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Abstract 

The ultrawide bandgap semiconductor material gallium oxide (Ga2O3) features promising 

properties for next generation electronic devices. In particular, the bandgap of å 5 eV, the high 

predicted breakdown field, the possibility to engineer its n-type conductivity through extrinsic 

doping, and the high chemical stability, are key factors to foresee its extensive application in the field 

of (power) electronics and optoelectronics devices, especially in the case of the thermodynamically 

stable ɓ phase. In fact, this material system presents polymorphism: different metastable structures of 

Ga2O3 (Ŭ, ɓ, ɔ, ŭ and ə) can be stabilized though various epitaxial growth techniques. Among the 

metastable polymorphs, ə-Ga2O3 has been theoretically predicted to be characterized by a large 

spontaneous polarization, driving significant interest into this material system. Nonetheless, for ə-

Ga2O3 a throughout understanding over the structural and point defects towards the determination of 

its functional properties is still at the early stage. Therefore, the present work focuses primarily on 

these aspects related to the ə-Ga2O3 material system. The heteroepitaxy of ə-Ga2O3 results on various 

substrates in the formation of an intrinsically structurally defective structure (e.g., vertically oriented 

rotational domains). This work investigates the defective nature of ə-Ga2O3 to gain a comprehensive 

understanding of its impact on the functional properties of this material, presenting the first evidence 

of defect-mediated in-plane transport. The study then explores potential strategies to mitigate the 

presence of structural defects in two different epitaxial growth techniques, MOVPE and MBE. 

Following the analysis of structural defects, the focus shifts to the role of point defects in ə-Ga2O3, 

offering a practical approach to engineer them through mild annealing treatments well-below its 

temperature stability threshold. In the final section, the diffusion of Li into different Ga2O3 structures 

is discussed, along with insights into the diffusion mechanism driven by the defective nature of the 

studied layer. 
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1 

 

1 Introduction 

The semiconductor technology, even though relatively young, has already had an undeniable 

impact on modern society. Beginning in the 1940s, during War World II, when silicon (Si) and 

germanium (Ge) gained interest for implementation of high frequencies radar receivers.1 Their 

extensive study allows for increased knowledge in the fields of semiconductors and achievement of 

increasingly performant materials. In 1947, the first Ge-based transistor was created at Bellôs 

Laboratory by J. Bardeen, W. Shockley, and W. Brattain, awarded with the Nobel Prize in Physics in 

1956 for their groundbreaking discovery, which is often described as the "nerve cell" of the 

Information Age. While the crucible of war furnished the ignition for technological breakthroughs, 

driving humanity to push the boundaries of innovation, it is the relentless curiosity of researchers that 

has continually fuelled the discovery of new materials, propelling science forward in times of both 

urgency and peace. The history of semiconductors (SCs) can be divided into four generations, i.e., 

(1st) Si and Ge, the forerunners; (2nd) the ñconventionalò III-V compounds, i.e., constituted with 

elements from the III and V column of the periodic table, e.g., GaAs and GaP; (3rd) the wide-bandgap 

and (4th) the ultrawide bandgap (UWBG) SCs. If the 1st generation posed the foundations of the SCs 

landscape, the ñconventionalò III-V, still characterized by relatively narrow band gap, i.e., Eg < 2.3 

eV, foresees the possibility of band-gap engineering when playing with compound 

composition/doping and leads to implementation of the first electronic and optoelectronic devices, 

e.g., high-electron mobility transistor2 and laser diodes.3 The 3rd generation, comprising materials  

with higher bandgap, i.e., 2.3 eV < Eg < 3.4 eV, such as SiC, GaN, unlocks the light emission in the 

visible and presents higher breakdown voltages, fundamentals features for optoelectronics4ï6 and 

electronics devices, respectively. As the research is still facing the opportunities and challenges 

offered by the 3rd generations SCs, also the UWBG material comes in the pictures. This category 

includes compounds with Eg > 3.4 eV, e.g., AlGaN, diamond, cubic BN7 and Ga2O3.
8 The direct 

consequences of UWBG values is an elevated predicted breakdown-field, EBR å 6 - 8 MV/cm, and 

deep-UV sensitivity coupled with visible blindness, ideal for UV-photodetectors implementation 

without the employment of filters.9 Furthermore, as in the case of the AlxGa1-xN alloy system, the 

possibility of bandgap tuning through variation of the alloy composition leads to a wide range of 

accessible Eg, i.e., from 3.4 eV (x = 0, GaN)  up to 6 eV (x = 1, AlN).8ï10 Although this field is still 

considered immature, extensive research has focused on three main areas: (i) the quality of bulk 

substrates, (ii) the maximum diameter of these substrates, and (iii) the achievement of both n-type 

and p-type doping. So far, none of the investigated UWBG compounds fully satisfy all three criteria, 

but this does not necessarily mean that high-performance devices cannot be achieved.11ï13  
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Among the UWBG, Ga2O3 is of particular interest. It can be stabilized in the shape of five 

different polymorphs,14 i.e., the trigonal Ŭ,15 the monoclinic ɓ,16,17 the cubic defective-spinel ɔ,18 the 

cubic bixbyte ŭ19 and the orthorhombic ə,20 all featuring unique properties. The ɓ-polymorph, being 

the thermodynamically stable phase, can be produced through several bulk growth techniques, i.e., 

Czochralski,21,22 edge-defined film-fed growth (EFG),23ï25 float-zone (FZ),26,27 and vertical 

Bridgman,28 with reported commercially available bulk substrates up to 4-inch diameter.29 The 

reported Eg for ɓ-Ga2O3 is approximately 4.8 eV, leading to the predicted breakdown electric field å 

8 MV/cm.13 It offers good tunability of n-type conductivity, with carrier concentrations n spanning 

over the 1015 ï 1019 cm-3 range, when doped with Si or Sn.26,30,31 ɓ-Ga2O3 is already widely involved 

in electronic32ï34 and optoelectronic35ï37 devices, and its high stability against oxidation, as an oxide 

semiconductor, makes it suitable also for harsh-environments electronics, high-temperature signal 

processing applications and wireless communication devices/circuits.8,38 However, the intrinsic 

asymmetry of its crystal structure, has driven researchers to explore also its metastable polymorphs. 

In particular, the Ŭ- and ə-phases that exhibit a higher degree of crystal symmetry and can be stabilized 

through different epitaxial techniques39 on top of different substrates, e.g., sapphire,40 MgO,41 GaN.42 

While the corundum Ŭ phase possess the highest bandgap among the Ga2O3 polymorphs (Eg å 5.2 

eV), the peculiarity of the orthorhombic ə-Ga2O3 is the predicted high spontaneous polarization along 

its c-direction (which is also the growth orientation resulting in heteroepitaxy)43ï45 together with 

suggested ferroelectricity.46 An other degree of freedom of the Ga2O3 material system lays on the fact 

that all its ɓ, Ŭ, and ə- polymorphs can be alloyed with In and Al over a wide range offering the ability 

to engineer their bandgap.47ï54 Considering all these aspects, especially in the particular case of the 

polar ə-phase, there is the potential to opens up to a plethora of possible different devices with 

appropriately designed heterostructures, e.g., high electron mobility transistors (HEMTs), non-

volatile memory devices, quantum-well infrared photodetectors.55ï57 However the biggest challenge 

for the orthorhombic polymorph is coming from its intrinsic defective structure, characterized by 

vertically oriented extended defects, that are mediating its functional properties and hindering its full 

potential disclosure.20,58,59 In this framework, the work discussed in this dissertation set place, 

primarily focusing on ə-Ga2O3, with particular emphasis on the full understanding and control of its 

structural and electrical properties, which are closely interrelated. However, an overview of the Ga2O3 

material system as a whole is provided, and throughout the work, the investigation of the ə-polymorph 

is consistently compared with ɓ-Ga2O3, given the parallels between the two polymorphs. The thesis 

work is structured as follows: 
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Á Chapter 2 ï Ga2O3 material system ï provides an overview over the Ga2O3 material system 

properties, highlighting strengths and weaknesses of the different polymorphs to end up focusing 

on the orthorhombic ə-phase that represents the main character of the work here discussed; 

Á Chapter 3 ï Experimental methods ï outlines both growth and characterization techniques the 

candidate was exposed to during the full PhD programme; 

Á Chapter 4 ï Role of structural defects in ə-Ga2O3 ï discusses one of the key challenges associated 

with this material system: its intrinsic defective nature in heteroepitaxy and the impact on its 

functional properties; 

Á Chapter 5 ï Towards suppression of ə-Ga2O3 rotational domains ï presents the extensive study 

conducted by the candidate aimed at mitigating the structural defects; 

Á Chapter 6 ï Point defects in ə-Ga2O3 ï discusses the different shallow and deep level defects 

associated to different growth techniques and suggests the role of annealing treatments to possibly 

engineer them; 

Á Chapter 7 ï Lithium diffusion in Ga2O3 thin films ï reports the possibility to diffuse Li and its 

effect on the functional properties of different Ga2O3 structures, highlighting the role of structural 

defects in mediating the diffusion processes itself. 

1.1 Personal contributions 

The research presented in this thesis is the result of an extensive collaboration among universities and 

research institutes worldwide. At the opening of each chapter detailing the experimental data 

(Chapters 4 ï 7), the contributions of all participants will be highlighted to acknowledge the work of 

all the people involved. The personal contribution of the candidate is also summed-up hereafter, 

having the candidate actively performed: the TLM investigations of the ə-Ga2O3 layers and relative 

photodetectors characterizations reported in Chapter 4 ï 6 ï 7; the Raman data elaboration reported 

in Chapter 4; all the substrates pre-treatments and MBE growths reported in Chapter 5 and associated 

experimental investigation (AFM ï XRD ); the overall coordination of the work discussed in Chapter 

6 together with AFM and XRD investigation. 

1.2 Scientific contributions 

(in reverse chronological order) 

Part of the work discussed in the thesis have been published in peer-reviewed journals: 

Á A. Ardenghi, O. Bierwagen, J, J. Lªhnemann, E. Luna, J. Kler, A. Falkenstein, M. Martin, A. Sacchi, 

P. Mazzolini 

ñPhase-selective growth of ə- vs ɓ -Ga2O3 and (InxGa1īx)2O3 by In-mediated metal exchange 

catalysis in plasma-assisted molecular beam epitaxyò 
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APL Materials, 12, 1011101 (2024) 

 

Á P. Mazzolini, J.B. Varley, A. Parisini, A. Sacchi, M. Pavesi, A. Bosio, M. Bosi, L. Seravalli, B.M. 

Janzen, M.N. Marggraf, N. Bernhardt, M.R. Wagner, A. Ardenghi, O. Bierwagen, A. Falkenstein, 

J. Kler, R.A. De Souza, M. Martin, F. Mezzadri, C. Borelli, R. Fornari  

ñEngineering shallow and deep level defects in ə-Ga2O3 thin films: comparing metal-organic 

vapour phase epitaxy to molecular beam epitaxy and the effect of annealing treatmentsò  

Material Today Physics, 45, 101463 (2024)  

 

Á P. Mazzolini, Z. Fogarassy, A. Parisini, F. Mezzadri, D. Diercks, M. Bosi, L. Seravalli, A. Sacchi, 

G. Spaggiari, D. Bersani, O. Bierwagen, B. M. Janzen, M. N. Marggraf, M. R. Wagner, I. Cora, B. 

P®cz, A. Tahraoui, A. Bosio, C. Borelli, S. Leone, R. Fornari 

"Silane-mediated expansion of domains in Si-doped ə-Ga2O3 epitaxy and its impact on the in-plane 

electronic conduction" 

Advanced Functional Materials, 33, 2207821, (2023) 

 

Á A. Parisini, P. Mazzolini, O. Bierwagen, C. Borelli, K. Egbo, A. Sacchi, M. Bosi, L. Seravalli, A. 

Tahraoui, and R. Fornari 

"Study of SnO/Ң-Ga2O3 pïn diodes in planar geometry" 

Journal of Vacuum Science & Technology A 40, 042701 (2022) 

 

  

 The candidate was also involved in other publications: 

 

Á Th. Dittrich, A. Parisini, M. Pavesi, A. Baraldi, A. Sacchi, F. Mezzadri, P. Mazzolini, M. Bosi, L. 

Seravalli, A. Bosio, R. Fornari 

ñElectronic states near surfaces and interfaces of ɓ-Ga2O3 and ə-Ga2O3 epilayers investigated by 

surface photovoltage spectroscopy, photoconductivity and optical absorptionò 

Surfaces and Interfaces, 51, 104642 (2024) 

 

Á G. Spaggiari, R. Fornari, P. Mazzolini, F. Mezzadri, A. Parisini, M. Bosi, L. Seravalli, F. Pattini, M. 
Pavesi, A. Baraldi, S. Rampino, A. Sacchi, D. Bersani 

ñRaman Spectroscopy as an Effective Tool for Assessment of Structural Quality and Polymorphism 

of Gallium Oxide (Ga2O3) Thin Filmsò 

Applied Spectroscopy (2024) 

 

Parts of the work are planned to be published in peer-reviewed journals: 

Á A. Sacchi, M. Sidoli, A. Ardenghi, O. Bierwagen, J. Kler, A. Falkenstein, R. De Souza, M. Martin,  

D. Spallek, J. Lªhnemann, H. Tornatzky, M. R. Wagner, A. Parisini, M. Pavesi, M. Bosi, L. Seravalli, 

G.Spaggiari, D. Bersani, K. Mizohata, F. Tuomisto, G. Magnani, D. Pontiroli, M. Ricc¸, F. 

Mezzadri, S. Pasini, A. Bosio, R. Fornari, P. Mazzolini 

ñEffect of lithium diffusion in Ga2O3 thin filmsò 

In preparation 

 

Á A. Sacchi, F. Mezzadri, A. Ardenghi, O. Bierwagen, J. Lªhanemann, H. Tornatzky, M. R. Wagner, 

H.Nishinaka, R. Fornari, P. Mazzolini 

ñMolecular beam epitaxy of (001) ə-Ga2O3 thin films on Ů-GaFeO3 and offcut c-plane sapphire 

substratesò 

In preparation 

 

https://doi.org/10.1063/5.0226050
https://doi.org/10.1016/j.mtphys.2024.101463
https://doi.org/10.1002/adfm.202207821
https://doi.org/10.1116/6.0001857
https://doi.org/10.1016/j.surfin.2024.104642
https://doi.org/10.1177/00037028241267925


Introduction                                                                                                                                                      5 

 

 Parts of the work have been presented at conferences and workshops: 
 

Á A. Sacchi, M. Sidoli, A. Ardenghi, O. Bierwagen, J. Kler, A. Falkenstein, R. De Souza, M. Martin, 

D. Spallek, J. Lªhnemann, H. Tornatzky, M. R. Wagner, A. Parisini, M. Pavesi, M. Bosi, L. Seravalli, 

G.Spaggiari, D. Bersani, K. Mizohata, F. Tuomisto, G. Magnani, D. Pontiroli, M. Ricc¸, F. 

