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 ملخص

الرش القائم على المجال المغناطيسي  طريقةبواسطة احدهما مرسب  نيكل/أكسيد الغاليوم ديود شوتكينوعين من دراسة تمت  في هذه المذكرة,

 باستعمال التبخير بواسطة حزمة الكترونية تم ترسيبهوأما الاخر    (confined magnetic field based sputtering)المحصور

(Electron-beam evaporation)  .تم اقتراح نموذج لنمذجة انتشار  أولا .في كلتا الحالتين أستعمل سيلفاكوا لنمذجة القياسات التجريبية

ذرات النيكل في سطح أكسيد الغاليوم. في هذا النموذج ذرات النيكل تعوض ذرات الغاليوم و النتيجة تشكل مركب جديد و الذي 

, انتشار ذرات النيكل يؤدي الى تحيين ي و ألفة الكترونية تختلف عن أكسيد الغاليومقالمركب لديه فاصل طا . هذا2O3(NixGa1−x)هو

. توافق جيد بين المحاكاة و القياسات التجريبية للتيار المباشر و العكسي  مع فجوات الغاليوم مما يؤدي الى انخفاض تركيز العيوب السطحية

. هذا التوافق (impact ionization) الذرات عند الاستقطاب العكسي و أثير تأين  (BBT)الى عصابةاعتبار نموذج النفق من عصابة 

عند  شوتكي تم دراسة الديود كذلكتأكد فعالية النموذج المقترح.  عند درجات الحرارة المرتفعة و المنخفضة بين المحاكاة و القياسات الجيد

تأثير العيوب الناتجة  الىراجع بالدرجة الاولى هذا  ,عن القيم المثاليةتميل فة خصائص الديود عند درجة حرارة الغر .درجات حرارة مختلفة

 الى يعودبزيادة درجة الحرارة  (𝑉𝑇ℎ)و جهد العتبة  (𝜙𝐵)التناقص في حاجز شوتكي .(Ar)عن البلازما و القذف بذرات الارغون 

تسلسل و زيادة هذه الاخيرة على المقاومة اللمثالية مع زيادة درجة الحرارة راجع لزيادة الغوصية لحاجز شوتكي. زيادة معامل االتوزيعة 

تم  الذي عند درجة الحرارة المنخفضة, معامل المثالية و زيادة مقاومة النيكل.المشكلة  2O3(NixGa1−x)يعود لزيادة مقاومة الطبقة 

 تيار الفعل الحراري فقط. من مركبة ه اذا تم استخراج 1.04المثالية تقارب  تهقيمبينما . 6.04يقارب الحصول عليه من التيار الاجمالي 

راح جملة من التحسينات منها ادراج طبقة بينية بين النيكل و أكسيد الغاليوم و ايضا استعمال أكسيد التيتانيوم بعد دراسة هذا الديود تم اقت

) 2TiO( للحامل قول العالية في حواف الديود و انتقالها كطبقة سطحية للتقليل من تأثير الح)Substrate( تبعيدا عن السطح. أخيرا تم 

والتي هي تركيز  استخراج الخصائص السطحية لهذا الديود ودراسة ديود شوتكي متحصل عليه باستعمال طريقة التبخير بحزمة الكترونية 

دراسة تأثير اضافة طبقة الغرافين على التيار الكهربائي غرض , هذه الدراسة ل النيكل العيوب البينية, الالفة الالكترونية و دالة العمل لمعدن

الرش القائم على المجال ن أساسيان في طريقة امن المعلوم تأثر الغرافين بالبلازما و ذرات الارغون و هاذين الاخرين عنصر هلان للديود

النتيجة كانت زيادة حاجز شوتكي بزيادة الفاصل الطاقي الكترونية. وفي الاخير التبخير بحزمة المغناطيسي المحصور لهذا اخترنا طريقة 

 و دالة العمل للغرافين, هذه النتيجة تثبت امكانية التحكم في قيمة حاجز شوتكي من خلال التحكم في خصائص طبقة الغرافين.
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Abstract 

In this thesis, Ni/β-Ga2O3 Schottky barrier diodes (SBDs) deposited by confined magnetic field based 

sputtering (CMFS) and Electron-beam evaporation (EBE), are modelled using SILVACO-Atlas and 

compared to experimental measurements. Firstly, Forward and reverse current of CFMS SBDs were 

studied. A model was developed to understand the role of Ni atoms diffusion in the surface of β-Ga2O3. 

In this model, Ni out diffusion combines with oxygen to form a new (NixGa1−x)2O3 interfacial layer. 

This new compound is modelled as a semiconductor with different energy gap and affinity and less 

defects since Ni diffusion compensates Ga vacancy related defects. A good agreement between 

simulation and measurement for forward at high and low temperatures and reverse current with the 

consideration of band-to-band (BBT) and impact ionization for the reverse current. The achieved 

agreement demonstrates the soundness of the proposed model. In addition, temperature dependent 

SBD characteristics were studied. At room temperature, the deviation of SBD parameters from the 

ideal case is due to the effect of interfacial states due to plasma and Ar bombardment. It was found 

that the Schottky barrier height (𝜙𝐵) and threshold voltage (𝑉𝑇ℎ) decrease with increasing 

temperature. However, the ideality factor (ƞ) increases, this is related to the series resistance (RS) 

increase. The RS increase is related to the (NixGa1−x)2O3 and Nickel resistance increase with 

increasing temperature. At low temperature, an ideality factor of 6.04 was obtained from the total 

current. However, it was about 1.04 when extracted from the thermionic current component only. 

Then, optimizations based on the insertion of an undoped layer with different thicknesses at the 

interface between Ni and Si-doped β-Ga2O3SBD, and insertion of TiO2 edge termination layer. These 

optimizations lead to displace the highest electric field at corners to the bulk and this means that the 

breakdown occurs away from the surface of the Schottky diode were studied. Finally, the E-beam SBD 

was studied. The interfacial properties of this SBD were extracted which are interfacial traps 

densities, surface electron affinity and Ni workfunction from modelling and comparison to 

measurements. An optimization is carried out by a graphene layer insertion between Ni and Si-doped 

β-Ga2O3 since in this deposition method no exposition to plasma and Ar atoms is used. Therefore the 

graphene layer is not damaged unlike in the CMFS deposition where the device is exposed to Ar and 

plasma. It was found 𝜙𝐵 systematically increased with the increase graphene bandgap and 

workfunction; these results demonstrate the possibility to control 𝜙𝐵  in a wide range by 

manipulating graphene properties.  
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Introduction 

Wide bandgap compound semiconductors made a huge advance and extended functionality of both 

electronic and optoelectronic devices due to their high voltage operation, fast switching behaviour, 

and thermal stability [1,2].  Wide bandgap materials, such as GaN, InGaN and SiC were used in many 

applications in the last decade, in particular nitrides. Nowadays, research has concentrated on ultra-

wide bandgap (UWBG) semiconducting materials of which the energy gap exceeds 4 eV [3]. There are 

several UWBG materials that attract particular attention, including AlGaN, AlN, diamond, and β-Ga2O3 

[3]. β-Ga2O3 has excellent undoped properties such as a wide bandgap of ~4.8 eV, a high breakdown 

electrical field of  ~8 MV/cm and a high saturation velocity of 1 × 107𝑐𝑚/𝑠 [3,4,5]. It is also a low cost 

and a large scale produced material compared to GaN, InGaN and SiC [3,5]. However, this material has 

a serious drawback of developing p-type [6,7], thus hindering its application in bipolar devices (p-n 

junction, BJT) [5]. Currently β-Ga2O3 is therefore mainly used in unipolar devices such as SBD [3,8], 

MOSFET [2], TFT [9] and field emission [10]). For SBDs (Schottky Barrier Diodes), high work function 

metals are required for Schottky contact with β-Ga2O3 [11] such as Nickel [12] and Platinum [13]. For 

metal deposition, electron beam evaporation (EBE) technique is commonly used. Usually before 

metal deposition for the Schottky contact, the β-Ga2O3 surface is etched. This operation is rendered 

difficult by the high strength of the β-Ga2O3 bond. Argon bombardment and plasma provide an 

enhanced physical etching quality, but also tend to introduce surface damage of β-Ga2O3 [4,14]. SBD 

degradation is therefore related to surface defects formed during etching. Kim et al [1] used confined 

magnetic field based sputtering (CMFS) method for Nickel deposition in SBDs which showed less 

degradation and high performance than their EBE counterparts which were related to the diffusion 

of Nickel atoms in the surface of β-Ga2O3 to reduce defects. In CMFS, plasma and Ar bombardment are 

simultaneously realized in contrast to EBE where plasma and Ar bombardment are separate 

processes. 

In this Thesis, Ni diffusion in the surface of β-Ga2O3 in CMFS is numerically modelled as a defect layer 

(DL) made of combination of NiO and β-Ga2O3 ((NixGa1−x)2O3). The formation of (NixGa1-x)2O3 is 

justified by checking the XPS depth profiling. This DL has different properties than β-Ga2O3 (defects, 

band gap and affinity). DL properties (thickness, defect content, band gap and affinity) effect on the 

electrical characteristics of Ni/β-Ga2O3 SBD was studied. To achieve this, numerical simulation is used 
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and the SBD characteristics are evaluated taking into account the proposed model. Then, we propose 

a new consideration of leakage models in β-Ga2O3 including band to band transport model (BBT) and 

the inversion layer formation between Ni and (001) 𝛽-𝐺𝑎2𝑂3 under high reverse voltage. The BBT 

model associated with the Selberherr’s Impact ionization (SELB) model usually used for avalanche 

breakdown, gives good agreement with current-voltage measurement. Furthermore, optimizations 

of the leakage current, breakdown voltage and specific on-resistance are carried out with the 

insertion of an undoped 𝛽-𝐺𝑎2𝑂3 layer at the interface between Ni and Si-doped β-Ga2O3, and by 

adopting a TiO2 insulator plate as edge termination. Improving and controlling Ni/β-Ga2O3  Schottky 

barrier height is achieved based on inserting a graphene layer at Ni/β-Ga2O3interface and the outputs 

of the SBD are achieved by manipulating tunneling rate in the graphene layer by tuning the bandgap 

and the workfunction of the inserted graphene layer. 

This thesis is organized as follows: 

Chapter 1 presents and discusses the electrical, optical, and electronic properties of β-Ga2O3 thin and 

thick films. 

Chapter 2 discuses β-Ga2O3 Schottky barrier diode technological developments and challenges. 

Chapter 3 presents Ni/β-Ga2O3 Schottky barrier diode fabrication and physical models for this 

device. 

Chapter 4 gives an overview on the software used in this thesis (SILVACO TCAD). 

Chapter 5 presents the results and the discussion of modeling CMFs and EBE SBD based on β-Ga2O3. 
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Chapter 1: 

β-Ga2O3 material properties 

 

1.1. Introduction 

The aim of this chapter is to discuss the electrical, optical, and electronic properties of β-Ga2O3 thin 

and thick films, in addition to β-Ga2O3 Schottky barrier diode technological developments and 

challenges. 

 

1.2. Polymorphs and crystal structure of Ga2O3 

There are several polymorphs of  Ga2O3, which were investigated in detail both experimentally 

and theoretically by many researchers including Roy at al.[15], Zinkevich and Aldinger[16],  Penner et 

al.[17], Playford et al. [18], Yoshioka et al. [19], Bosi et al. [20], Delgado et al. [21] and Cora et al.[22]. 

Although as many as six polymorphs (α, β, γ, δ, ε, and κ) having different crystallographic systems has 

been reported for  Ga2O3 as presented in Table 1.1, there are likely only four polymorphs: α, β, γ, and 

(δ/ ε/ κ). The δ-phase could be a mixture of β and ε phases, according to Playford et al. [18,23], while 

the ε phase is likely resembling the κ phase due to rotation grains formed on sapphire, as shown by 

Cora et al. [22]. 
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Table 1. 1 Ga2O3 polymorphs and crystal structures. 

Polymorph System Lattice parameters  (Å) Ref 

α Hexagonal a=4.9825 

b=13.433 

[24] 

β Monoclinic a=12.214 

b=3.0371 

c=5.7981 

β=103.83 

[3] 

γ Cubic a=8.22 [25] 

δ Cubic a=9.491 [19] 

ε Hexagonal a=2.9036 

b=9.2554 

[18] 

κ Orthorhombic a=5.0463 

b=8.7020 

c=9.2833 

[22] 

Among the polymorphs, β phase is the most thermodynamically stable and can be grown directly 

from melt. Figure 1.1 shows bulk β-Ga2O3 crystals obtained from melt by methods Optical Float Zone, 

Edge Fed Defined Growth, Czochralski, and Vertical Bridgman. The melting point of β-Ga2O3 is about 

of 1793 °C. The formation energy of the polymorphs have the following order β < ε < α < δ < γ [19]. 
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Figure 1.1 Bulk β-Ga2O3 crystals obtained from the melt by the following methods: (a) Optical Float 

Zone, (b) Edge Fed Defined Growth, (c) Czochralski, and (d) Vertical Bridgman [2]. 

Although other phases cannot be grown as bulk crystals from melt, flux or gas phase, they could be 

obtained as thin films or thick layers.  For instance, α-Ga2O3 phase was obtained on sapphire 

substrates by mist Chemical Vapour Deposition (mist-CVD) [26] (at 430- 470 °C), Halide Vapour 

Phase Epitaxy (HVPE) [27] (at 520- 600 °C) and Laser Molecular Beam Epitaxy (LMBE) [28]. Thin 

films of the γ-Ga2O3 phase were obtained by mist-CVD [29] (at 390- 400 °C) and Pulsed laser 

Deposition (PLD) [30] with the use of sapphire and spinel substrates. ε-Ga2O3 thin films were grown 

by HVPE on nitride. However, thin films growth of δ-Ga2O3 phase has not been reported so far. As 

mentioned above, most stable and studied is the β-phase. Also all phases can be transformed into β-

phase when annealed at high temperatures or other treatments. α-Ga2O3 phase converts to β- Ga2O3 

over 650 °C [22]. It was also demonstrated that epitaxial ε-Ga2O3 is relatively stable and converts to 

β-phase after prolonged annealing at T > 700- 800 °C [22] and Phase transition from γ to β phase 

when it is treated at 750 °C for 3h [31]. Also α-Ga2O3 is transformed into β phase when the calcination 

temperature increased from 400 to 800 °C [32]. When temperature increased up to 950 °C, a sudden 

and quick transformation from κ to β phase occurs [23]. Other works studied these transformations 

to the  β-phase and to other phases which are summarized in Figure 1.2. Hence, these 

transformations of most phases to β-phase explain the interest of researchers in this phase. 
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β-Ga2O3 as mentioned above can be grown as bulk crystal and thin films. HVPE technique is used to 

grow  β-Ga2O3 films heteroepitaxially by Oshima et al. [33] and Okur et al. [3,34] on Al2O3(0001), and 

homoepitaxially by Nomura et al. [35], Murakami et al. [36], Konishi et al. [37] and Thieu et al. [38] 

on β-Ga2O3 (001) substrates. Metal Organic Chemical Vapour Deposition (MOCVD) and Metal Organic 

Vapour Phase Epitaxy (MOVPE) were used to grow β-Ga2O3 films heteroepitaxially and 

homoepitaxially. In addition, CVD and mist-CVD are used for β-Ga2O3 deposition.There are also many 

attempts to deposit β-Ga2O3thin film using sol-gel techniques. For example Kokubun et al. [39] 

deposited thin films of β-Ga2O3 on (0001) sapphire substrate, but a polycrystalline film were formed 

at heat-treatment temperatures above 600°C. Ohya et al.[40] deposited  Ga2O3 thin film on heat 

resistant glass by dip coating, the films were crystallized as β-Ga2O3 phase by heating at 700°C. 

