offers a global view of the microstructure in crystalline thin films, TEM enables

a direct local insight and can allow therefore the identification of the defect type and spatial

arrangement, as well as the crystallite size. In this sense, both techniques are complementary.

Unfortunately, TEM is a destructive technique, requiring long sample preparation times when

done by classical polishing techniques, which becomes problematic when dealing with Mg3N2,

whose decomposition time constant is in the order of some minutes in air. For our samples, a

preparation and latter transfer to the TEM under vacuum is therefore strictly necessary.

4.4.2 Out-of-plane lattice parameter

In order to investigate the out-of plane inter-planar distance we measured HRXRD on the

symmetric Mg3N2 reflections of all samples reported in Table 4.3. The 2θ/ω scans around

Mg3N2 (222) of the thickness series are shown in Figure 4.11(a).

The samples I to IV show finite size interference fringes, indicating a high out-of plane x-

ray scattering coherence due to a high parallelity of (222) planes perpendicular to the growth

direction. The thicknesses of these samples were obtained using Equation 3.3, as discussed

earlier for Zn3N2, and are in agreement with XRR measurements (see Figure A.14 of the Ap-

pendix). As the film thickness increases further (samples V and VI), the interference pattern

vanishes, although they should be in principle visible according to Equation 3.3 (for the sim-

ulated diffraction pattern of Sample V see Figure A.15 of the Appendix). This indicates hence

a loss of x-ray coherence induced by an increase in roughness and/or a decrease in structural

quality, as will be explained in the following. The thickness of these two last samples was ob-

tained by extrapolating the growth rate of the previous ones.

Similarly to Zn3N2 (111) on MgO (100), an asymmetry of the interference pattern surround-

ing the Mg3N2 main peak is observed between the higher/lower 2θ angles, indicating a grad-

ual change of d222 as a function thickness. By performing numerical simulations using Equa-
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tion 3.4, this asymmetry can be reproduced (fits indicated by black dotted lines), allowing for

the extraction of the (222) inter-planar distance variation as a function of thickness, as illus-

trated in Figure 4.11(b). The additional interference fringes occurring in sample I are due to the

∼50 nm capping layer, which is included in the simulations. Close to the film-substrate inter-

face, d222 is larger than the literature value for relaxed Mg3N2 (2.873 Å), indicating the presence

of compressive strain in the samples I to IV. Indeed, the calculation of the lattice mismatch for

Figure 4.11: (a) High-resolution 2θ/ω scans around the symmetric Mg3N2 (222) reflections for
the samples I to VI, i.e. of different film thickness. The curves were measured with a
crystal analyzer detector and vertically shifted for clarity. The numerical fits using
the Equations 3.3 and 3.4 are indicated by black, dotted lines. (b) Inter-planar (222)
distance as a function of thickness, resulting from the fits in (a).

Mg3N2 to MgO using the epitaxial relationships found earlier [see Figure 4.7(b)] reveals

+2.3 % along the Mg3N2 [112̄] direction and +18.2 % along its [11̄0] direction. Hence, the sub-

strate imposes its smaller lattice to the nucleating layer, leading to an out-of plane lattice ex-

pansion. As the thickness increases, d222 decreases, indicating a relaxation of the thin film.
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Interestingly, d222 does not only relax to the Mg3N2 (222) literature value, but decreases fur-

ther for thicknesses larger than ∼20 unit cells (∼5 nm), evolving to a tensile strain. A reason for

this may be the grain coalescence, frequently introducing tensile strain into growing thin films

[218–220], and leading to a shift towards higher 2θ angles with respect to the bulk [literature

value of Mg3N2 (222) indicated by the dashed line in Figure 4.11(a)].

4.4.3 Grain size and lattice rotations: XRD characterization

Normalized high-resolution transverse ω scans on the same sample series, measured on the

symmetric Mg3N2 (222) reflection, are presented in Figure 4.12(a). All curves consist of a nar-

row (coherent) and a broad (diffuse) contribution, giving rise to a two-component line shape.

The narrow peaks have approximately the same FWHM than the symmetric MgO (200) reflec-

tion of the substrate, as shown in the inset of Figure 4.12(a). At this stage, we assume that this

narrow peak is linked to a coherent scattering phenomenon with a homogeneous spatial dis-

tribution of some crystalline defects displaying long correlation distances, as explained in the

previous section, and as observed previously in other material systems [204–217]. Interestingly,

the peak area of the broad contribution increases as a function of thickness with respect to the

narrow one, indicating that this contribution has an origin independent of the correlated de-

fects.

Using two pseudo-voigt functions we fitted the transverse ω scans of all samples before

normalization in order to evaluate the absolute intensities of both contributions. As shown in

Figure 4.12(b), the peak area of the narrow contribution stays constant, while the area of the

broad contribution increases linearly as the function of thickness, pointing towards the origin

of coherent scattering being located close to the film-substrate interface. Initially exhibiting

correlated defects, the thin film is overgrown by Mg3N2 showing much shorter correlation dis-

tances (if correlation is even present). Such two-component line shapes are observed in various

heteroepitaxial systems and are usually interpreted to stem from correlated threading disloca-

tions [205, 206, 209–211], misfit dislocations at the film-substrate interface [204, 206–208, 213–

216], misorientations [209, 215, 216] or grain boundaries [212, 217].

When it comes to peak broadening of XRD patterns, Williamson and Hall [221] analyzed

already in 1953 the line widths of diffraction peaks in 2θ/ω scans as a function of their diffrac-

tion order, allowing them to separate broadening due to out-of plane finite crystallite size and

lattice strain.

Similarly, this procedure can be transferred to the investigation of symmetric transverse

ω scans, allowing this time the separation of in-plane finite size effects and lattice rotations

around an in-plane axis (tilt). In their two-component ω scans, Miceli et al. [215, 216] observed

that the FWHM of the broad contribution stays constant (in units of in-plane reciprocal space

units Qx ) as a function of diffraction order when finite size effects are the origin of broadening.

On the other hand, if lattice rotations cause peak broadening, the line width is proportional to

the length of the scattering vector Q , i.e. it increases in units of Qx , but stays constant in units
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of ω.

We analyzed the peak width of the symmetric Mg3N2 (222) and (444) reflections (i.e. of dif-

ferent diffraction orders), as presented in Figure 4.13 for the samples II and V in logarithmic

scale. For both samples the coherent scattering intensity decreases significantly when going

from the (222) to the (444) reflection, consistent with the literature cited above. More impor-

tantly, the line width of the broad peak of sample II (69 nm-thick Mg3N2 film) is constant when

plotted as a function of Qx , indicating that finite size effects are the main origin of peak broad-

ening, as

Figure 4.12: (a) Normalized high-resolution transverse ω scans on Mg3N2 (222) for the samples
I to VI, measured with a crystal analyzer detector. The inset shows the magnified
normalized scan of sample I in comparison with the symmetric MgO (200) sub-
strate reflection. (b) Peak area under the peaks in (a), consisting of a narrow and a
broad contribution.

shown in Figure 4.13(a). In this case, the FWHM ∆Qx is inversely proportional to the lateral

length l causing the peak broadening (l = 2π/∆Qx ), which can be interpreted as the lateral
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Figure 4.13: ω rocking curves on the symmetric Mg3N2 (222) and (444) reflections, measured
by an open detector with a 1/4° slit in the diffraction path. A multiplicative factor
k (shown in red) is used to rescale the (444) rocking curve, having a lower diffrac-
tion intensity. (a) Sample II (69 nm-thick Mg3N2 film), as a function of in-plane
reciprocal space units Qx . (b) Sample V (302 nm-thick Mg3N2 film), as a function
of angular units ω. The inset in (b) shows the same curves, but as a function of
in-plane reciprocal space units Qx .

grain size. Doing this analysis one can extract a lateral grain size of l ≈ 13nm for the 69 nm-

thick Mg3N2 film.