Mezzadri, S. Pasini, A. Bosio, R. Fornari, P. Mazzolini 

    ñEffect of lithium diffusion in Ga2O3 epitaxial thin filmsò  

4th International Workshop on Gallium Oxide and Related Materials, Berlin 2024 

Poster  

 

Á A. Sacchi, F. Mezzadri, A. Ardenghi, O. Bierwagen, J. Lªhnemann, H. Tornatzky, M. R. Wagner, 

H. Nishinaka, R. Fornari, P. Mazzolini 

ñMolecular beam epitaxy of (001) ə-Ga2O3 thin films on Ů-GaFeO3 substratesò  

4th International Workshop on Gallium Oxide and Related Materials, Berlin 2024 

Contributed talk 

 

Á A. Sacchi, F. Mezzadri, A. Ardenghi, O. Bierwagen, J. Lªhnemann, H. Tornatzky, M. R. Wagner, H. 
Nishinaka, R. Fornari, P. Mazzolini 

ñTowards epitaxial growth of a ə-Ga2O3 single domainò 

European Cost Action Network for Innovative and Advance Epitaxy, online 

Contributed talk 

 

Á A. Sacchi, P. Mazzolini, G. Magnani, M. Sidoli, D. Pontiroli, M. Ricc¸, A. Bosio, F. Mezzadri, M. 

Pavesi, G. Spaggiari, D. Bersani, A. Ardenghi, O. Bierwagen, M. Bosi, L. Seravalli, A. Parisini, B. 

M. Janzen, M. R. Wagner, A. Falkenstein, M. Martin, R. Fornari 

ñ Li-diffusion effect in Ga2O3 thin filmsò  

3rd International Workshop on Gallium Oxide and Related Materials, Nagano 2022 

Poster 

 

Á A. Sacchi, G. Magnani, M. Sidoli, D. Pontiroli, M. Ricc¸, A. Bosio, F. Mezzadri, M. Pavesi, G. 

Spaggiari, D. Bersani, A. Ardenghi, O. Bierwagen, M. Bosi, L. Seravalli, A. Parisini, B. Janzen, M. 

Wagner, A. Falkenstein, M. Martin, R. Fornari, P. Mazzolini 

ñControl of the electrical and optical properties of doped Ga2O3 epitaxial thin filmsò 

Training School - Characterization Techniques for Epitaxial Material, Aveiro 2023 

Poster  
 

Á A. Sacchi, P. Mazzolini, G. Magnani, M. Sidoli, D. Pontiroli, M. Ricc¸, A. Bosio, F. Mezzadri, M. 

Pavesi, G.Spaggiari,  D. Bersani, A. Ardenghi, O. Bierwagen,  M. Bosi, L. Seravalli, A. Parisini, B. 

Janzen,  M. Wagner, A. Falkenstein, M. Martin, R. Fornari 

ñTailoring semiconducting properties of orthorhombic ə-Ga2O3 layers: towards domain 

suppression and Li-dopingò 

GrafOx fall meeting, Berlin 2022 

Poster
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2 Ga2O3 material system 

2.1 Ga2O3 polymorphism 

Ga2O3, as an UWBG metal-oxide semiconductor, brings together the advantages of a ultra-wide 

bandgap, high breakdown field, transparency to visible light and high chemical stability. Furthermore, 

the possibility to obtain five different polymorphic structures, all showing peculiar features, spans 

further the potential of this material system. The polymorphism of Ga2O3 was unveiled in 1952 by 

Roy et al.,14 with the identification of five different crystal structures, all showing a unit cell 

accommodating Ga and O atoms in the 2:3 stoichiometry. The five different phases are labelled with 

greek letters, i.e., Ŭ, ɓ, ɔ, ŭ, Ů/ə, with the monoclinic ɓ being the thermodynamically stable one and 

all the others reported to be metastable, i.e., they can be stabilized through different deposition 

techniques but would eventually convert to the stable ɓ-polymorph at sufficiently high temperature. 

The unit cells of the five different polymorphs are reported in Figure 2.1.  

 

Figure 2.1 Schematics of the unit cells of (a) trigonal Ŭ-Ga2O3, (b) defective-spinel ɔ-Ga2O3, (c) cubic bixbyite ŭ-

Ga2O3, (d) monoclinic ɓ-Ga2O3, and (e) orthorhombic ə-Ga2O3. Ga (purple) or O (red) atoms are indicated. Image 

reproduced from B. M. Janzen PhD thesis elaborate.60 

The Ŭ-polymorph possesses a trigonal corundum structure, space group symmetry Ὑσὧ, lattice 

constants of a = b = 4.997 ¡; c = 13.447 ¡ [see Figure 2.1 (a)]. Due to the shared symmetry with 

materials like Ŭ-Al2O3 and In2O3, this polymorph is considered a promising candidate for 
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heterostructures and alloys with these well-studied materials.51,61 The Ŭ-Ga2O3 also reports the highest 

bandgap among the Ga2O3 polymorphs, i.e., Eg å 5.3 - 5.6 eV62,63 and n-type conductivity through Si 

and Sn doping has been already experimentally reported.64ï66 This polymorph can be obtained 

through several epitaxial techniques, either CVD40,64,66,67 as well as PVD.52,62,68 The major challenges 

posed by the Ŭ-Ga2O3 is related to: (i) the high dislocation density reported when grown on Ŭ-Al2O3 

due to the high lattice mismatch å 4.8%;69 (ii) the lack of p-type conductivity (common issue for all 

the Ga2O3 polymorphs) and (iii) its metastable nature.
70 These factors have significantly hindered the 

development of Ŭ-Ga2O3-based devices, as they lead to (i) relatively low electron mobilities, (ii) the 

impossibility to design bipolar homo-junctions and (iii) the inability to perform high-temperature 

post-growth annealing, which is typically desired for semiconductors (e.g., implantation processes).71 

The latter drawback is naturally valid for all the metastable polymorphs of Ga2O3. 

The ɔ-phase possesses a cubic unit cell, space group symmetry ὊὨσά, lattice constant of a = b 

= c = 8.23760 ¡ [see Figure 2.1 (b)]. The identification of the crystal structure through X-ray 

diffraction was tricked by its inherent disorder.72,73 It was only in recent years, thanks to the successful 

growth of c-plane oriented films, that the cubic-defective spinel structure was unveiled.18,74 

Noteworthy, inclusions of ɔ-Ga2O3 are often detected at the substrate interface for ɓ- and ə-Ga2O3 

heteroepitaxy.20,58,75,76 Its formation can be induced by the strain of the epi-layer nucleation 

accommodated in the defective spinel structure.77  

The existence of the ŭ-phase of Ga2O3 remains controversial. While some reports suggest it has 

a cubic bixbyite structure (space group symmetry Ὅὥσ, lattice constant of a = b = c = 9.292 ¡)19,78 

[see Figure 2.1 (c)], neutron diffraction data73 indicate that this phase is merely a mixture of the ɓ- 

and ə-phases.  

The description of the stable ɓ- and of the metastable ə-Ga2O3, being both involved in the work 

of the candidate, are reported with a higher level of details in the next sections, separately.   

2.2 Monoclinic ɓ-Ga2O3 

2.2.1 Crystal structure 

The ɓ-Ga2O3 is showing a monoclinic unit cell belonging to the space group symmetry ὅςȾά.16 

The arrangement of Ga and O atoms in the unit cell foresees two and three inequivalent sites for Ga 

and O, labelled as GaI and GaII and OI, OII and OIII [see Figure 2.2 (a)]. The O atoms are tetrahedrally 

coordinated to the GaI and octahedrally coordinated to the GaII sites, as reported with different colours 

in Figure 2.2 (b). The monoclinic unit cell is characterized by an intrinsic anisotropy due to the 
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presence of the monoclinic angle ɓ Í 90Á[see Figure 2.2 (a)] between the [100] and [001] directions. 

The experimental values for the lattice constants are: a = 12.21 ¡, b = 3.04 ¡, c = 5.80 ¡, ɓ å 103.8Á.79  

 

Figure 2.2 (a) Unit cell of the monoclinic ɓ-Ga2O3. The two inequivalent sites of GaI and GaII as well as the three 

inequivalent OI-III are reported with slight change of colours. The legend in provided under the picture. The monoclinic 

angle ɓ å 103.8Á is labelled as well. (b) The monoclinic unit cell is reported again with the tetrahedral and octahedral 

coordination of Ga atoms reported in blue and green, respectively. The unit cell plots were created with VESTA. 

2.2.2 Electronic structure 

The electronic band structure of ɓ-Ga2O3 is a non-trivial topic. Indeed, a discrepancy has been 

reported for the energy band gap values among different experimental investigations, e.g., 

absorption,80ï82 transmittance and reflectance,83 depending on the polarization of the incident electric 

field w.r.t. the crystallographic direction, strictly related to the structural asymmetry. Several 

theoretical works addressed the band diagram structure with different density functional theory (DFT) 

approaches.81,84,85 Figure 2.3 reports the band diagram structure provided by Mock et al.,85 according 

to the Perdew, Burke and Ernzerhof (PBE) DFT calculations on the level of the generalized gradient 

approximation (GGA); here the bottom edge of the conduction band (CB) is shaped by Ga 4s, 4p and 

4d states (bottom-top order), while the top of the valence band (VB) comes from the O 2p, Ga 3d and 

O 2s states (top-bottom order). Although a wide range of Eg values have been reported from different 

DFT approaches, there is a shared insight that the CB edge is located at the ũ-point [see Figure 2.3], 

while VB is largely flat.86 ɓ-Ga2O3 has been confirmed as an indirect band-gap semiconductor: its 

VB maximum (VBM) is found near the L-point, å 50 meV higher than the top valence band at the ũ-

point;85 nonetheless, due to this relatively small difference in energy, ɓ-Ga2O3 is often treated as a 

direct band-gap semiconductor.  
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From the parabolic shape of the CB edge (ũ-point), the electron effective mass for ɓ-Ga2O3 is 

reported from several different DFT approaches with values in the range (0.12 ï 0.34)me.
87ï90 The 

hole effective mass, due to the flatness of the VB, was found to be significantly higher and highly 

directional-dependent. These factors contributes to the material's inherent n-type conductivity90,91 and 

the impossibility to achieve p-type conductivity. Indeed, both theoretical92,93 and experimental94 

investigations, report the self-trapping of holes (STHs), characterized by high effective mass, hence 

resulting in practically immobile holes.  

Theoretical studies90,91,95ï100 have explored the role of Ga- and O-related point defects to better 

understand the origins of the experimentally determined n-type conductivity in unintentionally doped 

ɓ-Ga2O3 material. However, both intrinsic donor and acceptor defects in ɓ-Ga2O3 have been found to 

be deep levels, suggesting they are not directly responsible for the intrinsic material's n-type 

conductivity.101 However, other impurities that can be incorporated from the growth environment 

either in the bulk as well as in thin films, e.g., H, Si, F, can act as shallow donors.90,97 Moreover, the 

n-type conductivity of ɓ-Ga2O3 can be tuned by intentional extrinsic doping, when Si,
30,102 Sn,103ï105 

Ge106 or Nb107 are introduced in the material in substitutional positions of Ga; this allows to obtain 

free carrier concentrations in the range of n å 1017 ï 1020 cm-3. However, the efficiency of the extrinsic 

dopant can be influenced by compensation from deep intrinsic acceptor levels, e.g., Ga vacancies 

(VGa) and related complexes, as well as extrinsic acceptors, e.g., MgGa, FeGa, LiGa, ZnGa.
99 Within this 

context, Chapter 7 discusses the effect of a Li diffusion in improving the efficiency of Si extrinsic 

doping in (010) ɓ-Ga2O3 homoepitaxial layers.  

 

Figure 2.3 Computed band structure for ɓ-Ga2O3 with the GGA-DFT (PBE) approach. Reproduced with permission 

from Mock et al., Phys. Rev B 96, 245205 (2017).85 Copyright (2017) American Physical Society.  
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2.2.3 Epitaxy of ɓ-Ga2O3 

The availability of single crystal ɓ-Ga2O3 bulk material grown from the melt, gave the 

opportunity to develop the homoepitaxy of this material through different CVD (e.g., metal organic 

vapour phase epitaxy MOVPE) and PVD (e.g., molecular beam epitaxy MBE) growth techniques.108 

In the context of low pressure PVD growth methods like the MBE, the two-step growth kinetics 

involving the preliminary formation of the volatile Ga2O
109 can strongly limit the growth rate of ɓ-

Ga2O3. This is also found to be dependent on the surface orientation in the MBE ɓ-Ga2O3 

homoepitaxy,110 mostly due to the different surface energies of the commercially available (100), (-

201), (001), and (010) oriented substrates.111,112 Different strategies can be employed to mitigate the 

relatively low growth rates encountered in the PVD growth of ɓ-Ga2O3, like the use of a metal catalyst 

(e.g., In 113or Sn114, as will be further discussed in Chapter 5) or the use in MBE of suboxide Ga2O
115 

source material in place of  Ga metal. On the other hand, CVD growth is generally not showing the 

orientation dependent limitations of the growth rate and can reach the range of the ɛm/hour in high 

quality homoepitaxial layers.116 

The biggest challenge in ɓ-Ga2O3 epitaxy lays though in the intrinsic low symmetry of the 

monoclinic cell. In fact, even in the case of homoepitaxy, just some growth orientations [i.e., (010), 

(001)]110 or the employment of well-defined substrate offcuts [i.e., (100) with 2Á- 6Áoffcut towards 

the c- in-plane direction]112 would result in high-quality ɓ-Ga2O3 thin films. Other crystalline 

orientations, like the nominally oriented (100) and the (-201) always result in the formation of 

incoherent layer twinning.110,117 Such incoherent twin boundaries represent an actual barrier for the 

electronic transport.118 This poses serious limitations also in the heteroepitaxy of ɓ-Ga2O3 layers; in 

fact, on various substrates (e.g., c-plane sapphire) the (-201) is its preferential epitaxial growth 

direction that therefore results in a high concentration of incoherent rotational domains with different 

orientations due to the presence of the monoclinic angle. The presence of such structural defects in 

the heteroepitaxy of ɓ-Ga2O3 (-201) heteroepitaxial layers and how to experimentally address their 

presence (i.e., through X-ray diffraction) will be recalled in Chapter 5 and 7. 

2.3 Orthorhombic ə-Ga2O3 

The ə-Ga2O3, being a metastable phase, cannot be stabilized via bulk growth methods and 

would eventually convert to the stable ɓ-Ga2O3 at temperatures Ὕᴼ  χππЈ#.119 However several 

different CVD and PVD epitaxial techniques, e.g., metalorganic vapour phase epitaxy (MOVPE),20,120 

mist-CVD,41,42 halide vapour phase epitaxy (HVPE),121,122 pulsed laser deposition (PLD),123,124 

molecular beam epitaxy (MBE),114,125ï127 atomic layer deposition (ALD),128 allow for the ə-Ga2O3 



Chapter 2                                                                                                                                                                                  11 

 

layer stabilization on top of different substrates, e.g., (0001) Ŭ-Al2O3, (0001) GaN, 6H-SiC, (111) 

MgO, (111) SrTiO3, (-201) ɓ-Ga2O3. 

