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ATOMIC LAYER DEPOSITION AND PROPERTIES OF GALLIUM AND TIN 

OXIDE-BASED THIN FILMS 

Thin films are the backbone of modern industries and the drivers of next-generation 

technological innovations. In this thesis, gallium and tin oxide based thin films and 

heterostructures were studied. The films were synthesised by atomic layer deposition using 

GaI3-O3 and SnI4-O3 as precursors. The growth, elemental and phase composition of the films 

were analysed and correlations between those and the optical and electrical properties were 

investigated. The study showed that the growth rates of Ga2O3 and SnO2 depended on the 

surface and starting from certain layer thicknesses, the thin films did not mix but formed smooth 

layered heterostructures. The optical and electrical properties depended on the composition and 

structure of the films, where a significant effect was seen for resistivity values of the thin films. 

The work demonstrates that materials with improved properties can be prepared by mixing 

gallium and tin oxide. 

Keywords: Atomic layer deposition, gallium oxide, tin oxide, heterostructures, thin films 

CERCS codes and names: T150 Material technology; T155 Coatings and surface treatment; 

P265 Semiconductor physics. 

GALLIUM- JA TINAOKSIIDIL PÕHINEVATE AATOMKIHTSADESTATUD 

KILEDE OMADUSED 

Õhukesed kiled ja struktuurid on kasutuses igas kaasaegses tööstusharus ning on uue põlvkonna 

tehnoloogiliste uuenduste eestvedajad. Selles magistritöös uuriti aatomkihtsadestusmeetodiga 

valmistatud Ga2O3 ja SnO2-l põhinevaid ühe- ja mitmekihilisti struktuure, kus lähteainetena 

kasutati GaI3-O3 ja SnI4-O3. Selleks viidi läbi kilede kasvu, koostise ja struktuurianalüüs ning 

uuriti, kuidas tulemused mõjutasid materjali optilisi ja elektrilisi omadusi. Tulemused näitasid, 

et Ga2O3 ja SnO2 kasvukiirused sõltusid kasvualusest. Lisaks nähti, et alates teatud paksusest, 

õhukestest kihtidest koosnev struktuur ei segunenud, vaid moodustus õhukestest siledastest 

kihtidest koosnev heterostruktuur. Mõõdetud optilised ja elektrilised omadused olenesid kilede 

koostisest ning struktuurist, millede muutumise korral oli suurt mõju näha just kilede 

eritakistuste väärtustele. Töö näitab, et gallium- ja tinaoksiidi omavahelisel segamisel on 

võimalik valmistada parendatud omadustega materjale. 

Võtmesõnad: Aatomkihtsadestus, galliumoksiid, tinaoksiid, heterostruktuurid, õhukesed kiled 

CERCS koodid ja nimetused: T150 Materjalitehnoloogia; T155 Pinded ja pinnatehnoloogia; 

P265 Pooljuhtide füüsika. 
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1 INTRODUCTION 

Semiconductors shape the future of electronic and optoelectronic technologies and are used in 

all modern industries [1]. While silicon, the most used semiconductor has been around since 

the 1950s, its physical constraints have shifted the attention to other materials that withstand 

environments where Si works inefficiently. These materials are wide band gap (WBG) 

semiconductors, such as silicon carbide or gallium nitride, that are predicted to surpass the 

performance of silicon [2]. Interestingly, a fourth-generation WBG compound, gallium oxide 

has captured interest as the demand for higher-performance and more efficient electronics has 

grown significantly [3].  

Gallium oxide (Ga2O3) is a WBG semiconductor material with potential applications in gas 

sensors, high-power and high-voltage electronics and ultraviolet (UV) photodetectors [4]. 

Furthermore, possibilities of using Ga2O3 as a photocatalyst for water-splitting have been 

studied [5, 6]. Its high breakdown voltage [4], superb thermal stability, and deep UV absorption 

make it a promising material for electronic and optical devices [7]. 

Previous studies have found that Ga2O3 has at least 6 polymorphs: corundum α, monoclinic β, 

spinel γ, cubic δ, hexagonal ε and orthorhombic κ [8]. Among these, β-Ga2O3 is 

thermodynamically most stable and has been studied most extensively. However, it has been 

demonstrated that the properties of Ga2O3 can largely depend on the crystal structure and phase 

composition of the deposited thin films [9, 10]. Recently, the metastable phases have started to 

gain interest due to potentially having superior properties compared to β-Ga2O3. For instance, 

α-Ga2O3 is known for its high density and highest bandgap (Eg) values among all phases [11]. 

Outstanding photocatalysis and luminescent properties are attributed to γ-Ga2O3 and according 

to first-principle studies, both κ- and ε-Ga2O3 phases possess spontaneous polarization and 

ferroelectric properties suitable for piezoelectric devices [4]. In addition, the densities of κ- and 

ε-Ga2O3 are relatively similar to that of α-Ga2O3, in the range of 5.88 – 6.1 g/cm3 [8, 12]. 

However, achieving crystalline thin films of metastable Ga2O3 phase is quite challenging and 

either annealing or a suitable substrate is needed for the growth. Yet, annealing is not favourable 

for synthesising metastable Ga2O3 because most of the phases tend to recrystallize into β-phase 

upon thermal treatment at approximately 700 °C. Hence, different substrates are used, such as 

sapphires with different orientations that facilitate the growth of specific metastable phases 

[13]. Si(100) is another common substrate material that has been used for β-Ga2O3 deposition 
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[14, 15]. Nevertheless, little is known about the growth of metastable phases on bare Si(100), 

so this work aims to fill that void.  

Tin oxide (SnO2) is a WBG semiconductor material that has found usage in solar cells, 

transparent conducting oxides (TCOs), gas sensors, and catalysis [16]. These versatile 

applications are owing to its beneficial characteristics – SnO2 has a density of 6.95 g/cm3 [17], 

Eg of approximately 3.6 eV, high transmittance (~85%) [18] and refractive index of 

approximately 2.05 at 633 nm [19, 20], which can be influenced by deposition methods and 

parameters [21]. SnO2 is an n-type semiconductor due to interstitial tin atoms and oxygen 

vacancies and can be easily doped to tune its properties for different applications. 

There are multiple methods for preparing Ga2O3 and SnO2 thin films, for instance, pulsed layer 

deposition (PLD) [22], metal-organic chemical vapour deposition (MOCVD), radio frequency 

magnetron sputtering (RFMS) [23] and atomic layer deposition (ALD) [12, 19]. Among these 

methods, ALD is favoured for its remarkably effective control over the film composition, which 

allows efficient study of the influence of doping of various materials on their properties [24]. 

Intentional doping is a method that is used to tailor the properties of a material for various 

applications. In the case of semiconductors, electrical, optical, and structural properties are 

commonly enhanced. In this work, the influence of doping on material properties is studied by 

varying the cation concentration in the gallium-tin-oxide (GTO) based thin films. For that, two 

recently introduced precursor combinations for ALD – GaI3-O3 and SnI4-O3 – are used, in 

which case the only impurity element in the films can be iodine.  

Knowing the optical parameters of the transparent oxides and their dependence on the 

wavelength of light is crucial for engineering optoelectronic devices [25]. Depending on the 

phase, Ga2O3 can have Eg in the range of 4.0 – 5.6 eV. The refractive index n can vary from 1.7 

– 1.9 for amorphous films, 1.96 for κ/ε-Ga2O3 [12] and 1.68 – 1.89 for β-Ga2O3 [8, 26]. 