On the other hand, Figure 4.13(b) shows the rocking curves of the (222) and (444) reflection

of sample V, this time as a function of angular units. For the 302 nm-thick film the line shape

seems similar to that of sample II. However, rescaling the (444) rocking curve by a multiplicative

factor k shows that the line width of the broad peak is constant in ω and hence, increases as a

function of diffraction order [as shown in the inset of Figure 4.13(b)]. This demonstrates that

lattice rotations are the main origin of peak broadening in the thicker thin films, giving rise to a

two-layer structure occurring during film growth. The FWHM of the broad contribution is 1.3°,

which is the degree of tilt present in this sample.

Note that the curves shown in Figure 4.13 have been recorded with a 1/4° slit in the diffrac-

tion path in order to ensure a sufficiently high intensity of the (444) reflection, but still enabling

to separate the narrow from the broad contribution. Indeed, while the FWHM of the diffuse

contribution stays roughly constant as a function of detector configuration (1.3± 0.1°), it in-

creases for the coherent peak from 100 arcsec, via 196 arcsec to 238 arcsec when changing from

the crystal analyzer, via 1/4° slit, to a completely open configuration (see Figure A.16 of the

Appendix).

Using this relatively simple XRD analysis, we were able to define two different micro-structural

regions in our samples: Finite size broadening dominates the x-ray scattering characteristics

for thin Mg3N2, whereas lattice rotations (tilt) dominate the peak broadening for thicker Mg3N2

layers. In order to define the critical thickness, where the transition between the two limiting

behaviors occurs, we calculated the difference ∆ between the (222) and (444) diffuse scattering
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Figure 4.14: (a) Goodness parameter ∆ for the samples I to VI, calculated as a function of in-
plane reciprocal space units Qx as well as of angular units ω. The area indicated
in gray denotes the the transition from finite size limited to tilt limited structural
quality. (b) Diffraction tail analysis of the ω rocking curves around the Mg3N2 (444)
reflection in log-log scale, as a function of film thickness, measured with a fully
open detector.

curves for all samples, when plotted as a function of Qx as well as ω

∆=
1

Npoi nt s

∑Npoi nt s

i=1 (I
di f f
222 −kI

di f f
444 )2

(I
di f f
max )2

. (4.6)

Here Npoi nt s is the number of measured points in the curve and I
di f f
222 and I

di f f
444 denote the

scattering intensity values for each point in the Mg3N2 (222) and (444) curves, respectively.

Minimizing Equation 4.6 enables to extract the curve difference ∆ when plotted as a function

of Qx or ω, as well as the multiplicative factor k required to rescale the diffuse intensity of the

(444) reflection (used in Figure 4.13). In order to quantitatively compare the goodness param-

eter ∆ between the different thin films, we normalized the result by the maximum value of the

diffuse scattering intensity I
di f f
max . If ∆ is smaller when calculated as a function of Qx (i.e. the

difference between the (222) and (444) curves is smaller when plotted as a function of Qx ), the

peak broadening is dominated by finite size effects. On the contrary, if ∆ is smaller when cal-

culated as a function of ω, lattice rotations (tilt) dominate the peak broadening.

Figure 4.14(a) shows the goodness parameter as a function of Mg3N2 film thickness, in units

of Qx as well as of ω. Consistent with the observations in Figure 4.13, ∆ is small when calcu-
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lated in units of Qx for the thinnest samples (I and II), indicating that finite size effects with

lateral grain sizes of 9 nm to 13 nm are the main source of peak broadening (depending on the

sample). For the thicker samples (III to VI), however, its value increases, indicating a mismatch

between the Mg3N2 (222) and (444) rocking curves in units of Qx . Indeed, all samples thicker

than 69 nm exhibit a smaller ∆ when calculated in units of ω, indicating that a ∼1.3° tilt domi-

nates their microstructure. The crossing of these behaviors is found at a thickness of 70 nm to

90 nm, indicating the critical thickness where the transition occurs.

Another way to determine the origin of peak broadening is to analyze the diffraction tails

of ω rocking curves for sufficiently large Qx . A model to fit ω scans measured with a fully open

detector was developed by Kaganer et al. [205], who calculated the intensity decay as a function

of Qx . More precisely, they found a Q−2
x decay in thin films dominated by finite size broaden-

ing, whereas a Q−3
x decay was attributed to stem from lattice defects, in their case randomly

distributed threading dislocations. Figure 4.14(b) shows such an analysis on our sample se-

ries, where we plot the intensity decay of the symmetric Mg3N2 (444) reflection as a function

of film thickness in a log-log scale. This representation has the advantage that curves obeying

a power law are converted to straight lines, where slopes of -2 and -3 symbolize Q−2
x and Q−3

x

dependencies, respectively.

For the samples I and II (15 nm and 69 nm, respectively), a slope of -2 is observed, denot-

ing a Q−2
x decay, which indicates a finite size limited structural quality. An increase of Mg3N2

film thickness (samples III to V) leads to a gradual change of tail slope towards -3, hence, Q−3
x

dependence, indicating a microstructure that is dominated by defects and consistent with the

observations of Figure 4.14(a). Interestingly, a slope of -4 is found in the diffraction tail of the

sample VI (547 nm), exhibiting therefore an intensity decay following a Q−4
x law. This tail slope

was not predicted by the model of Kaganer et al. and points towards other mechanisms limit-

ing the overall structural quality for thicker Mg3N2 films. To complete the picture of the Mg3N2

films’ microstructure, we performed TEM analysis on cross-section and plan-view specimens,

as discussed in the following.

4.4.4 Grain size and lattice rotations: TEM characterization

To analyze lattice defects, in particular their type and spatial arrangement, TEM is the method

of choice since it gives a direct insight into the microstructure of a thin film.

Note that in the case of Mg3N2 special attention needs to be payed in order to avoid the

degradation of the material in contact with air, which probably explains why there are no prior

TEM studies on this material. Consequently, the preparation of the TEM specimen necessarily

needs to be done under vacuum, i.e. using FIB sectioning. Once the specimen is prepared,

the Mg3N2 layer is not anymore protected by its MgO capping layer. To reduce the exposure

time of the unprotected specimen to air, we transferred it to a vacuum container right after

the FIB preparation, and, transported it to the TEM. A fast transfer to the microscope ensured

that the total air exposure of the specimen did not exceed 1 min, sufficiently small to allow the
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observation of Mg3N2 thin films. This procedure was applied for all the TEM samples shown in

the following.

4.4.4.1 Cross-section TEM analysis of Mg3N2

We prepared cross-section specimens of sample V [302 nm-thick Mg3N2 (111) grown at 400 ◦C

on MgO (100)] and of sample F of the previous section for comparison [97 nm-thick Mg3N2 (111)

grown at 460 ◦C on MgO (100)].

The film structure of sample V, prepared along an MgO 〈011〉 zone axis, is shown in the TEM

multi-beam micrograph in Figure 4.15(a). The MgO capping layer shows a brighter contrast

than the substrate consisting of the same material due to its lower crystallinity (see Figure 4.2).

Figure 4.15: (a) Cross-section TEM micrograph of sample V (302 nm-thick Mg3N2), along an
MgO 〈011〉 zone axis. A columnar structure is revealed for the Mg3N2 (111) thin
film close to the film-substrate interface, disappearing at higher film thickness.
(b) High-resolution TEM micrograph of the film-substrate interface. A to D show
Fourier transform images generated from high-resolution images at the corre-
sponding positions indicated in (a).