2.3.1  Crystal structure  

ə-Ga2O3 is showing a orthorhombic unit cell (space group symmetry ὖὲὥς) and lattice 

constants of a = 5.0463 ¡, b = 8.7020 ¡ and c = 9.2833 ¡ [see Figure 2.4 (a)]. The Ga atoms are 

accommodated in four inequivalent sites in the unit cell, GaI in tetrahedral coordination and GaII-IV in 

octahedral coordination. O atoms display six inequivalent sites (OI-VI) arranged in a 4H (ABAC) 

close-packed stacking [see Figure 2.4 (b)]; their tetra- and octahedral coordination around Ga atoms 

results in two types of polyhedral ribbons, i.e., pure octa or mixed tetra-octahedral [see Figure 2.4 (c-

e)], laying in the (001) plane and aligned to [100] direction.20  

 

Figure 2.4 (a) Unit cell of the orthorhombic ə-Ga2O3. The crystallographic representation was created using VESTA, 

based on the lattice parameters reported by ref. [20]. The four inequivalent Ga sites and the six inequivalent O sites are 

reported with different colours and the legend in provided under the picture. (b) and (c) The tetrahedral and octahedral 

coordination of O and Ga in [100] and [001] projections, respectively. (d) The octahedral and (e) the mixed tetra-

octahedral ribbon laying in the (001) plane and aligned to [100] direction. Images (b-e) reproduced with permission 

from Cora et al., CrystEngComm 19, 1509 ï 1516 (2017).20 Copyright (2017) Royal Society of Chemistry.  

The real structure of ə-Ga2O3 as just described, was unveiled only in 2017 by the first combined 

XRD-TEM investigation performed on this material by Cora et al.20 Indeed, for long time the 

polymorph was believed to possess an hexagonal symmetry, i.e., assigned to ὖφάὧ space group, 

and commonly referred to Ů. The TEM study of (001) ə-Ga2O3 layers grown by MOVPE on top of 
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sapphire substrates, revealed that the Ga2O3 polymorph was actually characterized by an 

orthorhombic unit cell with three different in-plane orientations rotated by 120Á [see fast Fourier 

transform (FFTs) of υ υ ÎÍ large areas in Figure 2.5 (B-E)]. When the structural information is 

mediated on a wider region of the area with respect to the average rotational domain size, the result 

suggests the presence of an hexagonal symmetry [see FFT in Figure 2.5 (F)]. A schematic 

representation of the in-plane arrangement of the ə-Ga2O3 unit cell is reported by Nishinaka et al.42 

[Figure 2.5 (g)]. Usually, the ə-Ga2O3 MOVPE deposited layers result in 120Á rotated nanosized 

domains with a typical lateral size distribution in the range of 2-20 nm (equivalent diameter). The 

improper assignment to hexagonal phase due to previous XRD investigation, was related to the 

impossibility to discriminate the nanoscale arrangement with the instrument inherent probed volume.  

 

Figure 2.5 (A) HRTEM image of the plane-view section of a ə-Ga2O3/sapphire sample in [001] projection. In (B-E) 

corresponding FFTs from the labelled areas in (A). The FFTs are from υ  υ nm2 large area. (F) FFT of the whole 

image in (A). (g) The schematic representation of the orthorhombic ə-Ga2O3 atomic arrangement in the (001) plane. The 

single unit cell, on the left, is then rotated on the right of (1) 0Á, (2) 120Á and (3) 240Á, respectively. Images (A-F) 

Reproduced with permission from Cora et al., CrystEngComm 19, 1509 ï 1516 (2017).20 Copyright (2017) Royal 

Society of Chemistry. Image (g) reproduced with permission from H. Nishinaka et al., Jpn. J. Appl. Phys. 57, 115601.42 

É The Japan Society of Applied Physics. Reproduced by permission of IOP Publishing Ltd. All rights reserved. 
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Nonetheless, in 2018 Nishinaka et al.42 provided a useful method to exploit XRD to either 

discriminate between an hexagonal and orthorhombic unit cell as well as to detect the rotational 

domains presence without a destructive characterization technique, e.g., TEM. These two aspects are 

discussed in detail in Chapter 3 after an overview over the XRD technique. Nishinaka et al.,42 ascribed 

the formation of the in-plane rotational domains to a twofold reason related to (i) the orthorhombic 

unit cell inherent symmetry when rotated of 120Á and (ii) the underlying substrate symmetry. Indeed 

as per (i), when the orthorhombic unit cell undergoes a 120Á rotation, the oxygen sublattice almost 

overlaps with the un-rotated one [blue and red colour, respectively in Figure 2.5 (g)] and the lattice 

planes (100) and (110) are equivalent with the (130) and (010), respectively. Hence, the structure 

itself of the orthorhombic ə-Ga2O3 inherently permits the formation of the three rotational domains. 

As per (ii), also the crystal symmetry of the substrates, could itself promote the in-plane rotation [as 

schematically depicted in Figure 2.6 for (0001) GaN and (111) SrTiO3, but a similar argument is also 

valid in the case of c-plane sapphire]. In 2020, Nishinaka et al.,129 proved that the symmetry of the 

underlying substrates was the prevailing reason for the rotational domains formation; indeed, when 

ə-Ga2O3 is epitaxially grown on top of another orthorhombic substrate, i.e., Ů-GaFeO3
[1] the first 

single-domain ə-Ga2O3 was obtained. Further details are found in Chapter 5, where the dedicated 

study performed by the candidate towards suppression of ə-Ga2O3 rotational domains is reported.     

 

Figure 2.6 Schematics of the occurrence of three rotational domains for ə-Ga2O3 due to the crystal structure of the (a) 

GaN template and (b) STO substrate. The orientation of the ə-Ga2O3 with the GaN and STO directions are reported on 

 
1 The Ů-GaFeO3 substrates are showing an orthorhombic unit cell as the ə-Ga2O3 polymorph (belonging to the same Pna21 

space group), however they are commonly labelled as Ů. Also in this work they will be referred to as Ů even though the ə-

indexing would be more rigorous.  
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top of each image. Images reproduced with permission from H. Nishinaka et al., Jpn. J. Appl. Phys. 57, 115601.42 É 

The Japan Society of Applied Physics. Reproduced by permission of IOP Publishing Ltd. All rights reserved. 

2.3.2 Electronic and optical properties 

Similarly to ɓ-Ga2O3, also in the case of ə-Ga2O3, theoretical studies reported different values 

of band-gap according to the different DFT approaches employed.44,78 In 2016, Furthm¿ller et al.78 

reported a band-gap of about 2.47 eV using the GGA-DFT method. Later, in 2018, Kim et al.44 

calculated two values: 2.32 eV with the PBEsol functional and 4.62 eV with the B3LYP functional. 

The lower values significantly underestimate the experimentally observed band-gap (å 4.9 ï 5 eV),130 

while the 4.62 eV value aligns more closely with experimental results. In Figure 2.7 the band diagram 

structure for such calculation is hence reported. The CB edge and the VB maximum are both located 

at the ũ-point, resulting in a direct band gap for ə-Ga2O3. As already discussed for ɓ, also the 

orthorhombic polymorph, according to the CB and VB shape, is characterized by an inherent n-type 

conductivity. Furthermore, extrinsic n-type doping can be achieved with Si and Sn,131,132 with 

reported carrier concentrations though that are limited to the n = 1017 ï 1018 cm-3 range. Nonetheless, 

SiGa has been experimentally demonstrated (electron paramagnetic resonance,
132 photoelectron 

spectroscopy and photoelectron holography)133 to be a shallow donor in ə-Ga2O3 layers. The 

conduction though has been found to be governed by a variable-range hopping mechanism.132 Chapter 

4, reports a detailed discussion of the transport properties of Si-doped ə-Ga2O3 layers and the first 

experimental proof of the effect of rotational domains over the in-plane conduction in such epilayers, 

previously suggested by KneiÇ et al.59 

 

Figure 2.7 Band structure of ə-Ga2O3 with the Pna21 orthorhombic phase, calculated using the hybrid functional 

B3LYP potential (Eg = 4.62 eV). The VBM is set to 0 eV. Reproduced with permission from J. Kim et al., Appl. Phys. 

Express 11 061101 (2018).44 Copyright (2018) The Japan Society of Applied Physics. 
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In 2018, Pavesi et al.,130 reported the first ə-Ga2O3-based UVC-photodetectors, recording 

already promising performances despites the intrinsic defective structure of such epilayers deposited 

on c-plane sapphire substrates. Furthermore, the same study combined absorbance and 

cathodoluminescence investigation providing the first schematic representation of the in-gap defects 

for ə-Ga2O3. The detailed study of the optical properties combined with investigation of defects levels 

in ə-Ga2O3 is provided in Chapter 6. 

2.3.3 Unique properties of ə-Ga2O3 

The extensive research and interest over ə-Ga2O3, despite its intrinsic defective structure, was 

driven also by additional unique properties not displayed by the other polymorphs. Indeed, in 2016 

Maccioni et al.,43 reported that due to the unit cell symmetry, non-centrosymmetric and without 

inversion, the structure shows polar properties along the c-axis, P = (0, 0, P), with a calculated value 

of P = 0.23 C/m2; such intrinsic polarization is about 3 and 10 times higher than AlN and GaN, 

respectively. Consistent values were also calculated in 2017 by Shimada et al.45 Subsequently, 

Mezzadri et al.46 suggested the presence of a ferroelectric behaviour in ə-Ga2O3 MOVPE layers 

grown on (0001) Ŭ-Al2O3 substrates, further enhancing the appeal towards this polymorph for 

potential development of heterostructures for 2DEG confinement,57,134 non-volatile memory 

devices55 and quantum well infrared photodetectors.135 However, the primary obstacle preventing 

wider exploitation of ə-Ga2O3 is again its intrinsic defective structure. This issue is addressed in the 

present work, with Chapter 4 demonstrating the impact of the rotational domains over the in-plane 

transport properties, followed by the efforts to suppress them, detailed in Chapter 5. 
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3 Experimental methods 

This chapter gives an overview on the epitaxial growth techniques, i.e., metalorganic vapour phase 

epitaxy (MOVPE) and plasma oxygen assisted (PA) molecular beam epitaxy (MBE), used for the 

growth of the samples discussed throughout the dissertation. Also the in-situ and ex-situ 

characterization techniques are introduced.   

3.1 Growth techniques 

Epitaxy describes the ordered growth of a material over a substrate, largely applied for the 

growth of high crystal quality thin films. A distinction can be made between (i) homoepitaxy, when 

the epitaxial layer and the substrate share chemical composition and structural symmetry or (ii) 

heteroepitaxy, when the epilayer and substrate have different chemical composition and/or 

crystallographic structure. In heteroepitaxy, a fundamental step is the choice of the correct epi-

layer/substrate match. Indeed, when the epi-layer is grown over a substrate, it will arrange its own 

structure keeping at least a certain degree of symmetry with the underlaying structure. Therefore, 

several aspects must be carefully considered, e.g., lattice strain, thermal expansion mismatch, 

rotational domains formation, interdiffusion mechanisms. Several different epitaxial techniques are 

present, which can be mostly grouped in the two macro-families of the chemical vapour- and the 

physical vapour-deposition means (CVD and PVD, respectively). The Ga2O3 layers reported in this 

work are all heteroepitaxial (no availability of bulk substrate for the metastable polymorph), grown 

by two different epitaxial techniques: MOVPE (a CVD process) and PA-MBE (a PVD process).  

3.1.1 Metalorganic vapour phase epitaxy (MOVPE) 

The metalorganic vapour phase epitaxy (MOVPE) is listed among the CVD methods, i.e., the 

epitaxial growth happens from the vapour phase of the precursors involving chemical reactions. For 

Ga2O3 growth, a controlled flux of the metalorganic precursor (trimethyl gallium TMGa or triethyl 

gallium TEGa), is transported in the growth chamber (GC) through a carrier gas (H2, He or Ar). The 

oxidizing element (O2 or H2O) is provided through a separate line [see Figure 3.1 (a)]. The chemical 

reactions are happening at the substrate surface [see Figure 3.1 (b)] thanks to the cracking of the 

metalorganic precursor followed by the Ga-metal oxidation leading to the deposition of the Ga2O3 

layers. The by-products (e.g., CH4, H2), are expelled through the exhaust gas line. The substrate is 

heated to furnish the activation energy for the reaction to occurs and it could be rotated in order to 

obtain higher homogeneity of the deposited layer. The common deposition pressure range in a 

MOVPE reactor is around 10 ï 102 mbar.  
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Two different reactor configurations were employed to grow the ə-Ga2O3 layers the candidate 

studied during the PhD program: an horizontal and a vertical one, both set-up in Parma at the Institute 

of Materials for Electronics and Magnetism (IMEM) and operated by M. Bosi, L. Seravalli, and P. 

Mazzolini (IMEM ï Unipr). In both geometrical configurations the employed metalorganic 

precursors was TMGa and ultrapure water as oxidizing element, both stored in stainless steel bubblers 

and kept at temperatures of 1 - 5 ÁC and 30 ÁC, respectively. Different carrier gases were involved: 

H2, He and Ar. 

  

 

Figure 3.1 Schematic representation of (a) a vertical MOVPE reactor and (b) the reaction happening at the substrate 

surface for Ga2O3 deposition. Image reproduced from Y. Tao et al., Springer International Publishing, 171ï184 

(2020).136 Copyright 2020, Springer Nature Switzerland AG. 

3.1.1.1 Horizontal MOVPE reactor 

In the horizontal MOVPE reactor all the UID and Si-doped ə-layers studied in Chapter 4 ï 7 

were grown. The standard conditions for ə-Ga2O3 growths are reported in Table 3.1. The growth 

temperature (Tg), TMG and H2O fluxes were kept fixed while the carrier gas was either H2 or He, 

resulting respectively in lower or higher resistivities in the deposited ə-Ga2O3 layers (topic discussed 

in details in Chapter 6). The pressure (p) in the GC is controlled by a rotary pump and the partial 

pressures of the precursors through mass flow controllers (MFCs). Two separate gas lines are present, 

for delivering the precursors into the growth chamber, along with a vent line that ensures a controlled 

gas flow prior to injection into the chamber. Reaction by-products and residual process gases are 

directed to a cracking furnace heated to approximately 800 ÁC, where unreacted species are 

decomposed. To obtain Si:doped ə-Ga2O3 samples, the system is equipped with a separate line with 
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an H2-diluted mixture of 0.05% silane SiH4 [ūSiH4] that can be fluxed in the GC with the vapour 

precursors with a controlled flux through its own MFC. 

Carrier 
Tg 
[ÁC] 

p chamber 

[mbar] 
PH2O/PTMGa 

H2 650 60 350 

He 650 100 200 

Table 3.1 Standard MOVPE growth parameters for ə-Ga2O3 layer growth with H2 and He carrier gas. 

 

Figure 3.2 (a) Graphite substrate holder of the horizontal MOVPE reactor at IMEM (Parma) with the 2ò substrate 

pocket and the thermocouple and heating insets. (b-d) Images of the vertical MOVPE reactor at IMEM (Parma), 

substrate heater and 2ò substrate holder.    