However, the resistivity of the film was about 107 Ω cm. 

 

Figure 1.2 Transformations of Ga2O3 crystalline phases and their conditions [41]. 

 

In most works, β-Ga2O3 crystallizes in the base-centred monoclinic system. The unit cell as presented 

in Figure 1.3 contains 20 atoms consisting of crystallographically inequivalent Ga+3 and O−2atoms. 

In this low symmetry structure Ga atoms are coordinated tetrahedrally and octahedrally (Ga1 and 

Ga2, respectively), while O atoms are coordinated three and fourfold (O1/O3 and O2, respectively). 

O1 shares two bonds with Ga2 and one bond with Ga1, O2 shares three bonds with Ga2 and one bond 

with Ga1, while O3 shares two bonds with Ga1 and one bond with Ga2. The lattice parameters of β-
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Ga2O3 are listed in Table 1.1. There are two easy cleavage planes: the (100) plane formed by O3 

atoms and (001) plane formed by O1 atoms[42,43]. 

 

Figure 1.3 Unit cell of β-Ga2O3. Gallium atoms Ga1 and Ga2 are coordinated tetrahedrally and 

octahedrally, respectively. Inequivalent O atoms have threefold (O1 and O3) and fourfold (O2) 

coordination [42,44]. 

 

1.3. Electronic band structure of β-Ga2O3 

The electronic band structure defines intrinsic electrical and optical properties of a material 

hence the knowledge of which enables to conclude a proper device design with a desired 

functionality. Computational studies may provide hints to experimental research and explore 

structural, electronic and optical properties, such as trapping effect, intrinsic defects, doping, 

conductivity type, energy gap and its nature, and optical transitions, as well as material limitations. 

On the other hand, experimental results may validate a mathematical model for electronic structure. 

In the last decade, the electronic band structure of β-Ga2O3 was a subject of an intensive computation 

and measurements by Mohamed et al. [45], Yamaguchi [46], He et al. [47], Furthmüller et al. 

[48],Varley et al. [49–51], Zhang et al. [52] and other works. The band structure of β-Ga2O3 is shown 

in Figure 1.4. The top of the valence band (VB) is composed mainly by O2p states, which make it very 

flat. Very small dispersion of the VB maximum (VBM) results in a very high effective hole mass and 

consequently in a very low hole mobility making a possible p-type conductivity impractical [3]. β-
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Ga2O3 can be regarded as a direct band gap semiconductor and the experimental bandgap is 4.8 ~ 4.9 

eV [53]. 

 

Figure 1.4 β-Ga2O3 band structure calculated using the primitive unit cell of base-centered 

monoclinic[49]. 

 

1.4. Electrical properties 

Electrical properties of β-Ga2O3constitute a key factor in defining the operation and 

functionality of a fabricated electronic device, therefore their exploration and understanding is of 

high importance. These properties include all features that affect the flow and control of the electrical 

current. They may have either extrinsic (e.g. impurities and dopants) or intrinsic (e.g. crystal 

structure, electronic band structure) nature. This section discusses basic electrical properties of β-

Ga2O3 bulk crystals and epi-layers. They include such properties as free electron concentration, 

electron mobility and its limit, and deep traps. Some of the properties are shown for as-grown 

materials and annealed, at room temperature and temperature-dependent. 
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1.4.1. Free electron concentration, Hall mobility, and resistivity 

The origin of the electrical conductivity of β-Ga2O3 was intensively studied in the case of both 

bulk crystals and layers. Experimental results revealed a decrease of the conductivity with oxygen 

partial pressure in a growth or annealing system. On the other hand, insufficient oxygen 

concentration lad to an increase of the electrical conductivity. Numerical and experimental studies 

showed that oxygen vacancies act as deep donors, which cannot directly contribute to the electrical 

conductivity. Instead, interstitial hydrogen or hydrogen-gallium vacancy complexes were found as 

shallow donors. Additionally, some tetravalent ions, i.e. Si, Sn and Ge have been proved theoretically 

and experimentally to form shallow donor states. The underlying electrical conductivity of β-Ga2O3 

seems to have a multiple origin, such as native defects resulting from growth conditions (growth 

method, temperature and atmosphere), residual impurities (always present) and intentional doping.  

The electrical state of β-Ga2O3 relates firstly to whether the material is layer or bulk crystals, and 

related to the deposition methods and experimental conditions. For bulk β-Ga2O3, the crystals 

obtained by Verneuil method were electrically insulating when grown under oxidizing conditions and 

semiconducting under reducing conditions, and the obtained free electron concentration and Hall 

mobility at room temperature were 1 × 1018𝑐𝑚−3 and 80 𝑐𝑚−3𝑉−1𝑠−1, respectively, but when 

annealed at high temperature for several hours at oxidizing conditions the semiconducting crystals 

turned into the insulating state[54]. 

Ueda et al.[55] demonstrated the strong dependent of conductivity of β-Ga2O3 crystals obtained by 

optical floating zone method on the O2/N2ratio in the growth atmosphere, and the crystals were 

electrically insulating when obtained under pure O2. The maximum conductivity measured 

was 38 Ω−1cm−1, with the electron concentration of 5 × 1018𝑐𝑚−3. 

In contrast, Galazka et al. [3,56] demonstrated a surface insulating formation when the crystals grown 

with Czochralski  and annealed at high temperature (≥ 1000 °C) in oxidizing atmosphere but the bulk 

remains semiconducting as presented in Figure 1.5 and the electron mobility is in principle 

unchanged. On the other hand, annealing of as-grown crystals in the presence of  H2 for 10 h does not 

affect the free electron concentration after annealing at temperatures up to 900°C, at which a strong 

decomposition precedes. However, after annealing in the presence of  H2 those samples, which were 

previously annealed in  O2 at 1000 °C for 20 h, the electron concentration increases to the same values 

as that of as-grown crystals after annealing at temperatures 300 – 700°C. After annealing at 
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temperatures above 700 °C, the electron concentration decreases, again by about one order of 

magnitude as Figure 1.5 shows. Annealing in the presence of  H2 has a high impact on the Hall 

mobility, which gradually decreases or increases with annealing temperature depending on whether 

the crystal samples were as grown or previously annealed in the presence of  O2. In addition, the free 

electron depends on the doping concentration of bulk β-Ga2O3, for example, Villora et al. [57] revealed 

a linear dependence of the free concentration on the Si doping concentration as presented in Figure 

1.6. 

 

Figure 1.5 Free electron concentration of Czochralski-grown β-Ga2O3 crystals as a function of 

annealing temperature and atmosphere [3]. 

 

Figure 1.6  Free electron concentration as a function of a nominal Si concentration [3,57]. 
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In contrast to bulk crystals, the hetero- and homoepitaxially grown layer with no intentional doping 

have typically very high resistivity (≥106Ω.cm) and such layers can be regarded as electrical 

insulators. To enhance the conductivity, an intentional doping with shallow donors (typically 

Sn+4 and Si+4) was used, of in most deposition methods, the common feature of such layers is low 

electron mobility, which could be measured only at very high dopant concentration and a peak 

mobility of about 40 cm2V−1s−1 was measured at doping concentration above 1 × 1018cm−3. Even 

so, homoepitaxial layers grown on (100) substrate showed very poor electrical properties, and 

different models developed to explain the reason for this behaviour. The model developed by 

Schewski et al.[58] for understanding the insulating nature of the deposited layer using MOVPE on 

(100) substrate, stated that the poor electrical properties are related to  planar defects in the form of 

twin lamellae in addition to the surface morphology which is characterized by the three dimensional 

islands. They found the enhancement of the electrical properties with increasing miscut-angle of the 

substrate due to the density of twin lamellae decreases with increasing miscut-angle of the substrate 

up to 6° towards (001) [42,58]. This effect does not occur in (010) and (001) orientations, indeed, 

homoepitaxial growth of β-Ga2O3 layers on (010) and (001) native substrates exhibited electrical properties 

similar to that of bulk crystals, independent on epitaxial growth method and dopant type. The summary of 

basic electrical properties of homoepitaxial β-Ga2O3 layers grown on (010) native substrates is 

presented in Table 1.2. 

Table 1.2 Basic electrical properties of homoepitaxial β-Ga2O3 layers grown on (010) substrates [3]. 

Epitaxial technique Dopant Concentration (cm−3) Mobility (cm2. V−1. s−1) 

MOVPE 
Si 

Sn 

1 × 1017 - 8 × 1019 

4 × 1017 - 8 × 1019 

50 - 130 

MBE Sn 2 × 1016 - 8 × 1019 120 

MBE Sn 1 × 1017 - 8 × 1018 10 - 80 

CVD Si 1.2 × 1018 72 

Mist-CVD Sn 1 × 1018 - 5 × 1020 10 - 45 

PLD Si 2.6 × 1019 - 1.7 × 1020 19 - 27 
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1.4.2. Native deep traps in β-Ga2O3 

Native point defects in β-Ga2O3 are Ga vacancies (𝑉𝐺𝑎) at tetrahedral (Ga1) and octahedral 

(Ga2) sites as well as oxygen vacancies at threefold coordinated sites (O1 and O2) and fourfold 

coordinated sites (O3). The calculated oxygen vacancy (𝑉𝑂) formation energies are 3.31, 2.7 and 3.57 

eV for O1, O2, and O3, respectively, leading to a conclusion that they are deep donors and do not 

directly contribute to the electrical conductivity. Oxygen vacancies occur as neutral (𝑉𝑂) and double 

ionized vacancies (𝑉𝑂
••) with 𝑉𝑂 dominating at low oxygen partial pressure, P(O2), up to 0.01 bar, and 

their concentration decreases with P(O2). On the other hand, 𝑉𝐺𝑎 form deep levels at 1.62 and 1.83 eV 

below the conduction band minimum (CBM) for 𝑉𝐺𝑎1 and 𝑉𝐺𝑎2, respectively, and act as deep acceptors. 

Moreover, 𝑉𝐺𝑎 concentration increases with P(O2) leading to a conductivity compensation. The 

calculations show that intrinsic defects alone cannot be responsible for the electrical conductivity of 

β-Ga2O3. However, the situation dramatically changes in the presence of intentional dopants or 

residual impurities. 

Deep traps in β-Ga2O3 depend on the deposition method and experimental conditions, but the deep 

level E2 was present in all measured samples and in the most cases, it was a dominating trap with a 

concentration between 11013cm-3 and 11014cm-3 , this trap is at 0.75 eV below the conduction band 

minimum. On the origin of this trap level, Ingebrigtsen et al.[59] found an extrinsic origin, associated 

with Fe+3impurities substituting Ga+3 in the crystal lattice. Other, less frequent traps are E3 and E4 

with comparable concentration to  E2 and an energy level 1.04 eV and 1.48 eV below the conduction 

band minimum respectively, and  E1 having a concentration of one order of magnitude lower than 

that of  E2 and  E3 and located at Ec − 0.55 eV. Figure 1.7 shows DLTS spectra of four different 

samples: two spectra for bulk samples having different surface orientations and the two other thin 

film deposited by MBE and HVPE[59]. 
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Figure 1.7 DLTS signal versus temperature for (010) and (𝟐̅𝟎𝟏) oriented bulk, as well as MBE and 

HVPE samples[59]. 

 

1.5. Optical properties 

Optical properties of β-Ga2O3 were intensively studied for both bulk crystals and layers, as their 

understanding and control (e.g. through intentional doping) expend the area of optoelectronic 

applications. Galazka et al. [56] studied the optical properties of β-Ga2O3 obtained by the Czochralski 

method. Transmittance spectra of as-grown crystal obtained for different free electron 

concentrations are shown in Figure 1.8. In each case there is a steep absorption edge at about 260 

nm and good transparency in the visible and near infrared region (NIR) especially at low electron 

concentration. The transmittance increases when the free electron concentration in the single crystal 

decreased. 
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Figure 1.8 Transmittance spectra of as grown β-Ga2O3 single crystals obtained by Czochralski method 

with various free electron concentrations [56]. 

 

Figure 1.9 shows a β-Ga2O3 single crystal ended with spiral (left hand side) and having 1 × 1018cm−3 free 

electrons concentration. The absorption is significant not only in the NIR, but also in the red part of the visible 

spectrum-giving rise to the blue coloration.  Therefore, to grow large β-Ga2O3 single crystals by Czochralski 

method the free electron concentration should be kept at the lowest possible level preferentially not 

exceeding the value 1 × 1018cm−3. Figure 1.9 further depicts a crystal shape improvement from a 

spiral to a straight cylinder by lowering the free electron concentration in the obtained crystal 

(middle) or inducing insulating state when doped with Mg (right-hand side). 
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Figure 1.9 β-Ga2O3 single crystals obtained by the Czochralski method showing a transition from a 

spiral to a straight cylinder shape by lowering the free electron concentration from 21018 cm-3 (left) 

to 41016 cm-3 (middle) and to insulating state by doping with Mg (right) [56].
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Chapter 2: 

β-Ga2O3 Schottky barrier diode development and challenges 

 

2.1. Introduction 

As mentioned in the previous chapter, Gallium oxide (β-Ga2O3)  has a serious drawback of 

developing p-type [6,7], thus hindering its application in bipolar devices (p-n junction, BJT)[2,41]. 

Currently β-Ga2O3 is therefore mainly used in unipolar devices (SBD [3,8], MOSFET [2], TFT [9] and 

field emission [10]). 

SBDs are the main components of switches or rectifiers. The device performance is described by 

different parameters such as the ideality factor (n), the Schottky barrier height (𝜙𝐵), the forward 

current at a specific bias, the on-resistance (Ron), the leakage current and the breakdown voltage (Vbr). 

Research on metal–semiconductor (M–S) contacts are very necessary because Schottky contacts with 

controllable Schottky barrier heights (𝜙𝐵) and Ohmic contacts with low series resistance are the basic 

requirements for achieving acceptable device performances. Recently, the research on β-Ga2O3 SBDs 

have dramatically increased. The main development progress of β-Ga2O3 SBD is shown in Figure 2.1. 