Interestingly, these properties can be enhanced by incorporating Sn into Ga2O3. However, only 

a few studies have been conducted about the effect of Sn doping on Ga2O3 n values, specifically 

[27, 29]. Shen et al [28] reported that the content of Sn in the Ga2O3 thin films is a major factor 

that affects their refractive indices, where they noticed that n value decreased when increasing 

the level of Sn. On the contrary, film with 50% Sn content had the highest n value, which was 

thought to be due to the SnO2 phase emerging at high Sn concentrations. The extinction 

coefficient (k) of a material is a key factor in the fabrication of optoelectronic devices as it 

shows the amount of energy loss of light in the films [30]. As k becomes zero from a specific 
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wavelength, the material exhibits almost full transparency. Previously, Shen et al also found 

that the k of Ga2O3 became larger as the doping level of Sn increased and close to zero values 

were observed from 340 nm wavelength. Evidently, the findings confirm doping as a viable 

method for adjusting the optical properties.  

The introduction of impurities is the most used technique for altering the conductivity of 

semiconductors [31]. Control over the electrical properties is a crucial aspect of semiconducting 

oxides as their conductivity affects the range of suitable applications. Ga2O3 has an intrinsic n-

type conductivity and is generally classified as a highly resistive semiconductor [32]. However, 

numerous studies have shown that its conductivity can be effectively tuned through doping or 

by altering the growth parameters. For instance, Zhang et al [22] showed that the resistivity (ρ) 

of β-Ga2O3 could be varied from 102 to 105 Ωcm just by adjusting the oxygen and nitrogen 

pressures during PLD. Nevertheless, doping has become the primary method for modifying 

electrical properties. Mainly group IV elements, such as Si, Ge and Sn are used as external 

dopants [33], but elements including Fe, Nb, Ta, Al [33] and Zn [34] have also been studied. 

Zhang et al [35] reported that using Fe as a dopant increased the ρ up to 2.631011 Ωcm, 

resulting in an insulating material. However, low resistivity is preferable for applications that 

need large electric currents, such as UV-transparent electrodes for UV light-emitting diodes 

[36]. In previous work, Parisini et al [9] presented low resistivity values for Si- and Sn-doped 

ε-Ga2O3 thin films – 1 and 10 Ωcm, respectively. Furthermore, Vijayan et al [27] saw that the 

conductivity of β-Ga2O3 single crystals increased up to 21.4 (Ωcm)-1 when doped with Sn (up 

to 20 wt%). Additionally, a decrease of resistivity by almost 10 orders of magnitude was 

demonstrated by increasing the concentration of Sn from 1% to 10%, according to Mi et al [37].  

However, raising the Sn concentration above 10% showed increasing resistivity values, which 

were thought to emerge due to lower crystalline quality and charge carrier scattering from the 

defects. 

Various elements have been studied for SnO2 doping, such as Fe, Ni [38], Ga [39], and In [40]. 

In-doped SnO2 is a widely used material in TCOs, displays, solar cells etc [40], owing to 

enhanced optical and electrical properties [41]. Similarly to In, Ga is a IIIA group element and 

they both act as acceptors if they occupy a Sn site in the lattice, theoretically leading to an 

improved carrier conductivity [42, 43]. In a previous study by Sivakumar et al [39], the sheet 

resistance and electrical resistivity of Ga-doped SnO2 thin films were analysed. It was found 

that the sheet resistance and resistivity increased with growing Ga content due to the increasing 

number of grain boundaries and electron traps. Furthermore, the effect of In and Ga doping 
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concentration on SnO2 resistivity has been studied by Mogilatenko et al [44]. It was seen that 

at certain Ga doping concentrations, the resistivity of SnO2 increased by a few orders of 

magnitude. The phenomena were thought to arise due to the compensation of donors by Ga 

acceptors. Further increasing the concentration led to the formation of secondary phases, 

lowering the resistivity. These results demonstrate that doping is a feasible method for altering 

the properties of thin films. 

Binary gallium oxide thin films have potential applications in high-power electronics, TCO’s 

and optoelectronic devices. However, the use of non-doped Ga2O3 is limited by its low 

conductivity, relatively small range of light absorption and difficulty in synthesising metastable 

phases. Hence, this master’s thesis aimed to analyse how the composition of gallium and tin 

oxide influence the growth and structural, optical, and electrical properties of the thin films. 

Particularly, it focused on the properties of κ-Ga2O3 and ε-Ga2O3 phases that have been studied 

to a markedly lesser extent than the β-Ga2O3 phase. The first goal of the thesis was to analyse 

the effect of Sn concentration on phase composition and crystallinity of doped Ga2O3 thin films 

and Ga2O3-SnOx-based (GTO) heterostructures. The second objective was to evaluate the 

influence of Sn-doping on the refractive index and extinction coefficient. Lastly, this thesis 

aimed to investigate the impact of Sn concentration on the thin films’ resistivity.  

In this work, the author contributed to the preparation of the thin films by placing samples into 

the chamber, taking them out and using the ALD control software. The author took part in the 

characterisation of the films’ growth, composition, structure and optical parameters of binary 

Ga2O3, SnO2, and GTO thin films using quartz crystal microbalance, X-ray fluorescence, X-ray 

diffraction, X-ray reflectivity and spectroscopic ellipsometry. With these methods, the author 

placed the samples into the devices, used control software and analysed the obtained data. The 

surface resistivity values of the thin films were evaluated by measuring the voltage function of 

the distance with 4 probes, where the author had their part in setting up the right measurement 

configuration, using LABVIEW software, measuring the voltages and analysing obtained data.  

The first section of the thesis gives an overview of the used materials and their properties. ALD 

principles and material characterization methods are described in the second part. The third 

section gives an outline of the thin film deposition and sample characterization parameters. The 

fourth section presents the results and analysis of the findings, followed by the summary in the 

fifth part.  
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2 LITERATURE OVERVIEW 

2.1 Atomic Layer Deposition 

Atomic layer deposition is a chemical vapour deposition method based on a self-limiting 

reaction of two or more gaseous precursors at a solid sample surface, allowing to deposit thin 

films with atomic thicknesses, high quality and superb repeatability. One of the main 

advantages of ALD is that it is not confined to only 2D substrates but is rather efficient in 

covering complex 3D shapes in a uniform material layer as well [45–48]. Consequently, ALD 

has found its purpose in a vast range of applications, varying from microelectronics to medical 

coatings [49]. The atomic layer deposition technique was patented by Dr. Tuomo Suntola and 

colleagues in the 1970s, when there was a need for thin films in flat-panel displays [50]. 

Nowadays, ALD has developed into an invaluable method and is vastly used for depositing 

dielectric and metal films. In addition, different 3D structures, for instance transistor gates and 

nanoporous surfaces can be fabricated with it [46]. In the energy industry, ALD is used for solar 

cells, fuel cells, and batteries for the deposition of different barriers and conducting thin films 

[50, 51]. In optical applications, ALD enables to deposit thin films that are used as antireflection 

or high-reflection coatings [52].  

The deposition of a material layer takes place in a stepwise manner (Fig. 1) [46]. An ALD cycle 

consists of four major processes. Firstly, one of the precursors is introduced into the ALD 

chamber, where it reacts with the sample surface until the surface saturates. Secondly, the 

excess precursor and by-products are purged by an inert carrier gas. Thirdly, the second 

precursor is pumped into the chamber, where it reacts with the sample surface and activates it 

so the first precursor can react with it again. Fourthly, the by-products and non-reacted material 

are purged again, preparing the surface for the next cycle. This way, a part of the monolayer is 

formed, where after each cycle the surface is covered with the same functional groups as in the 

beginning, allowing to repeat the cycle. As all these steps are self-limiting on the surface, the 

processes can be cycled until a needed thickness of the thin film has been reached [42, 49].  
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Figure 1. A scheme of atomic layer deposition cycle processes.  

 

2.2 Deposition of ternary compounds using ALD 

Atomic layer deposition of semiconductive oxides with more than one metal precursors has 

become a subject of interest for its ability to control the doping level and composition of 

deposited films [53]. Doping is used to tune the properties of the host material. The effect of 

tuning depends on the dopant content and can have different effects at low and high 

concentrations. Low concentrations are typically used to enhance the optoelectronic properties, 

while high concentrations can significantly change the crystallinity and band structure of the 

films.  