The Mg3N2 thin film itself exhibits a columnar structure close to the film-substrate inter-

face, with a lateral grain size of ∼10 nm, consistent with the results obtained by XRD in the

previous section. The film is clearly crystalline in the initial growth stage, showing an abrupt

interface to the underlying MgO substrate, confirmed by the high-resolution TEM micrograph
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shown in Figure 4.15(b). Note that this image consists of Moiré patterns due to the relatively

small column diameter with respect to the specimen thickness (∼10 nm vs. several tens of nm).

Interestingly, some of the column boundaries are linked to steps occurring in the MgO sub-

strate (see Figure A.17 of the Appendix), although this is not systematically observed.

Once the Mg3N2 film thickness increases, the columnar structure is lost, accompanied by

an increase in bright contrast, hence, a decrease in crystallinity. Using Fourier transform analy-

sis of high-resolution images (micrographs not shown here) taken at the positions indicated in

Figure 4.15(a), we can investigate the change in crystallinity as a function of Mg3N2 film thick-

ness. Close to the film-substrate interface (see image A), the thin film is crystalline as indicated

by the presence of various diffraction spots in the Fourier transform. As the growth proceeds,

circular arcs appear (see image B), giving rise to an increased tilt present in this sample. Finally,

these arcs dominate the Fourier transform at large thicknesses (see image C and D), indicat-

ing a tilt-limited microstructure. The micro-structural evolution during growth is in agreement

with RHEED observations (see Figure A.18 of the Appendix), where circular arcs develop as the

Mg3N2 film becomes thicker.

To identify the in-plane orientations of the columns, we recorded selective area electron

diffraction (SAED) patterns of the cross-section specimen of sample V, as shown again in Fig-

ure 4.16(a). The diffraction of the thin film can be perfectly reproduced using the simulated

diffraction patterns in Figure A.11 of the Appendix, confirming the epitaxial relationships found

earlier and shown in Figure 4.16(b). Note in the SAED pattern of Figure 4.16(a) diffraction of

the MgO substrate is present (indicated by the gray dots) besides the ones of the four rotational

Mg3N2 domains (indicated by the color of each respective domain).

In order to identify the nature of the columnar grains we performed two beam observations

using g = (044) of two different rotational domains [see Twin I and Twin II in Figure 4.16(a) and

(b)]. Only some of the columns appear bright when collecting the g = (044) diffraction of one

individual domain family (Twin I), as displayed in Figure 4.16(c), showing that the columns

themselves correspond to the epitaxial rotational domains the Mg3N2 film consists of. Besides,

the columns show an average height of ∼70 nm. This result is in agreement with the XRD ob-

servations discussed in the previous section, where we found a transition from finite-size lim-

ited structural quality to tilt-limited structural quality in the same thickness range. Above this

thickness, the columnar structure disappears as attested by the loss of diffraction conditions,

indicating an increased film twist.

Interestingly, an increase of growth temperature from 400 ◦C to 460 ◦C leads to an increase

of column height, as shown in the dark field images of sample F [see Figure 4.16(d)]. While

the column width is also found to be ∼10 nm, similarly to that of Sample V, the columns stay

intact over the entire film thickness, leading to a height of 97 nm. Similarly to Figure 4.16(c), by

selecting the g = (044) of the other rotational domain (Twin II) diffraction of complementary

columns is obtained [Figure 4.16(e)]. However, the small Mg3N2 grain size with respect to the

specimen thickness prevented the observation of perfectly complementary images.
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The microstructure of our Mg3N2 (111) thin films on MgO (100) is similar to that found by

Heinke et al. for GaN (0001) on c-plane sapphire. They found ∼24 nm wide GaN columns that

were identified as inversion domain boundaries with inversed GaN polarity. The regular dis-

tribution of the column boundaries led, in their case, to the occurrence of a narrow diffraction

peak in XRD too. We can therefore assume that our narrow diffraction peaks in XRD originate

from the regular distribution of our rotational Mg3N2 domains, leading to a correlation of the

domain boundaries separating them, with a correlation length in the order of 10 nm.

Figure 4.16: (a) SAED pattern of sample V, where half of the pattern is reproduced using the sim-
ulations shown in Figure .11, confirming the epitaxial relations found earlier. (b)
Schematic epitaxial relationships of Mg3N2 (111) on MgO (100). The dashed line
denotes one MgO 〈011〉 zone axis, along which sample preparation was performed.
(c) Cross-section dark field TEM micrograph of sample V (302 nm Mg3N2 (111)
on MgO (100) grown at 400 ◦C) using g = (044) of one rotational domain (Twin
I). (d) and (e) display the same experiment on sample F (97 nm Mg3N2 (111) on
MgO (100) grown at 460 ◦C) using g = (044) of Twin I and Twin II, respectively,
showing that the column height can be controlled by the growth conditions.
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4.4.4.2 Plan-view TEM analysis of Mg3N2

In order to investigate the rotational domain boundaries, we prepared a plan-view TEM speci-

men of sample III [90 nm Mg3N2 (111) grown at 400 ◦C on MgO (100)]. This sample was chosen

due to its low Mg3N2 thickness, in order to exclusively observe the correlated, columnar Mg3N2

structure. It is worth emphasizing that the preparation of such thin plan view specimen is chal-

lenging, since it also involves the removal of the MgO substrate, as well as the protective MgO

capping layer. Hence, it is quite difficult to control the right moment where to stop the ion etch-

ing. If too much of the MgO substrate and/or capping layer is removed, one risks to etch the

thin Mg3N2 film. On the contrary, if the etching is stopped too early, the Mg3N2 thin film will

overlap with the MgO substrate and/or capping layer, hindering a proper observation. There-

fore, we applied a sample preparation involving several etching levels in order to increase the

chance of having exclusively Mg3N2.

Figure 4.17(a) shows the SAED pattern of sample III. The observed diffraction agrees well

with the simulations, based on the epitaxial relationships found for Mg3N2 (111) on MgO (100)

(for simulations see Figure A.19 of the Appendix). However, diffraction of the MgO substrate

is still present [indicated by the dashed square in Figure 4.17(a)], leading to additional diffrac-

tion spots due to the overlap with the Mg3N2 thin film due to multiple diffraction (dynamical

theory of diffraction). For the diffraction coming from Mg3N2 itself, a lateral elongation of the

diffraction spots is observed, pointing towards a 4-5° twist present in the Mg3N2 columns.

Figure 4.17: (a) Cross-section SAED pattern of sample III [90 nm Mg3N2 (111) on MgO (100)].
Diffraction coming from the MgO substrate is indicated by the dotted square. (b)
High-resolution TEM micrograph of the plan-view specimen, recorded using the
diffraction spots situated inside the dashed white circle in (a).

Furthermore, we recorded high-resolution images by selecting electrons coming mainly

from Mg3N2 [selected area indicated by the dashed white circle in Figure 4.17(a)]. Although

the high-resolution micrograph in Figure 4.17(b) reveals ∼10 nm-sized grains (some of them
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indicated by white dashed lines), the exact arrangement of the Mg3N2 columns, as well as the

structure of their boundaries, remains unclear due to the occurrence of Moiré patterns.

4.4.5 XRD of asymmetric reflections

In order to quantify the twist occurring in the Mg3N2 domains, we performed XRD on asym-

metric Mg3N2 reflections, as shown for sample IV (131 nm Mg3N2) in Figure 4.18(a). The FWHM

increases clearly as a function of the inclination angle χ to the sample surface, indicating that

the microstructure is dominated by twist. To fit the FWHMs of these reflections one has to

recall the model of Lee et al. that we already used in Section 3.2.5 to analyze the asymmetric

reflections in Zn3N2 thin films. Using the equation given in Figure 4.18(a) we can reproduce

well the experimental results, with values of Γy and Γz of 1.3° and 2.5°, respectively.