With the development of the epitaxy technology, the SBD structure has developed from the initial 

substrate-based simple structure to the substrate and epitaxial film-based complex structure. The 

epitaxial drift layer is used in SBDs due to its high purity, which provides a low on-resistance and a 

high breakdown voltage. 

Advanced terminal structures including filed plate and trench have appeared to reduce the surface 

electric field and the leakage current of the SB. Due to the difficulty in developing p-type β-Ga2O3, 

another p-type semiconductor, for example Cu2O, can be used as a guard ring termination for the SBD 

[41] as presented in Figure 2.1. For SBDs, high work function metals are required for Schottky 

contact with β-Ga2O3 [11] such as Nickel [12], Platinum [13], Copper, Iridium, Tungsten[60] and Gold 

[1,4,41]. However, there are still some challenges in developing high performance SBDs, including 

surface treatment of β-Ga2O3, controlling SBD output characteristics and understanding transport 

mechanisms.  
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Figure 2. 1 Development of β-Ga2O3 SBD in recent years [41]. 

 

2.2. Challenge of surface treatment 

Electron-Beam evaporation (EBE) techniques are used for contacts deposition. Before metal 

deposition, the surface of the substrate or the drift layer must be treated and prepared to remove the 

surface contaminations and hence reduce surface traps. Conventional techniques based on the 

chemical etching are commonly used for preparation and cleaning the surface of β-Ga2O3. The 

chemical solutions used include HCl, H2SO4, HNO3, HF, H2O2: H2SO4: H2O=1:4:1, KOH, and NaOH [61]. 

However, due to high bond strength, it is difficult to wet etch high-quality β-Ga2O3. Therefore, Argon 

(Ar) bombardment and plasma provide an enhanced physical component to the etching and are 

needed to help break bonds, also providing practical and controlled etch rates and good selectivity. 

But these tend to introduce surface damage, leading to increased leakage, lower breakdown voltages, 

and ideality factors in forward current considerably higher than unity. Previous studies have shown 

that the β-Ga2O3 surface is sensitive to damage during plasma exposure under high ion density 

conditions, leading to the introduction of generation-recombination centers that degrade the 

Schottky characteristics [62,63]. The degradation is related in most works to the increase in Ga 

vacancies in the surface of HVPE β-Ga2O3 film. Polyakov et al. [4] studied and analyzed the traps when 
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the surface of β-Ga2O3 SBD were subjected to Ar inductively coupled plasma (ICP) treatment for 

surface preparation before Ni deposition. The exposure of HVPE β-Ga2O3 films to ICP Ar plasma 

increases the density of deep electron traps E2
∗  (Ec − 0.8 eV) and E3 (Ec − 1.05 eV) in the top ~100 

nm of the films as presented in Figure 2.2 and creates in this region a high concentration of deep 

acceptors with optical threshold near 2.3 eV and 3.1 eV. These deep traps cause the apparent built in 

voltage in C-V characteristics to strongly decrease from 1 V to −0.02 V and give rise to higher reverse 

leakage current and to an increase in the ideality factor as shown in Figure 2.3.   

 

Figure 2. 2 𝑬𝟐
∗  and 𝑬𝟑 Traps concentration distribution in the surface of HVPE β-Ga2O3 [4]. 

 

The introduction of these trap states also leads to a strong decrease in the diffusion length of non-

equilibrium charge carriers from 450 nm in reference samples to 150 nm with Ar plasma exposure.  

Kim et al.[1] used confined magnetic field based sputtering (CMFS) method for Nickel deposition in 

SBDs and Figure 2.4 (a) shows the deposited SBD, which showed less degradation, high performance 

and high thermal stability than their EBE counterparts, which were related to the diffusion of Nickel 

atoms in the surface of β-Ga2O3.  CMFS process generates oxygen (O) and gallium (Ga) vacancies near 

the β-Ga2O3 surface. CMFS can confine a plasma and magnetic field to the faced two targets, in contrast 

to DC sputtering method, which has unstable plasma discharge due to the change of magnetic field. 

Slow deposition with low working pressure, leads to the formation of high film density comparison 
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to DC sputtering and EBE. In addition, it is characterized by a high target utilization comparison with 

DC sputtering method. 

 

 

Figure 2. 3 Effect of Ar plasma on the forward J-V characteristics [4]. 

 

Ni atoms substitute Ga vacancies, when this structure is annealed at temperature higher than 400°C. 

A shallow interfacial layer was formed by the diffusion of Ni into β-Ga2O3 after post-annealing 

treatment, which significantly influenced the electrical performance of the CMFS-Ni/β-Ga2O3 SBDs. In 

CMFS, the deposition and the surface preparations are simultaneously realized in contrast to EBE 

where the preparation (using Ar and plasma) and the deposition of metal are separate processes if 

plasma used for surface preparation before Schottky contact deposited. Figures 2.4 (b) and (c) show 

the schematic and processing images of the CMFS-Ni deposition respectively. This techniques based 

on the cleaning the surface of the drift using the formed plasma. Ar atoms bombard the Ni target and 

extract Ni atoms, which are transported and deposited in the surface of the β-Ga2O3 drift layer. In 

addition to the high thermal stability, the leakage current of the CMFS-SBDs was only 10% of the 

leakage current using EBE Ni-based SBDs. Furthermore, CMFS was used to vary the Schottky barrier 

height and the ideality factor changed from 0.84 to 1.33 eV and 1.20 to 1.04, in EBE and CMFS 

respectively. Part of the work carried in this thesis is an extensive modeling in order to understand 
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the role of CMFS technique in improving the SBD performance and reveal the transport mechanisms 

of the obtained SBD.  

 

Figure 2. 4 (a) Ni/β-Ga2O3 SBD schematic. Ni Schottky contacts were deposited by CMFS. The gradient 

Ni-doped β-Ga2O3 interfacial layer was formed after post-annealing. (b) Plasma generation with 

effective ionization mechanism and (c) processing images of CMFS-Ni deposition [1]. 

 

2.3. Controlling SBD outputs parameters 

As mentioned above, control of the Schottky barrier height (𝜙𝐵) and ideality factor are important in 

controlling its switching properties, in addition to the proposed idea of the annealing SBD deposited 

by CMFS in different temperature [1]. The other proposed idea for controlling 𝜙𝐵 is based on the 

choice of the Schottky metal material as Farzana et al. [11] showed that the metal choice (Pd, Ni, Pt 

and Au) on (010) β- Ga2O3 SBD affected. The obtained 𝜙𝐵 for each metal are 1.27, 1.54, 1.58 and 1.71 

eV respectively and the obtained ideality factors are presented in Figure 2.5. Comparison between 

the metal workfunction variation and the obtained 𝜙𝐵, a deviation from the Schottky-Mott relation 

for Au is noticed. 
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Figure 2. 5 J-V characteristics of unintentionally doped (010) β-Ga2O3 Schottky diodes measured at 

300K for four different metals, Pd, Ni, Pt, and Au[11]. 

Yao et al. [60]used W, Cu, Ni, Ir and Pt with workfunctions of 4.55, 4.65, 5.15, 5.27 and 5.65 eV 

respectively and the obtained 𝜙𝐵 from capacitance-voltage characteristics are 1.94, 1.61, 1.61, 2.3 and 

1.9 eV respectively. It is also observed that, 𝜙𝐵 does not show a universal trend with the metal 

workfunction indicating that surface/interface states due to defects and crystal orientation, crystal 

quality and their passivation with different types of surface treatment or metal deposition techniques 

can play a very important role in its determination. Higher threshold voltage is also obtained. Among 

the proposed solutions for these problems is a layer deposition between the metal and β-Ga2O3 with 

known properties. Bhattacharyya et al. [64] studied the modulation and enhancement of 𝜙𝐵  for 

different β-Ga2O3 orientaions and different metals when an ultra-thin SiO2 is inserted at the metal/β-

Ga2O3 interface. The SBD surface is improved but it was not the best way to control 𝜙𝐵. Harada et al. 

[65] reported systematic variations of 𝜙𝐵 in metal/PdCoO2/ β-Ga2O3 SBD when Pt, Cr, Ni and Ti are 

used for Schottky contact as presented in Figure 2.6 (b) with an increase in the thickness of the 

PdCoO2 inter-layer. This inter-layer consists of ionic Pd+ and [Co𝑂2]
− sublattices alternatingly 

stacked along the normal of the Schottky interface as presented in Figure 2.6 (a). This polar layered 

structure of PdCoO2 spontaneously induces interface dipoles that increase 𝜙𝐵. The effect of PdCoO2 

on the SBDs’ characteristics is presented in Figure 2.7. 
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Figure 2. 6 (a) Cross-sectional device structure of the metal/PdCoO2/β-Ga2O3 Schottky junction. The 

layered crystal structure of PdCoO2 is shown with Pd+ and [CoO2]- sublattices. (b) Optical microscopy 

image of the sample. Four different top metals (Pt, Ni, Cr, and Ti) were deposited. The red dotted line 

region enclosed does not contain top metals and thus corresponds to the bare PdCoO2/β-Ga2O3 devices 

[65]. 
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Figure 2. 7 Room temperature J–V characteristics of (a) Pt, (b) Ni, (c) Cr, and (d) Ti/PdCoO2 /β-Ga2O3 

Schottky devices. The diameters (D) of the Schottky diodes are 200 µm. The colored numbers are the 

d values[65]. 

 

The results demonstrated the possibility of tuning  𝜙𝐵 in a wide range of variation from 0.7-1.9 eV, as 

presented in Figure 2.8. 
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Figure 2. 8 Schottky barrier height variation versus PdCoO2 thickness for different metals contacts 

[65]. 

 

2.4. Reverse bias transport mechanisms 

In addition to the Schottky barrier height-engineering challenge, there are other challenge related to 

the exact modeling and understanding of leakage current of β-Ga2O3 SBD under high reverse voltage.  

Main reported  modeling studies of the leakage transport mechanisms in β-Ga2O3 SBD considered 

thermionic emission (TE) and thermionic field emission (TFE) under high reverse voltage [66,67]. In 

addition, due to the presence of trap states located near the metal/β-Ga2O3 interface, Zhou et al. [68] 

used Poole–Frenkel emission (PFE) mechanism to analyse the leakage current for Pt/(201̅̅ ̅̅ ̅) β-Ga2O3. 

PFE refers to the emission of electrons from trap state into a continuum of electron states, which could 

be associated with the presence of defects. Figure 2.9 (a) shows leakage current of Pt/𝛽-𝐺𝑎2𝑂3SBD 

at different operation temperatures. A good fitting was obtained in a wide temperature range when 

PFE was used. Therefore, it can be concluded that emission of electrons from metal into the defect-

related trap states should be the dominant leakage current mechanism.  

The PFE refers to the emission of electrons via a trap state into a continuum of electron states, which 

could be associated with the presence of defects. Figure 2.9 (b) plot log (J/E) versus √𝐸 for the Pt/β-
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Ga2O3 SBD measured a various temperatures. The linear dependence of log (J/E) on √𝐸 is a good for 

the PFE mechanism of the leakage current in the devices as expected as [68]: 

log (
𝐽

𝐸
) =

𝑞

2.3𝐾𝐵𝑇
√

𝑞.𝐸

𝜋𝜀𝑠
−

𝑞𝜙𝐵

2.3𝐾𝐵𝑇
+ log  (C) (2.1) 

Where, E, KB, ϕB, εs and C are electric field, Boltzmann constant, the static dielectric constant and 

constant respectively. 

 

Figure 2. 9 (a) Leakage current of Pt/β-Ga2O3  SBD at different operation temperatures and (b) 

leakage current is fitted using Poole-Frenkel[68]. 

In addition, another important transport mechanism is used for leakage current understanding, 

which is trap-assisted tunneling (TAT). As shown in Figure 2.10 temperature-dependent leakage 

current of two different SBDs (diodes with different β-Ga2O3 orientations) at -6 V with th 

consideration TAT mechanism with trap activation energy 42 meV. TAT mechanism is based has a 

dominant effect, where the electrons in the metal first thermally exited to the trap states and then 

tunnel through 𝜙𝐵 as shown in the inset of Figure 2.10. 
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Figure 2. 10 Arrhenius plot of reverse leakage current of two SBDs at -6 V. The inset is TAT 

mechanism mode[69]. 

Li et al. [66] included tunneling process , thermionic emission (TE) and field emission (FE) models under high 

reverse voltage in addition to the doping effect and image force lowering (IFL) model. The reverse I–V 

characteristics was very well-fitted using TE, FE, effective doping density of about 1.451018cm-3 and IFL effect 

as shown in Figure 2.11. 

 

Figure 2. 11 Measured reverse J–V characteristics at room compared with numerical model with the 

consideration of TE, FE, IFL and doping effect[66]. 
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Other work published the domination of TE rather than PFE. Hu et al. [70] studied the reverse current 

emission mechanism of the Mo/β-Ga2O3 Schottky barrier diode through the temperature dependent 

current-voltage (I-V) characteristics. The variation of reverse current with the electric field indicates 

that the TE is the dominant carrier transport mechanism under reverse bias rather than the PFE. 

Other works combined all the mentioned models [71]. 

 

2.5. Low temperature transport mechanisms and high ideality factor interpretation 

Improving and interpreting β-Ga2O3 SBD characteristics at different temperatures are of prime 

interest and focus. Because the current–voltage (J–V) characteristics of Schottky diodes measured at 

room temperatures do not provide satisfactory information about the conduction process and the 

nature of the barrier, the low-temperature dependent J–V characteristics facilitate understanding the 

different aspects of the conduction mechanisms. The thermionic emission (TE) current transport 

mechanism has widely been used to extract Schottky diode parameters. Further, an ideality factor 

higher than 2 at low temperature is found. The high ideality factor is maybe related to  the effect of 

inhomogeneities at a real MS interface[72,73] and also to the deviation from TE model in forward bias 

region. Therefore, thermionic field-emission model is proposed[74]. Arslan et al.[75] found a high 

ideality factor at low temperature for (Ni/Au)/AlInN/AlN/GaN SBD and they related these high values 

to the effect of tunneling mechanism among the dislocations intersecting the space-charge region.  In 

last few years, there was an increasing interest to study temperatures dependent SBD parameters. 