When the number of cycles for the dopant precursor is a lot smaller compared to the host 

precursor material, the dopant atoms are more likely to mix into the structure of host material, 

resulting in a doped material [53]. Contrary to doping, superlattices can arise when the number 

of the precursor materials cycles is comparably large, which promotes the formation of discrete, 

sequentially alternating layers. The layered structure gives the possibility to regulate structural, 

optical, and electrical properties [54, 55]. ALD-based Sn-doping of Ga2O3 has been extensively 

studied, while the formation and characterization of different GTO heterostructures and 

superlattices has been investigated significantly less [56, 57].  
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2.3 Thin Film Characterization Techniques 

The evaluation of the functional properties of SnO2, Ga2O3 and GTO thin films was done using 

different characterization methods. These techniques provide a comprehensive overview of the 

films’ structural, optical, and electrical behaviours and give an understanding of the influence 

of doping concentration and growth conditions on the film properties. 

 

2.3.1 Real-Time Characterization of Thin Film Growth 

Real-time characterization of the ALD process is used to tune the deposition parameters to 

optimize the quality of the thin films and the efficiency of the deposition process [58]. Mostly, 

Spectroscopic Ellipsometry (SE) [59], Fourier Transform Infrared Spectroscopy (FTIR) [60], 

X-ray Photoelectron Spectroscopy (XPS) [61], Quadrupole Mass Spectroscopy (QMS) [62], 

and Quartz Crystal Microbalance (QCM) [63] methods have been employed. 

In this work, the ALD process and thin film growth were characterized by the QCM method. 

QCM is based on a piezoelectric effect arising from the changes in the oscillation of a quartz 

crystal when a mass is deposited onto the crystal's surface. From the decrease of the oscillation 

frequency, the deposited mass quantity can be measured [64]. QCM also allows for analysis of 

the precursor adsorption and desorption at the surface, which can be observed from the mass 

changes (Δm1 and Δm2 in Fig. 2). The overall mass growth during one growth cycle can be 

determined as Δm1 - Δm2.  

 

Figure 2. QCM signal as a function of time in GaI3-O3 ALD process.  
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2.3.2 Composition of the Thin Films  

The elemental composition of thin films can be characterized with various methods, such as 

energy dispersive X-ray spectroscopy (EDX), XPS [65], and X-ray fluorescence (XRF) [63].  

In this thesis, the composition of deposited thin films was analysed with XRF. It is a non-

destructive method based on measuring the emitted fluorescent X-rays that emerge during the 

interaction between radiation and a material. The incident radiation can have energy high 

enough to eject electrons from the inner orbitals of an atom, making it unstable. To return to its 

lowest energy state, a higher orbital electron falls to the inner orbital and releases energy equal 

to the difference between the two orbitals. Since the released energy is characteristic of every 

element, we can measure the emitted secondary X-rays and associate them with specific 

elements [66]. In addition to qualitative analysis, XRF also allows quantitative analysis, where 

the measured radiation is converted into elemental concentrations [67].  

2.3.3 Phase Composition Analysis 

Information about the phase composition, crystal structure and crystallinity of thin films can be 

obtained with various techniques, for instance Raman spectroscopy [68], XRD [63, 65], X-ray 

Reflectivity (XRR) [28], Grazing Incidence X-ray diffraction (GIXRD) [12], and Reflection 

High-Energy Electron Diffraction (RHEED) [69].  

When radiation with a wavelength similar to the distance between crystal planes interacts with 

a material, the radiation scatters and creates rays that interfere with each other in either a 

destructive or constructive manner, also known as diffraction. Diffraction takes place mostly in 

highly ordered samples, so it is very commonly used for crystalline sample analysis [70]. 

Constructive interference happens when the scattered rays are in the same phase, which is 

described by Bragg’s law: 

 

nλ=2dsinθ  (1) 

 

where n is an integer, λ is the wavelength of the radiation, d is the distance between crystal 

planes and θ is the diffraction angle [70]. 

 

For typical XRD, θ is rather large, which allows the radiation to interact with the material at 

deeper levels. However, the conventional XRD is not suitable for thin film analysis due to 
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mostly going through the film and producing interference from the substrate. To diminish the 

interference from the substrate, very small diffraction angles (commonly under 3°) can be used 

that allow the radiation to graze the surface or a very thin layer of the material. That way, the 

radiation interacts with the material’s upper layers, providing information mostly about the thin 

film and surface structure [71]. For that reason, GIXRD was used in this work to analyse the 

crystal structure, crystallinity and phase composition of the thin films. 

 

  

Figure 3. XRR patterns of films deposited at TG = 300 °C with (orange) interdiffused layers 

and ALD cycle composition of 1 cycle of GaI3-O3 per 1 cycle of SnI4-O3 and (blue) a 

superlattice structure with ALD cycle composition of 10 cycles of GaI3-O3 per 1 cycle of SnI4-

O3.  

XRR is a non-destructive method used for the analysis of density, thickness and roughness of 

single and multilayer thin films [72]. The principles of XRR are similar to GIXRD – the incident 

radiation is focused onto the sample at very low angles, which after interacting with the material 

either reflects from the surface or individual interfaces in the material. The interference of those 

partially reflected x-rays creates a characteristic reflectometry pattern [73] (See Fig 3). The 

pattern consists of oscillations that give information about the thickness and roughness. Density 

can be calculated from the first drop of the profile, known as the critical angle [72]. XRR 

analysis can also detect the existence of superlattice structures, as they can show characteristic 

diffraction peaks that form when the radiation reflects from layers with different densities. The 

periodicity of the peaks corresponds to the total thickness of the repeating unit of the 

superlattice [74]. 
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2.3.4 Optical Parameters  

The optical properties of thin films can be characterized by various methods, for instance SE 

[12], Photoluminescence Excitation Spectroscopy (PLE) [75], and Spectrophotometry [76, 77]. 

Spectroscopic ellipsometry is a non-destructive optical technique that is based on measuring 

the change in the polarization state of light when it is reflected from the surface or interfaces of 

a thin film. The change of polarization depends on the thickness, refractive index and extinction 

coefficient of the material. By knowing the difference of polarization of incident and reflected 

light, the former parameters can be determined [78]. A more detailed description of SE can be 

found at [79].  

2.3.5 Electrical Properties 

The resistance of thin films can be measured with contact methods, such as 2-point probe and 

4-point probe methods, but also with non-contact methods, for instance, Microwave Resonator 

and Terahertz Time-Domain Spectroscopy (THz TDS) [80]. In this work, a probe station was 

used to measure voltage as a function of distance between electrodes, which was used to 

calculate the resistivity.  

The 4-point probe method is commonly used to measure the resistance of thin films. In this 

case, the electricity is intended to travel along the film (surface) rather than pass through the 

object. The advantage of the 4-point probe method is that it eliminates the contact and wire 

resistances from the measurements [81].  

In this thesis, the resistivity (ρ) of the films was calculated from the measured voltage values 

with the following formulas: 

𝑅 =  
∆𝑈

𝐼
 

(2) 

where R is resistance, I denotes the applied current and ΔU is the measured voltage between 

electrodes.  