Figure 4.18: (a) FWHM as a function of inclination angle χ. (b) Schematic twist present in one
rotational domain family.

Since we did not observe a narrow, coherent scattering peak in any of the asymmetric re-

flections, as shown in the inset of Figure 4.18(a), we used the FWHM of the broad contribution

for the symmetric Mg3N2 (222) reflection at χ= 0°. Note that the twist of Γz = 2.5° is measured

for one rotational domain family, as schematically shown in Figure 4.18(b). Although coun-

terintuitive, this value is in agreement with the plan-view TEM observations of the previous

section, where we found a ∼5° twist, given that XRD provides the FWHM of the peak, whereas

in TEM the entire spot size is measured. Note that, although we measured the XRD on one ro-

tational domain family, all four domain families experience the same twist for their diffraction

spots, as a lateral spot elongation is observed in the SAED pattern of Figure 4.17(a).

4.4.6 Growth model

Thanks to XRD analyses on symmetric and asymmetric Mg3N2 reflections, as well as TEM ob-

servations on cross-section and plan-view specimens, we could unravel the microstructure of
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Mg3N2 (111) on MgO (100), which is illustrated in Figure 4.19. A columnar structure is revealed

in the initial growth stage, where the columns are assigned to four rotational domains occurring

due to different thin film and substrate rotational symmetries. Although these columns exhibit

an in-plane twist component, they are well aligned along the [111] growth direction, causing an

extremely narrow diffraction peak in symmetric transverse ω scans, superimposed to a broad,

low-intensity contribution due to the finite column diameter of ∼10 nm. These scattering char-

acteristics are accompanied by finite size interference fringes occurring in longitudinal 2θ/ω

scans. As the growth proceeds, the correlated columns are overgrown by strongly disordered

Mg3N2, causing the broad contribution to increase in intensity, accompanied by a change of

scattering characteristics from finite size broadening to tilt limited broadening in symmetric

Mg3N2 reflections, and a loss of diffraction conditions in cross-section dark field TEM.

Figure 4.19: Schematic film structure found for Mg3N2 (111) on MgO (100). A two-layer struc-
ture is revealed, where the first ∼70 nm consist of columnar rotational domains,
well aligned along the [111] growth direction, but showing an in-plane twist. These
columns are overgrown by strongly misoriented Mg3N2 as the growth proceeds.

The microstructure of our Mg3N2 thin films is similar to that of sputtered AlN (0001) thin

films found by Miyake et al. on c-plane sapphire [175, 176]. In their case, a columnar, ∼10 nm-

thick AlN nucleation layer was observed by the authors, where the column diameter was found

to be in the order of a few nm. This nucleation layer, well oriented along the [0001] growth

direction and showing a twist of ∼2°, is overgrown by misoriented, ca. 25 nm wide columns,

leading to two-component line shapes in their ω rocking curves, similarly to our thin films

(although our column height was found to be ∼70 nm).

The large twist component observed in the nucleation layer in both material systems can

be linked to the large lattice mismatch of the thin films to their crystalline substrate [13 % in

AlN on sapphire and up to 18 % in Mg3N2 (111) on MgO (100)]. Mante et al. [222] developed

a model that explains the twist occurring in highly-mismatched heteroepitaxial systems, the

twist value being proportional to the mismatch. In their model AlN (0001) on Si (111) system

(with a 19 % lattice mismatch), they found a twist of 3.3° between the nucleating AlN islands,

as measured by grazing incidence XRD. TEM investigations revealed that, in this case, the mis-

match is introduced by 60° misfit dislocations at the film-substrate interface, compensating

for the high lattice mismatch. Similarly, the twist observed in our system could be an intrin-
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sic property linked to the film-substrate combination that we chose, exhibiting a high lattice

mismatch, too.

Interestingly, both works propose strategies to improve the film quality. While Miyake et

al. performed high temperature annealing at up to 1700 ◦C thereby coalescing the misori-

ented columns [175, 176], Mante et al. were able to overgrow the tilted AlN nucleation layer

with coalesced AlN of higher quality by increasing the growth temperature after the nucleation

step [222]. These, or similar strategies might be a means of improving the structural quality of

our thin films, although the limited stability of Mg3N2 restricts us to lower annealing tempera-

tures (see following section).

4.5 Linear thermal expansion coefficient of Mg3N2

As discussed in Section 3.3, the knowledge of the linear thermal expansion coefficient of a ma-

terial is important to optimize its epitaxial growth and to understand its fundamental physical

properties. Hence, we measured the out-of plane lattice distance in Mg3N2 (111) thin films

grown on MgO (100) using high-temperature XRD in order to evaluate the lattice expansion as

a function of temperature. Although the linear thermal expansion coefficient for Mg3N2 was

investigated for temperatures below 300 K [223], there is no report for higher temperatures.

Figure 4.20(a) shows the 2θ/ω scans on the symmetric Mg3N2 (222) reflection at tempera-

tures from room temperature to 600 ◦C. A shift towards lower 2θ angles is observed as the tem-

perature increases, indicating an out-of plane lattice expansion. Note that the diffraction at

600 ◦C is weakened with respect to the peaks at lower temperature, indicating the beginning of

Mg3N2 decomposition/evaporation. Indeed, at higher temperatures, no diffraction is observed

(diffractograms not shown here), showing that the film is entirely decomposed/evaporated.

Given that the Mg3N2 thin film was capped with MgO and the measurements were done under

nitrogen, this points towards a pure thermal stability problem of the material.

Using Bragg’s Equation, one can extract the (222) inter-planar distance as a function of tem-

perature, as shown in Figure 4.20(b). A linear increase is observed, where an average thermal

expansion coefficient of αT = 1.1×10−5 K−1 can be extracted from the slope of the fit.

As shown in Figure 4.20(c), we extracted the linear thermal expansion coefficient point-by-

point, as a function of temperature using

αT =
d222(T +∆T )−d222(T )

1
2 [d222(T +∆T )+d222(T )]∆T

. (4.7)

The extracted points complement well the data of Paszkowicz et al. [223], leading to the well-

known S-behavior of the temperature-dependent thermal expansion coefficient (see Figure A.6

of the Appendix), which is due to the successive occupation of acoustic and optical phonon

states, as discussed in Section 3.3.

While the data of Paszkowicz et al. reproduce well the low-temperature regime, our data
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lies already in the saturation regime, where the expansion coefficient changes only slightly as

the temperature is increased. Note that we did not apply any correction for the calculation us-

ing Equation 4.7, even though the average thermal expansion coefficient of the MgO substrate

(αT = 1.2×10−5 K−1 [182]) is close to that found for Mg3N2. In contrast to pseudomorphic lay-

ers, whose thermal expansion is mainly governed by the underlying substrate, our Mg3N2 thin

films exhibit high defect densities (see Section 4.4), supporting the assumption that they ex-

pand mostly independent of the substrate.

Figure 4.20: (a) High-temperature XRD on a Mg3N2 (111) grown on MgO (100), from room tem-
perature (RT) to 600 ◦C. (b) Mg3N2 d222 inter-planar distance as a function of tem-
perature, revealing an average of αT = 1.1×10−5 K−1. (c) Linear thermal expansion
coefficient point by point, extracted from (b).

While the knowledge of the linear thermal expansion coefficient of Mg3N2 is interesting

from the fundamental point of view, it will be valuable from a practical point of view when we

will introduce Mg3N2 into heterostructures, as it will allow us to evaluate the lattice mismatch

of different materials at growth temperature.