For example, Redy et al.[76] examined the temperature-dependent I–V characteristics of Au/Ni/β-

Ga2O3 SBD using thermionic emission mechanism. A 2.76 ideality factor was obtained at 100 K. Also,  

Sheoran et al.[77] studied Au/Ni/β-Ga2O3 SBD. The authors investigated their I–V and capacitance-

voltage (C–V) characteristics in a temperature range of 78–350 K. They also obtained an ideality factor 

of about 3.46 at 100 K with the consideration of thermionic current. In the mentioned works, they 

related this high value to the effect of barrier inhomogeneities at the Ni/β-Ga2O3 interface. However, 

at low temperature tunneling effect has a very important effect on modeling SBD[78]. Therefore, the 

tunneling effect must be considered for extract SBD parameters, expect for ideality factor parameter, 

which is thermionic emission coefficient. 
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Chapter 3: 

Ni/β-Ga2O3 Schottky barrier diode fabrication and modeling 

 

3.1. Introduction 

Molecular beam epitaxy (MBE) and metal-organic chemical vapor deposition (MOCVD) have 

been used to homoepitaxially grow thin films of high structural quality β-Ga2O3. MBE is an excellent 

technique for β-Ga2O3 deposition, but its ultra-high vacuum levels required and the relatively low 

growth rates (< 1 µm/h) are disadvantages. MOCVD, on the other hand, can be pushed to growth rates 

as high as 10 µm/h. However, the of metalorganic precursors nature of group-III elements, material 

grown by MOCVD suffer from high impurities [27,79]. Therefore, among the proposed technique for 

drift layer of SBD deposition is Halide Vapor Phase Epitaxy (HVPE)[1,4,36,80]. In addition to the drift 

layer deposition, another important factor for high performance SBD is the quality of the deposited 

metal. Electron-Beam evaporation (EBE) technique is used in this respect. But due to the high 

strength of the β-Ga2O3 bond, Argon bombardment and plasma provide an enhanced physical etching 

quality although they tend to introduce surface damage of β-Ga2O3 [4,14]. In contrast to the 

mentioned technique, Confined Magnetic Field based Sputtering (CMFS) shows a good quality and 

high stability [1], as will be seen in the next chapter. Therefore, the development of high quality SBD 

is still an ongoing work.  

However, due to the high cost, long time and experimental difficulty, technology aided design (TCAD) 

simulation is opening a new area of research for the development of new devices with low cost and 

reduced time. Another major motivation for using simulation is the possibility of controlling physical 

phenomena for better interpretations of the obtained results, as will be seen in the next chapter. 

In this chapter, SBD deposition techniques are presented and the physical models used for the 

simulated SBD are discussed. 
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3.2. Schottky barrier diode deposition details 

The Schottky diodes simulated in this work were fabricated on a 650 µm-thick Sn-doped bulk β-

Ga2O3 (Nd-Na ≈ 1 × 1018cm−3) single crystal wafers with (001) surface orientation. An epitaxial n 

type β-Ga2O3 drift layer (10 µm-thick, lightly doped Si) was grown on the bulk β-Ga2O3. The doping 

concentration (Nd-Na) of the drift layer was about 3 × 1016cm−3 as revealed by capacitance–voltage 

(C–V) measurement (4284A LCR meter, Agilent). Ti/Au electrode (10/40 nm) was deposited by EBE 

as an ohmic contact. Ni film (300 nm) was deposited on the drift layer by using CMFS for the Schottky 

contact. The Schottky metal patterns was formed using a shadow mask, and it had a circular shape 

with a radius of 150 µm. Figure 3.1 (a) and (b) show optical top-view images before and after contact 

deposition respectively. The device formed was annealed at a temperature of about 400 °C in Ar (at a 

pressure of 100 mTorr) for 1 min using a rapid thermal annealing (RTA) process. 

 

Figure 3. 1 Optical top-view images (a) before and (b) after contact deposition. 

 

3.2.1. Deposition of Si doped β-Ga2O3 drift layer 

Usually MBE, PLD, sol-gel, MOCVD, and mist CVD methods can be used for the drift layer 

deposition. MBE method performs crystal growth in a high vacuum chamber; but it is difficult to grow 

β-Ga2O3 single crystal thick films. In general, when the growth temperature is increased, a high-

quality film can be obtained. However, since the re-evaporation of the source gas increases, a 

sufficient film formation rate cannot be obtained, which is not suitable for mass production. PLD is 
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not suitable for large area films growth  due the film formation low rate, so it takes a long time to grow 

a thick film and therefore not suitable for mass production.  As for the sol-gel, MOCVD and mist CVD 

methods, it is relatively easy to increase the diameter, but impurities in the raw material are 

transferred to the β-Ga2O3single crystal film during the epitaxial growth. Therefore, it is difficult to 

obtain a high-purity single crystal film. HVPE technique is therefore used, in this work, for drift layer 

deposition with a high quality and large diameter and controlled doping concentration.  

Figure 3.2 shows a vertical sectional view of an HVPE reactor. The HVPE reactor includes gases 

introduction ports for N2, O2, Cl2 and dopant gas (SiCl4). In addition to the heating units used for 

reactions activation for example for decomposition and oxidation and other chemical reactions, a 

vessel containing a raw Ga used for the formation of GaCl in the presence of  Cl2. The vessel located in 

the first reaction region (R1) is heated to maintain the raw material predetermined temperature. 

Next, Cl2 gas is introduced to generate GaCl  by the reaction of Ga with Cl2. Using the transport 

carrier’s gas, GaCl is transported from the first reaction (R1). Because of high temperature, GaCl is 

decomposed and then oxidized in the presence of O2. Si doped β-Ga2O3is obtained by heating the 

source of Si atoms, which is SiCl4 gas on the Sn doped β-Ga2O3 substrate and the doping concentration 

is controlled by adjusting the SiCl4 gas. 

 

Figure 3. 2 Vertical sectional view of the vapor phase growth reactor [79]. 
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3.2.2. Deposition of Ni Schottky contact 

 The Ni Schottky contact is realized by the CMFS deposition method.  The sputtering processes 

were carried out under the following conditions. Before sputtering, the base pressure was maintained 

at a high vacuum of 1 × 10−6 Torr using a turbo-molecular pump and a rotary pump. A DC power 

supply was used as the sputtering power source. Figure 3.3 (a) and (b) show the CMFS reactor and 

its schematic.  

 

Figure 3. 3 (a) CMFS reactor and (b) its schematic. 

 

An open type of permanent magnetic arrangements inserted into two cathodes was used as shown in 

Figure 3.3 (b). Among common structural characteristics, they have two cathodes with opposite 

magnetic poles and plasma generated between the two targets. Substrate and epitaxial film-based (Si-

doped β-Ga2O3 deposited on Sn-doped β-Ga2O3) placed at the center between the two targets as the 

schematic shows in Figure 3.3 (b) Ar working gas was used for plasma generation and Ni target 

bombardment. Comparing CMFS with DC sputtering, the latter has unstable plasma discharge due to 

the change of magnetic field and lower sputter yield while the first utilizes high target. For EBE, a low 

film density with comparison with CMFS and DC sputtering and low uniformity by magnetic field are 

produced. 
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3.3. The physical models of Ni/β-Ga2O3 Schottky barrier diode 

The Schottky barrier height (𝜙𝐵) is the most important property of a Metal/Semiconductor 

interface that decides its electrical characteristics. In-depth discussions and explanations of 𝜙𝐵 

usually begin with a consideration of the Schottky-Mott rule. According to Schottky-Mott rule, 𝜙𝐵 is 

given by [81]: 

𝜙𝐵𝑛,0 = 𝜙Ni − 𝜒Ga2O3
 (3.1) 

Where 𝜙Ni, and χGa2O3
are Nickel workfunction and β-Ga2O3 electron affinity respectively. Ever since 

Ni/β-Ga2O3 Schottky diodes became available for experimental investigation in the last years, it was 

clear that the idealistic, non-interacting picture of the Ni/β-Ga2O3 interface suggested by the 

Schottky-Mott rule was not satisfied.  Furthermore, there is no clear dependence of the SBH on the 

metal work function. The absence of a strong dependence of 𝜙𝐵𝑛 on the metal work function was an 

unexpected due to the presence of new phenomena. Among the proposed phenomena were the Fermi 

level pinning and image force lowering [81]. 

 

3.3.1. Fermi level pinning 

The Fermi level pinning in SBD is related to interface states at the Ni/β-Ga2O3 interface. These surface 

interface states producing energy levels within the Ni/β-Ga2O3 interface is expected. When Schottky 

contact is formed, free electrons are transported from the n-type β-Ga2O3 to the Ni metal. These free 

electrons leave ionized donors behind, which produce electric fields, and hence a potential barrier 

that opposes electron migration. Equilibrium is reached when these two balance each other out. This 

is an ideal Schottky contact case. Now, consider the case where we have a substantial density of 

surface states as shown in Figure 3.4. Most of the states have a very high probability of being 

occupied by an electron [81,82]. Therefore, surface states are additional source of electrons by an 

emission process and providing free carriers to the Ni metal in order to reach equilibrium. Now, the 

case where we have a very high density of states, and a high density of surface states, electrons 

produced by these surface states are comparable to electrons transported from the β-

Ga2O3conduction band. The more extreme case where the number of electrons emitted from the 

surface states is greater than the number of electrons transported over to the conduction band of β-
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Ga2O3. In this case, the number of electrons emitted by the surface states will be enough to reach 

equilibrium. So, the Fermi level position is fixed to the energy where the surface state density peaks. 

This is the Fermi level pinning and it takes away a very important degree of freedom of engineering 

semiconductor devices. This is detrimental since it is a major source of degradation of semiconductor 

devices. Therefore, cleaning up this surface has been a major topic in the development of 

semiconductor devices in order to reduce surface states as much as possible. Due to this effect, the 

extracted SBD parameters differ from the ideal case defined by the Schottky-Mott rule and the ideality 

factor deviation from unity (𝜂 ≠ 1). The ideality factor and the barrier height can be described in 

terms of interface states by [81,83–85]: 

𝑛 = [1 + ∑
𝑞𝛿𝑡𝑁𝑠𝑠(𝑡)

𝜀𝑖
𝑡 ] (3.2) 

𝜙𝐵 = 𝜙𝐵
0 − ∑

𝑞𝛿𝑡𝑄(𝑡)

𝜀𝑖
𝑡  (3.3) 

Where the index t expresses the sum to the traps type, while 𝑁𝑠𝑠(𝑡), 𝛿𝑡 , 𝑄(𝑡)and  𝜀𝑖 are the densities 

of states, the thickness, the trapped charge per unit area and the dielectric constant of the interfacial 

layer, respectively. 

 

Figure 3. 4 Energy-band diagram of Ni/β-Ga2O3 junction with an interfacial layer and interface states. 
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3.3.2. Image-force lowering 

The presence of free electron carriers in β-Ga2O3 near the Ni contact leads to the creation of an 

attractive force by the electrostatic effect and thus an electric field exists. This field induces a potential 

difference and therefore a change in the energy diagram. Because the created force is attractive, the 

potential difference created is negative, thus corresponds to a lowering of the existing barrier as 

presented in Figure 3.5. This lowering is known as the image-force lowering or the Schottky effect. 

The reduction of Schottky barrier height from the Schottky-Mott rule is given by [86]: 

𝜙𝐵 = 𝜙𝐵
0 − ∆𝜙𝐵 (3.4) 

∆𝜙𝐵=√
𝑞|𝐸|

4𝜋𝜀𝑠
=

𝑞

𝜀𝑠
√

(𝑁𝑑−𝑁𝑎)

4𝜋
𝑤 (3.5) 

Where 𝐸, 𝜀𝑠, 𝑁𝑑 − 𝑁𝑎 and 𝑤 are the electric field, the static dielectric constant, the net doping 

concentration and the depletion region width respectively. 

 

Figure 3. 5 The energy band diagram incorporating the image force lowering effect in Ni/β-Ga2O3 

Schottky contact. The barrier height at thermal equilibrium is q𝝓B,n The barrier lowering is q𝝓F. 
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3.3.3. Carrier recombination models 

3.3.3.1.  Shockley-Read-Hall recombination (SRH) 

An allowed energy state within the forbidden bandgap, also called a trap, may act as a 

recombination center, capturing both electrons and holes. The Shockley–Read–Hall theory of 

recombination assumes that a single recombination center, or trap, exists at an energy Et within the 

bandgap. There are four basic processes, shown in Figure 3.6 that may occur at this single trap. We 

will assume that the trap is an acceptor-type trap; that is, it is negatively charged when it contains an 

electron and is neutral when it does not. The four basic processes are [82,86]: 

 Process 1: The capture of an electron from the conduction band by an initially neutral empty 

trap.  

 Process 2: The inversion of process 1, the emission of an electron that is initially occupying a 

trap level back into the conduction band. 

 Process 3: The capture of a hole from the valance band by a trap containing an electron (or 

we may consider the process to be the emission of an electron from the trap into the valance 

band). 

 Process 4: The inversion of process 3, the emission of a hole from a neutral trap into the 

valance band (or we may consider the process to be the capture of an electron from the valance 

band into the trap). 

 

Figure 3. 6 The basic trapping and emission processes for the case of an acceptor type trap [82]. 
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In process 1, the rate at which electrons from the conduction band are captured by the trap is 

proportional to the density of electrons in the conduction band and the density of empty trap states. 

We can then write the electron capture rate as [82,86]: 

Rcn = CnNt[1 − 𝑓𝐹(Et)]n (3.6) 

Where Rcn , Cn, Nt, n and 𝑓𝐹(Et) are capture rate (𝑐𝑚−3𝑠−1), capture coefficient which is proportional 

to electron-capture cross section, total concentration of trapping centers, electron concentration in 

the conduction band and Fermi function at the trap energy, respectively. The Fermi function at the 

trap energy is given by [82,86]: 

𝑓𝐹(Et) =
1

[1+exp (
Et−EF
𝐾𝐵𝑇

)]
 (3.7) 

Which is the probability that a trap will contain an electron. The function [1 − 𝑓𝐹(Et)] is then the 

probability that the trap being empty.  

For process 2, the rate at which electrons are emitted from a filled trap back into the conduction band 

is proportional to the number of filled traps. The emission rate is then given by [82,86]: 

Ren = EnNt 𝑓𝐹(Et) (3.8) 

Where  En and 𝑓𝐹(Et) are the emission constant and the probability that the trap is occupied 

respectively.  

In thermal equilibrium, the rate of electron capture from the conduction band and the rate of electron 

emission back into the conduction band must be equal. Then [82,86]: 

Rcn = Ren (3.9) 

Therefore the following equation results [82,86]: 

CnNt[1 − fF0(Et)] n0 = EnNt fF0(Et) (3.10) 

Where 𝑓𝐹0(Et) denotes the thermal-equilibrium Fermi function and n0 is the equilibrium electron 

density. Using the Boltzmann approximation for the Fermi function, we can find En in terms of Cn 

as[82,86]: 

En = n′Cn (3.11) 

Where n’ is given by [82,86]: 

n′ = Nc exp (−
(Ec−Et)

KBT
) (3.12) 
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The parameter n′ is equivalent to an electron concentration that would exist in the conduction band 

if the trap energy Et coincided with the Fermi energy EF. 