Resistivity was then calculated as: 

𝜌 = 𝑅 ∗
𝐴

𝑙
 

(3) 

where ρ is the resistivity of the film, R is the calculated resistance, A denotes the cross-section 

area under the electrode and l describes the distance between the electrodes.  
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3 EXPERIMENTAL PART 

3.1 Deposition of Ga2O3, SnO2 and Ga2O3-SnO2 Based Thin Films 

Ga2O3, SnO2 and Sn-doped Ga2O3 thin films were synthesized on Si(100) and SiO2 substrates 

at growth temperatures (TG) of 150-500 °C using laboratory-made ALD reactor [82]. Si(100) 

and SiO2 substrates were cleaned before inserting them into the reactor by submerging them 

into H2SO4:H2O2 5:2 solution at 80 °C for 30 seconds, followed by an ultrasound bath with 

distilled water for 5 minutes. After the ultrasound bath, Si(100) samples were etched for 30 

seconds in 5% HF solution, followed by 2 minutes of ultrasound bath. Ga2O3 was synthesized 

using GaI3 (Gallium (III) iodide, anhydrous, 99%, Strem Chemicals, Inc.) and ozone, while 

SnO2 was grown from SnI4 (Tin (II) iodide, 99%, Strem Chemicals, Inc.) and ozone. N2 (AS 

Linde Gas, 99.999%) was used as the carrier and purge gas (70 sccm). To obtain sufficient 

vapour pressure of GaI3 and SnI4, the sources of those precursors were heated up to 150 and 95 

°C, respectively, inside the reactor. Oxygen precursor (O3) was generated in a BMT 

Messtechnik 802N generator from O2 (AS Linde Gas 99.999%). The concentration for O3 

during the thin-film deposition was set at approximately 250 g/m3. The ALD cycle time 

parameters used for the deposition of binary Ga2O3 and SnO2 films were 5 s of metal precursor 

pulse, 2 s for the first N2 purge, 2 s for the O3 and 2 s for the second purge. The number of ALD 

cycles was fixed to 500. The temperatures of the GaI3 and SnI4 sources, process time parameters 

and O3 flow were chosen from the QCM studies made before the film deposition using a Q-pod 

quartz crystal monitor (Inficon). For the deposition of doped and mixed films, 1 to 20 GaI3-O3 

per 1 to 20 cycles of SnI4-O3 was applied. This kind of supercycle was repeated 17 to 250 times 

(App. 1). For electrical measurements, titanium-gold electrodes were deposited by electron 

beam evaporation (EBE) through a stripe shadow mask (Fig. 4) onto samples that were 

synthesised on SiO2 substrate. The length of the Ti-Au electrodes was set as 6 mm, while the 

width was 0.2 and 0.1 mm for two outer electrodes and four inner electrodes, respectively. Each 

electrode was separated with a fixed distance of 0.44 mm. The design of the shadow mask is 

shown in Fig. 4a and App. 2. 
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3.2 Sample Characterization 

The elemental composition of the thin film samples was analysed with an X-ray fluorescence 

spectrometer ZSX-400 (Rigaku Corp.). The phase composition of the deposited films was 

examined with a SmartLab X-ray diffractometer (Rigaku Corp.). Measurements were 

conducted with CuKα radiation generated at a tube power of 8.1 kW and at the incidence angle 

(ω) of radiation was 0.5° in GIXRD studies. Thickness, surface roughness, and density analysis 

was done by SmartLab X-ray diffractometer using the X-ray reflectivity mode. The fitting 

model for doped films was specified as a Si(100) substrate, SiO2 interface layer, a thin layer of 

Ga2O3 followed by a layer of Ga2O3-SnO2, where the content of each compound was defined 

from the ratio of subcycles (App. 3a). The model for films with SL structures consisted of a 

Si(100) substrate, a layer of SiO2 and two sets of alternating layers of Ga2O3 and SnO2, where 

the middle layers were set to multiply periodically equal to the number of supercycles (App. 

3b). A spectroscopic ellipsometer GES-5E (Semilab, Inc.) was used to evaluate the thickness 

and optical properties of the samples. The angle of incidence was kept at 75° and the wavelength 

range was 240–900 nm. Refractive index n, extinction coefficient k, and film thickness values 

were calculated from the data acquired from SE measurements. The obtained curves were fitted 

with the Tauc-Lorenz model, where the optical model was defined as a Si(100) substrate and a 

single layer of the investigated material. The voltage drop measurement values were acquired 

at Probestation MPS150 (Cascade Microtech) with Keithley 2636A sourcemeter. Electrical 

measurements were conducted in two different light modes – dark and UV light (265 nm). The 

UV LED was placed 2 cm above the sample during measurements. Constant current was 

applied to the furthest electrodes (1 and 6), and voltage was measured across electrodes 1 to 5 

(Fig. 4b). The measurement devices were connected to a computer and LABVIEW data system 

for automatic data recording. 

Figure 4. (a) Illustration of Ti-Au contacts on deposited films with SiO2 substrate and (b) the 

scheme of voltage measurement setup with 4 probes. 
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4 RESULTS AND DISCUSSION 

4.1 Growth of Ga2O3 and SnO2 Thin Films 

Real-time QCM studies were conducted before the growth experiments to characterise the 

deposition parameters and to optimise the film growth. This kind of study allowed to determine 

the right cycle times and sublimation temperatures (TS) to ensure the saturation of the growth 

needed for the self-limiting ALD processes. Figure 5 depicts the QCM patterns of binary Ga2O3 

and SnO2 thin films. For both precursors, the QCM studies were performed at TG = 150 °C with 

varying TS.  The lowest TS ensuring the adsorption saturation at acceptable GaI3 and SnI4 pulse 

duration were 133 °C and 93 °C, respectively. The obtained values for TS of both precursor 

combinations were a bit higher compared to previous works done in the same laboratory [19, 

63]. However, it is not surprising since a different ALD device with a different deposition 

configuration was used. In this case, one must consider that previously there have been 

demonstrated that even the change of the flow rate inside the reactor can influence the growth 

rate [83], or the length of the pulse duration can influence the film structure [84]. The optimal 

ALD cycle time parameters 5-2-2-2 s were found suitable for both GaI3-O3 and SnI4-O3 

processes. 

  

Figure 5. QCM signal recorded as a function of time for (a) GaI3-O3 and (b) SnI4-O3 processes. 

QCM signal has been converted to the mass growth from the XRF measurements. 

Elemental composition and the properties of binary gallium and tin oxide films deposited with 

500 ALD cycles were investigated to understand how the change of the TG affects the growth 

per cycle (GPC). The thickness values were acquired from SE analysis and ranged from 86.9 

to 108.1 nm for Ga2O3 and 88.5 to 136.1 nm for SnO2, respectively. The highest GPC for Ga2O3 
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was seen at 200 °C, being 0.216 nm/cycle. It decreased to 0.174 nm/cycle as the TG increased 

to 450 °C, reaching a small plateau between 450 and 500 °C (Fig. 6a). The concentration of 

iodine impurities was the highest in the films deposited at 150 °C, being about 3 at% (Fig. 6b), 

and was decreasing with increasing TG, reaching the XRF detection limit at TG = 400 °C. In this 

work, the GPC values measured for deposited Ga2O3 films were 30–60% higher compared to 

those presented in a previous work by Aarik et al [63], where an especially big difference was 

seen at TG = 500 °C. However, previous study has demonstrated that from TG >450 °C, the GPC 

will be more influenced by different deposition parameters. For instance, the existence of a 

thickness gradient depending on the sample position in the ALD chamber was seen and the 

effect increased with increasing TG.  

  

  

Figure 6. (a) The GPC of binary Ga2O3 and SnO2 films at varying TG, deposited with 500 ALD 

cycles, (b) Iodine concentration at different TG in the pure Ga2O3 and SnO2 films, (c) GIXRD 

patterns of binary Ga2O3 and (d) binary SnO2 films at different TG. 

The Ga2O3 films grown at TG <400 °C were X-ray amorphous (Fig. 6c), whereas ones deposited 

at TG >450 °C were starting to crystallize. In the case of the latter ones, it was possible to see 

reflections peaking at 19.4, 30.9, 38.9, 54.1, 62.5 and 71.9° that could be indexed as 002, 013, 
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004, 134, 135 and 136 reflections of κ-Ga2O3 [63]. However, as some of the reflections of ε- 

and κ-Ga2O3 phases overlap, the presence of either phase could not be excluded. Additionally, 

broadening of the 134 maximum and the disappearance of 004 reflection could be seen when 

the TG was increased from 450 to 500 °C. Furthermore, an additional reflection at 50.6° was 

observed that could be indexed as 015 of the κ-Ga2O3 phase, according to Aarik et al [63].  