4.6 OPTICAL PROPERTIES OF Mg3N2 111

4.6 Optical properties of Mg3N2

The measurement of a semiconductor’s optical properties is a first step to evaluate its electronic

structure. Particularly, the knowledge of the band gap nature (direct or indirect), what is the

exact band gap energy and how does the lattice of a crystalline semiconductor influences its

luminescent properties is important when it comes to the application in opto-electronics.

Photoluminescence (PL) measurements rely on the spectroscopy of emitted photons after

optical pumping, as explained in Section 2.4. These photons are created in the semiconductor

itself, hence containing information about its electronic structure. Their creation may include

recombinations of free excitons (bound electron-hole pairs due to their coulomb interaction),

recombinations involving excitons bound to lattice defects or recombinations after exciton-

phonon interactions. Hence, PL is an ideal technique to assess the band structure of a material

and to evaluate the type and density of some of the defects present therein.

In transmittance spectroscopy, the light passing through a material is recorded. Due to

the absorption of light at higher energies than the optical band gap, one can relatively easily

deduce the band gap energy from its absorption coefficient. The advantage of transmittance

with respect to PL is that the material to be analyzed does not need to be crystalline and with

low defect densities in order to allow radiative emission.

In this chapter we discuss the optical properties of Mg3N2 measured by PL and transmit-

tance spectroscopy. Commercial Mg3N2 powder (purchased from AlfaAesar, nominal particle

size 44µm) was investigated using PL and diffuse reflectance spectroscopy, and its emission

characteristics were compared to that of Uenaka et al. [85], who published the only work on

Mg3N2 PL so far. On the other hand, the optical properties of Mg3N2 thin films were deter-

mined using transmittance spectroscopy.

4.6.1 Optical properties of commercial Mg3N2 micro-particles

The PL spectra measured on Mg3N2 micro-particles were analyzed in a temperature range from

9 K to 300 K, where selected PL spectra taken in a large range are presented in Figure 4.21(a). At

low temperature, a sharp emission at 3.04 eV is observed, suggesting a direct band gap semi-

conductor. This emission can be assigned to an excitonic recombination in Mg3N2, as will be

shown in the following. At lower energy, between 2.7 eV to 3.0 eV, an emission pattern of sev-

eral equally-spaced peaks is observed, showing an energy separation of ∼81 meV. These peaks

are assigned to phonon replicas. In the case of Mg3N2, they correspond to longitudinal optical

(LO) phonon replicas, as determined by Uenaka et al. [85]. Finally, around 1.9 eV, a broad peak

originating from defect emission occurs. Uenaka et al. assumed the defect emission around

1.9 eV to originate from N vacancies, in agreement with DFT calculations predicting them as

the most stable defect in Mg3N2 [78].

As the temperature is increased, the excitonic peak and the phonon replicas broaden, ac-
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companied by a strong loss in intensity by around two orders of magnitude. This is probably

due to a large density of defects, leading to non-radiative recombination at higher tempera-

tures.

Figure 4.21: (a) Temperature-dependent PL spectra of Mg3N2 powder from 9 K to 200 K. (b)
Zoom on the luminescence close to the near-band emission, 9 K to 300 K. (c) Lit-
erature PL spectra on Mg3N2 powder in a temperature range of 77 K to 350 K,
reprinted from Uenaka et al. [85].

Our results are qualitatively similar to that of Uenaka et al., who found band-to-band emis-

sion around 2.95 eV at 77 K, and a defect emission band around ∼2 eV. However, when hav-

ing a closer look [both spectra shown in the same scale in Figure 4.21(b) and (c)], our spectra

seem slightly blue-shifted with respect to their PL, from which they extracted a band gap en-
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ergy of 2.96 eV at zero temperature. To account for this difference (our data leads to 3.04 eV

at zero temperature), one has first to consider the different minimum temperatures applied in

the measurements. While Uenaka et al. measured until a minimum of 77 K (i.e. liquid nitro-

gen temperature), our data was collected down to 9 K. Hence, their emission spectra, even at

the lowest measurement temperature, comprise already significant intensity losses, making it

more difficult to interpret the data. Uenaka et al. assigned the highest-intensity peak at around

2.95 at 77 K to the free exciton transition, although a low-intensity shoulder at around 3.03 eV

is present in their spectra. We observe similar emission in our PL at comparable temperatures

(see for instance spectrum at 100 K), although the high-energy shoulder is slightly more pro-

nounced. It turns out that a decrease in temperature below that of liquid nitrogen leads to an

increase in intensity of this shoulder, which finally dominates the entire PL. Thus, contrary to

Uenaka et al., we assign the peak at 2.95 eV (at 9 K) to the first phonon replica, as discussed

below (but not only).

To support this hypothesis, we measured diffuse reflectance in the same temperature range

on the Mg3N2 powder. In Figure 4.22(a) the spectra at 12 K, 100 K and 200 K are displayed and

compared to the PL spectra taken at the same temperatures, reprinted in dashed lines.

A step in reflectance is observed, with the minimum being close to the highest-energy PL

peak. This step is linked to the absorption of the Mg3N2 by the Kubelka-Munk [224] approxi-

mation
α(λ)

S
=

(1−R(λ))2

2R(λ)
, (4.8)

where α(λ) is the absorption coefficient, R(λ) the reflectance and S is the diffuse scattering

coefficient.

Hence, a minimum in R(λ) corresponds to a maximum in absorption. The fact that the

minimum in reflectance coincides with the highest-energy peak found in our PL indicates that

this PL emission corresponds to the free exciton transition.

We investigated the evolution of the peak positions in the PL spectra as a function of tem-

perature, together with the data obtained from the diffuse reflectivity measurements, as dis-

played in Figure 4.22(b). Besides revealing a phonon energy of ∼81 meV at low temperature,

a clear red-shift is observed for the excitonic transition energy once the temperature exceeds

∼75 K. This temperature-dependence of the band gap energy is commonly observed in semi-

conductors, which is due to the lattice dilatation as well as electron-phonon interactions, as

discussed in the following.

Let us now focus on the phonon energy of ∼81 meV. If we assume the data of Uenaka et

al. to correspond to the first LO phonon instead of the free exciton transition, an addition

of 81 meV to their temperature-dependent data should lead to an agreement with our results.

Indeed, a good match is obtained when shifting the literature results by 81 meV, as indicated

by the red dashed line. Furthermore, photoluminescence excitation (PLE) measurements per-

formed too by Uenaka et al. lie in the same range, as indicated by red dots, confirming our

interpretation.
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Figure 4.22: (a) Diffuse reflectance spectra on Mg3N2 powder at 12 K, 100 K and 200 K, vertically
shifted for clarity. The PL spectra recorded at the same temperatures are reprinted
as dashed lines for comparison. (b) Temperature dependent peak positions, ex-
tracted from PL and diffuse reflectivity spectra and compared to the work of Ue-
naka et al. [85].

4.6.2 Optical properties of Mg3N2 thin films

To evaluate the luminescence properties in our thin films, we performed PL measurements at

10 K, as shown in Figure 4.23(a), where we compare the PL of a Mg3N2 thin film to the one of

commercial Mg3N2 micro-particles discussed in the previous section. While the Mg3N2 powder

shows a sharp luminescence at 3.04 eV, the thin film shows unfortunately only a broad, low-

intensity emission located around ∼2.8 eV, accompanied by an intense defect emission around

1.8 eV. This poor luminescence, occurring in all measured Mg3N2 thin films, attests of a large

density of non-radiative recombination centers. These could be point defects (e.g. N vacancies)

or grain boundaries, as the grain size in our thin films is in the order of ∼10 nm.