In non-equilibrium, excess electrons exist, so that the net rate at which electrons are captured from 

the conduction band is given by [82,86]: 

Rn = Rcn − Ren (3.13) 

Which is just the difference between the capture rate and the emission rate. Combining equations 

(2.6) and (2.8) with (2.13) gives [82,86]: 

Rn = CnNt[1 − 𝑓𝐹0(Et)]n − EnNt 𝑓𝐹0(Et) (3.14) 

We may note that, in this equation, the electron concentration n is the total concentration, which 

includes the excess electron concentration. The Fermi energy in the Fermi probability function needs 

to be replaced by the quasi-Fermi energy for electrons. The constants En and Cn are related by 

equation (3.11), so the net recombination rate can be written as [82,86]: 

Rn = CnNt[𝑛(1 − 𝑓𝐹(Et)) − 𝑛′ 𝑓𝐹(Et)] (3.15) 

A  similar analysis  of processes 3 and 4 gives the net rate at which holes are captured from the valance 

band is given by [82,86]: 

Rp = CpNt[p 𝑓𝐹(Et) − p′ (1 − 𝑓𝐹(Et))] (3.16) 

Where Cp  is a constant proportional to the hole capture rate, and p’ is given by [82,86]: 

p′ = Nv exp (−
(Et−Ev)

KBT
) (3.17) 

In a semiconductor in which the trap density is not too large, the excess electron and hole 

concentrations are equal and the recombination rates of electrons and holes are equal. If we set 

equation (2.16) equal to equation (3.17) and solve for the Fermi function, we obtain [82,86]: 

𝑓𝐹(Et) =
Cnn+Cpp′

Cn(n+n′)+Cp(p+p′)
 (3.18) 

We may note that  n’p’ = ni². Then, substituting equation (3.18) back into either equation (3.15) or 

(3.16) gives [82,86]: 

Rn = Rp =
[CnCp(n.p−ni²)]

[Cn(n+n′)+Cp(p+p′)]
 (3.19) 

Equation (3.19) is the recombination rate of electrons and holes due to the recombination center 

at E = Et. 
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3.3.3.2. Auger recombination 

 The Auger recombination is a bimolecular recombination where, the released energy during 

the recombination of an electron and a hole is not an emission of a photon but, instead, it is transferred 

to a third particle (electron or a hole). The energy is eventually transferred non-radiatively from the 

hot third carrier via phonon emission to the lattice. Auger Recombination is commonly modelled 

using the expression[82,86]: 

RAuger = 𝛾𝑛(p. n2 − n. ni
2) + 𝛾𝑝(n. p − p. ni

2) (3.20) 

Where 𝛾𝑛 and 𝛾𝑝 are the Auger coefficients (cm6/s). 

 

3.3.4. Mobility models 

3.3.4.1. Concentration and temperature dependent mobility 

Electrons and holes are accelerated by electric fields, but lose momentum as a result of 

various scattering processes. These scattering mechanisms include lattice vibrations (phonons), 

impurity ions, other carriers, surfaces, and other material imperfections. Since the effects of all of 

these microscopic phenomena are lumped into the macroscopic mobilities introduced by the 

transport equations, these mobilities are therefore functions of the local electric field, lattice 

temperature, doping concentration, and so on. The concentration dependent mobility parameter is 

the model that links the mobility to the concentration of dopants. This model includes the effects of 

lattice scattering, impurity scattering (with screening from charged carriers), carrier-carrier 

scattering, and impurity clustering effects at high concentration as follow: 

1

μn,p
=

1

μn,pL
+

1

μn,p DAP
 (3.21) 

μn,p are the total electron and hole mobilities, μn,pL are the electron and hole mobilities due to lattice 

scattering, μn,p DAP are the electron and hole mobilities due to donor (D), acceptor (A), screening (P) 

and carrier-carrier scattering. 
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3.3.4.2.  Parallel electric field dependent mobility 

As carriers are accelerated in an electric field, their velocity will begin to saturate when the 

electric field magnitude becomes significant. This effect has to be accounted for by a reduction of the 

effective mobility since the magnitude of the drift velocity is the product of the mobility and the 

electric field component in the direction of the current flow. This model expresses the parallel electric 

field mobility dependence as [87]: 

μn(E) = μn0 [
1

1+(
μn0𝐸

vsatn
)
γn]

1

γn

 (3.22) 

μ𝑝(E) = μp0 [
1

1+(
μp0𝐸

vsatp
)
γp]

1

γp

 (3.23) 

Where vsatn and vsatp are the electron and hole saturation velocities γn and γpare constants, μn0 and 

 μp0 are the total electron and hole mobilities. 

 

3.3.5. Bandgap models 

3.3.5.1. Bandgap narrowing  

In the presence of heavy doping, greater than 1 × 1018𝑐𝑚−3, experimental work has shown 

that the bandgap of β-Ga2O3 becomes doping dependent [88]. As the doping level increases, a 

decrease in the bandgap separation occurs, where the conduction band is lowered by approximately 

the same amount as the valence band is raised. In this model the intrinsic concentration variation 

versus the bandgap narrowing is given by [89]: 

nie² = ni²exp (
∆Eg

KBT
) (3.24) 

Where nie and ni are the intrinsic concentration after and before lowering and ∆Eg is the bandgap 

lowering respectively. 

The variation of ∆Eg with doping is given by [89]: 

∆Eg = 𝑎. {ln (
𝑁

𝑏
) + √(ln (

𝑁

𝑏
))

2

+ 𝑐  } (3.25) 

Where a, b, c are bandgap narrowing parameters and  𝑁 is the doping concentration. 
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3.3.5.2.  Bandgap variation with temperature 

 Band gap changes with higher temperature mainly arise from the change of the lattice 

constant. Experimental results show that the band gaps of most semiconductors decrease with 

increasing temperature. The variation of the band gap with temperature is given by[86]: 

𝐸𝑔(𝑇) = 𝐸𝑔(0) −
𝛼.𝑇2

𝑇+𝛽
= 𝐸𝑔(300) + 𝛼 [

3002

300+𝛽
−

𝑇2

𝑇+𝛽
] (3.26) 

Where 𝐸𝑔(300) is the room temperature bandgap and α and β are parameters related to β-Ga2O3. 

 

3.3.6.  Impact ionization model 

The Selberherr’s impact ionization model is used to describe the avalanche breakdown effect. 

The avalanche breakdown process occurs when electrons and/or holes, moving across the space 

charge region, acquire sufficient energy from the electric field to create electron–hole pairs by 

colliding with atomic electrons within the depletion region. The avalanche process is schematically 

shown in Figure 3.7. The newly created electrons and holes move in opposite directions due to the 

electric field and thereby create a reverse-biased current. In addition, the newly generated electrons 

and/or holes may acquire sufficient energy to ionize other atoms, leading to the avalanche process. 

For most PN junctions, the predominant breakdown mechanism is the avalanche effect [82]. 

 

Figure 3. 7 Avalanche breakdown process in a reverse-biased PN junction[82]. 
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Selberherr’s Impact ionization (SELB) model used for avalanche breakdown is defined through the 

following coefficients for electrons and holes [90]: 

𝛼𝑛 = 𝐴𝑛exp (− (
𝐵𝑛

𝐸
)
𝛽𝑛

 (3.27) 

𝛼𝑝 = 𝐴𝑝exp (−(
𝐵𝑝

𝐸
)
𝛽𝑝

) (3.28) 

Where 𝐸 is the electric field in the current direction and 𝐴𝑛, 𝐴𝑝, 𝐵𝑛, 𝐵𝑝, 𝛽𝑛 and 𝛽𝑝 are fitting 

parameters. 

 

3.3.7.  Incomplete ionization 

Generally, the simulation is carried out at room temperature, where, in most cases, the 

semiconductor is considered in the full impurities ionization state. However, as temperature is 

decreased, full ionization of impurities can no longer be assumed. In this case, the dependence of 

ionized impurities on temperature is modelled using Fermi-Dirac statistics. The ionized donor and 

acceptor impurity concentrations are given by[82,86]: 

𝑁𝑑
+ =

𝑁𝑑

[1+g𝑑.exp (
(𝐸𝐹𝑛−(𝐸𝑐−𝐸B,d))

𝐾𝐵𝑇
)]

 (3.29) 

𝑁𝑎
+ =

𝑁𝑎

[1+g𝑎.exp (
(𝐸𝑣−(𝐸𝐹𝑝+𝐸B,a))

𝐾𝐵𝑇
)]

 (3.30) 

Where 𝐸B,d and 𝐸B,a are the dopant activation energies, g𝑑  and g𝑎 are the conduction and valance 

band degeneracy factor, 𝑁𝑑  and 𝑁𝑎 are the net compensated n-type and p-type doping, respectively. 

 

3.3.8. Transport models 

 In a Schottky junction, the current is mainly due to majority carriers. Unlike the p-n junction 

where the minority carriers are the responsible for the current. The current transport can be 

described by three theories depending on the semiconductor properties (thermionic emission theory, 

diffusion theory and tunneling). The thermionic emission locates the current limitation at the 

interface between Ni and Si-doped β-Ga2O3 especially when the free carriers have enough energy to 

surmount the barrier height. On the other hand, the diffusion theory locates the current limitation in 
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the depletion region. However, when the carrier’s energy is lower than the barrier height, there is a 

probability to penetrate this barrier through tunneling.  

 

3.3.8.1. Thermionic emission 

As mentioned above, thermionic emission is a majority carrier current which is always 

associated with Schottky barrier height. The critical parameter is the barrier height and not the shape 

of the barrier [86].  The thermionic emission characteristics are derived by assuming that the barrier 

height is much larger than KBT, so that the Maxwell–Boltzmann approximation applies and that 

thermal equilibrium is not affected by this process [82,86]. The thermionic current is the sum of the 

current density due to electrons flow from β-Ga2O3 to Ni and the current density due to electrons 

flow from Ni to β-Ga2O3. After some approximations the thermionic current is given by [78]:  

𝐽𝑇ℎ = 𝐽𝑠(exp (
𝑞(𝑉−𝑅𝑠𝐽)

ƞ𝐾𝐵𝑇
) − 1) (3.31) 

Where 𝐽𝑠 is the saturation current density, 𝑞 is the elementary charge, 𝑅𝑠 is the series resistance and 

ƞ is the ideality factor. 𝐾𝐵 and 𝑇 are Boltzman constant and the absolute temperature (K), 

respectively. In this conduction mechanism, 𝐽𝑠 is given by [78]: 

𝐽𝑠 = 𝐴∗𝑇²𝑒𝑥𝑝 (−
𝑞𝜙𝐵

𝐾𝐵𝑇
) (3.32) 

Where 𝐴∗ is the Richardson constant (41.11 A.𝑐𝑚−2𝐾−2for β-Ga2O3 [1]) and 𝜙𝐵is the Schottky 

barrier height.  

 

3.3.8.2. Diffusion 

The diffusion theory also assumes that the barrier height is much larger than KBT, and the 

carrier concentrations at the interface Ni/β-Ga2O3 and at the border of the depletion region, are 

unaffected by the current flow (i.e. they have their equilibrium values), and finally, β-Ga2O3  must be 

non-degenerate. The current density is given by[82,86]: 

𝐽𝑛 = qμnn(x, y, z)E(x, y, z) + qDn∇n (3.33) 
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Where q, μn, n, 𝐸 and Dn are elementary charge, electron mobility, internal electric field and diffusion 

coefficient respectively. 

 

3.3.8.3. Tunneling 

Tunneling is a quantum-mechanical phenomenon. In classical mechanics, carriers are 

completely confined by the potential walls. Only those carriers with excess energy higher than the 

barriers can escape, as in the case of thermionic emission discussed above. In quantum mechanics, an 

electron can be represented by its wavefunction. The wavefunction does not terminate abruptly on a 

wall of finite potential height and it can penetrate into and through the barrier. The probability of 

electron tunneling through a barrier of finite height and width is thus not zero.  

The tunnelling model was considered using Universal Schottky Tunneling (UST) model and the 

tunneling current is given by [86]: 

𝐽𝑇 =
𝐴∗𝑇𝐿

𝐾𝐵
∫ Γ(𝐸′)ln (

1+𝐹𝑠(𝐸
′)

1+𝐹𝑚(𝐸′)
)𝑑𝐸′

∞

𝜖
 (3.34) 

The tunnelling  generation rate (𝐺𝑇) is the given by[91]: 

𝐺𝑇 =
1

𝑞
∇ 𝐽𝑇𝐸  (3.35) 

Where 𝐴∗, 𝑇𝐿 , 𝐾𝐵, 𝜖, 𝐹𝑠(𝐸
′) and 𝐹𝑚(𝐸′) are effective Richardson’s coefficient, lattice temperature, 

Boltzmann constant, electrons energy, and the Maxwell-Boltzmann distribution in β-Ga2O3 and Ni, 

respectively and Γ(𝐸′) is the tunnelling probability, which is given by [86]: 

Γ(𝜖) = exp [ −2
√2𝑚∗

ℏ
∫ √𝐸𝑐(𝑥) − 𝜖

𝑥2

𝑥1
𝑑𝑥] (3.36) 

Here, 𝐸𝑐(𝑥) and (𝑥1, 𝑥2) are the potential energy distribution of Schottky barrier diode and classical 

turning points, respectively. 

 

3.3.8.4. Band to band tunneling (BBT) 

If a sufficiently high electric field exists within a device, local band bending may be sufficient 

to allow electrons to tunnel, by internal field emission, from the valence band into the conduction 

band as presented in Figure 3.8. An additional electron is therefore generated in the conduction band 
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and a hole in the valence band. This generation mechanism is implemented into the right-hand side 

of the continuity equations. The tunneling generation rate is [92–94]: 

𝐺𝐵𝐵𝑇 = 𝐵1. 𝐸
𝐵2𝑒−(

𝐵3
𝐸

) (3.37) 

Where 𝐵1, 𝐵2 and 𝐵3 are Band-to-Band model parameters and 𝐸 is the local electric field. 

 

Figure 3. 8 Schematic representation of the band-to-band tunneling process[94]. 

 

3.3.9.  Self-Heating  

The thermal behaviour of power semiconductor devices is a main cause affecting their 

reliability and performance. Wachutka [95] proposed a model based on the laws of phenomenological 

irreversible thermodynamics and it is consistent with the physical models usually considered in the 

isothermal drift diffusion approximation. The “classical” isothermal device equations are extended 

and completed by a generalized heat conduction equation involving heat sources and sinks which, 

besides Joule and Thomson heat, reflect the energy exchanged through (radiative and non-radiative) 

recombination and optical generation. Thus the extended model also applies to direct semiconductors 

(e.g., optoelectronic devices) and accounts for effects caused by the ambient light intensity. 