The susceptor used in this configuration was made of graphite [see Figure 3.2 (a)]. The growth 

temperature is regulated by a proportional-integral-derivative (PID) controller, connected to a 

thermocouple positioned at the center of the susceptor. The horizontal configuration adopted do not 

allow for the substrate rotation during the growth and therefore resulted in a gradient of thickness 

from the region closer to the inlet of the precursors (higher thickness ï higher grow rate). Also, as 

reported by Bosi et al.,120 for growth performed in this very same reactor, a relationship was found 

between the ə- or ɓ-Ga2O3 phase stabilization and the grow rate. In particular, lower growth rates 

(G.R. < 5 nm/min) were found to stabilize the ɓ-phase. In light of this, together with Tg < 700ÁC and 

H2O as oxidizing precursor, one additional fundamental parameter in the MOVPE growth for the 
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stabilization of the ə-polymorph is the grow rate that for single phase layers must usually be equal or 

exceed the threshold of 10 nm/min.120  

3.1.1.2 Vertical MOVPE reactor  

The vertical MOVPE reactor [see Figure 3.2 (b)] was installed and calibrated during the 

candidate second year of PhD. For this reason, even though the candidate was directly involved in 

the new epilayers optimization procedures, providing a continuous feedback on the quality of the 

grown Ga2O3 samples (X-ray diffraction and photodetectors characterization), in this dissertation are 

not included samples grown with this new reactor. The vertical configuration, foresees a columnar 

structure with the susceptor [see Figure 3.2 (c)], substrate holder [see Figure 3.2 (d)] and a ñshower 

headò. This set-up allows for rotation up to 1000 rpm of the substrate holder resulting in higher 

thickness homogeneity of the deposited layer over 2ò substrates. The system is also designed in order 

to realize mist-CVD deposition, even though so far the set-up was not optimized in this direction.   

3.1.2 Molecular beam epitaxy (MBE) 

This section is based on the materials and methods section presented in the PhD thesis of M. 

Budde.137 The MBE system described hereafter is the one the candidate worked on, for a total of 

seven months spent ad the Paul Drude Institute as a PhD visiting student in the oxides epitaxy group 

of Oliver Bierwagen. The results of this work are extensively reported in Chapter 5. Figure 3.3 (a) 

reports a schematic representation of the used MBE system. In the growth chamber (GC), an ultra-

high vacuum (UHV) environment, i.e., base pressure pGC å 10-9 mbar, is achieved through different 

pumps, i.e., turbomolecular, cryogenic and ion. Additionally, the GC is enclosed by a double-walled 

structure filled with liquid nitrogen, forming a cryo-shield that reduces the density of condensable 

contaminants (e.g., H2O and CO2) and lowers the overall pressure inside the chamber. The system is 

also equipped with two additional pre-chambers that allow not to affect the base vacuum of the GC: 

the load lock (LL) to introduce/extract the samples in/from the MBE system and the middle chamber 

(MC) to transfer samples between LL and GC. Both LL and MC are equipped with vacuum pumps 

as well as heaters to degas the substrates and sample holders prior the introduction in the GC.  

In contrast to MOVPE, MBE foresees the employment of high purity sources that do not have 

to be cracked like in the case of the metalorganic precursors used in CVD methods; this is ideal to 

potentially reduce the possible contaminations and impurities incorporation in the epitaxial layers 

(e.g., C and H). Indeed, at the bottom of the GC, several different effusion cells contain either high 

purity metals or metal-oxides, that can be individually heated at different temperatures; their opening 

in individually controlled by shutters [see Figure 3.3 (b)]. A larger main shutter covers the substrate 

and can be used to precisely control the start of the growth process (e.g., possible fluctuations of the 
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individual T of the cells when their shutter is opened), even when using multiple metal sources. In 

this work Ga, In and SnO effusion cells where used (see Chapter 5 for additional details). To calibrate 

the metal fluxes, the beam equivalent pressure (BEP) is recorded. BEP is the local pressure induced 

by the metal flux coming from the cells. It is measured at the substrate position through a retractable 

ion gauge that is placed at the substrate position before the growth; the BEP is proportional to the 

generated particle flux according to the heating temperature of the metal effusion cells (Tcell). The 

active oxygen flux is supplied by a radio frequency (RF) O-plasma source equipped with a mass flow 

controller. The plasma source enhances oxidation efficiency by generating activated oxygen atoms; 

the actual oxidation power provided by the RF plasma source can be controlled by either the plasma 

power (PRF) and/or by the provided O2-flow. The RF plasma source is required to obtain a full 

oxidation of the provided metal fluxes given the low pGC associated to the MBE growth process. 

Nonetheless, it is important to highlight that the cavity of the RF plasma source mounted on the 

PAMBE system at PDI is made of quartz. This has been found to cause the incorporation of Si 

impurities in the deposited Ga2O3 layers that were subject of the following studies. According to the 

different growth conditions (e.g., provided O2-flux as well as PRF) as well as usage of the system (i.e., 

usage time of the RF-plasma source), the background Si concentration had been found to vary in the 

range of 1017 to 1018 cm-3 (see Chapters 6 ï 7). The possible contamination of Si from the quartz 

cavity in a PAMBE system had already been previously reported in literature.31,138,139 

In PAMBE, two main advantages come from the UHV environment: (i) the atomic/molecular 

fluxes propagates from the source to the substrate with minimized scattering events, (ii) the use of in-

situ measurement techniques, e.g., reflection high-energy electron diffraction (RHEED) and laser 

reflectometry (LR) is allowed (in-situ techniques described in the section below).  

 

Figure 3.3 (a) Schematic image of the MBE system used in this work showing the load lock (LL), middle heater (MH), 

middle chamber (MC) and growth chamber (GC). The growth chamber has seven metal cells including Ga, In and SnO. 
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In addition, for in-situ analysis, LR and RHEED apparatus are present. (b) Schematic view inside the growth chamber 

including shutters, fluxes (shaded areas) and in-situ measurement setups. The images are not in scale. 

The substrate can be independently heated in the 100 - 1100 °C range; the temperature of the 

substrate heater is measured by either a thermocouple positioned between the substrate and the 

heating filament as well as a pyrometer, allocated at the bottom of the GC and aligned with the center 

of the substrate holder. The heat adsorption from the substrate can be granted either by a back-coating 

of strontium ruthenate (starting with a SrRuO3 powder in suspension in isopropanol applied with a 

brush on the back side of the substrate),140 or by indium bonding on a silicon wafer; for the latter case, 

further details will be provided in Chapter 5. A motor mounted on top of the chamber allows for the 

substrate rotation during growth (2 rotations per minute), ensuring uniform thickness and heating. 

3.2 In-situ characterization techniques  

3.2.1 Laser reflectometry (LR) 

Laser reflectometry (LR) is used to real-time monitoring of the grow rate GR and thickness 

(t) of a sample during MBE growth. Figure 3.4 (a) schematically reports the working principle of the 

method, based on the interference between two reflected waves with defined ɚ at the vacuum/epi-

layer and epi-layer/substrate interfaces. The interference of the reflected waves is given by the 

additional path of the transmitted wave through the epi-layer, hence it depends on the layer thickness 

(t). The reflected light is then collected by a photodiode and the variation of the laser intensity would 

result in a sinusoidal curve during a steady growth, assuming a constant incidence angle (for the used 

system: Ŭ = 60°) [see Figure 3.4 (b)]. Noteworthy, the interference phenomenon of the reflected waves 

is observed only if a difference in the refractive index is present for the substrate and the epi-layer, 

i.e., LR is applicable exclusively for heteroepitaxy. 

 

Figure 3.4 Schematic image of the LR mechanism resulting in interference between reflected waves. Laser light reflects 

at the sample surface and heterointerface, resulting in a phase difference for the two waves function of the thickness t 

and the incidence angle Ŭ. 
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From the oscillation length (Ű) of the recorded sinusoidal curve, the GR of the epitaxial film 

can be extracted, according to Equation 3.1, with the refractive index nL for ə-Ga2O3 nL = 2 and ɚlaser 

used by the candidate was either blue (ɚlaser =  402 nm) or red (ɚlaser = 650 nm).  

†
‗

ςὲὋὙ
 

Equation 3.1 Extraction of the GR of the epilayer from the oscillation Ű of the sinusoidal variation of the LR signal over 

time. ɚlaser used was either blue or red and nL = 2 for ə-Ga2O3. 

Each full oscillation of the LR would have a fixed length Ű = tmin, i.e., a minimum thickness 

of the epilayer to extract the GR, calculated as per in Equation 3.2. For ə-Ga2O3, the tmin with the blue 

and red laser were å 175 and 112 nm, respectively. 
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Equation 3.2 ɀinimum layer thickness resulting from a full oscillation of the LR given the laser wavelength ɚlaser, the 

layer refractive index nL and the laser incident angle Ŭ. 

3.2.2 Reflection high energy electron diffraction (RHEED) 

Reflection High-Energy Electron Diffraction (RHEED) is a powerful in-situ tool to study: (i) 

the quality of the substrate surface, (ii) the epi-layer growth mode and (iii) surface kinetics.141 In this 

work, an electron gun provided by Createc GmbH, generates high energy (Ekin = 20 keV) electrons 

(wavelength ~ 0.062 nm) directed on the sample surface at a grazing incidence angle (< 2°). Due to 

the low incident angle and the strong Coulomb interaction between the electron beam and the electron 

cloud of the atoms of the layer, RHEED technique has a low penetration depth, making it highly 

surface-sensitive investigation tool. The scattered electrons are then collected on a phosphorous 

screen, placed on the diffracted beam path. The diffraction spots recorded on the screen, represent the 

sampleôs reciprocal lattice; their formation is given when constructive interference of the incident and 

diffracted waves are obtained. Laue equation furnishes the condition for constructive interference in 

the reciprocal space [considering the impinging (Ὧᴆ and diffracted (Ὧᴆ wave vector] given the 

reciprocal lattice vector of the probed crystal lattice (see Equation 3.3).  

Ὧᴆ Ὧ ᴆ Ὃᴆ ὲ
ς“

ᴁὥᴁ
 

Equation 3.3 Laue equation setting the condition for the constructive interference of the impinging (Ὧᴆ and diffracted 

Ὧᴆ waves in the reciprocal space, given by the reciprocal lattice vector 
ᴁᴁ
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The graphical representation of the Laue equation is the Ewald sphere, (see Figure 3.5), which 

has a radius of Ὧ  and all points on the sphere satisfy the Laue equation. Since RHEED primarily 

probes the first few monolayers due to its high surface sensitivity, there is no periodicity in the z-

direction, leading to a transformation from discrete reciprocal lattice points into continuous rods, 

called reciprocal lattice rods (grey points in Figure 3.5), which intersect the Ewald sphere (in red) at 

various heights, forming diffraction spots arranged in a circle, known as the Laue circle. Figure 3.5 

also reports two exemplarily RHEED patterns generated by diffraction from a flat and a rough 

surface. When surface quality degrades due to extended defects, steps, or roughness, the reciprocal 

rods become broader, and the diffraction spots elongate, creating a streaky pattern (Figure 3.5). For 

further details about the RHEED technique, see ref. [141,142]. 
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Figure 3.5 On the top, schematic diagram of the RHEED set-up geometry. The parameters ɚ, ɗi, and ű are the incident 

electron wavelength, incident angle, and surface azimuthal angle of the sample. The transmitted (000) corresponds to 

the primary electron beam. Reproduced with permission from ref.[142]. At the bottom, schematic representation of the 

top-view of the Ewalds sphere and the resulting diffraction spots, Laue circles, on the phosphorus screen. On the right, 

exemplary RHEED pattern from a flat and rough surface. Reproduced from ref.[137].   

3.3 Ex-situ characterization techniques  

3.3.1 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a scanning probe technique used to collect information 

over the surface morphology of thin films at the nanometer scale. It employs a sharp tip (few 

nanometers radius) mounted on a flexible cantilever that scans the surface of the sample. A 

piezoelectric crystal (piezo scanner) is used to move the sample precisely. As the AFM tip interacts 
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with the sample surface - either repelled or attracted due to electrostatic forces - the cantilever bends. 

A laser light, aligned on and reflected by the cantilever, is recorded on an array of diodes (see Figure 

3.6). The distribution of the reflected laser spot on the detector generates a specific voltage, which, 

combined with an electronic feedback system, enables the derivation of the sample's surface 

morphology. AFM can commonly operates in three different modes: (i) contact mode (constant-force 

or constant-height), (ii) non-contact mode, and (iii) tapping mode. Even though contact mode offers 

the highest resolution, it can lead to tip or surface damage. In contrast, non-contact mode minimizes 

this risks but it is however is more susceptible to interference from surface contaminants. Therefore, 

tapping mode was employed in this work, representing a good trade-off between resolution and 

damage control. 

 

Figure 3.6 AFM schematic set-up. The bending of the cantilever, monitored with the laser reflection, is recording the 

topography variation. The optical input is then converted in an electrically signal ending up with generation of height 

scans profiles. Reproduced from ref.[137]. 

The lateral resolution of the AFM is determined by the diameter of the tip, with commercially 

available tips usually ranging from 2 nm to 20 nm. From the height profiles obtained from AFM 

measurements, the digital images of the surface morphology are generated and the surface root-mean-

square roughness (RMS) can be extracted (see Equation 3.4). The RMS is provided as an indication 

of the layer roughness. In this work two different AFM instruments were used by the candidate: (i) 

Bruker Dimension Edge and (ii) XE-100 microscope. The AFM data and images reported in this work 

have been elaborated by the candidate with the open source Gwydion software.  

ὙὓὛ
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Equation 3.4 RMS value extraction considering the number of point N, the single point height ᾀ and their average ᾀӶ 
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3.3.2 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is probably the most applied non-destructive technique for the 

structural characterization of thin films, providing insights into e.g., crystal quality, phase and relative 

lattice constants. The working principle of XRD is schematically reported in Figure 3.7 (a): the X-

rays impinge the sample at an incident angle ɗ and interact with the atoms of the deposited layer. If 

the atoms are arranged in the form of a crystal with well-defined spaced lattice planes, the X-rays are 

scattered at well-defined incident ɗ angles. The scattered waves can interfere constructively or 

destructively. The condition to obtain constructive interference, i.e., diffraction signals, is governed 

by the Braggôs Law (see Equation 3.5), where ɚXRD = 0.15406 nm for Cu KŬ, d is the lattice spacing 

for a defined crystal plane labelled with the Miller indexes hkl and n defines the order of the 

diffraction maxima.  

ὲ‗ ςὨ ίὭὲ— 

Equation 3.5 Braggôs law 

In this study, two different diffractometers are employed: (i) a Rigaku Smartlab XE with 

HyPix 3000 detector (located at UniPR) and (ii) a X'Pert Pro MRD system from PANalytical (located 

at PDI), both using copper KŬ radiation and equipped with a monochromator and an Eulerian cradle. 

The cradle allows to access, besides 2ɗ and ɤ angle (defined by the detector and X-ray source 

position) also ű and ɢ for rotation around z and x axes, respectively [see Figure 3.7 (b)].  