To determine the band gap of the material, independent of its crystallinity, we deduced the

absorption coefficient from transmittance measurements, as discussed also for Zn3N2 in Sec-

tion 3.5. The transmittance spectra of two Mg3N2 thin films recorded at room temperature are

displayed in Figure 4.23(b). Above ∼3 eV, the transmittance is close to zero, indicating a strong

absorption in this spectral range. On the other hand, the transmittance increases below ∼3 eV

for both thin films, indicating a high transparency in the visible-NIR range and a band edge

around this value. Thickness fringes are observed, the transmitting light interfering between

the film-substrate interface and the interface of the thin film to air. Using Equation 2.18 al-

lows us to determine the absorption coefficient from the transmittance data, which lies in the

105 cm−1 range close to the band edge, typical for a direct band gap semiconductor. Hence,

(αE)2 as a function of photon energy should reveal a linear increase close to the band edge. An
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extrapolation of the linear region reveals the optical band gap Eopt at the intersection with the

horizontal axis.

The Tauc plots for the two Mg3N2 thin films are shown in Figure 4.23(c). Two different

optical band gaps of 2.75±0.05 eV and 2.84±0.05 eV are observed for the two thin films, slightly

lower than the value of 2.90 eV at room temperature found on the micro-particles. Although the

large error bars may already account for the slightly different optical band gaps, the difference

may be due to some physical mechanisms, as discussed in the following.

Figure 4.23: (a) PL spectra of an Mg3N2 thin film recorded at 10 K and compared to the PL
of Mg3N2 powder. (b) Transmittance spectra recorded at room temperature on
Mg3N2 thin films with different thicknesses. The change of noise around 1.4 eV is
due to a change of detector (c) Tauc plots extracted from (b), indicating a 2.75 eV
band energy for the 180 nm-thick Mg3N2 film and a 2.84 eV band energy for the
500 nm-thick Mg3N2 film.

We employed temperature dependent transmittance measurements on our epitaxial Mg3N2
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thin films in order to investigate the evolution of the optical band gap between 10 K and 300 K.

Using the same procedure as in Figure 4.23, the optical band gap was extracted from three

selected thin films and compared to that of Mg3N2 micro-particles, as shown in Figure 4.24.

Similarly to the Mg3N2 micro-particles, a band gap shrinkage is revealed as the temperature

is increased. This behavior is commonly observed in semiconductors and can be reproduced

with the empirical Varshni formula [225]

Eg (T ) = E0 −
δT 2

T +β
, (4.9)

where E0 denotes the band gap energy at 0 K and δ and β are fitting constants.

Using the diffuse reflectivity measurements, we obtain a good agreement to the experi-

ments with values of 3.06 eV, 4.03×10−3 eV K−1 and 1882 K for E0, δ and β, respectively. Un-

fortunately, the values found for the thin films show a large spread and deviate from the ones

obtained on the micro-particles. Several reasons for this deviation may be feasible.

As mentioned before, the temperature dependence of the band gap occurs due to electron

phonon interactions as well as lattice dilatations. In most cases, the first term dominates the

band gap shrinkage, while the second term usually accounts only for a small fraction (e.g. 15 %

in ZnO [226]) and is therefore often neglected. Nevertheless, Mg3N2 exhibits a large thermal ex-

pansion coefficient when compared to other semiconductors (see Section 4.5). Therefore, one

may hypothesize that the lattice expansion might account for a non-negligible contribution of

the band gap shrinkage. Since the thermal expansion in our thin films might be, despite high

defect densities, still influenced by its underlying substrate, this could in principle give rise to a

different band gap shrinkage behavior as as compared to the Mg3N2 micro-particles. However,

if this was the sole reason for the discrepancy, one would expect a systematic deviation in one

direction. This is clearly not the case, as shown in Figure 4.24, where we find two thin films

with a smaller shrinkage compared to the ∼150 meV observed in Mg3N2 micro-particles, but

also one thin film with a larger band gap shrinkage.

Another possible origin for the discrepancy between Mg3N2 thin film and powder samples

may arise from Moss-Burstein shifts, as characterized in Section 3.5, the absorption edge being

dominated by the actual position of the Fermi level within the conduction band (due to large

electron concentrations), leading to an apparent increase of the optical band gap. In Zn3N2, for

instance, we experimentally observed a band gap spread of ∼400 meV due to this phenomenon

(see Section 3.5). To investigate this effect on Mg3N2 one needs to measure its electrical proper-

ties. However, although we deposited contacts on Mg3N2 after etching the MgO capping layer

(see Figure A.20 of the Appendix), as well as prior to Mg3N2 growth, no reliable measurements

could be performed, all thin films displaying a very large resistivity. These observations are

in agreement with contactless resistivity analyses using inductive RF coils performed with a

20J3 sensor from DELCOM Instruments. While the measurements on Zn3N2 layers give values

consistent with the resistivity obtained by Hall effect measurements (see Figure A.21 of the Ap-
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Figure 4.24: Temperature dependence of the optical band gap in Mg3N2, extracted from trans-
mittance measurements on thin films and from diffuse reflectance and PL mea-
surements on Mg3N2 micro-particles.

pendix), the resistivity in Mg3N2 is too high to be measured, giving rise to the assumption that

our Mg3N2 thin films are insulating. Consequently, the influence of carrier concentration on

the optical band gap should be negligible. Still, even if one would assume an influence due to

Moss-Burstein shifts in Mg3N2, the band gap found in the thin films would be systematically

higher than that of the bulk powder, which is not the case either (unless the microparticles

themselves are highly doped).

It is well-known that the presence of defects influence the electronic structure of semicon-

ductors and hence, the band gap, since they lead to deformations of the crystalline lattice. De-

tailed structural investigations (see Section 4.4) revealed high defect densities in our Mg3N2

thin films, that led to a complete vanishing of excitonic luminescence [see Figure 4.23(a)]. It

seems therefore likely, that these defects also influence the absorption properties of Mg3N2,

which were accessed indirectly by transmittance measurements. However, such an influence

is difficult to quantify and requires further work in this direction.

Overall, our study allows to establish the direct band gap of Mg3N2 to lay around 2.9 eV at

room temperature using PL and diffuse reflectance measurements on Mg3N2 micro-particles.

Mg3N2 shows LO phonon replica with an energy of 81 meV and relatively strong defect emis-

sion around 1.9 eV, possibly attributed to N vacancies. The optical quality of Mg3N2 thin films

prevents any excitonic luminescence. Hence, further experimental work is required to opti-

mize their optical quality and to unravel the precise electronic structure of Mg3N2, including

effective masses, band offsets, excitonic properties (e.g. binding energy), as well as vibrational

properties.
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4.7 Summary

We succeeded to grow epitaxial Mg3N2 thin films for the first time in the literature. The re-

activity of the thin films in air could be successfully slowed down using polycrystalline MgO

capping layers, thereby increasing the thin films’ lifetime from a few minutes to several weeks

in air. Recently, epitaxial MgO (111) capping layers were grown on the Mg3N2 thin films, which

may increase their stability further and open a pathway towards MgO/Mg3N2 heterostructures.

By changing the MBE growth conditions we could tune the Mg3N2 film orientations on

MgO (100) substrates, and obtain (100) and (111). Furthermore, Mg3N2 (111) thin films were

grown on MgO (111) and YSZ (100). These results provide a comprehensive insight into Mg3N2

epitaxy. The epitaxial relationships of Mg3N2 (111) on MgO (100), YSZ (100) as well as on

MgO (111) were identified using various diffraction techniques. Four rotational in-plane do-

mains are observed in Mg3N2 (111) films grown on MgO (100) and YSZ (100), as expected due

to the different film-substrate rotational symmetries. Interestingly, the domain structure is ro-

tated by 45° when changing the substrate from MgO (100) to YSZ (100). On the other hand, two

rotational domains are found for Mg3N2 (111) on MgO (111), where the Mg3N2 (222) planes are

inclined by 3° with respect to the MgO (111) substrate planes.