On the contrary of the GaI4-O3 process, the GPC of SnO2 films deposited by SnI4-O3 had the 

lowest GPC value (0.174 nm/cycle) at TG = 150 °C and reached the maximum value of 0.27 

nm/cycle when the TG was increased to 300 °C (Fig. 6a). When further increasing the TG to 400 

°C, the GPC decreased and stayed on a plateau at about 0.23 nm/cycle up to 450 °C, where it 

further dropped as the TG was increased to 500 °C. One of the reasons for the low GPC could 

be the relatively high impurity concentration in thin films synthesised at TG = 150 °C, being 

about 7 at% according to the XRF measurements. Moreover, it needs to be considered that the 

GPC depends on the concentration of adsorption sites and/or the steric hindrance of the surface 

compounds, which is related to the amount of large iodide ligands adsorbed together with Sn. 

Therefore, as the concentration of iodine decreased with the increase of the TG (reaching a 

steady concentration of about 0.3–0.4 at% from 300–500 °C), it could have influenced the GPC 

as well (Fig. 6a-b).  

The GIXRD study revealed that the crystallization of SnO2 appeared at TG ≥ 300 °C, while the 

films grown at TG <300 °C were X-ray amorphous (Fig. 6d). The reflections observed at 26.7, 

34.1, 38.4, 52.1, 54.8, 62.2, 64.9, 66.3 and 78.9° could be indexed as 110, 101, 200, 211, 220, 

310, 112, 301 and 321, respectively, belonging to tetragonal SnO2 (JPDS No. 01-077-0447). 

However, an additional reflection was seen at approximately 24.8° that could not be identified. 

The same maximum has been previously assigned to monoclinic I2O5 in a work by Kalam et al 

[19], although, the concentration of iodine is too low for that in this work.  

An interesting result was the diminution of the intensity of the strongest reflection of the 

tetragonal SnO2 at 33.7° (101) and the increase of the 37.8° maximum, indexed as 200 that 

could be seen at TG = 300 °C. Nevertheless, the ideal powder XRD intensity of the 101 

reflection of tetragonal SnO2 should be about 4 times stronger than that of the 200 reflection 

(JPDS No. 01-077-0447), so one can conclude that it is related to the preferential orientation of 

crystallites. Furthermore, when increasing the TG from 400 to 500 °C, additional maxima at 

39.2, 58.1 and 71.5° emerged that could be indexed as 111, 002 and 202 for tetragonal SnO2 

(JPDS No. 01-077-0447). 
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4.2 Growth and the Phase Composition of Ga2O3-SnO2 Thin Films 

Thin films with different cation ratios were synthesised at TG = 300 and 450 °C to investigate 

how the concentration of Ga or Sn affects the growth and film properties. Those TG were chosen 

as the XRF and GIXRD (Fig. 6a-c) studies demonstrated different phase compositions in the 

binary Ga2O3 and SnO2 films with comparably low impurity concentrations. From here on, the 

cycles of GaI3-O3 and SnI4-O3 are denoted as G and S, respectively.  

  

Figure 7. (a) and (b) Sn-doped Ga2O3 thin films MGPC as a function of ALD cycle ratios and 

TG. The ALD cycle ratios are denoted as the fraction of S cycles to the sum of S and G cycles. 

The XRF study made for GTO films and heterostructures demonstrated that MGPC determined 

for Ga and Sn was remarkably dependent on the S/(S+G) ALD cycle ratio. For the films 

deposited at TG = 300 °C, the highest MGPC (0.099 μg/cm2 per cycle) was determined for Ga 

when the S/(S+G) ALD cycle ratio was 5/6 (Fig. 7a). Furthermore, when the number of 

sequential G cycles increased from 1 to 10 after an S cycle (Fig. 7a, S/(S+G) ALD cycle ratio 

1/1 to 1/11), the Ga MGPC decreased from 0.095 to 0.085 μg/cm2 per cycle. However, it was 

possible to see that when the number of the S cycles made before G cycles increased from 1 to 

10, the MGPC for Ga did not change significantly (Fig. 7a, S/(S+G) ALD cycle ratio 1/1 to 

10/11), where it stayed between 0.095 and 0.097 μg/cm2 per cycle, respectively.  

On the other hand, the MGPC for Sn was the highest in binary SnO2, about 0.13 μg/cm2 per 

cycle. The mass growth rate decreased as 1 cycle of G was added after every 10 cycles of S, to 

0.12 μg/cm2 per cycle. Interestingly, almost no change in the MGPC of Sn was detected when 

1 to 5 ALD cycles of S were deposited after 1 G cycle (Fig 7a, S/(S+G) cycle ratio 1/1 to 5/6), 

where the values remained between 0.109 and 0.107 μg/cm2 per cycle. However, the increasing 
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thickness of the Ga2O3 layer and ALD cycles of G made from 5 to 10 caused the increase in 

SnO2 growth rate from 0.108 to 0.113 μg/cm2 per cycle.  

Similarly to 300 °C, the MGPC of Ga was the lowest in the case of binary Ga2O3 films deposited 

at TG = 450 °C (Fig. 7b) and with the decreasing number of G cycles from 5 to 1, it increased 

from 0.085 to 1.13 μg/cm2 per cycle, respectively. Compared to the films deposited at 300 °C, 

the increase of the S cycles made before G cycles had a remarkable effect – by increasing the 

number of S cycles from 2 to 5, the MGPC of Ga already started to decrease and reached the 

value of 0.097 μg/cm2 per cycle when 5 cycles of S have been deposited before 1 cycle of G 

(Fig. 7b). Surprisingly, the growth rate of Sn increased when 1 cycle of G was deposited 

between 2 to 20 cycles of S, from 0.062 to 0.113 μg/cm2 per cycle, respectively (Fig. 7b). 

However, it could be seen that the growth rate decreased with increasing number of G cycles 

from 1 to 5 between 1 cycle of S, to 0.05 μg/cm2 per cycle. 

From these results, one can conclude that at both TG, there are more effective nucleation sites 

for gallium oxide when the surface is covered with a layer of at least 1 cycle of S. A similar 

behaviour has been observed previously in a work by Aarik et al [85] of Al2O3, deposited using 

AlCl3 and O3, where more than 3 times higher growth rate values were obtained at the surface 

of TiO2 than Al2O3. In this instance, one could argue that the differences in diffusion of two 

oxides and oxygen concentration on the surface or the reaction of one metallic precursor and 

another oxide, causing the formation of volatile compounds that are removed from the surface 

during the metallic precursor pulse, could be considered as logical explanations.  

 

GIXRD was performed to analyse the influence of film composition and TG on the structure of 

the GTO thin films. Based on those studies, the intensity of the reflections emerging at 38.5 and 

52.2° that could be indexed as 200 and 211, belonging to rutile SnO2, started to diminish when 

gallium oxide was introduced to the structure. At the same time, broadening of less intense 

reflections could be noticed for the films deposited at TG = 300 °C (Fig. 8a). Furthermore, a 

slight shift of about 0.2 degrees to the higher angle could be seen in the reflection positions, 

which may be explained by the smaller ionic radius of Ga3+ compared to Sn4+, according to Mi 

et al [37]. Hence, the lattice plane distance decreased as gallium replaced Sn4+ atoms, resulting 

in a shift of the reflection position as demonstrated in Fig. 8a. The films became X-ray 

amorphous when the ratio of Sn to Ga was about 4 to 1 and remained non-crystalline until 

binary Ga2O3, which could be explained by the low TG of Ga2O3 (Fig. 6c). Additionally, at 
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small doping concentrations, the Ga atoms might incorporate into the SnO2 lattice by 

substituting Sn atoms or by occupying Sn vacancies [86] without distracting the structure of 

SnO2. However, higher concentrations may lead to the formation of large, non-crystalline Ga-

dense layers that render the films amorphous.  