Furthermore, it fully allows for low temperature since the case of incomplete ionization of donors and 

acceptors (impurity freeze-out) is properly incorporated in the theory. By adopting this model, the 

lattice heat flow equation will be added to the dynamic continuity equations for electrons and holes 

flow [95]: 

𝑐 (
𝜕𝑇

𝜕𝑡
) = 𝑑𝑖𝑣(𝑘. ∇ ⃗⃗  ⃗𝑇) + 𝐻 (3.38) 
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Where "𝑐” is the heat capacitance per unit volume, “𝑘” is the thermal conductivity, and “𝐻” is the heat 

generation rate, which is given by[95]: 

𝐻 = 𝐻𝐽 + 𝐻𝑃𝑇 + 𝐻𝐺𝑅  (3.39) 

Where 𝐻𝐽, 𝐻𝑃𝑇 and 𝐻𝐺𝑅 are the joule generation, Peltier recombination heating and Thompson cooling 

respectively. 
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Chapter 4 

Silvaco TCAD simulation 

 

4.1. Introduction 

For over three decades, Silvaco has solved semiconductor design challenges by offering 

affordable and competitive EDA (Electronics Design Automation) software, proven design IP 

(intellectual property), and world class support to engineers and researchers across the globe. Silvaco 

solutions span from atoms to systems: starting with simulation of material behavior impacting 

semiconductor devices, to design and analysis of transistor circuits, and lastly providing IP blocks for 

systems-on-chip (SoC) designs. Silvaco TCAD is a powerful devices design simulator that provides 

better physics insight with realistic parameters observations, including electrical, optical and thermal 

properties. It is a physically based two and three-dimensional device simulator and provides insight 

into the internal physical mechanisms associated with device operation.   

4.2. Silvaco overview 

Silvaco Atlas contains a large number of useful modules among the most used as interactive tools 

DeckBuild and Tonyplot, process simulator Athena, device simulator Atlas, structure and mesh editor 

DevEdit as presented in Figure 4.1.   

 

Figure 4. 1 Simulation flow diagram of Silvaco TCAD. 
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 Deckbuild: is an interactive, graphic runtime environment for developing process and device 

simulation input decks. It is the main window of SILVACO where all simulators can be 

controlled. 

 Atlas: is a physically based device simulator module, which predicts the electrical 

characteristics that are associated with specified physical structures and bias conditions. This 

is achieved by approximating the operation of a device onto a grid (discretizing). The transport 

of carriers through this device can be simulated by applying a set of differential equations, 

derived from Maxwell’s laws in this grid. This means that Atlas provides a platform to analyse 

AC, DC and time domain responses for all semiconductor based technologies in two and three 

dimensions. Atlas is also used for device generation. 

 TonyPlot: is a graphical post-processing tool for use with all Silvaco simulators and is an 

integral part of the Interactive Tools. TonyPlot can operate stand-alone or along with other 

interactive tools, such as DECKBUILD. It provides scientific visualization capabilities including 

xy plots with linear and logarithmic axes, polar plots, surface and contour plots. 

 

4.2.1. Deckbuild 

It is the graphic interface between the user and simulators. It consists of two windows. One for input 

deck creation and editing, in this window the simulators can be called and controlled using Deckbuild 

commands. The second window is for simulators outputs and results and simulation details (Figure 

4.2).  



Chapter 4: Silvaco TCAD simulation 

48 
 

 

Figure 4. 2 Deckbuild two windows. 

 

4.2.2. Device generation and simulation using Atlas 

As presented in Figure 4.1, Atlas is the core part of Silvaco TCAD simulation, Atlas run inside 

DeckBuild and start with the line “go Atlas” and comments in Deckbuild are preceded by “#”. The 

order in which statements occur in an Atlas input file is important. There are five groups of statements 

that must occur in the correct order (Figure 4.3). Otherwise, an error message will appear which may 

cause incorrect operation or termination of the program.  The order of statements within the mesh 

definition, structural definition, and solution groups is also important. Otherwise, it may also cause 

incorrect operation or termination of the program. 
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Figure 4. 3 Flow chart and command groups of Atlas. 

 

4.2.2.1. Structure specification 

The first step in device specification is to determine the mesh profile in the device.  A mesh refers to 

a collection of elements whose union defines the device (Figure 4.4). It is established by overlapping 

two sets of parallel lines perpendicular to each other to form a network, which has the device shape. 

The intersections of lines are called nodes, while the spaces between them called elements. Accurate 

simulation requires a smooth mesh that can resolve all significant requirements of the solution. 

Numerical efficiency requires a rough mesh that minimizes the total number of grid points thus a fast 

simulation. Another condition must be taken in consideration is the maximum number of nodes 

supported by the software; in Silvaco TCAD (Atlas), a two-dimensional simulations may support up 

to 100,000 nodes. Three-dimensional simulations may support up to 20,000,000 nodes and 

40,000,000 elements, with no more than 100,000 nodes in a single plane and a maximum of 2,000 

planes in the z direction[96]. 
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Figure 4. 4 Mesh Profile in a simulated device. 

 

Figure 4.4 shows the device’s mesh of the considered example, which can be generated using the 

following code: 

# X mesh 

x.mesh location=0       spacing=0.5 

x.mesh location=20      spacing=0.5 

# Y mesh 

y.mesh location=0       spacing=0.01 

y.mesh location=0.3     spacing=0.001 

y.mesh location=0.31    spacing=0.005 

y.mesh location=10      spacing=0.5 

y.mesh location=660     spacing=10 

Where “spacing” specifies the mesh spacing at the mesh locations specified by “location” parameter. 

The next step is the layers specification, the structure presented in Figure 4.5, which can be realised 

by using the following code: 
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region number=1 user.material=air x.min=0 x.max=20 y.min=0\       y.max=0.3 

region number=2 user.material=GaxOyNiz x.min=0 x.max=20 y.min=0.3\    y.max=0.31 

region number=3 user.material=Ga2O3Si x.min=0 x.max=20 y.min=0.31\ y.max=10 

region number=4 user.material=Ga2O3Sn x.min=0 x.max=20 y.min=10\    y.max=660 

 

 

Figure 4. 5 Device layers specification. 

 

The Schottky barrier is known as the barrier height at the junction for the injection of electrons from 

the metal to the semiconductor conduction band, and it is equal to the difference between the metal 

work function and the electron affinity of semiconductor. Therefore, the metal work function defines 

if the contact is rectifying or Ohmic. 

The command “contact” is used to tell Atlas how to treat the electrode. In the default condition, an 

electrode in contact is assumed Ohmic. If the electrode is wanted to be treated like a Schottky contact, 

then the appropriate work function must be defined according to the following Silvaco Atlas code: 

Electrode name=anode material=nickel x.min=5 x.max=15 y.min=0\ y.max=0.3 workf=5.35 

electrode name=cathode material=gold bottom 

 

The simplest method for doping profile specification; presented in the following code: 



Chapter 4: Silvaco TCAD simulation 

52 
 

doping conc=3e16 n.type uniform x.min=0 x.max=20 y.min=0.3\  y.max=10 

doping conc=1e18 n.type uniform x.min=0 x.max=20 y.min=10\  y.max=660 

 

Which means an n type uniform doping profile of the specified layer locations. 

Finally, the presence of deep defects may significantly influence the electrical characteristics of the 

device. Two methods are used to introduce deep levels in Atlas, depending on their spatial 

distribution: the “trap” statement activates bulk traps at discrete energy levels within the bandgap of 

the semiconductor with a uniform distribution and sets their parameter values. While the “doping” 

statement can be used to introduce a non-uniform traps distribution. 

Deep levels can be defined using their activation energy, emission and capture cross section for 

electrons and holes and their density. These are the required parameters to define traps in Atlas, in 

addition to their type and location. The following line of code is an example of the Atlas syntax for 

traps definition: 

trap acceptor x.min=0 x.max=20 y.min=0.3 y.max=0.31 e.level=0.8 \ density=5.2e15 degen=1 

sign=0.5e-12 sigp=0.5e-14 

 

In this line of code, the first word (trap) is the statement and the rest are parameters that describe 

the trap. Where: “acceptor” specifies the traps type, “x.min, x.max, y.min, y.max” specify the edges of 

the region where the traps are located. “e.level” specifies the energy level position of traps relative to 

the conduction band in the case of acceptor traps or valence band in the case of donor traps. The unit 

here is the electron Volt (eV). “density” specifies the density of the traps centers in (𝑐𝑚−3), “degen” 

specifies the degeneracy factor and “sign, sigp” specify the capture cross sections for electrons and 

holes respectively (in Atlas, Either the cross section or lifetime parameters can be used to define the 

capture parameters). 

Note: 

The back slash ‘\’ at the end of the line of code informs Atlas that the next line of code should be 

considered as a part of the one preceding it. This is a useful tool to make the code more organized. 
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4.2.2.2. Materials and models specification 

After specifying of the structure, the material characteristics must be specified, especially when 

material is not defined in the materials Silvaco library. The following line of code is an example of the 

Atlas syntax for material definition: 

material mat=Ga2O3Si EG300=4.8 affinity=4 user.default=GaN \ USER.GROUP=SEMICONDUCTOR 

MUN=300 MUP=10 nc300=3.7e18 nv300=5e18 \ permittivity=11 VSATN=1e7 TAUN0=1e-9 

TAUP0=1e-9 d.tunnel=1e-6 

Where, “material mat” is the name specification of the material, “EG300” is the semiconductor 

bandgap in eV, “affinity” is the electron affinity in eV, “MUN, MUP” are the electron and hole mobilities 

in cm2s−1V−1, “nc300, nv300” are referred to the effective density of states for electrons and holes 

respectively in 𝑐𝑚−3. “permittivity” is relative dielectric permittivity of the material, “VSATN” is the 

saturation velocity for electrons (cm/s), (TAUN0, TAUP0) are Specifies SRH lifetime for electrons and 

holes and “d.tunnel” specifies the maximum tunneling distance for the universal Schottky tunneling 

model in cm. 

 

To get the simulation to the realistic level, a lot of complex dependencies of the device properties 

must be taken into consideration such as the mobility variation as a function of carriers’ 

concentration. These complexities are not necessary in some cases. To avoid the additional 

calculations, Atlas provides independent models to describe every device property dependence alone, 

that can be activated separately. The accuracy of the results obtained depends on the models used in 

the simulation process. Physical models are specified using the “models” statement. An example of it: 

models temp=300 FERMIDIRAC kla srh bgn fldmob heat.full Auger \ Arora UST print \ 

BBT.STD bb.a=8e7 bb.b=9e6 bb.gamma=2.6 \ 

incomplete inc.ion \ 

impact SELB AN1.val=0.79e6 BN1.val=2.92e7 

Where every parameter of the parameters enables a specific model and the models presented in 

details in the previous sections, for example: 

 “FERMIDIRAC”: Specifies that Fermi-Dirac carrier statistics used. 
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 “srh”: Specifies Shockley-Read-Hall recombination using fixed lifetimes (See section 3.3.3.1 

“Shockley-Read-Hall recombination”). 

 “Auger”: Specifies that Auger recombination (See section 3.3.3.2 “Auger recombination”). 

 “bgn”: Bandgap narrowing model (See section 3.3.5.1 “Bandgap narrowing model”). 

 “fldmob”: Parallel electric field dependent mobility (See section 3.3.4.2 “Parallel electric field 

dependent mobility”). 

 “heat.full”: Enables all thermal sources and sinks (Joule heat, generation recombination heat, 

and Peltier Thomson heat) (See section 3.3.9 “Self-heating model”). 

 “UST”: Enables the universal Schottky tunneling model (see section 3.3.8.3 “Tunneling 

theory”). 

  “BBT.STD”: Specifies a standard band-to-band tunneling model (see section 3.3.8.4 “Band to 

Band tunneling theory”). 

 “incomplete”: Accounts for incomplete ionization of impurities in Fermi-Dirac statistics (see 

section 3.3.7 “Incomplete ionization model”). 

 “SELB”: Selects the impact ionization model described by Selberherr (See section 3.3.6 

“Selberherr’s impact ionization model”). 

 “print”: Prints the status of all models, a variety of coefficients, and constants.  

 “Arora”: Specifies the low-field carrier mobility to impurity concentration and temperature. 

There are also other models considered in different ways for example: 

 The thermionic emission model can turned on by specifying any of the following parameters 

of the CONTACT statement: SURF.REC, E.TUNNEL, VSURFN, VSURFP, or BARRIERL. 

 The Barrier Lowering Model can be turned on with the “BARRIER” parameter in the CONTACT 

statement. 

 Fermi level pinning model can be activate automatically when metal/Semiconductor 

interfacial traps are considered. 

In addition to the definition of  the model, the parameter of the model must be specified. For example, 

the parameters “bb.a”, “bb.b” and “bb.gamma” are the parameters related to Band to Band tunneling 

model, which are just the parameters 𝐵1,   𝐵2 and 𝐵3 of equation (3.38) respectively, which are 
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specified in the models group. Other parameters can be defined on the MATERIAL statement for 

example the SRH lifetime for electrons and holes (TAUN0, TAUP0).  

 

4.2.2.3. Numerical method selection 

The device electrical properties are modelled using numerical solutions of fundamental partial 

differential equations that link the electrostatic potential with the carrier densities. For each mesh 

point of a given device, Atlas solves a system of three partial differential equations, which are the 

Poisson’s equation and the holes and electrons equations of continuity. Atlas produces numerical 

solutions by calculating the values of the unknowns at each grid point of the device. An internal 

discretization process converts the original continuous model into a discrete nonlinear algebraic 

system. The discrete algebraic system is solved using an iterative process that refines the solution. 

The solution is obtained if the convergence is satisfied. Otherwise, the solution is stopped after either  

number of predefined iterations or after a solution failure is obtained. In this case, the system is 

considered as a non-convergent system. The nonlinear iterative method starts from an initial guess. 

Corrections are calculated by solving a linear version of the problem. The linear sub-problems are 

solved by using direct or iterative techniques. Atlas provides several numerical methods to calculate 

the solutions of semiconductor device problems. There are three types of solution techniques: (a) 

decoupled (GUMMEL), (b) fully coupled (NEWTON) and (c) BLOCK. The first method is the GUMMEL 

type, which is useful where the system of equations is weakly coupled but has only linear 

convergence. This method will solve for each variable in turn keeping the other variables constant 

(their most recently computed values), repeating the process until a stable solution is achieved. 

GUMMEL iteration typically tolerate relatively poor initial guesses, it converges relatively slowly. 

The second method is NEWTON, which is useful when the system of equations is strongly coupled 

and has quadratic convergence. Unlike GUMMEL method, each iteration of the NEWTON method 

solves a linearized version of the entire non-linear algebraic system (the total system of unknowns 

together). This method requires a more accurate initial guess to obtain convergence and causes Atlas 

to spend extra time solving for quantities, which are essentially constant or weakly coupled. 