The structural properties of Mg3N2 (111) thin films grown on MgO (100) were analyzed in

detail using XRD, as well as plan-view and cross-section TEM. The films consist of well-aligned

10 nm-wide columns at the film-substrate interface, displaying a significant in-plane twist of

2.5°. These columns, identified as the four rotational domains present in these layers, lead to

extremely narrow peak widths in XRD rocking curves until a film thickness of 70 nm. As the

growth proceeds further, they are overgrown by strongly misoriented Mg3N2, giving rise to a

concomitant broad contribution in XRD, superimposed to the narrow one and increasing lin-

early as a function of film thickness. While further optimizations have to be made in order to

grow Mg3N2 with improved quality, in-depth structural characterization is a necessary tool to

understand the microstructure of new semiconductors and, consequently, to develop strate-

gies for achieving such qualities. Among them, the use of different substrate materials, the im-

plementation of buffer layers and/or high-temperature annealing may prevent the formation

of multiple rotational domains and reduce the defect density, as observed for other semicon-

ductors displaying similar microstructures.

Another important step towards Mg3N2 growth optimization has been made by determin-

ing the linear thermal expansion coefficient in a temperature range from 300 K to 800 K, allow-

ing to evaluate its lattice mismatch to possible substrate materials at the actual growth temper-

atures. While the knowledge of an average thermal expansion coefficient of αT = 1.1×10−5 K−1

can be practically used in epitaxy, e.g. in the design of heterostructures, it is also interesting

from a fundamental point of view, since lattice dilatation influences the physical properties of

Mg3N2 whenever temperature variations occur.

The correct determination of the optical properties is important in new materials in order
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to evaluate their potential application in devices. Furthermore, the luminescence properties

of materials are a good indicator for its quality. The optical band gap of Mg3N2 was not re-

ported reliably before the beginning of this PhD, which may be linked to its sensitivity to air,

complicating its determination. PL and diffuse reflectance measurements on Mg3N2 micro-

particles, for the first time performed close to liquid helium temperature, enabled to establish

the Mg3N2 band gap in the blue-violet spectral region. A band gap around 3.05 eV was observed

at low temperatures, that shrinks down to 2.90 eV at room temperature. Hence, alloying Mg3N2

with Zn3N2 (having a band gap in the NIR around 1 eV) would allow to cover almost the entire

visible wavelength range.
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Conclusions and future work

EPITAXY of two earth abundant II-nitride semiconductors, Zn3N2 and Mg3N2, was achieved

by MBE and the structural properties of the thin films were thoroughly investigated. Be-

sides demonstrating the first ever epitaxial Mg3N2 thin films, we investigated Mg3N2 and Zn3N2

epitaxy on several substrates and with two different orientations, (100) and (111). We further

performed the first ever TEM measurements on Mg3N2, allowing us to deeply understand the

film microstructure of MgN2 (111) thin films on MgO (100) and develop strategies for further

improvements of its crystalline quality.

While this work paves the way to more complex heterostructures, such as Zn3N2/Mg3N2, it

also enabled the determination of some of the fundamental physical properties of these mate-

rials, whose knowledge is indispensable for the future application in devices. Among them are

the linear thermal expansion coefficients of both Zn3N2 and Mg3N2, which were never mea-

sured before above room temperature, as well as their band gap energies, a matter of contro-

versial discussion in the literature.

Besides, we demonstrated that the growth and analysis of highly air-sensitive materials is

possible by employing appropriate protective thin films. While MgO capping layers success-

fully increase the Mg3N2 lifetime from a few minutes to a few weeks in air, there is still is room

for further improvement, e.g. by changing the capping layer material, its thickness or crys-

tallinity.

From the materials science and the application point of view, it is interesting to investigate

the ternary (Zn1 – xMgx)3N2 alloy by combining both Zn3N2 and Mg3N2, due to the possibility

to access almost the entire visible spectral range. Preliminary results seem promising: epitaxial

(Zn1 – xMgx)3N2 growth is currently developed and first thin films in a compositional range up

to x = 0.61 were already obtained, as shown in Figure 4.25. Their possible integration in II-

nitride based semiconductor devices is currently under evaluation.



122 CONCLUSIONS AND FUTURE WORK

Figure 4.25: Mg concentration x in (Zn1 – xMgx)3N2 thin films on MgO (100) determined by x-ray
photoelectron spectroscopy, as a function of Mg cell temperature.The Zn temper-
ature was kept constant at 216 ◦C and films were grown at a substrate temperature
of 250 ◦C, with a nitrogen flow of 1.0 sccm.

In parallel, the growth of ternary ZnOxNy and MgOxNy alloys by adding oxygen during the

Zn3N2 or Mg3N2 growth is examined. While ternary ZnOxNy is already reported in amorphous

and polycrystalline phases and applied in TFTs, there is no study on epitaxial ZnOxNy. On the

other hand, MgOxNy thin films are completely unknown up to date. One problem in the epitaxy

of these ternary oxynitride materials may be the different anion valence of oxygen and nitrogen,

as well as the different crystal structures and lattice parameters of their corresponding binaries,

as shown in Figure 4.26. On they other hand, they may offer a higher stability in air than the

binary nitrides, since they can be considered as partially oxidized Zn3N2 or Mg3N2.

Furthermore, the growth of the quarternary Zn1 – xMgxOyNz compound by combining all

the binaries MgO, Mg3N2, ZnO and Zn3N2 is currently evaluated and will be, eventually, further

investigated. Although the growth of epitaxial Zn1 – xMgxOyNz may be challenging to achieve

due to the different crystal structures of the binaries it consists of, this quarternary compound

offers many interesting possibilities for crystal structure engineering. Depending on its stoi-

chiometry, Zn1 – xMgxOyNz may crystallize in one of the three crystal structures shown in Fig-

ure 4.26, or even in other, completely different structures. Moreover, a change of composition

determines its physical properties. Owing to the large band gap of MgO in the deep-UV range,

it should be in principle possible to cover the entire visible spectral range, as well as part of

the UV range using Zn1 – xMgxOyNz. Besides, the different electrical properties of the binaries

shown in Figure 4.26 (MgO and Mg3N2 are insulators, ZnO and Zn3N2 semiconductors) suggest

that compositional changes in Zn1 – xMgxOyNz may enable to control its electrical properties in

a large range.
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Figure 4.26: Comparison of the crystal structure and lattice parameter of MgO, Mg3N2, ZnO and
Zn3N2. Their potential ternary and quarternary compounds are indicated between
the binaries.

Overall, this work demonstrates that research in new semiconductors, such as II-nitrides,

includes several optimization steps before reaching high-quality crystalline materials. One of

them consists in the development of their epitaxial growth, necessary to investigate precisely

their fundamental physical properties in the context of material science, but also to evaluate

their application in devices.
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Appendix

Fig. A.1: Symmetry properties of Mg3N2 and Zn3N2.

Fig. A.2: RHEED pattern of a poorly in-plane oriented Zn3N2 thin film.

Fig. A.3: Φ scan on asymmetric Zn3N2 (440) planes of a (100)-oriented thin film on MgO (100).

Fig. A.4: HRXRD around the Zn3N2 (400) reflection grown on MgO (100) (sample F).

Fig. A.5: High-temperature XRD on a Zn3N2 (100) thin film on MgO (100).

Fig. A.6: Linear thermal expansion coefficients of MgO and AlN as a function of temperature.

Fig. A.7: Electrical properties of annealed Zn3N2 thin films.