  

Figure 8. GIXRD diffraction patterns of Sn-doped Ga2O3 films with varying cation ratios, 

synthesised at (a) TG = 300 °C and (b) TG = 450 °C. The Sn/(Sn+Ga) ratios are marked on the 

right side of the graphs. The indices depicted on the graph (a) belong to the tetragonal SnO2 and 

those presented on the graph (b) belong to the tetragonal SnO2 (upper side) and κ/ε-Ga2O3 

(lower side). 

At TG = 450 °C, the diffraction pattern of binary Ga2O3 film showed the existence of crystalline 

phases, evident in the reflections that emerged at 19.3, 30.9 and 62.4° that could be indexed as 

002, 013 and 135, belonging to κ/ε-Ga2O3 (Fig. 8b). Remarkably, the GIXRD reflections of 

κ/ε-Ga2O3 disappeared already when 1 cycle of S had been added after 5 cycles of G.  This 

could indicate that the κ/ε-Ga2O3 phases already destabilised when a small amount of foreign 

atoms was introduced to the structure as stated by Mi et al [37]. Notably, it was possible to 

observe traces of the peaks belonging to SnO2 when the cycle ratio used in ALD was 1 to 3 and 

the cation ratio, according to XRF, was 0.55. Furthermore, the intensity of 101 reflection did 

not decrease as much as the reflection of 211 with the increase of Ga concentration in the films 

from 0.14 to 0.22. This could indicate that while doping the SnO2 films with gallium oxide, the 

preferable orientation on 101 of tetragonal SnO2 could be stabilised. 
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The correlation of the changes in the film structure and MGPC can be seen when analysing the 

results of the GIXRD and XRF (Figs. 7a-b and 8a-b). At both TG’s, the MGPC of Sn decreased 

as the films became X-ray amorphous, indicating that the amorphous phase grows slower than 

the crystalline phase.  

 

XRR analysis demonstrated that the thickness, density, and roughness of the synthesised films 

depended on the composition of the ALD cycle. The density of the GTO films and 

heterostructures consistently increased as the number of G cycles decreased and S cycles grew, 

increasing from 5.6 g/cm3 for 20G + 1S to 7.2 g/cm3 for 1G + 10S, respectively (Table 1). 

Notably, the roughness values remained in sub-nanometre range for films with 1 to 20 cycles 

of G per 1 cycle of S. However, as the number of S cycles increased from 2 to 10 per 1 cycle 

of G, the films started to display higher roughness, reaching the highest value of 4.8 nm for 1 

to 2 cycles of G and S, respectively. Additionally, it was seen that the films’ thicknesses 

increased from 110 nm for 20G + 1S to 123 nm for 1G + 5S as the amount of S cycles grew in 

the ALD cycle composition.  

Table 1. Thickness, density and roughness of deposited films at TG = 300 °C, analysed with 

XRR. 

Cycle composition Thickness (nm) Density (g/cm3) Roughness (nm) 

20G + 1S 110 5.6 0.4 

5G + 1S 112 5.7 0.5 

1G + 1S 122.5 6.22 0.5 

1G + 2S 121 6.4 4.8 

1G + 5S 123 6.8 0.7 

1G + 10S 118.3 7.2 4 

 

The higher surface roughness for films with a larger S cycle ratio compared to those with a 

higher number of G cycles could be explained by the crystallinity of the films, as those were 

seen to exhibit crystalline phases belonging to SnO2 (Fig. 8a). As such, one could argue that the 

amorphous state allowed films to grow more uniformly, while the crystalline structure increased 

grain boundaries and lattice defects, inducing surface non-uniformities and thus increasing the 

roughness of the films.  
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Figure 9. XRR patterns of thin films synthesised at 300 °C with varying G-S cycle ratios and 

cycle repetitions. G and S represent the cycles of GaI3-O3 and SnI4-O3, respectively. The films 

exhibiting superlattice structures are marked as SL. 

Additionally, as an interesting result, the XRR measurements helped to understand how the 

layers of gallium oxide and tin oxide were positioned in the GTO heterostructures. The XRR 

pattern of thin film with a 1-1 ratio of G and S cycles showed clear and periodic oscillations 

(Fig. 9a) with no diffraction peaks, which suggested that for the smallest G-S cycle ratio, the 

deposited layers became intermixed. However, as the number of G or S cycles increased (5-1 

or 1-5), the films started to develop diffraction peaks that became more frequent as the cycle 

ratio rose (Figs. 9b, c, e and f). The periodicity of the diffraction peaks gives insight into the 

thickness of one bilayer in the superlattice, so one might conclude that the diffraction maxima 

were present more frequently in XRR plots of films with thicker bilayers. A similar behaviour 

was seen in a previous study by Yu et al [87], where the diffraction peaks reoccurred more often 

as the thickness of layers in the superlattice films was increased.  

The XRR patterns acquired from films with TG = 450 °C started to show signs of a superlattice 

structure from cycle ratios of 2-1 and 1-10 for G and S, respectively. Distinct diffraction peaks 
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were not seen for films with thinner layers, meaning that the TG was high enough to allow the 

layers to diffuse together. The phenomenon was also noticed in a work by Yu et al [87], where 

as-deposited films exhibited superlattice structures that disappeared when they were annealed 

at >400 °C.   

 

The data obtained from XRF analysis demonstrated that the concentration of iodine for films 

synthesised at 300 and 450 °C exhibited similar increasing behaviour with the increase of Sn 

content in the films (Fig. 10). Furthermore, the concentration of iodine in films deposited at TG 

= 450 °C was constantly lower compared to those grown at 300 °C and reached the XRF 

detection limit at a very low Sn content. The highest iodine concentration values for films 

deposited at 300 and 450 °C were 0.3 and 0.27 at%, respectively.  

 

Figure 10. Iodine concentration as a function of TG and cation ratio. 

 

4.3 Optical Properties 

Spectroscopic ellipsometry analysis was conducted to understand if the TG and doping 

concentration had any influence on the refractive index (n) and extinction coefficient (k) values 

of the deposited thin films. The n that was determined at the wavelength of 633 nm increased 

linearly from 1.89 to 2.04 with the increase of the cation ratio from 0.07 to 0.76 for films 

deposited at TG = 300 °C (Fig. 11). The obtained refractive indices were higher compared to 
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binary Ga2O3 film synthesised at the same TG, demonstrating an n value of 1.88 at 633 nm (Fig. 

11). Notably, it was seen that the n values between Sn/(Sn+Ga) ratio of 0.76 to 1 remained 

almost constant and about the same as that of binary SnO2, showing an n value of approximately 

2.05. This behaviour could be explained by the information about the structure of Ga2O3-SnO2 

thin films obtained from GIXRD analysis, where the onset of crystalline SnO2 phase formation 

was observed to start between cation ratios of 0.76 and 0.87 (Fig. 8a). As the crystalline phase 

is denser compared to the amorphous state, the refractive index increased. The lowest and 

highest n values are comparable with refractive indices of binary Ga2O3 and SnO2, respectively, 

as stated in previous studies [19] [20] [24].  

 

Figure 11. Refractive index as a function of cation ratio of thin films grown at 300 °C and 450 

°C, measured at 500 and 633 nm wavelength by spectroscopic ellipsometry. Error bars are 

shown for measurements at 633 nm wavelength. 

Compared to the behaviour of the refractive index seen for films deposited at TG = 300 °C, the 

lowest n value (about 1.89) was seen when the film was deposited using ALD cycle composition 

of 5G+1S and with a cation ratio of 0.06 at TG = 450 °C (Fig. 11). A similar increase in n values 

was observed for films with a Sn/(Sn+Ga) ratio of 0.06 to 0.55. However, slight differences 

occurred in the refractive index from ratios >0.55, where the n was seen to remain at 

approximately 2.0 and slightly increased to the highest value of 2.03 for binary SnO2.   