 

Figure 3.7 (a) Bragg's law represented through a schematic draw. Waves scatter at atoms of parallel lattice planes with 

the distance d. Constructive interference occurs for certain angles, as described by Equation 3.5. (b) Schematic of the 

XR setup used for this study. The Eulerian cradle setup allows the variation of four angles: ɗ, ɤ, ű and ɢ. 

Different measurement configurations can be adopted in XR diffractometry. The ones, mostly 

applied by the candidate, and recurring throughout the data discussion (Chapter 4 ï 7) are: 

(i) 2ɗ-ɤ scan: this mode involves scanning the Bragg peaks by adjusting ɤ/2ɗ in a 1:2 

ratio to effectively probe the lattice spacing d (as per Braggôs Law). When ɢ = 0, 
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symmetric reflections (out-of-plane) are measured, while for ɢ Í 0, asymmetric 

reflections (in-plane) are accessible. Nonetheless, the independent adjustment of the 

ɤ angle can also account for the offcut of a substrate when its in-plane direction is 

laying on the detector-source plane [see Figure 3.8.(a)]. For the candidateôs work, 2ɗ-

ɤ scans are acquired to assess phase of the layers, epitaxial relation with the substrate 

and incorporation of catalyst (see Chapter 5 for more details).  

(ii) ɤ scan (Rocking Curve): in this mode, the detector is held at a fixed 2ɗ while the X-

ray source is moved. The fixed 2ɗ is set at the value corresponding to the most 

indicative reflection for the specific material under investigation [e.g., for ə-Ga2O3 

the (004) reflection with 2ɗ = 38.88Á]. The full width at half maximum (FWHM) of 

the rocking curve is a key indicator of the crystalline quality of a probed layer;  

(iii) ű scan: this mode is applied for fixed 2ɗ-ɤ relation for either out-of-plane (ɢ = 0) or 

in-plane (ɢ Í 0) reflections, while the sample is rotated around the vertical z axes [see 

Figure 3.7 (b)]. In this dissertation, ű scans are involved for a twofold reason: 

investigation of the absolute value and direction of an unintentional offcut of the 

substrates (see Section 5.2) for out-of-plane reflection (ɢ = 0) and to address the 

presence of additional phases or rotational domains in Ga2O3 layers.  

(iv) Pole figures: configuration adopted to study epi-layers grown on substrates with 

intentional offcut (Ó 1Á), i.e., the scattering vector of the substrate normal reflection is 

not normal to the diffractometer xy plane [see Figure 3.8 (a)]. In this case, a single ű-

scan, i.e., a single 360Á ű rotation around a selected diffraction vector either out-of-

plane (ɢ = 0) or in-plane (ɢ Í 0), would not account for the processional motion of the 

scattering vector [see Figure 3.8 (b)] due to the presence of the substrate offcut. In 

order to account for the offcut, a pole figure acquires multiple 360Á ű scans for 

different steps of ɢ in the range ῳ…  … έὪὪὧόὸ 

(v) Reciprocal space maps (RSM): acquired to evaluate the strain/relaxation of the in-

plane epi-layer. Indicative reflections should be identified, [e.g., (h0l) and (0kl) in the 

case of a (00l) oriented epilayer] that provides information to its in-plane parameters 

with respect to the ones of the substrate; RSM are built via subsequent 2ɗ scans for 

each ɤ step, allowing for a mapping in the reciprocal space around the chosen 

reflection.   
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Figure 3.8 (a) Schematic representation of an offcut-substrate with the diffraction vector normal to the surface reported 

in black-dashed line. A standard 2ɗ-ɤ scan is performed by compensating the offcut with ɤ, i.e., the relationship ɤ = 

2ɗ/2 employed for nominally oriented substrates, is now considering the offcut value and becomes ɤ = (2ɗ/2 ï offcut). 

(b) Reports schematically the processional motion (purple shaded area) of a general scattering vector, when a standard ű 

scan is performed. To compensate the offcut effect, i.e., to keep the scattering vector in the zx plane of the X-ray source-

detector, the ɢ angle is involved (tilting the sample around x axes). Hence, the pole figure is the result of multiple 360Á ű 

scans in a range ῳ…  … έὪὪὧόὸȢ       

3.3.2.1 XRD applied to ə-Ga2O3 

As anticipated in Chapter 2, in 2018 Nishinaka et al.42 provided a useful method to (i) 

discriminate between the hexagonal (Ů) and the orthorhombic (ə) phase in Ga2O3 and (ii) address the 

rotational domains presence with XRD, i.e., non-destructive characterization technique. As per (i), 

Figure 3.9 (a) reports the XRD relations of angles 2ɗ-ɢ for the reflections of the orthorhombic ə and 

hexagonal Ů structure of Ga2O3. It can be noted that for ɢ = 0Á, i.e., out-of-plane, the {00l}-ə and 

{000l}-Ů reflections are perfectly overlapping; in this set-up it is thus impossible to discriminate 

between the two structures. However, if ɢ Í 0Á, it is possible to access reflections, e.g., (122) 

[highlighted with the red arrow in Figure 3.9 (a)], where only the orthorhombic structure has reflexes, 

allowing to the unambiguous discrimination between Ů and ə-Ga2O3 from XRD analysis. As per (ii), 

the in-plane rotation of the orthorhombic unit cell in (001)-oriented epitaxial layers is not detectable 

when observing the normal reflections, e.g., {00l}, since the plane spacing in the [001] direction is 

not affected by the in-plane rotated domains. However, if the investigated reflection has in-plane 

contributions [e.g., (122)], the use of in-plane rotations (ű) at given diffraction conditions (fixed 2ɗ-

ɤ and ɢ) can allow to highlight the presence of rotational domains considering the unit cell symmetry 

[see ű-scan reported in Figure 3.9 (b) highlighting the presence of three rotational domains in a ə-

Ga2O3 layer deposited on c-plane sapphire]. In Chapter 4, this investigation tool will be largely 

exploited to investigate the ə-Ga2O3 rotational domains presence. Similar considerations will be also 

used to identify the presence of traces of ɓ in the MBE grown ə-Ga2O3 layers as well as rotational 

domains in the monoclinic polymorph. 
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Figure 3.9  (a) XRD angle relationships (2ɗ-ɢ) of the orthorhombic (ə) and hexagonal (Ů) structures of Ga2O3; image 

reproduced with permission from H. Nishinaka et al., Jpn. J. Appl. Phys. 57, 115601 (2018). Copyright (2018).The 

Japan Society of Applied Physics. Reproduced by permission of IOP Publishing Ltd. All rights reserved. (b) ű-scan of 

the (122) reflection of a (001) ə-Ga2O3 layer deposited on c-plane sapphire highlighting the presence of three rotational 

domains (peaks belonging to each domain labelled with roman numbers I, II, III). Image reproduced from ref.[58]. 

3.3.3 Electro-optical measurements 

3.3.3.1 Transfer length method (TLM) 

Transfer length method or transmission line model (TLM) is a powerful tool to evaluate the 

resistivity (ɟsem) of the probed layer as well as the contact resistance of the deposited contacts. A 

series of metal-semiconductor contacts are deposited (in this case via magnetron sputtering)143 at 

increasing distances  L1-4 for the linear TLM (l-TLM) geometry, or with increasing spacing between 

concentric contacts, for the circular geometry (c-TLM) [see Figure 3.10 (a - b)]. In the case of l-TLM 

two probes are placed on adjacent contacts and the characteristic current-voltage (I-V) is acquired. 

From the I-V curve, the measured resistance Rm is extracted according to the Ohmôs law (Rm = m-1 

with m, slope of the linear fit of I vs. V plot). 
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Figure 3.10 (a) and (b) schematic representation of the linear and circular TLM contacts configuration. (c) Rm vs. L for 

the linear TLM geometry obtained from I-V measurements for each couple of contacts with spacing Li.   

The measured resistance (Rm) is a linear combination of the contact resistance (ςϽὙ , as well 

as the resistance of the semiconductor material between the contacts Rsem. Equation 3.6 reports the 

expression of Rm with the resistance of the material expressed as Ὑ  considering the sheet 

resistance (2D) of the layer (Rsh) and the geometrical parameter of the conduction channel (L and W). 

Ὑ Ὑ ςὙ
Ὑ ὒ

ὡ
ςὙ  

Equation 3.6 Linear dependence of the measured Rm from the semiconductor 2D sheet resistance Rsh and contacts 

resistance Rc. L and W are the geometrical parameters of the contacts spacing and width [see Figure 3.10 (a)] 

From the linear dependence Rm vs. L [see Figure 3.10 (c)], the Rsh of the semiconductor as 

well as Rc for the metal contacts can be extracted from the slope and the intercept with the y axes, 

respectively. From Rsh, the resistivity of the investigated semiconductor (ɟsem) is extracted according 

to Equation 3.7 with t being the thickness of the investigated layer. 

” Ὑ ὡὸ 

Equation 3.7 ɟsem  for l-TLM. 

 For the c-TLM, the approach is very similar, but a correction factor must be introduced to 

account for the geometry of the contacts.144 Indeed, from the Rm obtained from the I-V characteristics 

for increasing Li, the Rcorrected is calculated according to Equation 3.8, with ri is the radius of the inner 

contact (fixed). The ɟsem is then obtained, similarly to l-TLM, considering the contact geometry and 

layer thickness, as reported in Equation 3.9.  
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Equation 3.8 Rcorrected for c-TLM. 

” Ὑ ς“ὶὸ 

Equation 3.9 ɟsem for c-TLM. 

3.3.3.2 Photocurrent spectroscopy (PCS) 

Photocurrent spectroscopy (PCS) is used to investigate the electrical conduction properties of 

a material when exposed to a defined light stimuli, i.e., by measuring the current generated in a 

semiconductor material at a fixed applied bias when illuminated at different wavelengths. The 

working principle of the method is based on the photoelectric effect, i.e., photon-generation of 

electron-hole pairs in the investigated material. The effect is described by Equation 3.10, where the 

change in conductivity ȹů of an ideal material is described as the excess of photocarriers generated 

(electrons ȹn and holes ȹp) and their mobilities (ɛn and ɛp) and is directly related to the photocurrent 

density Jph.  

ῳ„ Ὡ ‘ῳὲ ‘ῳὴ
ὐ

Ὁ
 

Equation 3.10 Conductivity variation induced by illumination 

In an ideal semiconductor (nominally free of structural and point defect), only when Elight > 

Eg, the photoelectric effect should be expected with generation of electrons in the CB and holes in 

VB that would eventually recombine with emission of photons. However, in the PCS analysis, the 

specimen has metal contacts on its surface (see 3.3.3.1 for a schematic representation of metal 

contacts) and an external bias is applied to collect the photogenerated charges. The applied external 

electric field E, prevents the recombination of the electron-hole pairs and allows for PC extraction. 

Moreover, if the light source is equipped with a monochromator, a spectral response of the sample 

can be obtained by recording the PC generated as function of the different impinging wavelengths.  

In the case of ə-Ga2O3, having Eg å 4.9 ï 5 eV, the PCS is expected to have its maximum for 

ɚ å 250 nm. To collect information about a wider photoresponse of the material, the PC is acquired 

in the 250 ï 650 nm range. The PCS measurements reported in Chapter 6 and 7, were performed by 

the candidate to characterize the optical performances of the materials, i.e., photodetectors (PDs) 

performances. The configuration set-up foresees an Oriel optical system equipped with a 250 W 

Quartz Tungsten Halogen Lamp (QTH) and a monochromator 130/74000 CornerStone covering the 

range (200 - 700 nm) with 1 nm resolution. The fabrication of PDs foresees a simple resistor device 
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configuration (metal-semiconductor-metal) that requires the deposition of Ohmic Ti/Au or SnO2-

x/ITO/Au contacts through magnetron sputtering, according to ref.[
143]. 

The external bias (in our case kept at 200 V) is applied through a Keithley source-meter 2400 

between the metal contacts (geometrical details of the contacts reported in Chapter 6). The sample is 

illuminated with the monochromatic light and the generated PC is measured with the Keithley source-

meter, for each selected wavelength in the 250 ï 650 nm range. From the recorded PC, the 

responsivity curve R(ɚ) is defined according to Equation 3.11 considering the incident optical power 

Pinc(ɚ) over the effective collection area, i.e., area between the metal contacts. The Pinc(ɚ) is obtained 

with a calibrated photodiode sensor (Newport 818 UV). 

Ὑ‗
ὖὅ

ὖ ‗
 

Equation 3.11 Responsivity R(ɚ) 

3.4 Additional characterization methods 

Here after, some of the additional characterization methods used by collaborators are briefly 

listed, pointing out the relative information extracted in the framework of the candidate work. 

References are provided if the reader would be interested in additional details. 

Van der Pauw ï Hall measurements The Van-der-Pauw method, developed in 1958,145 allows for 

the measurements of the resistivity and Hall coefficients of arbitrarily shaped sample. Two major 

requirements should be met: (i) continuity of the layer (e.g., no holes) and (ii) presence of four ohmic 

contacts with dimensions negligible w.r.t to their spacing. In the case of a thin film characterization, 

it is also necessary that the substrate/template over which this is deposited is electrically insulating, 

so to allow for the decoupling of its influence in the collected data. By applying a current between 

two adjacent contacts and measuring the voltage drop between the other two, the resistivity can be 

determined. Repeating this process with different contact pairs provides more data for accuracy. If a 

magnetic field is applied, the Hall coefficient can also be measured by detecting the Hall voltage. For 

a detailed description of the method, please refer to ref.[145]. 

Mercury (Hg) probed Capacitance-Voltage measurements A mercury probe system was used to 

determine the 3D carrier density of Ga2O3 thin films through Capacitance-Voltage (C-V) 

measurements. This method utilizes temporary metallic contacts formed by liquid Hg, which are 

applied to adhere to the film surface. The Hg contacts usually allow to form a Schottky barrier with 

a geometry that is defined by the experimental setup; a C-V measurement can allow for a carrier 
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profiling from the probed surface of the sample. For additional details over the technique, please refer 

to ref.[146,147]. 

Raman spectroscopy is a non-destructive technique used to study lattice vibrations by measuring the 

inelastic scattering of light. When the light interacts with the lattice atoms, most photons are 

elastically scattered, while a small fraction undergoes energy shifts due to interactions with lattice 

vibration. The energy shifts provide a "fingerprint" of the structure, allowing for material 

identification, characterization, and analysis of chemical bonds. An exhaustive Raman investigation 

of ɓ- and ə-Ga2O3 is reported in ref. [
60,102,148].   

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive non-destructive analytical technique 

based on soft X-ray-matter interactions. It is mainly used to determine the chemical surrounding of 

the surface atoms and chemical composition of the sample superficial layers (first 0.5-10 nm). For 

additional details please refer to ref.[149]. 

Time of flight second ion mass spectroscopy (ToF ï SIMS) exploits energetic primary ions to 

sputter a sample and collect information over the sputtered species in terms of mass-to-charge ratio. 

It can be used to collect depth profiles of different elements in thin films. Quantification of the species 

require a calibration sample, e.g., implantation standard (see Appendix A). For additional details see 

ref.[150].   