Fig. A.8: XRR on a CdO/MgO heterostructure.

Fig. A.9: AFM micrograph of an MgO (111) substrate surface.

Fig. A.10: Schematic atomic structure of an atomic MgO (111) plane.

Fig. A.11: Diffraction pattern simulation of Mg3N2 (111) on MgO (100).

Fig. A.12: Diffraction pattern simulation of Mg3N2 (111) on MgO (111).

Fig. A.13: Diffraction pattern simulation of MgO (111) on Mg3N2 (111).

Fig. A.14: XRR on Mg3N2 thin films with different thicknesses, capped with ∼50 nm MgO.

Fig. A.15: XRD thickness fringes simulation for 302 nm Mg3N2 (222).

Fig. A.16: Comparison of different XRD detector configurations.

Fig. A.17: High-resolution TEM micrographs of the film-substrate interface between Mg3N2

(111) and MgO (100).

Fig. A.18: Evolution of the RHEED pattern during Mg3N2 (111) growth on MgO (100).

Fig. A.19: Simulation of a plan-view SAED pattern of Mg3N2 (111) on MgO (100).

Fig. A.20: Optical microscope images of electrical contacts on Mg3N2 thin films.

Fig. A.21: Comparison of Zn3N2 resistivity values obtained by Hall effect and by contactless

measurements.
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Figure A .1: (a) Symmetry operations of the Ia3̄ space group (from
http://img.chem.ucl.ac.uk/sgp/large/206az1.htm). (b) Wyckoff positions in
the Ia3̄ space group (from https://www.cryst.ehu.es/cgi-bin/cryst/programs/nph-
wp-list).
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Figure A .2: RHEED pattern of sample iii (44 nm Zn3N2 (100) on MgO (100), see Section 3.2.2),
showing a poor in-plane orientation of the growing Zn3N2 (100) thin film on
MgO (100). The growth conditions of this sample are reported in Table 3.2.

Figure A .3: Φ scan of sample F (Zn3N2 (100) on MgO (100), see Section 3.2.3) on (a) Zn3N2 (440)
planes and (b) MgO (220) planes, measured with a fully open detector. The growth
conditions of this sample are reported in Table 3.3.
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Figure A .4: HRXRD on the symmetric Zn3N2 (400) reflection of sample F (Zn3N2 (100) on
MgO (100), see Section 3.2.4).

Figure A .5: High-temperature XRD on a Zn3N2 (100) thin film grown on MgO (100), as dis-
cussed in Section 3.3.
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Figure A .6: Linear thermal expansion coefficients of (a) MgO and (b) AlN, showing the well-
known S-behavior, as discussed in Section 3.3. Note that the two curves for AlN
show the expansion in the crystallographically non-equivalent a- and c-directions.
(a) and (b) are reprinted from [182] and [179], respectively.
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Figure A .7: Hall effect measurements on a Zn3N2 thin film annealed for 2 min under nitrogen
atmosphere, as discussed in Section 3.4.

Figure A .8: XRR curve of an MgO thin film on CdO on MgO (100), as discussed in Section 4.2.1.
The thickness, roughness and density obtained from the fit are indicated for MgO
in the inset table. Note that the MgO literature density is 3.58 gcm−3.
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Figure A .9: 2×2µm2 AFM micrograph of an MgO (111) substrate surface, annealed for 2 min at
1150 ◦C under oxygen atmosphere, as discussed in Section 4.3.2.

Figure A .10: Schematic atomic structure of an atomic MgO (111) plane, as discussed in Sec-
tion 4.3.2. The gray dots represent the surface layer (Mg) and the red ones the
underlying second atomic layer (O). Although a three-fold symmetry is observed
for the substrate half space, the first atomic layer shows six-fold symmetry, as indi-
cated by the black hexagon, leading in our case to the occurrence of two rotational
Mg3N2 (111) domains.
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Figure A .11: (a) Schematic representation of the four rotational domains occurring in epitaxial
Mg3N2 (111) on MgO (100). (b) RHEED pattern of the growing Mg3N2 (111) thin
film. (1)-(3) denote the simulated diffraction patterns of the different domains
indicated in (a). Note that the pattern of the black triangle (not shown here) is
the same as that shown in (1). The RHEED is taken along the MgO [011] substrate
zone axis. For the discussion see Section 4.3.3.
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Figure A .12: (a) Schematic representation of the two rotational domains occurring in epitaxial
Mg3N2 (111) on MgO (111). (b) RHEED pattern of the growing Mg3N2 (111) thin
film. (1) and (2) denote the simulated diffraction patterns of the different domains
indicated in (a). The RHEED is taken along the MgO [01̄1] substrate zone axis. For
the discussion see Section 4.3.3.
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Figure A .13: (a) Schematic representation of the four rotational domains occurring in the epi-
taxial MgO (111) capping layer, growing coherently on Mg3N2 (111). (b) RHEED
pattern of the growing MgO (111) thin film. (1)-(3) denote the simulated diffrac-
tion patterns of the different domains indicated in (a). Note that the RHEED
is taken along the MgO [011] substrate zone axis. For the discussion see Sec-
tion 4.3.4.
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Figure A .14: XRR measurements of Mg3N2 (111) thin films grown on MgO (100) with different
thicknesses, capped with ∼50 nm MgO on (a) sample I, (b) sample II, (c) sample III
and (d) sample IV, as indicated in Section 4.4.2.

Figure A .15: High-resolution 2θ/ω scan of sample V (302 nm Mg3N2 (111), see Section 4.4.2)
compared to a simulated pattern using Equation 3.3.



136 APPENDIX

Figure A .16: (a) ω rocking curve around the symmetric (222) reflection of Mg3N2 (111) thin
films grown on MgO (100). (a) A shows the measurement on sample I (15 nm
Mg3N2) and (b) on sample V (302 nm Mg3N2) using different detector configu-
rations. The FWHM of the narrow contribution increases with a decrease in de-
tector resolution, while the FWHM of the broad contribution stays constant, as
discussed in Section 4.4.3.

Figure A .17: High-resolution TEM multi-beam micrograph of sample F [Mg3N2 (111) on MgO
(100)] showing that some of the column boundaries occurring in Mg3N2 are linked
to steps present in the MgO substrate, as discussed in Section 4.4.4.
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Figure A .18: (a) In-situ reflectance using a 650 nm laser during MBE growth of Mg3N2 (111)
on MgO (100), where I to III indicate the growth times, where the corresponding
RHEED patterns I to III (shown on the right-hand side) were recorded. For the
discussion see Section 4.4.4.
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Figure A .19: (a) Schematic representation of the four rotational domains occurring in
Mg3N2 (111) on MgO (100).(b) Plan-view SAED pattern of sample III [90 nm
Mg3N2 (111) on MgO (100)], superimposed to the simulated diffraction pattern
based on the considerations in (a). (1)-(3) denote the simulated diffraction pat-
terns of the domains indicated in (a) and of the MgO (100) substrate. Note that the
diffraction patterns of the rotational domains are identical when rotated around
180°. We show therefore only the simulations of two domains. The experimental
pattern contains additional spots due to the overlapping of the Mg3N2 thin film
and the MgO substrate, causing dynamic diffraction effects. For the discussion
see Section 4.4.4.
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Figure A .20: Optical microscope images of electrical contacts on Mg3N2 thin films, as dis-
cussed in Section 4.6.

Figure A .21: Contactless resistivity on Zn3N2 thin films compared to values obtained by Hall
effect measurements, as discussed in Section 4.6. The factor of ∼6 between the
values is due to the small sample size of 10×20 mm2, although the instrument to
measure the contactless resistivity is designed for minimum 2” samples.
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