Interestingly, two phenomena can be seen for films deposited at 450 °C – the initial higher n of 

binary Ga2O3 and the slight kink in the refractive index at 0.78 Sn/(Sn+Ga) ratio. The former 

could be explained by the crystallinity of Ga2O3 at 450 °C (Fig. 8b), as the crystalline phase has 

higher density and long-range ordering that can enhance the interaction of light with the 
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material [88], which consequently shows in higher n values. When Sn is incorporated into the 

material, the long-range ordering might deteriorate and thus, the refractive index might 

decrease. A decreasing behaviour of the n value at relatively low doping concentrations was 

also demonstrated in an earlier study by Shen et al [28]. As the Ga2O3 films were doped with 

increasing levels of Sn (up to 20%), the diminution of n was seen and was thought to arise due 

to the increase in the concentration of free carriers with the growth of Sn content in the films. 

At higher doping levels (50%), an increase in refractive index value was observed. 

The slight kink of n at 0.78 Sn content might be explained by the S to G cycle ratio in the ALD 

cycle composition (Fig. 7b) and film crystallinity at TG = 450 °C (Fig. 8b). It was seen that the 

growth rate of Sn increased when the number of S cycles was larger than 1 per 1 cycle of G. 

Furthermore, crystalline phases belonging to SnO2 were detected for films with Sn/(Sn+Ga) 

ratio >0.55 and with G-S cycle ratio of 1 to 3. Hence, from a certain cycle ratio, the growth rate 

of crystalline SnO2 with high roughness was enhanced and thus, the value of n decreased. 

Additionally, another explanation might be that the optical model used for fitting the data 

obtained from SE analysis did not satisfy the conditions for fitting the optical properties very 

well and consequently, the fitted values might have higher uncertainties (Fig. 11).      

  

Figure 12. Extinction coefficient as a function of wavelength of thin films grown at (a) 300 °C 

and (b) 450 °C with varying cation ratios.  

The values of k for films synthesised at 300 °C demonstrated an increasing behaviour from 

binary Ga2O3 to a film with 25% Sn content. However, the films with a cation ratio >0.25 

exhibited higher k values than that of SnO2. One possible explanation may be the high surface 

roughness of Sn-rich films (Table 1), causing light scattering which decreases the film 

reflectivity and increases the extinction coefficient. This is also in agreement with an earlier 
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study by Shen et al [28], where Sn-rich films demonstrated high roughness and k values. This 

phenomenon could also be the result of the formation of an impurity-like band into the Ga2O3 

when doping it with Sn. Previously, a study by Mehr et al [89] demonstrated similar behaviour 

with CrTiO films, where a slight increase in absorbance and reduction of Eg were observed 

when chromium oxide was doped with titanium. 

Films grown at TG = 450 °C showed similar trends in the k values to those synthesised at 300 

°C, with the lowest extinction coefficient observed for binary Ga2O3. As the Sn content 

increased over 0.78, the k values became comparable to or slightly higher than binary SnO2. 

Close to 0 values of k are noticeable at 350 nm, a slightly shorter wavelength compared to those 

grown at 300 °C.  

 

4.4 Electrical Properties 

The probe station was used to measure the voltage as a function of the distance between 

electrodes in dark and UV light (265 nm) to comprehend how the composition and structure 

influence the surface resistivity of the films. The resistivities were calculated using the formulas 

(2) and (3) described previously in chapter 2.3.5. 

Figure 13 shows the resistivity of GTO thin films as a function of the cation ratio for samples 

with different TG using two different illumination settings. The lowest ρ value, based on the 

measurements in the dark, was calculated from a sample with 0.66 Sn/(Sn+Ga) ratio, being 

approximately 0.007 Ωm for films grown at TG = 300 °C. Notably, the ρ values were not 

hugely influenced by the increase of Sn content and only slightly increased until binary SnO2, 

where ρ of 0.03 Ωm was obtained. However, a significant rise of ρ values was observed when 

the level of Ga increased from 0.34 to 0.53, reaching the highest ρ of 11 Ωm from where on, 

the voltages were almost impossible to determine with the used measurement configuration. In 

those cases, the applied currents were remarkably small (in nanoamperes), and a voltage change 

across electrodes was not detected. Thus, the values were considered unreliable. Nevertheless, 

turning on the UV-light during the measurements increased the conductivity of the thin films 

and made it possible to gather reliable data from films having Sn/(Sn+Ga) ratios <0.47 (Fig. 

13). Compared to the last valid measurement in the dark with a calculated ρ of 11 Ωm, using 

UV-light increased the conductivity of the same film and lowered the ρ to 0.3 Ωm. However, 
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the resistivity values rose in a similar fashion when the content of Ga increased to 0.75, showing 

the highest value of 350 Ωm. The lowest ρ (0.007 Ωm) was also observed at 0.66 cation ratio 

and stayed in the same range as those measured in the dark when the level of Sn increased. Yet, 

a slight increase in conductivity could be seen for binary SnO2 with the calculated ρ of 0.2 Ωm.  

 

Figure 13. Resistivity of the deposited thin films as a function of cation ratio, TG and 

illumination mode. 

The films synthesised at TG = 450 °C showed notably different resistivity values compared to 

those deposited at a lower temperature. The measurements conducted in the dark gave first valid 

ρ values from Sn content of 0.57 with ρ of approximately 100 Ωm from where gradual increase 

could be observed until 1000 Ωm for 87% Sn film. Additionally, using the UV light allowed 

to measure voltage changes for a film with an even lower cation ratio (0.35), having ρ of about 

10 Ωm. That is, however, not a surprise as the conductivity of Ga2O3 can be influenced by UV 

light and it has been previously shown to be suitable to use in UV-detectors. An increase of 

resistivity could be seen until 55% of Sn (250 Ωm), where it stayed on a plateau and 

plummeted down to 0.03 Ωm for binary SnO2.   

Interestingly, crystallinity has a significant influence on electrical properties. A previous study 

done by Miglio et al [90] has stated that for tetragonal SnO2, the smaller distance between Sn 

atoms along the c-axis gives a shorter pathway for electrons to move. So, one could argue that 

the change in the preferred orientation of the crystallites at different TG (Fig. 8a-b) could be one 

of the reasons why the resistivity values of the films deposited at 300 and 450 °C differ 
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remarkably. Another aspect that could influence the electrical properties is the concentration of 

impurities in the films. Nevertheless, it was seen (Fig. 10) that the highest concentration of 

iodine reached only 0.3 at% for films with TG = 300 °C, while those with higher TG showed 

even smaller concentrations. Hence, the content of impurities might not have a significant effect 

on the resistivities in this work.  

Moreover, the formation of Ti-Au contacts could possibly affect the calculated resistivities 

quite a lot. The fabrication of ohmic contacts is crucial for the performance of semiconductor 

devices as it increases the voltage across the channel and reduces heat generation [91]. In this 

work, however, one might argue that the interface between the film and titanium formed an 

additional barrier, which influenced the measurement results. Hence, the measured resistivities 

could appear much higher due to contact resistance (App. 4). Nevertheless, in an earlier work 

by Huan et al [91], it was stated that high doping could enhance the formation of ohmic 

contacts, where the energy barrier between metal and semiconductor becomes narrow and 

allows for electrons to tunnel through the interface. Another way to overcome this problem is 

to anneal the electrodes, which causes the diffusion of Ti into the surface layer and the formation 

of TiOx under the electrodes to help form an ohmic behaviour [92]. This would be the next step 

in future studies to understand if annealing will help to reduce the rectifying behaviour of the 

electrodes on Sn-doped κ/ε-Ga2O3 films.   
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SUMMARY 

In this thesis, the growth, structural, optical, and electrical properties of atomic layer deposited 

binary Ga2O3, SnO2 and Ga2O3-SnO2 thin films were studied. This work demonstrated that 

GaI3-O3 and SnI4-O3 could be applied as the precursors for ALD processes and they enabled 

the synthesis of thin films with low iodine impurity concentrations. Furthermore, the growth 

rates of gallium and tin oxides depended on the surface, while in the mixed films, the 

corresponding values were higher in case of GaI3-O3 and similar or lower in case of SnI4-O3 

than in binary films. Notably, a decrease in growth rate of SnI4-O3 was seen in X-ray amorphous 

films. 