Electron back-scattered diffraction (EBSD) is a surface sensitive non-destructive technique. The 

backscattered electrons from the specimen surface provide information about the local 

crystallographic structure and orientation at the microscopic level of the material.151 

Photoluminescence spectroscopy (PL) and Photoluminescence excitation (PLE) are both non-

destructive techniques based on light-matter interaction. They use a light source to investigate the 

optical and electronic properties of the material. In PL, the sample is excited by a light source, with 

a fixed energy and its spectral emission is recorded. PLE is performed by recording the PL emission 

as a function of the excitation energy. An exhaustive description of the PL ï PLE combined techniques 

applied on the Ga2O3 material system is reported in ref. [
60].   

Depth resolved cathodoluminescence (DRCL) is used to investigate the optical properties of the 

materials, with depth sensitivity controlled by increasing the electron acceleration voltage (non-

destructive). The collected emission of the sample provides information about intrinsic optical 

properties as well as defects presence.152   
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Transmission electron microscopy (TEM) allows to investigate the atomic arrangement of the 

specimen for crystal structure identification, structural defects detection and interface quality at the 

atomic level. Further details can be found in ref.[149].
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4 Role of structural defects in ə-Ga2O3 

The core of this chapter is the investigation of the structural defective nature of ə-Ga2O3 and 

its effect on the functional properties of the material. Section 4.1, shows (i) the proof of the rotational-

domains mediated anisotropy of ə-Ga2O3 and (ii) the effect of the structural defects over the in-plane 

transport properties of Si-doped ə-Ga2O3. In this latter section, focus is given on the role of the silane 

flux (ūSiH4), i.e., the Si-doping source, over the expansion of the rotational domains, with particular 

attention to the non-destructive characterization techniques, e.g., Raman and XRD, for rotational-

domains characterization. Section 4.2 reports the characterization of the SnO/ə-Ga2O3 p-n diode in 

planar geometry, emphasizing the role of the ə-Ga2O3 structural defects on the performances of the 

relative devices. The results reported in section 4.1 and 4.2 are collected in publications [58] and [153], 

respectively. 

4.1 The role of structural defects on the functional properties of UID and Si-

doped ə-Ga2O3  

As discussed in Chapter 2, the ə-Ga2O3 epitaxy on most single crystalline substrates is 

characterized by the presence of 120Á rotated nanosized domains, arranged in a columnar structure 

along its growth direction, i.e., (001). Their presence was firstly detected in 2017 by I. Cora et al.,20 

with a TEM-XRD combined investigation on UID (001) ə-Ga2O3 (MOVPE grown on (0001) Ŭ-Al2O3 

substrates). The study allowed for the correct identification of the orthorhombic ə-Ga2O3 unit cell 

(space group ὖὲὥς) instead of the previously assigned one, i.e., hexagonal (Ů ï space group ὖφάὧ) 

(additional details reported in Section 2.3). The TEM study also highlighted the presence of numerous 

planar-defects/boundaries and distinguished them in: (i) twin-boundaries (TBs), coinciding with the 

(110) twinning planes and (ii) antiphase-boundaries (APBs), detected inside the twin domains and 

parallel to (100) planes. The nature of the TBs, i.e., coherent (nominally free of dangling bonds) or 

incoherent (otherwise), was not addressed. Only in November 2023, a new TEM investigation by 

Vyvenko et al.,154 on microcrystals of ə-Ga2O3 (HVPE grown on GaN/(0001) Ŭ-Al2O3 template), 

suggested the incoherent nature of the TBs and the presence in every twin-domain of a parallel array 

of APBs. The APBs are also showing steps and interruptions when crossing the TBs; the combination 

of incoherent TBs and APBs could play a role in the in-plane transport mechanism. A similar situation 

has been already discussed for ɓ-Ga2O3,
102 where the presence of incoherent twin boundaries 

[especially in (100)112 and (-201)110,117,155 epitaxy] is accounted responsible for the carrier mobility 

collapse and inefficient extrinsic doping. However, differently from the case of ɓ-Ga2O3, in (001) ə- 

epitaxy both the extended defects previously discussed are mostly vertically oriented.20,58  
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The possible active role of TBs over the ə-Ga2O3 transport properties was firstly investigated 

by KneiÇ et al.:59 through the development of vertical ə-Ga2O3-based SBDs, the benefits in terms of 

device performances when the in-plane transport in ə-Ga2O3, i.e., crossing TBs and APBs, is avoided, 

are qualitatively reported. In January 2023, P. Mazzolini et al.,58 furnished the direct proof of the 

extended defects mediated anisotropy through a direct comparison of in-plane vs out-of-plane 

resistance measurements in (001) ə-Ga2O3 layers; on top of that, the same work also demonstrates the 

role of an additional silane flow during growth on the overall domain width expansion and its effect 

on the resulting crystalline quality and in-plane transport properties. Both these aspects are thoroughly 

described in the following subsections. 

4.1.1 In-plane vs. out-of-plane transport measurements 

The current-voltage (I-V) measurements reported in this section were directly performed by 

the candidate at the University of Parma (UniPr) with the help of S. Vantaggio (UniPr). The MOVPE 

growth of all the ə-Ga2O3 samples were performed by M. Bosi, L. Seravalli and P. Mazzolini at the 

Institute of Materials for Electronics and Magnetism (IMEM - Parma). The GaN templates were 

MOVPE deposited by S. Leone from Fraunhofer Institute for Applied Solid State Physics 

(IAF)(Freiburg). The metal contacts deposition and etching/lithography processes were performed 

by A. Tarahoui from the Paul Drude Institute for Solid State Electronics (PDI - Berlin). Data 

interpretation was performed by the candidate with the support of P. Mazzolini (UniPr) and O. 

Bierwagen (PDI). 

4.1.1.1 Samples design 

To probe (i) in-plane/lateral and (ii) out-of-plane/vertical transport properties, ə-Ga2O3 layers 

were deposited on electrically insulating C-doped and conducting Si-doped (0001) GaN epitaxial 

templates on top of (0001) Ŭ-Al2O3 for (i) and (ii), respectively. The GaN templates were grown by 

MOVPE as reported in ref. [102] (nominal thickness t = 4.5 ɛm, ɟ = 0.2 ɋcm for Si-doped, not 

measurable for C-doped ï from Van der Pauw - Hall measurements performed by S. Leone). All the 

ə-Ga2O3 layers were grown by MOVPE, under the very same synthesis conditions, with H2 as carrier 

gas (growth details reported in Section 3.1.1). Two different thicknesses of the ə-Ga2O3 layers, å 110 

and 1100 nm, are deposited on each of the insulating and conducting GaN templates, C- and Si-doped 

respectively. In order to exclude a possible role of the insulating template on the in-plane conduction, 

an additional 590 nm thick ə-Ga2O3 layer, directly deposited with the very same synthesis conditions 

on a bare (0001) Ŭ-Al2O3 substrate, was also investigated. 

The ə-Ga2O3 layers grown on the two different GaN templates exhibited a very similar crystal 

quality from an X-ray diffraction investigation. Moreover, no major differences can be highlighted 
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from XRD for the orthorhombic layers grown on GaN templates and directly deposited on sapphire, 

pointing towards an overall similar crystal quality despite the different investigated templates [see 

2ɗ-ɗ scans reported in Figure 4.1 (a)]. The FWHM of the rocking curve values are in the range 

expected for UID ə-layers (i.e., 0.3708Á on sapphire ï 0.3339Á on Si:GaN ï 0.4836Á on C:GaN). 

Furthermore, as expected all the ə-Ga2O3 layers here investigated are characterized by the presence 

of the same 120Á rotated domains. Finally, considering the average domain size determined from top-

view TEM58 for the ə-layer grown directly on sapphire [see Figure 4.1 (b)], and the rocking value-

domain size correlation, it can be stated that the different substrate/template should not have affected 

the overall ə-Ga2O3 domain size distribution which is expected to be in the å 5 - 20 nm range for all 

these samples.  Last structural aspect to be considered for the (001) ə-Ga2O3/GaN samples, is the 

reasonable presence of a ɔ-Ga2O3 interlayer at the epi-layer/GaN interface. Even though a dedicated 

TEM study was not performed on these specific samples, its presence is detected in the TEM 

investigation for the MOVPE ə-sample grown directly on (0001) Ŭ-Al2O3 substrates [see Figure 4.1 

(c)] and its widely reported in literature for ə heteroepitaxy20,75,156 (see also Section 2.1 for additional 

details).  
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Figure 4.1 (a) XRD symmetric 2ɗ-ɗ of the ə-Ga2O3 samples grown by MOVPE in identical conditions on top of the Si- 

and C-doped GaN template/(0001) Ŭ-Al2O3 substrate (in red and blue) and directly on top of (0001) Ŭ-Al2O3 (in black). 

In the inset close-up on the (004) ə-Ga2O3 reflection and (0006) Ŭ-Al2O3 are reported. (b) and (c) HRTEM images of 

plane- and cross-view of the ə-Ga2O3 sample grown directly on top of (0001) Ŭ-Al2O3. Images readapted from ref.[58] 

To probe the in-plane transport, ohmic Ti/Au contacts (t = 20 nm/100 nm) were deposited via 

electron-beam evaporation and a lift-off process on top of the ə-Ga2O3/insulating-GaN layers. Two 

different geometries of contacts are deposited, i.e., linear [l-TLM] and circular [c-TLM], with well-

defined spacing [see geometrical details in Table 4.1 and representation in Figure 4.2 (c)] that allow 

in-plane transport investigation via the transfer length method [TLM] (TLM details in section 

3.3.3.1).  

TLM geometry Fixed size Gap spacing [ɛm] 

linear (l-TLM) width 200 ɛm 70, 60, 50, 40, 30, 20 

circular (c-TLM) inner diameter  80 ɛm 100, 75, 50, 25, 15, 10, 5 

Table 4.1 Geometrical details for the linear and circular TLM structures investigated for the in-plane/lateral transport 

probing. The structure are highlighted in Figure 4.2 (c) in green frames. 
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Figure 4.2 (a) reports the schematic representation of the sample design for vertical transport 

probing, highlighting the multilayered structure and the suggested current path.  

 

Figure 4.2 Schematic representations of the two different measurements configuration used for (a) lateral/in-plane and 

(b) vertical/out-of-plane transport measurements. (c) Contact mask geometry used for (i) metal contacts deposition for 

lateral configuration (blue and red contacts both deposited on ə-Ga2O3 and linear and circular TLM in green frame are 

the investigated structures) and (ii) the etching/lithography steps applied to obtain the structure depicted in (b). In red 

the top contacts (on ə-Ga2O3) and in blue the bottom contacts (on GaN). The four different squared mesa size are 

highlighted in black squares. (d) Schematic top-view of the isolated vertical mesa structures for the out-of-plane 

transport. 

To probe the out-of-plane transport, well-defined vertical structures of ə-Ga2O3 were isolated 

on top of the conductive-GaN via dry etching (inductively couple plasma - reactive ion etching ICP-

RIE, gas combination of 5 sccm Cl2 and 20 sccm BCl3, 1.1 nm s
-1 etch rate for ə-Ga2O3 ï additional 

process details reported in reference [157]). The isolated mesa structures have a squared geometry with 

different area size (A = ςππςππȟρυπρυπȟρππρππ ὥὲὨ χπχπ ‘ά ). After the dry etching 

process, ohmic Ti/Au contacts have been deposited, following the same electron beam evaporation 

described hereabove, around (on the conductive-GaN layer) and on top of the ə-Ga2O3 squared mesas 

[see the metal contacts mask in Figure 4.2 (c)]. The effective area of the metal contacts on top of the 
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ə-Ga2O3 squared mesas results to be: A = ρψπρψπȟρσπρσπȟψπψπ ὥὲὨ υυυυ ‘ά . The 

sketch of the sample design and the top view of the mesa structure for vertical transport are reported 

in Figure 4.2 (b) and (d), respectively. In Table 4.2, the different mesa sizes and relative areas of the 

top metal contacts are summed-up. As schematically reported in Figure 4.2 (b), the isolation of the 

vertical ə-Ga2O3 squared mesas forces the current to flow only along the vertical direction, i.e., 

avoiding the crossing of the vertically oriented extended defects.  

Mesa label 
Mesa lateral size (w) 

[ɛm] 

Squared lateral top contact size  

[ɛm] 

1 200 180 

2 150 130 

3 100 80 

4 70 55 

Table 4.2 Geometrical details of the different squared mesa structures. 

The details of the samples just described and the list of the relative transport measurements 

performed on them are summed-up in Table 4.3, while the results obtained from in-plane and out-of-

plane measurements are reported in details in the next sections. 

Sample nr. Substrate 
Thickness t 

[nm] 
Contacts geometry 

Transport 

measurements 

S1 C:GaN/(0001) Ŭ-Al2O3 110 TLM in-plane 

S2 C:GaN/(0001) Ŭ-Al2O3 1100 TLM in-plane 

S3 (0001) Ŭ-Al2O3 590 TLM in-plane 

S4 Si:GaN/(0001) Ŭ-Al2O3 110 Mesa out-of-plane 

S5 Si:GaN/(0001) Ŭ-Al2O3 1100 Mesa out-of-plane 

Table 4.3 Details of the five samples of the MOVPE ə-Ga2O3 grown on (S1 ï S2) C:GaN, (S3) on (0001) Ŭ-Al2O3 and 

(S4 ï S5) Si:GaN templates to access in-plane/lateral and out-of-plane/vertical conduction. 

4.1.1.2 In-plane transport measurements 

Two point probes I-V were performed on several l-TLM and c-TLM structures deposited on 

samples S1 - S3. Figure 4.3 (a) reports an optical image of the two different TLM geometries on the 

surface of sample S2. The I-V characteristics were acquired using a micromanipulator station. 

Applying the TLM approach, the ɟin-plane value is extracted for each investigated structure. Figure 4.3 

(b) and (c) report the Rin-plane [ɋ] vs. gap spacing [ɛm] of three different TLM, i.e., l-TLM and c-

TLM, investigated on sample S2, together with their linear fit and the extracted ɟin-plane values. Table 

4.4 reports the ɟin-plane values extracted for the three different samples, i.e., S1 - S3, and different TLM 

geometry investigated. The consistently higher ɟin-plane values obtained with c-TLM w.r.t. to l-TLM, 

was reported by Grover et al.,144 for a different material system and ascribed to the l-TLM inherent 

geometry.  
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From this set of data, the mean ”   ψ ὼ ρπ  τϽρπ  ὧά was obtained. The total 

absolute error ŭ was calculated according to Equation 4.1, from the mean ɟin-plane standard deviation 

(ů) and the mean experimental error (Ů).   

‏  „ ‐       

Equation 4.1 Total absolute error ŭ calculate from the mean standard deviation on ɟin-plane (ů) and the mean 

experimental error (Ů). 

 

Figure 4.3 (a) optical image of sample S2 surface acquired with the optical microscope of the micromanipulator station. 

The micromanipulators metal tips are visible slightly out of focus. The red frames highlight the l-TLM and c-TLM 

structures. (b) and (c) the ɟin-plane values extracted for l-TLM and c-TLM, respectively. These measurements are referred 

to sample S2. 