Therefore, each iteration takes a relatively long time (compared to GUMMEL) but it requires fewer 

iteration. 
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The final method is the BLOCK method, which can provide faster simulation times in situations where 

the NEWTON method struggles. BLOCK iterations involve solving subgroups of equations in various 

sequences. For example, in non-isothermal drift-diffusion simulation, specifying the BLOCK method 

means that NEWTON’s method is used to solve the three basic equations (holes and electrons and 

Poisson’s equations), after which the heat flow equation is solved in a decoupled step. 

The solution can also be done using a combination of the previous mentioned methods by starting the 

solution with the GUMMEL method then switching to BLOCK or NEWTON if convergence has not 

occurred within a certain number of iterations. By adopting this strategy, GUMMEL method can refine 

initial guess to a point from which NEWTON iteration can converge. 

Numerical methods are given in the METHOD statements of the input file. An example of a “METHOD” 

statement is: 

METHOD GUMMEL NEWTON 

 

4.2.2.4. Solution specification 

After specifying the device structure, materials properties and physical models, the simulation is 

ready to be taken to the next step (the solution). This section of the input deck of Atlas is where the 

simulation does its calculations to solve for the device specified. It is divided up into four parts: LOG, 

SOLVE, OUTPUT and SAVE. 

 The “Log” statement: The “LOG” statement creates a save file where all results of a run will 

be saved; Any DC, transient or AC data generated by “SOLVE” statements after the “LOG” 

statement will be saved. An example of “LOG” statement in which data is saved into file named 

“Schottky.log” is: 

LOG OUTFILE = Schottky.log 

 The “SOLVE” statement: The “SOLVE” statement calculates information at one or more bias 

points for D.C. or A.C. First, a simplified initial solution must be run (which solves only 

Poisson’s equation) to get an initial guess for the final solution. An example of “SOLVE” 

statement for a D.C analysis that ramps the anode voltage from 0.0 V to 2.0 V with 0.01 V steps: 

solve init 

solve vanode=0 vstep=0.01 vfinal=2 name=anode 
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 “OUTPUT” and “SAVE” statements: Some of the obtained results have different values along 

the structure (distribution) such as electron and hole densities, potential …etc. this requires a 

structural presentation. For that purpose, Atlas provides the possibility of saving these data 

into a structure file (.str) using the “save” statement. An example of the “save” statement which 

stores the data into a file named (Schottky.str) is: 

save outf= Schottky.str 

 

4.2.2.5. Results analysis 

After saving the results and the structure, the next step is the analysis of the obtained results through 

the extraction of the saved files. The extraction is based on two methods, the first is the extraction as  

data and the other type is through Figures. 

For data extraction, “EXTRACT” command is provided within the DeckBuild environment. It allows to 

extract device parameters. The command has a flexible syntax that allows to construct specific 

EXTRACT routines. EXTRACT operates on the previous solved curve or structure file. By default, 

EXTRACT uses the currently open log file. To override this default, the name of a file to be used by 

EXTRACT is specified before the extraction routine. For example, the following command is used for 

current versus voltage extraction: 

extract name="IV" curve(v."anode",i."cathode") outfile="IV.dat" 

For plotting the results, TonyPlot graphical post processing tool is used. The commend “tonyplot” is 

used in Deckbuild after saving data and structure. Then the name of the file is specified as presented 

in the following example: 

tonyplot Schottky.str 

tonyplot IV.dat 

The first command is used for the structure plot and the second for current versus voltage data plot. 

Figures 4.6 (a) and (b) show the plotted simulated structure and Current density variation versus 

the applied forward voltage using TonyPlot graphical post processing tool. 
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Figure 4. 6  (a) The plotted simulated structure and (b) the extracted current density versus the applied 

forward voltage. 
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Chapter 5: 

Results and discussion 

 

5.1. Introduction 

This chapter presents the results of the work carried out and it is divided into two main parts. The 

first is modelling forward and reverse characteristics of a Schottky barrier diode (SBD) deposited by 

confined magnetic field based sputtering (CMFS) at high and low temperature. For this modelling a 

defect layer (DL) made of combination of NiO and β-Ga2O3 ((NixGa1−x)2O3) was introduced. In 

addition, the effect of Ni workfunction and traps’ concentration related to plasma and Ar 

bombardment were studied. Then an optimization based on the insertion of undoped layer at Ni/β-

Ga2O3 interface and TiO2 as an edge termination layer was carried out. The second part is to model 

another SBD deposited by EBE. The Ni workfunction, Ni/β-Ga2O3 interfacial traps’ concentration and 

β-Ga2O3 surface electron affinity effects are modelled. Then, an optimization based on the insertion of 

a graphene layer was studied. 

 

5.2. Modelling and optimization of Ni/β-Ga2O3 SBD deposited by CMFS 

The β-Ga2O3 Schottky barrier diode (SBD) structure, based on an experimental structure is 

investigated as mentioned in Chapter two. It consists of a 300 nm thick Nickel, a Si-doped β-Ga2O3 

layer deposited on a Sn-doped β-Ga2O3 substrate by HVPE which is used as a drift layer. This layer is 

used due to its high purity and provides a low resistance, a low on-resistance and a high breakdown 

voltage. A schematic representation of this SBD structure is shown in Figure 5.1. The thicknesses of 

Si-doped β-Ga2O3 and Sn-doped β-Ga2O3 are 10 and 650 𝜇𝑚 while their doping are 1 × 1018and 3 ×

1016 𝑐𝑚−3, respectively.  
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Figure 5. 1 A schematic representation of the of β-Ga2O3 Schottky barrier diode (SBD) structure. 

 

5.2.1. Forward bias modelling 

5.2.1.1. Effect of defective layer thickness 

Plasma and Ar bombardment lead to the formation of gallium and oxygen vacancies in Si-doped β-

Ga2O3 which manifest as surface defects (traps) in addition to the native bulk traps. The parameters 

of such traps are presented in Table 5.1 [4]. 

The region in which these defects are created is referred to as a defected layer (DL) and is believed to 

be responsible for SBD degraded electrical characteristics [4]. Experimentally, the depth of surface 

traps depends on the ion impact energy (ICP power). Increasing ion energy leads to an increased 

penetration of Ar atoms which in turn causes an increase of the depth of surface traps, thus the DL 

thickness. This DL is different from β-Ga2O3 and therefore has different parameters (energy gap; 

affinity, etc…). 

Its effect on the SBD electrical characteristics is therefore simulated in this work (by considering that 

defects of Table 5.1 are localised in this DL and the SBD bulk). The effect of this DL thickness is shown 

in Figure 5.2. This result confirms the observation of [4], in which electrical characteristics 

degradation is related to this DL formation. In [4], etching is realised by the classical method based 



Chapter 5: Results and discussion 

61 
 

on exposing Si: β-Ga2O3 surface to plasma and Ar bombardment followed by metal contact deposition 

by EBE. In contrast to this method, CMFS is based on simultaneous etching and deposition. The SBD 

electrical characteristics, in this case, are therefore less degraded which is attributed to a thinner DL. 

In CMFS, Nickel atoms thermally diffuse to the Si-doped β-Ga2O3 layer during annealing as shown in 

Figure 5.3. 

 

Table 5. 1 Traps related to exposing  β-Ga2O3 to plasma and Ar [4]. 

Traps Trap level 

(Ec − E) (eV) 

Trap 

concentration 

(𝑐𝑚−3) 

Capture cross section 𝝈𝒏 

(cm²) 

𝜎𝑛/𝜎𝑝 

Near surface 

traps 

0.8 

1.05 

2.3 

3.1 

5.2 × 1015 

8.9 × 1015 

2 × 1015 

4 × 1016 

2 × 10−14 

2 × 10−14 

1.5 × 10−14 

5.6 × 10−14 

100 

100 

100 

100 

Bulk traps  0.7 

0.8 

1.05 

5.4 × 1013 

4.2 × 1014 

3.2 × 1013 

2 × 10−14 

2 × 10−14 

2 × 10−14 

100 

100 

100 
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Figure 5. 2 SBD simulated J-V characteristics for different interfacial layer thickness. 

A model is proposed in this work to explain the reduction of the DL thickness in CMFS. The relation 

between DL parameters and SBD electrical characteristics are consequently numerically simulated 

and compared to experimental measurements. In [1] the structure was examined by XRD for the 

formation of NiO related peaks, but could not be found due to the very thin interfacial layer. This fact 

was also confirmed using XPS depth profiling. As sputtering time in XPS is increased, O1s peak was 

gradually increased and shifted to higher energy. This is attributed to the change and transition 

between NiO and β-Ga2O3. Therefore, NiO is not the end product but it is an intermediate step in the 

formation of the proposed new material ((NixGa1-x)2O3). 

The formation of this material is also justified by the fact that diffused Ni atoms occupy Ga vacancies. 

These vacancies are amongst the defects created by plasma and Ar bombardment. Nonetheless, the 

formation of this new material is not certain (it is just a proposal), it can be for example of the form 

NixGayOz. In any case, it is a material with different parameters and properties (gap and affinity which 

are important features in the operation of semiconductor devices). What is certain is that Ni diffuses 

in β-Ga2O3 as shown in SEM and TEM images presented in Figure 5.3 [1] and may create acceptor 

levels (minority traps). Therefore and before detailing the development of the proposed model, the 

formation of a compensated β-Ga2O3 layer by the diffusion of Ni is tested (since Ni creates acceptor 

levels in β-Ga2O3 [1]). Ni usually crates an acceptor trap level at Ev+0.14, with a density of ∽1.21014 
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cm-3 [97]. As shown in Figure 5.4, it is clear that the considered minority trap does not have a 

considerable effect. This result is due to the low compensation layer thickness (10 nm) compared to 

the SBD thickness (660 µm) and the low minority hole density in β-Ga2O3. So this assumption, and the 

formation of a heterojunction (p-type NiO/n-type Ga2O3), is excluded.  

 

 

Figure 5. 3 The cross-sectional TEM images of the Ni/β-Ga2O3 SBDs. (a) As-deposited CMFS sample and 

(b) after post-annealing at 400 °C. (c) The image of the 400 °C annealed sample, which the Ni was 

deposited by the EBE. (d–f) The EDS mapping images corresponding to the TEM images (a–c), 

respectively[1]. 
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Figure 5. 4 Simulated J-V characteristics with and without acceptor compensation in surface of the SBD. 

5.2.1.2. Effect of band gap and affinity of defected layer 

Now a model is developed to explain the reduced J-V characteristics degradation of the CMFS SBD. 

The diffusion of Nickel atoms lead to the formation of an interfacial layer in the surface of β-Ga2O3. Ni 

atoms occupy Gallium vacancies, then interact with oxygen of β-Ga2O3 to form an Ni-O bound. In 

principle NiO is probably formed [98,99]. Then, NiO interacts with β-Ga2O3 to induce the formation of 

an (NixGa1−x)2O3 compound at the interface. This idea is similar to that of (Ga1-xAlx)2O3 formation as 

presented in [100]. According to several references, Ni2O3 phase is only observed for temperatures 

above 500 K [101],  or by special operations such as gamma irradiation [102]. In our work the 

diffusion of Ni atoms in the surface of Ga2O3 occurred at 400 °C. Furthermore, the formation enthalpy 

of Ni2O3 is -489.5 Kj/mol [103] which is greater than that of NiO which is equal to -239.7 Kj/mol [104]. 

Hence the possibility of NiO formation is more than Ni2O3 but this does not mean the absence of Ni2O3.  

This new formed compound definitely has different properties than NiO and β-Ga2O3. It is assumed 

here that bandgap and affinity of (Ga1-x Nix)2O3 follow the simplified Vegard’s law for compounds 

(neglecting higher order terms), thus: 

𝑻(𝒙) = 𝒙𝑻𝑵𝒊𝑶 + (𝟏 − 𝒙)𝑻𝐆𝐚𝟐𝐎𝟑
 (5.1) 

Where T is the bandgap/affinity and x is the NiO fraction. Therefore, the bandgap and affinity of (Ga1-

xNix)2O3 vary linearly with the NiO fraction. Probably, this compound formation explains the 

observation of Kim et al. [1] in which pure NiO is not formed in the interfacial layer.  
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Now, the effect of NiO fraction on the SBD J-V characteristics is studied, and these are shown in figure 

5.5. The current density in the high voltage region decreases with increasing NiO fraction in the 

compound. This is due to the increase of the series resistance. The simulated curves are shifted to the 

left because of the effect of the work function and the purpose of numerical simulation is to find the 

best fit. Numerical simulation cannot consider all parameters simultaneously, rather they are tested 

separately. The initial work function is 5.2 eV and this is a standard value given in most publications 

(for example Baker et al[105], Farzana et al[106] and Yao et al. [60] ). It was found that the best work 

function is 5.35 and not 5.2 eV (Figure 5.6). This best value is also acceptable according to literature. 

Also in this case, the most affected part of the curve is the series resistance region as shown in Figure 

5.6. 

An agreement between experimental and simulation results is observed for voltages higher than 1.1 

V for NiO fraction of 0.08 < 𝑥 < 0.1. This small value of 𝑥 explains the fact that NiO is not revealed by 

SEM images of [1]. The origin if the kink around 1 V is due to traps as will be explained when their 

effect is studied in details later. For lower voltages the agreement is not achieved. Hence other 

possible causes (for example the Ni work function) are investigated. 

 

 

Figure 5. 5 Simulated J-V characteristics for different NiO fractions and comparison with measurement. 
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5.2.1.3. Effect of Nickel work function 

In addition to Ni diffusion, oxygen and gallium atoms diffuse from β-Ga2O3 to Nickel as shown in 

Figure 5.3. It is expected, therefore, that Nickel work function will be affected. As shown in Figure 

5.6, the best agreement between simulation and measurement is achieved for ϕm = 5.35 eV. The 

small deviation from measurement is due to considered interfacial traps parameters (Table 5.1) 

which may not be accurate.  

 

Figure 5. 6 Simulated J-V characteristics for different Nickel work function and comparison with 

measurement at room temperature. 

 

5.2.1.4. Effect of the concentration of traps related to plasma and Ar bombardment 

The concentration of the (𝐸𝑐 − 1.05),(𝐸𝑐 − 2.3) and (𝐸𝑐 − 3.1) traps, in the DL, effect on the SBD J-V 

characteristics is studied. The choice of these traps is due to the fact that they either increase or are 

newly created by plasma and Ar bombardment and reduced by annealing. This effect is shown in 

Figure 5.7 (a), (b) and (c), for the three traps respectively. First whenever any of the trpas parameters 

is changed, a kink appears. It is well known that the applied voltage can change the relative position 

of the trap with respect to the Femi level. This voltage (1 V) appears to be the value where the trap 

level crosses the Fermi level and hence changes its occupation. Well below or above this voltage, the 
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trap occupation does not change. That is, traps respond around and not below or above this voltage 

(knee). 