The phase composition analysis made by GIXRD showed that most of the Ga2O3-SnO2 

heterostructures deposited at 300 and 450 °C were X-ray amorphous and only in films with tin 

content higher than 76 and 55%, respectively, was possible to detect tetragonal SnO2. The 

presence of κ/ε-Ga2O3 was possible to be seen only in binary films, while the film deposited 

using GaI3-O3 and SnI4-O3 cycle ratio of 5-1, resulting in cation ratio of 0.06 at 450 °C, was 

already X-ray amorphous. An interesting result from XRR studied showed that the deposited 

films formed smooth layered system when more than 5-1 or 1-5 cycles of GaI3-O3 and SnI4-O3 

were applied, resulting in a superlattice system.  

The optical measurements made by spectroscopic ellipsometry demonstrated that the refractive 

index of Ga2O3 and SnO2 thin films deposited at 300 °C did not depend on the concentration of 

Ga and Sn when there was possible to see tetragonal SnO2 phases. However, a linear 

dependence between cation ratio and refractive index was seen in amorphous films. The 

refractive indices of films grown at 450 °C behaved in a similar manner but had some deviations 

at Sn/(Sn+Ga)  ratios of 0.06 and 0.78. The extinction coefficients increased from binary Ga2O3 

and exceeded that of binary SnO2 at both TG’s.  

The electrical measurements demonstrated a strong dependence on TG and composition. The 

Ga-rich films exhibited high resistivity at both TG’s, while the lowest value (0.007 Ωm) was 

observed in films grown at 300 °C with the Sn/(Sn+Ga) ratio of 0.66, being lower than 0.03 

Ωm for binary SnO2 deposited at the same temperature. Films grown at 450 °C showed a linear 

rise in resistivity from 100 to 1000 Ωm as the content of Sn increased, while using UV light 

enhanced the conductivity and reduced the resistivity to 10-250 Ωm across increasing Sn 

concentration. 
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Although, as in this thesis, it was possible to deposit films with smooth and uniformly 

positioned layers, a homogenous diffusion of Sn dopant in Ga2O3 at concentrations ≤ 3 at% 

across the as-deposited films was not achieved. Therefore, further studies are needed in the 

future. 

In conclusion, the findings demonstrate the prospect of Ga2O3 and SnO2 mixing for tailoring 

the properties of thin films and that the electrical conductivity and optical characteristics can be 

improved by optimising the growth conditions and composition. Additionally, the thin films 

and heterostructures developed in this thesis could be potentially applied in transparent 

electronics, UV-absorbers in multi-junction solar cells and UV-detectors. 
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SUMMARY IN ESTONIAN 

Selles magistritöös uuriti aatomkihtsadestusmeetodiga valmistatud Ga2O3, SnO2 ja Ga2O3-

SnO2 õhukeste kilede kasvu, koostist ja struktuuri ning nende mõju optilistele ja elektrilistele 

omadustele. Kilede sadestamiseks kasutati metallide lähteainetena GaI3 and SnI4 ning hapniku 

lähteainena osooni, mis võimaldasid sadestada peaaegu lisanditevabu kilesid. Puhta gallium- ja 

tinaoksiidi kasvukiirused sõltusid kasvupinnast, seejuures oli märgata, et segukiledes oli 

võrreldes puhaste materjalidega galliumi kasvukiirus suurem ning tina puhul sarnane või 

väiksem. Lisaks oli näha, et tina kasuvkiirus vähenes amorfsetes kiledes. 

Faasi- ja struktuuriuuringud näitasid, et enamik 300 ja 450 °C juures sadestatud kiledest olid 

amorfsed, kusjuures oli märgata tetragonaalse SnO2 faase, kui tina sisaldus kiledes oli vastavalt 

üle 76 ja 55%. κ/ε-Ga2O3 esinemist nähti ainult puhastes materjalides, samas 450 °C juures 

sünteesitud kile, mille tina kogus oli 6% ning GaI3-O3 ja SnI4-O3 tsüklisuhe oli 5-1, muutus 

juba amorfseks. Huvitava tulemusena nähti, et sadestatud kiled moodustasid siledate kihtidega 

superstruktuure, kui sünteesiprotsessi käigus kasutati rohkem kui 5 tsüklit GaI3-O3 ühe tsükli 

SnI4-O3 jaoks või vastupidi.   

Optiliste mõõtmiste tulemused näitasid, et 300 °C juures sünteesitud Ga2O3-SnO2 õhukeste 

kilede murdumisnäitaja ei sõltunud kilede koostisest, kui nendes esines SnO2 kristallfaase. Küll 

aga märgati lineaarset sõltuvust katioonide suhte ja murdumisnäitaja vahel, kui kiled olid 

amorfsed. 450 °C juures sadestatud kilede murdumisnäitajad käitusid sarnaselt, kuid mõningad 

erinevused esinesid 0.06 ja 0.78 katioonide suhete puhul. Mõlematel kasvutemperatuuridel 

suurenesid neeldumistegurid puhtast galliumoksiidist ning ületasid puhta tinaoksiidi 

neeldumisteguri väärtuseid.  

Õhukeste kilede elektrilised omadused sõltusid kasvutemperatuurist ja kilede koostisest. 

Mõlemal kasvutemperatuuril olid suure galliumi sisaldusega kiled kõrgete eritakistustega. 

Kusjuures, madalaimat eritakistust (0.007 Ωm) täheldati 300 °C juures kasvatatud kilel, mille 

katioonsuhe oli 0.66 ning oli madalam võrreldes samal temperatuuril sadestatud puhta SnO2 

eritakistusega (0.03 Ωm).  Kõrgemal temperatuuril kasvatatud kilede eritakistus tõusis 100 

kuni 1000 Ωm, kuid kilede elektrijuhtivus parenes, kui mõõtmistel kasutati UV-valgust ning 

vähendas eritakistuse väärtuseid 10 kuni 250 Ωm-ni.   
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Selles töös oli võimalik sadestada siledate ja ühtlaselt asetsevate kihtidega struktuure, kuid tina 

aatomite homogeenset difusiooni galliumoksiidis ≤ 3 at% üle kogu kile ei saavutatud. Seetõttu 

on tulevikus vaja täiendavaid sadestusparameetrite ja dopeerimise optimeerimise uuringud.  

Tulemused näitasid, et Ga2O3 ja SnO2 segamisel on võimalik muuta kilede omadusi ning 

elektrijuhtivust ja optilisi omadusi saab parendada optimiseerides kasvutingimusi ja kilede 

koostist. Lisaks saaks töös arendatud kilesid potentsiaalselt kasutada läbipaistvas elektroonikas, 

tandempäikeseelementides UV-valgust absorbeeriva kihina või näiteks UV-detektorites.   
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Appendices 

Appendix 1. Cycle composition and the number of cycle repetitions for mixed thin films. G 

and S represent the cycles of GaI3-O3 and SnI4-O3, respectively. 

Number of cycle repetitions Cycle composition 

24 1G-20S / 20G-1S 

45 1G-10S / 10G-1S 

83 1G-5S / 5G-1S 

125 1G-3S / 3G-1S 

167 1G-2S / 2G-1S 

250 1G-1S 

17 20G-10S 

22 20G-3S 

 

 

Appendix 2. Design of the shadow mask used for EBE of Ti-Au electrodes. Dimensions are 

depicted in centimetres. 
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Appendix 3. XRR fitting models for (a) doped and (b) superlattice structured films. 

 

 

Appendix 4. Voltage changes as a function of distance between electrodes. The measured 

voltage as a function of distance (blue) with trendline (red) showing the electrode resistance.  
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