Sample 
t 

[nm] 

ɟ (l-TLM) 

[ɋ cm]  

ɟ (c-TLM) 

[ɋ cm] 

S1 110 τȢτπϽρπ  ρȢς Ͻρπ -- 

S2 1100 
χȢψφϽρπ  ςȢψσϽρπ 

ρȢφυϽρπ  ρȢχσϽρπ 
φȢςυϽρπ  υȢρφϽρπ 

S3 590 τȢυφϽρπ  υȢυπϽρπ 

ρȢςρϽρπ  ςȢυπϽρπ 

ρȢρπϽρπ  ψȢππϽρπ 

ρȢρχϽρπ  ωȢςπϽρπ  

Table 4.4  Sum-up of the ɟin-plane values extracted from samples S1 - S3 from l-TLM and c-TLM. 
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It is noteworthy the fact that all samples have been investigated avoiding exposure to light. 

Indeed, in the first steps of the in-plane transport analysis, a current build-up was detected for 

subsequent measurements, if the sample was kept under ambient/microscope light during and after I-

V data acquisition. As reported in Figure 4.4, for the I-V curves acquired on the 70 ɛm spaced l-TLM 

contacts of sample S3, the Rin-plane, extracted according to Ohmôs law, is increasing of about 24% if 

the measurement is performed after resting the sample in dark (avoiding both ambient and microscope 

light) for å 5 min, and of about 38% if the sample is kept in dark for at least 24h (both percentages 

with respect to the measurement performed while keeping the microscope light on). The reasons 

behind the current build up will be discussed in Chapter 6. 

 

Figure 4.4 I-V curves acquired on the 70 ɛm spaced contacts of a l-TLM on sample S3. The three curves were acquired 

exposing the sample to light (in red), turning off light (in grey) and keeping the sample for 24h in dark before acquiring 

the curve (in black). 

4.1.1.3 Out-of-plane transport measurements 

The out-of-plane transport measurements were conducted on samples S4 and S5, i.e., ə-Ga2O3 

layers grown on conductive Si:GaN templates (refer to Table 4.4 for samples details). The 

experimental set-up was the same described in the previous section for the in-plane measurements 

(two point probes ï micromanipulator station). For both S4 and S5 samples (110 nm and 1100 nm 

thick respectively), several I-V curves were acquired for all the different available squared mesa sizes 

(lateral dimensions 70, 100, 150, and 200 ɛm) and their respective Rmeasured [ɋ] values were extracted 

according to the Ohmôs law. A thorough analysis considering also the spatial distribution of the 
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analysed mesas was conducted to address possible inhomogeneities of the samples (e.g., thickness 

gradients or lithography/lift-off process-related issues, especially at the samples border) and to collect 

enough data for statistics purposes.  

The mapping of the Rmeasured was performed adopting a xy reference system to track the mesa 

coordinates on the sample surface, as depicted in Figure 4.5 (a) for sample S4. For each mesa size, 

the Rmeasured 3D contour plot was outlined [see Figure 4.5 (b-e)]. The data point of the Rmeasured are 

reported as black dots in each plot and the colour scale adopted is going from green to red for 

increasing Rmeasured values. The investigated areas for the different mesa size were mostly located 

around the central part of the samples, where the presence of macroscopic defects related to the 

processing of the sample was limited/absent.  

 

Figure 4.5 (a) Picture of the surface of sample S4 with the indication of xy axes directions used to map the mesas 

positions. The microscope optical image of the area in the red square region is reported on the top of the sample picture. 

In the zoom is depicted the repeating unit masks of the metal contacts and the four different mesa size are highlighted in 

red squares. (b - e) The 3D contour plots of the Rmeasured distribution on the surface of the sample for the four different 

mesa size, i.e., χπχπȟρππρππȟρυπρυπȟςππςππ ‘ά  . The colour scale is reported near each map and it is 

going from green to red for increasing Rmeasured values. 

A significant set of data was acquired, allowing to obtain a reliable trend of the mean Rmeasured 

vs. size of the vertical conduction channel [see Figure 4.6 (a)]. In this regard, the collected Rmeasured 

are plotted vs. the lateral size of the Ohmic contacts (deposited on top of the columnar ə-Ga2O3 mesa 
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structures), i.e., 55, 80, 130 and 180 ɛm  for the 70, 100, 150, 200 ɛm mesas, respectively. It is 

noteworthy that, despite the thickness difference [sample S4 - 110 nm and sample S5 - 1100 nm], the 

Rmeasured values of the two samples almost overlap, i.e., Rmeasured is not scaling with the sample 

thickness. As a direct comparison under the assumption of the isotropy of the transport properties, the 

Risotropy values were calculated according to Equation 4.2 and are reported in Figure 4.6 (a) for both 

the samples thicknesses. 

Ὑ ”  

ὰὥώὩὶ ὸὬὭὧὯὲὩίί

ὥὶὩὥ άὩὸὥὰ ὧέὲὸὥὧὸί
 

Equation 4.2 Risotropy   

The Rmeasured is indeed in line with the Risotropy for the thin sample S4 while the thick sample, 

S5, is showing values around one order of magnitude lower than Risotropy. It is here fundamental to 

make a consideration about the physical meaning of the Rmeasured. 

 

Figure 4.6 (a) the trend of the Rmeasured vs. squared lateral top contact size for the two samples analysed, i.e., S4 - 110 

nm thick (orange circle) and S5 - 1100 nm thick (blue square). The trend of the Risotropy vs. squared lateral top contact 

size is reported in this graph as well, calculated for both 110 and 1100 nm, considering for the calculation the ɟin-plane 

(see Equation 4.2). (b) The value of the mean ɟin-plane, the black horizontal line with the standard deviation represented 

by the grey area, compared to the ɟout-of-plane higher bound calculated for sample S5, for each mesa size. 

Considering the structure of the samples investigated for the out-of-plane-transport [Figure 

4.2 (b)], the overall Rmeasured values are given by the contributions from the different materials (Ti/Au 

metal contacts, ə-Ga2O3, interlayer, GaN) and relative interfaces. Rmeasured can then be expressed as 

the R series reported in Equation 4.3, out of which the Ὑ , i.e., intrinsic out-of-plane resistance 

of the ə-Ga2O3 mesa, is the one here investigated.    
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Ὑ Ὑ Ⱦ ╡ⱥ╖╪╞ Ὑ Ὑ Ὑ Ὑ Ⱦ  

Equation 4.3 Rmeasured expressed as the contributions from all the different materials/interfaces. 

Noteworthy, the fact that by increasing the thickness of the ə-Ga2O3 mesa of one order of 

magnitude  [i.e., sample S4 vs. sample S5] is not affecting the Rmeasured, indicates that the Rmeasured 

itself is not dominated by the Ὑ contributions. Furthermore, it is unquestionable that 2

Ὑ . Therefore, given (i) the Rmeasured values for each mesa size, (ii) the well-defined geometry 

of the ə-Ga2O3 mesa and (iii) the layer thickness, i.e., sample S5 - t = 1100 nm, it was possible to 

define the upper bound estimate for the ɟout-of-plane, as per in Equation 4.4.   

”
Ὑ ὃ  

‖Ὃὥὕ ὸὬὭὧὯὲὩίί
”  

Equation 4.4 ɟout-of-plane-higher-bound 

Figure 4.6 (b) reports the calculated values of ɟout-of-plane-higher-bound vs. lateral top metal contact 

size (orange square). In the same graph, the ɟin-plane value (obtained from the in-plane transport 

”   ψ ὼ ρπ  τϽρπ  ὧά) is reported (horizontal black line) with its absolute error bars 

(grey area). This furnishes the direct comparison of the ɟin-plane vs. ɟout-of-plane, being the latter at least 

one order of magnitude lower and it demonstrates the anisotropy of transport properties due to the 

presence of vertically oriented structural defects. 

4.1.2 Silane-mediated expansion of rotational domains and their effect on the in-plane 

transport of Si-doped ə-Ga2O3 layers 

In the following section, the results related to the effect of the silane flux (ūSiH4), i.e., extrinsic 

Si doping source, on the expansion of the rotational-domains of the Si-doped ə-Ga2O3 layers grown 

via MOVPE are reported. SiH4 has already proven to be successful into obtaining extrinsic Si-doping 

of ə-Ga2O3 layers.
131 However, the Si-doped ə-Ga2O3 layers were characterized by a limited RT 

mobility, i.e, ɛ å 1 - 4 cm2V-1s-1 and the transport mechanism in such layers had been identified as 

variable range hopping (VRH), most likely related to their defectivity.102,131 As thoroughly discussed 

in the section 4.1.1, the ability to engineer the functional properties of ə-Ga2O3 epilayers must account 

for the role of structural defects like the rotational domains; therefore, the possibility to obtain a single 

crystal epitaxial layer or to at least control the rotational-domains size are fundamental steps to 

address the intrinsic properties of this material system, eventually allowing for its application in 

electronic devices. In this framework, the current section focuses on the relation between the 

structural quality of Si-doped ə-Ga2O3 layers deposited on c-plane sapphire (XRD, Raman, TEM, 

APT) in relation to the provided ūSiH4 flux during MOVPE growth. Moreover, the in-plane transport 
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properties (Van der Pauw and Hall measurements) are shown with particular attention on their relation 

with the structural defects of each Si-doped ə-Ga2O3 epilayer. 

The MOVPE growths of the ə-Ga2O3 epilayers were performed by M. Bosi, L. Serravalli and 

P. Mazzolini (IMEM - Parma). The XRD measurements and data elaboration were performed by F. 

Mezzadri and P. Mazzolini (UniPr). The Raman measurements were performed by M.N. Marggraf 

and B. M. Janzen under the supervision of M. R. Wagner from TU (Berlin) and from G. Spaggiari 

under the supervision of D. Bersani (UniPr). The Raman data elaboration was directly performed by 

the candidate with the support of P. Mazzolini (UniPr) and M. R. Wagner (TU). The Ti/Au contact 

deposition for the Van-der-Pauw/Hall measurements was performed by A. Bosio (UniPr). The Van-

der-Pauw/Hall, the temperature-dependent I-V measurements and their data elaboration were 

performed by S. Vantaggio and A. Parisini (UniPr). The TEM investigation was performed by I. Cora, 

Z. Fogarassy and B. P®cz from the Hungarian Academy of Science (Budapest). The APT 

measurements and interpretation were provided by D. Diercks from Shared Instrumentation Facility 

(Golden, Colorado).  

4.1.2.1 Samples preparation 

The results presented hereafter relates to a set of MOVPE grown Si-doped ə-Ga2O3 layers, 

deposited on top of (0001) Ŭ-Al2O3. The set of Si:ə-Ga2O3 layers were grown with H2 as carrier gas 

using different fluxes of an H2-diluted mixture of 0.05% SiH4  (ūSiH4 from 0 sccm up to 17.5 sccm), 

under otherwise identical synthesis conditions (growth details reported in Section 3.1.1). The layer 

thickness was kept in the 800 - 900 nm range for all the samples.  

4.1.2.2 X-ray diffraction 

The samples were firstly analysed through X-ray diffraction. Figure 4.7 (a) reports an 

exemplary 2ɗ-ɗ symmetric scans acquired for a Si:ə-Ga2O3 layer (deposited with ūSiH4 =10 sccm). 

No additional diffraction peaks were identified besides the {00l}  family of planes of ə-Ga2O3 and 

the {000l} ones of c-sapphire. All the investigated Si:ə-Ga2O3 layers are found to have similar 

diffraction spectra regardless of the ūSiH4 involved in the deposition. The crystal structure is purely 

orthorhombic and all the samples are characterized by the 120Á in-plane rotated domains. Their 

presence was assessed through ű-scans of the (122) reflection; Figure 4.7(b) shows the (122) ű-scan 

for the ūSiH4 =10 sccm ə-Ga2O3 sample, the positions of the four peaks associated to each rotational 

domains were calculated and labelled with roman numbers I, II and III and are perfectly matching the 

experimental data. It is though remarkable that, for increasing ūSiH4, a significant reduction in the 

FWHM values of the rocking curve, i.e., ɤ-scans of the most intense (004) ə-Ga2O3 peak, is recorded 

[see Figure 4.7(c)]. In particular, the values go from a maximum of 0.371Á (for ūSiH4 = 0) down to 
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0.153Á (for ūSiH4 = 15 sccm). This is suggesting a decrease of the crystal mosaicity with respect to 

the substrate normal. The FWHM values here shown for the layers deposited with silane, i.e., mostly 

< 0.2Á for ūSiH4  > 7.5  sccm, are among the best reported so far for ə-Ga2O3 layers characterized by 

rotational domains.47,121,124,158 

 

Figure 4.7 XRD (a) 2ɗ-ɗ scan and (b) ű-scan of a (001) ə-Ga2O3 layer deposited on c-plane sapphire with 10 sccm 

silane flux; the roman numbers I, II, III and respective orange, green and cyan lines refer to the calculated and expected 

positions for the three 120Á rotated domains. (c) Full width at half maximum (FWHM) of the ɤ-scans (rocking curve) 

of the (004) peak as a function of the ūSiH4 The green arrows in (c) highlight the samples that have been further 

investigated by TEM. Image readapted from ref. [58]. 

4.1.2.3 Transmission electron microscopy and atom probe tomography 

Four selected samples deposited with different silane fluxes, i.e., ūSiH4 = 0 ï 5 ï 15 ï 17.5 

sccm, were further investigated with transmission electron microscopy (TEM) combined with energy 

dispersive X-ray spectroscopy (EDX). The cross-sectional and plan view samples were prepared with 

focused ion beam (FIB) and Ar-ion beam milling technique, respectively. Figure 4.8 (a-d) reports the 

plan view images that reveals a remarkable enlargement of the overall size of the rotational domains 

for increasing ūSiH4. A quantitative estimation of their average size was performed considering the 

area of each domain and translating it into regular circles. The largest domains size vs. ūSiH4 is 
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reported in Figure 4.8 (e). In line with previous reports,20 the typical domain size for the nominally 

undoped sample is not exceeding the 20 nm while for the highest investigated ūSiH4, i.e., 17.5 sccm, 

the size of the domains is reaching up to 320 nm. In addition to the TBs, from plan view images it is 

also possible to identify extended defects within the domains [see Figure 4.8 (f) for ūSiH4 = 15 sccm 

] 

 

Figure 4.8 (a-d) Plan view TEM images of samples deposited at   π υ ρυ ρχȢυ ίὧὧά. (d) Largest domain 

size vs.ūSiH4. (f) Plan view image for the   ρυ ίὧὧά sample. Plane defects and domain boundaries highlighted by 

blue and red arrows, respectively. Images readapted from ref. [58]. 

The cross-sectional TEM images [see Figure 4.9 (a1-5) and (b1-3)] highlights the presence of 

the ɔ-Ga2O3 interlayer at the ə-Ga2O3/sapphire interface, independent on the used ūSiH4. Nonetheless, 

the adoption of a silane flow results in the precipitation of amorphous triangular-shaped SiOx clusters 

(identified in combination with EDX spectroscopy). It is important to highlight that their presence is 

detected in the vicinity of the layer/substrate interface and only up to 200-300 nm in the layers. Their 

density is increasing while their average size is diminishing for increasing ūSiH4, i.e., the base length 

going from å 50 nm to å 5 nm for 5 and 17.5 sccm, respectively. The SiOx precipitates are also found 

to possibly interact with the vertically oriented extended defects inside the rotational domain bulk 

matrix [blue and white arrows in Figure 4.9 (a5)].   
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Figure 4.9 (a1-5) and (b1-3), cross sectional TEM and HRTEM images for samples deposited at different   . In (a5) 

the white arrows highlight some of the SiOx precipitates and the blue arrows the plane defects starting from the apexes 

of the SiOx precipitates. (c1-2) and (d1-2) dark and bright field TEM image of FIB prepared APT lamellae of the 5 and 15 

sccm   samples, respectively; c3 and d3 overlay of the bright field image prior and after APT analysis volume 

removal (investigated volume corresponds to the shady region). Image readapted from ref. [58]. 

Based on the presented results, SiH4 is found to play an important role either (i) in increasing 

the mobility of the adsorbed species on the growth front during the ə-Ga2O3 growth, or (ii) the 

accumulation of Si or SiHx in the initial stages of the growth could prevent the formation of critical 

size nuclei resulting in a general lower density of nucleation centers, in turn resulting in larger size of 

rotational domains. Additionally, TEM-combined-atom probe tomography (APT) investigation was 

conducted on two samples already studied with TEM, i.e., ūSiH4 = 5 and 15 sccm. APT, more spatially 

resolved and sensible to the Si concentration w.r.t. the already discussed TEM/EDX one, can provide 

a precise spatial information of the detected chemical species, giving the chance, for example, to 

investigate possible elemental accumulations at extended defects sites. The specimens, prepared with 

FIB technique, were obtained from the surface region, i.e., far from the SiOx precipitates identified 

in the vicinity of epi-layer/substrate interface. Dark and bright field TEM images of the lamellae [see 
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Figure 4.9 (c1-2) and (d1-2)] were acquired before and after APT [the volume investigated highlighted 

by the shady area in Figure 4.9 (c3-d3)] From TEM dark field, higher density of planar defects [APBs] 

is detected for the 5 sccm sample, i.e., smaller rotational domains, reasonably related to the domains 

border walls. However, the precise quantification of Si in the volumes investigated resulted in an 

homogeneous distribution in the investigated volumes, i.e., Si-accumulations or SiOx precipitates are 

not detected no matter the high density of defects; for the ūSiH4 = 15 sccm sample, only a slight 

difference in the Si concentration, i.e., 0.95% and 1.25%, is detected for two different investigated 

regions, attributed to two different rotational domains.   

4.1.2.4 In-plane transport properties 

To assess the effect of Si over the in-plane transport properties of the ə-Ga2O3 layers, all 

samples were characterized at RT via 4-point probe Van der Pauw configuration for resistivity and 

Hall measurements. To do so, four metal contacts (Ti/Au or SnO2-x/ITO/Au) were deposited via RT 

magnetron sputtering at the corners of the square shaped samples; the four contacts were then soldered 

with Ag paste to Cu wires for the instrument set-up purposes. The resistivity of some selected samples 

was also investigated in the 10-300 K temperature range. The RT values of ɟ [ɋcm], ɛ [cm2V-1s-1] 

and n [cm-3] are reported in Figure 4.10 (a), (c) and (d), respectively, for increasing ūSiH4.  

The ɟ is following a trend similar to the FWHM values [see Figure 4.7 (c)], showing a steep 

decrease, i.e., ɟ going from å 103 ï 104  ɋcm down to å 10-1 ɋcm when the ūSiH4 is increased up to 

7.5 sccm. A further increase of ūSiH4 did not seem to induce significant variation of the ɟ values, i.e., 

steady plateaux value of å 0.5 ɋcm. The scattering of the ɟ values for the three different UID (ūSiH4 

= 0) samples could be related to different unintentional Si-background levels from growth chamber 

memory (prior Si-doped layers growths). Moreover, the relatively low ɟ values w.r.t. the ones reported 

for UID ə-layers131 is related to the H2 used as carrier gas (aspect discussed in detail in Chapter 6). 

The behaviour in temperature of ɟ was also investigated for three different samples, i.e., ūSiH4 = 0, 5 

and 15 sccm, and it suggested the electronic conduction to be dominated by VRH mechanism. Indeed, 

the ln(ɟ) for the three investigated samples reported as Mottôs plots, i.e., ln(ɟ) vs. T-1/4, in Figure 4.10 

(b), are showing a double linear slope behaviour, as already recorded for Si-doped ə-Ga2O3 layers 

and attributed to two distinct VRH mechanisms of transport prevailing at low and high T, 

respectively.102,131  

The RT ɛ on the other side increases from å 1 up to å 10 cm2V-1s-1 [see Figure 4.10 (c)] when 

increasing the ūSiH4. Mobility values in this range are typically associated to a transport between 

localized states. Vice versa, the RT n is showing the opposite trend, decreasing from å 3-5 Ͻ1018 down 

to å 1Ͻ1018 cm-3 [see Figure 4.10 (d)] when increasing ūSiH4. 
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Figure 4.10 (a) RT electrical resistivity ɟ and (b) ln(ɟ) vs. T-1/4 for three samples deposited with ūSiH4 =  0, 5, and 15 

sccm (c) RT mobility ɛ and (d) RT charge carrier density n extracted from van der PauwïHall electrical measurements 

of Si-doped ə-Ga2O3 layers as a function of the ūSiH4 provided during the deposition. Samples highlighted with green 

arrows in (a), (c) and (d) were further investigated with TEM. Figure readapted from ref. [58]. 

Noteworthy, the Hall effect measurement in combination with the APT results unveil an 

extreme high level of compensation. Particularly, for ūSiH4 = 15 sccm sample, APT detected a 1% Si 

concentration, while Hall data highlights a net electron concentration n in the 1018 cm-3 range, i.e., 

about two orders of magnitude lower with respect to a 100% extrinsic dopant efficiency . Moreover, 

it is also found that increasing the dopant concentration generally leads to a decreasing trend of n. 

This could point towards a higher compensation accompanying the increase of silane; nonetheless, a 

dedicated study (e.g., Hall measurements in temperature) would be important to further clarify this 

aspect. On the other side, the ɛ increase with ūSiH4 can be justified by the rising of hopping probability 

which could be tentatively connected to the general enlargement of the domains.  



52                                                                                                                                            Chapter 4 

 

4.1.2.5 Raman spectroscopy 

An independent further characterization of the undoped and Si-doped ə-Ga2O3 layers was 

conducted with Raman spectroscopy in back-scattering geometry from sample surface and edge. The 

surface measurements were performed on all the samples investigated with TEM and APT, i.e., ūSiH4 

= 0 ï 5 ï 15 ï 17.5 sccm, with a 633 nm laser wavelength. The edge measurements were performed 

on the same ūSiH4 = 0 ï 5 ï 15 sccm and on an additional 10 sccm layer, with a 532 laser wavelength 

in parallel polarization to the c-plane. All the spectra are the result of 60 accumulations of 10 s each 

in order to increase the signal/noise ratio. Moreover, each spectrum underwent a baseline, air 

spectrum subtraction and normalization on the most intense substrate peak, i.e., 417 cm-1. Indeed, as 

reported in Figure 4.11, the air signal is showing high density of Raman modes in the region 50 ï 150 

cm-1, i.e., the region most interested by the orthorhombic Ga2O3 Raman active modes.
148  

 

Figure 4.11 Raman spectrum of air acquired with ɚlaser = 633 nm.  

Figure 4.12 (a) and Figure 4.13 (a) reports the Raman spectra acquired in surface and edge 

back-scattering configuration, respectively. The spectra are vertically shifted for sake of clarity. Only 

the Raman modes (RM) of the orthorhombic ə-Ga2O3 are detected apart from the sapphire ones, in 

both set-up. In the edge configuration, the contribution of the substrates is less prominent, hence the 

ə-Ga2O3 RM are more defined. Nevertheless, both analysis highlighted two main aspects: (i) a change 

of the relative intensity of some of the Raman modes, i.e., 82 cm-1 and 113 cm-1, between the 

nominally undoped and Si-doped samples, [see insets of Figure 4.12 (a) and Figure 4.13 (a)]; (ii) after 

the identification of the more defined ə-Ga2O3 RMs detected in both the acquisition configurations 

[see colour/shape labelling in Figure 4.12 (a) and Figure 4.13 (a)], a gaussian fit of the peaks was 

performed and the trend of each peak width [FWHM] vs. ūSiH4 was evaluated. As reported in Figure 

4.12 (b) and (c) and even more clear in Figure 4.13 (b) and (c), the peak width of all Raman modes 

is decreasing for increasing ūSiH4, i.e., increasing mean domain size. 
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Figure 4.12 (a) Raman surface spectra (ɚlaser = 633 nm) for the ə-Ga2O3 samples deposited at   π υ ρυ

ρχȢυ ίὧὧά. In the inset close-up on the two peaks at å 82 and 113 cm-1 for the undoped and 15 sccm samples. (b) and 

(c) the fitted peak widths vs.    (colour/shape match with the symbols reported on the Raman spectra); this analysis 

is performed on selected peaks, i.e., the ones clearly visible in both acquisition configurations (see Figure 4.13) and split 

in two different graphs for sake of clarity. Image reproduced from ref. [58]. 

The peak width narrowing for increasing mean size of the rotational domains can be related 

to the phonon mean lifetime being affected by the different rotational domain size. Indeed, for the 

undoped layer, i.e., 5 - 20 nm mean size, the phonon diffusion length and lifetime is diminished by 

scattering phenomena happening at the domains borders, resulting in the broadening of the peak 

width. On the contrary, in the layers characterized by wider domains, i.e., ūSiH4  = 5 sccm, the phonon 

propagation is less affected by the borders scattering, hence a steep decrease in the peak width was 

observed. For even larger domains, i.e., > 100 nm, the effect is less evident since other scattering 

mechanisms can affect the phonons lifetime.  
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Figure 4.13 (a) Raman edge spectra (ɚlaser = 532 nm) for the ə-Ga2O3 samples deposited at   π υ ρπ

 ρυ ίὧὧά. In the inset close-up on the two peaks at å 82 and 113 cm-1 for the undoped and 15 sccm samples. (b) and (c) 

the fitted peak widths vs.    (colour/shape match with the symbols reported on the Raman spectra); this analysis is 

performed on selected peaks, i.e., the ones clearly visible in both acquisition configurations (see Figure 4.12) and split 

in two different graphs for sake of clarity. Image reproduced from ref. [58]. 

To conclude, in the work described it has been provided (i) a direct proof of the rotational-

domains mediated anisotropy of the in-plane vs. out-of-plane conductivity: (ii) a possible strategy to 

mitigate the effect of rotational domains, i.e., enlargement of their mean size with ūSiH4; (iii) an 

interpretation of the role of the structural defects over the in-plane transport properties of Si-doped ə-

Ga2O3 and (iv) a comprehensive analysis through non-destructive techniques, i.e., XRD and Raman, 

to address the crystal quality of the layers characterized by rotational domains. 

4.2 Study of SnO/ὑ-Ga2O3pïn diodes in planar geometry  

In the second work mentioned in the introduction of this chapter, a device structure has been 

analysed: the SnO/ə-Ga2O3 p-n diodes in planar geometry.  

The MOVPE growth of the Si-doped ə-Ga2O3 layer was performed by M. Bosi, L. Serravalli 

and P. Mazzolini (IMEM - Parma). The MBE growth of the SnO layer was performed by K. Egbo 

(PDI). The metal contacts deposition and etching/lithography processes were performed by A. 
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Tarahoui (PDI). The RT I-V characteristics and their data elaboration were performed directly by the 

candidate with the support of S. Vantaggio, A. Parisini and P. Mazzolini (UniPr). The temperature 

dependence I-V measurements as well as data interpretation were performed by P. R. Kalvani and A. 

Parisini (UniPr).  

The structure of the device, reported in Figure 4.14 (a), foresees a 500 nm thick layer of 

MOVPE grown Si-doped ə-Ga2O3 grown on top of c-oriented Ŭ-Al2O3. As seen in the previous 

section, the Si-doping of ə-Ga2O3 has been obtained via injection of a diluted mixture of SiH4 and H2 

in the growth chamber. The n-type conductivity of the Si:ə-Ga2O3 has been confirmed by RT Van der 

Pauw method. The layer was characterized by a Hall density n = 3.7Ͻ1018 cm-3, Hall mobility ɛ = 4 

cm2V-1s-1 and a resistivity ɟ = 0.4 ɋcm. After the n-type layer characterization, a 150 nm thick p-type 

(001) SnO layer was grown on top of the ə-Ga2O3 via PAMBE (growth technique described in section 

3.1.2). The details of the growth are reported in the reference.157 As depicted in Figure 4.14, vertical 

squared mesa structures of the SnO layer (in red) are then isolated and Ti/Au ohmic metal 

contacts143,157 are deposited on top of the Si:ə-Ga2O3 and SnO layers (mesa structure isolation and 

metal contacts deposition techniques already described in the section 4.1.1). The mesa geometries are 

the same reported in Table 4.2. The characterization of the diodes has then been conducted via RT 

and temperature dependent I-V characteristics in the two-point probes configuration. 

 

Figure 4.14 Schematic representation of the SnO/ə-Ga2O3 pn diode. In the dashed frame, sketch of one of the four Si:ə-

Ga2O3 conduction channels at the bottom of each diode, between the p-type SnO mesa structure and the Ti/Au ohmic 

contact. The geometrical parameters of the channels, i.e., w and d, are known for each mesa as reported in Table 4.2 

while t is the thickness of the n-type Si:ə-Ga2O3. 
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4.2.1 RT I-V characteristics 

The RT I-V characteristics were acquired to confirm the rectifying behaviour of the SnO/ə-

Ga2O3 p-n diodes. The measurements were performed using a micromanipulator station (details 

reported in section 4.1.1). The I-V characteristic of two/three geometrically identical diodes are 

acquired for statistical purposes. Figure 4.15 (a) and (b) reports the I-V characteristics of the four 

different mesa/diode sizes in linear and semilogarithmic scale, respectively 

 

Figure 4.15 (a) and (b) the I-V characteristics of the four mesa/diode size are reported in linear and semilogarithmic 

scale, respectively. (c) the S1V and Rmean vs. mesa lateral size are reported on the left and right y axes, respectively. Both 

S1V and Rmean showed a certain scattering within the set of diodes analysed and that is reported through their standard 

deviation. This can be due to in-homogeneity of the sample, i.e., thickness gradient, and/or imperfect Ti/Au 

metallization (some diodes were slightly damaged when observed at the optical microscope). 

In the linear graph in Figure 4.15 (a), the rectifying behaviour of the diodes is confirmed. The 

rectification ratio at +/- 1V was calculated according to Equation 4.5. The S1V values, averaged on the 

different diodes of same geometry analysed, are reported in Figure 4.15 (c) on the left y axes, with 

their standard deviation, as function of the mesa lateral size w. The values reported, even though are 
































































































































