First, it is observed that the third trap has the biggest effect. For all defects, a small density is enough 

to give acceptable comparison of simulations to measurements. The best densities of the three traps 

that gave the best comparison are 1 × 1013𝑐𝑚−3, 1 × 1013𝑐𝑚−3 and 1 × 1014𝑐𝑚−3 respectively and 

this comparison is shown in Figure 5.8. The comparison is not good at low voltages because of the 

measured J-V curve fluctuation which is due to the low current density which is outside the 

measurement domain of the measurement apparatus (4200A-SCS, Keithley). 

  

 

Figure 5. 7 Effect of the traps density on the SBD electrical characteristics: (a) 𝑬𝒄 − 𝟏. 𝟎𝟓 𝒆𝑽, (b) 𝑬𝒄 −

𝟐. 𝟑 𝒆𝑽 and (c) 𝑬𝒄 − 𝟑. 𝟏 𝒆𝑽 traps. 
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Figure 5. 8 Comparison between simulation and experimental results at T=300 K. 

 

5.2.1.5. Temperature effect 

All previous simulations were carried out at room temperature (300 K). Now, the temperature effect 

is studied. The simulated J-V characteristics are compared to measurements at different operation 

temperatures are shown in Figure 5.9. The agreement is very good at room temperature for the 

whole voltage domain as presented in Figure 5.8. But when temperature is increased, a deviation of 

simulations from measurements in the high voltage region (series resistance region) is observed and 

in most temperatures the simulation current is greater than measurement. This deviation is due to 

two reasons. The first is the effect of traps since as the temperature is increased, other traps “not 

considered in the simulation” may be activated because there are a possible additional traps (other 

tan considered in this work, Table 5.1) as reported in the review article of Galazka [3] . The second 

reason is the effect of the series resistance. The series resistance is usually related to the resistivity of 

the used layers of the SBD; that of the metal (Ni) and the semiconductors layers (Si doped β-Ga2O3 

and Sn doped β-Ga2O3). Therefore, the increase in the series resistance as the temperature increases 

is greater for measurement then for simulation. This is due to the increase in the resistivity of the 

metal which is not studied in detail. There is also another possibility that the temperature coefficient 

of Ni is not constant all over the temperature range. Another possible cause is the fact that traps or at 
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least some of them may not be uniformly distributed. The main focus of the present this work is the 

Ni/β-Ga2O3 interface.  

 

Figure 5. 9  Simulated (solid lines) and measured (symbols) SBD electrical characteristics at different 

temperatures. 

 

5.2.1.6. Low temperature modeling 

Figure 5.10 shows a semi-logarithmic plot of simulated Ni/β 𝐺𝑎2𝑂3 SBD forward-current density-voltage 

characteristics of with and without tunneling compared with measurements at 100 K with the consideration 

of (NixGa1−x)2O3 compound and DL with tunneling mass of 0.03m0. At this temperature, the current-voltage 

characteristics are dominated by tunneling for voltages lower than 1.2 V. However, for higher voltages (series 

resistance region) thermionic emission dominates. A good agreement between simulation and measurement 

is therefore achieved when both Tunneling and Thermionic emission are considered. An ideality factor of 6.04 

was obtained from the total current.  

The high ideality factor value is related to the tunneling effect in agreement with the literature where high 

values at low temperatures are extracted [76,77]. However, an ideality factor of about 1.04 was extracted 

from the thermionic current component only. 
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Figure 5. 10 Simulated current-voltage characteristics with and without tunneling mechanism and 

compared to measurement. 

 

5.2.2. Leakage current modelling (reverse bias) 

Now the reverse characteristics are modelled with special emphasis on the breakdown phenomena, 

which is one of the most important parameters in diodes or what is known as figures of merit.  

Usually an inversion phenomenon is observed when the SBD is reverse biased, that is the 

semiconductor becomes p-type[86]. The electron concentration is decreased in the surface of Si-

doped β-Ga2O3 with increase reverse voltage, this decrease is related to the drift of electron from the 

surface to the bulk in contrast to the free hole because of increase internal electric field for high 

reverse voltage[86]as presented in Figure 5.11. This phenomena is expected by the following 

equation shows the variation of free electron and hole concentration with reverse voltage[86]:  

n=ni exp(
𝑞.𝑉

𝐾𝐵𝑇
)  (5.2) 

p=ni exp(
−𝑞.𝑉

𝐾𝐵𝑇
) (5.3) 

Where ni and V are intrinsic concentration and reverse applied voltage, with increase reverse voltage, 

the free electron concentration decreased and free hole concentration increased according to 
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equations (3.2) and (3.3). So, under high voltage and with the formation of the mentioned inversion 

layer, the SBD behaves as a p-i-n diode. In the uniform electric field limit, the widely used Kane’s 

model to determine the BBT generation rate G per unit volume is given by [92,93]: 

𝐺𝐵𝐵𝑇 = 𝐵1. 𝐸
𝐵2𝑒−(

𝐵3
𝐸

) (5.4) 

Where 𝐵1, 𝐵2 and 𝐵3 are Band to Band model parameters and, for β-Ga2O3 equal to 

2 × 107(𝑐𝑚−1 ∙ 𝑉−2 ∙ 𝑠−1), 2.5 and 9 × 106 (𝑉 ∙ 𝑠−1) respectively. 𝐸 is the local electric field. Figure 

5.11 summarizes transport mechanisms (TE, UST, BBT and drift mechanism) at high reverse biased 

Ni/β-Ga2O3 SBD including the formation of the p-i-n structure near the surface of β-Ga2O3. 

 

Figure 5. 11 The energy band diagram of the Ni/β-Ga2O3 SBD showing the different models (TE, UST 

and BBT) used in the simulation of its reverse characteristics. 

 

In addition to the mentioned traps, (NixGa1-x)2O3 interface formation and workfunction consideration, 

different models are considered in calculating the SBD electrical characteristics, their corresponding 

current-voltage behaviour compared to measurements are shown in Figure 5.12 at room 

temperature. 
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First, the point below which the simulated current is the same (region I) (whatever the model taken 

into account) and above which the current depends on the model taken into account is when 

inversion of the 𝛽-𝐺𝑎2𝑂3 surface occurs (region II). This voltage point is ≈-50 V (Figure 5.12).  

 

Figure 5. 12 Simulated reverse current-voltage characteristics using BBT, SELB, and IFL models 

compared to measurements of Ni/β-Ga2O3 SBD at room temperature. 

 

For this, the carriers’ concentration is plotted in Figure 5.13 for a reverse voltage of -20 V (a) and 

300 V (b). It is very clear that for -20 V (before inversion occurs) the carrier concentration (electrons 

and holes) is well below the intrinsic density at the 𝛽-𝐺𝑎2𝑂3 surface (0-0.3 µm) indicating a depletion 

region formation. However, for voltages higher than the inversion point, the carries’ concentration 

(electrons and holes) is well above the intrinsic density at the 𝛽-𝐺𝑎2𝑂3 surface indicating the 

disappearance of the depletion region. Furthermore, hole concentration is higher than that of 

electrons indicating a p-type region formation. Beyond this region the first decreases while the second 

increases forming a short intrinsic region and then the normal initial n-region.  
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Figure 5. 13 Free carries concentration distribution under (a) 20 V, (b) 50 V and (c) for  300 V reverse 

voltage with and without BBT being considered. 

 

For post-inversion voltage (≥50 V reverse bias), the current depends on the conduction mechanism 

considered in the simulation. Since a p-type inversion layer is formed (Figure 5.13 (b))and the 

barrier is higher (because of the high reverse voltage), it is expected that band to band tunnelling 

(BBT) to play an important role in the conduction mechanism. Therefore, it is seen that the simulated 

current fits measurement only when this mechanism is considered. When it is absent the simulated 
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current is inferior to measurement indicating a missing current component, which is no other than 

band to band tunneling current. This current is also enhanced by the increased carriers’ density either 

side of the newly formed PIN structure as show in Figure 5.13 (c) where the carrier’s concentration 

increases when BBT is considered.  

Now the breakdown voltage appearance in the simulated current is clarified. As it can be seen in 

Figure 5.12, when SELB is not considered avalanche breakdown does not occur. However, combining 

the three models, a better fitting of simulated breakdown voltage to measurement is achieved as well 

as the whole variation of leakage current versus reverse voltage. The breakdown voltage and ON 

resistance (𝑅𝑂𝑁 ) extracted from the simulated curve using all models are 434 V and 2.13 𝑚𝛺 ∙ 𝑐𝑚2, 

respectively. 𝑅𝑂𝑁  is extracted from the slope of the forward current versus voltage in the series 

resistance region of these characteristics. The obtained values from simulation are fairly close to 

those extracted from measurement which are 440 V and 2.79 𝑚𝛺. 𝑐𝑚2 respectively. 

 

5.2.3. Schottky barrier diode parameters modelling 

As demonstrated in section 5.2.1, a model was proposed to achieve good agreement between 

simulated and measured temperature-dependent I-V characteristics, as shown in Figure 5.9. Usually, 

the extracted SBD parameters differ from the ideal case defined by the Schottky-Mott rule ( 𝜙𝐵
0 =

𝜙𝑀 − 𝜒) and the unity (𝜂 = 1). But in reality, these are different. 

This deviation from ideality is due to the effect of interfacial states due to plasma and Ar atoms 

bombardment. The ideality factor and the barrier height can be described by [83–85]: 

𝑛 = [1 + ∑
𝑞𝛿𝑡𝑁𝑠𝑠(𝑡)

𝜀𝑖
𝑡 ] (5.5) 

𝜙𝐵 = 𝜙𝐵
0 − ∆𝜙𝐵 − ∑

𝑞𝛿𝑡𝑄(𝑡)

𝜀𝑖
𝑡  (5.6) 

Where 𝜙𝐵
0 = 1.55 𝑒𝑉 and 𝑁𝑠𝑠(𝑡), 𝛿𝑡, 𝜀𝑖, ∆𝜙𝐵 and 𝑄(𝑡) are the densities of interface states, the thickness 

of the interfacial layer, the dielectric constant of the interfacial layer, the Schottky barrier lowering 

related to the image force effect and the trapped charge per unit area, respectively. The Schottky 

barrier height 𝜙𝐵and series resistance 𝑅𝑠 versus temperature are determined by the Sato and 

Yasumura method [107] in which, from the current-voltage equation, a function 𝐹(𝑉, 𝑇) is defined as 

[107]: 
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𝐹(𝑉, 𝑇) =
𝑉

2
−

  𝐾𝐵𝑇

𝑞
ln (

𝐽

𝐴∗𝑇2) = 𝜙𝐵 +
𝐽.𝑅𝑠

𝑛
+ 𝑉(

1

ƞ
−

1

2
) (5.7) 

This function (Figure 5.14) is used for 𝜙𝐵(𝑇) and 𝑅𝑠(𝑇) extraction. 

  

Figure 5. 14 F(V, T) variation versus temperature and voltage for simulation (solid lines) and 

measurement SBD deposited by CMFS. 

 

Now, from equation (5.7), it can  be shown that the barrier height  𝜙𝐵(𝑇) is given by [107]: 

𝜙𝐵(𝑇) = 𝐹𝑚𝑖𝑛(𝑉, 𝑇) − (
2

ƞ
− 1)

  𝐾𝐵𝑇

𝑞
+ 𝑉(𝐹𝑚𝑖𝑛)(

1

ƞ
−

1

2
) (5.8) 

The series resistance is extracted from F(V, T) function as [107]: 

𝑅𝑠 =
 (2−ƞ) 𝐾𝐵𝑇

𝑞 𝐽(𝐹𝑚𝑖𝑛)
 (5.9) 

Where 𝐽(𝐹𝑚𝑖𝑛) is the current corresponding to the minimum value of F(V, T) at a fixed temperature.  

The ideality factor is calculated from the slope of the linear region of low forward bias ln (J) versus 

voltage and can be written as [108]: 

ƞ =
𝑞

𝐾𝐵𝑇
(

𝑑𝑉

𝑑(ln(𝐽))
) (5.10) 

The extracted parameters are shown in Figure 5.15. All parameters are temperature dependent. The 

ideality factor is almost constant at ≈1.08. This increase is related to the series resistance increase 

(shown in the same figure) and related to the inhomogeneous of 𝜙𝐵 which is attributed to the defects 

at the Ni/β-Ga2O3 interface [109,110]. 
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To understand 𝑅𝑠 increasing with increasing temperature, it is accepted that 𝑅𝑠 is the sum of Nickel-

metal, β-Ga2O3 and interfacial layers resistances, and thus given by: 

𝑅𝑠(𝑇) ≈ 𝑅𝐺𝑎2𝑂3
(𝑇) + 𝑅𝑁𝑖𝑐𝑘𝑒𝑙(𝑇) + 𝑅interfacial−layer(𝑇) (5.11) 

𝑅Ga2O3
(𝑇) increases with increasing temperature because the free electrons concentration decreases 

because of the recombination in the defects near the interface with the defected layer as shown in 

Figure 5.16 but becomes constant further away from this interface. 

 

Figure 5. 15 The temperature-dependent SBD parameters (ideality factor, Schottky barrier height, 

threshold voltage and series resistance). 

 

But the overall resistance increases with increasing temperature. 𝑅𝑁𝑖𝑐𝑘𝑒𝑙(𝑇) decreases because of the 

increased collisions (reduced mobility) in the metal (Nickel) contact. Meanwhile, the free electron 

concentration decreases in the interfacial layer so that its resistance 𝑅interfacial−layer(𝑇) increases. This 

free electron concentration decrease is related to the increased recombination in the interfacial 

defected layer because of the presence of the intrinsic and extrinsic traps in the interfacial layer. With 

increasing temperature, the recombination rate in the interfacial layer increases, and this leads to a 
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decrease in free electrons concentration as presented in Figure 5.16 and thus an increase 

in 𝑅interfacial−layer(𝑇). Thus, the overall increase in resistance (series resistance) is the result of the 

increase in 𝑅Nickel(𝑇) and 𝑅interfacial−layer(𝑇). 

 

Figure 5. 16 Free electrons profile in the surface of the SBD (IDL and β-Ga2O3 surface) at a forward 

voltage of 2.5 V. 

 

As for 𝜙𝐵(𝑇), it decreases as the temperature is increased from 300 K to 500 K . This is explained by 

the Gaussian distribution of the barrier height (inhomogeneity) [11, 25] as schematized in Figure 

5.17. At low temperatures, carriers are located near the peak of the inhomogeneous barrier and can 

be transferred to Nickel easily, because it needs only a low thermal energy. When temperature 

increases, more carriers at lower energies surmount the barrier and hence the barrier appears to be 

smaller. Also when temperature increases the saturation current (𝐽𝑠) increase, which leads to a 𝜙𝐵 

decrease. To further analyse the temperature dependent of 𝜙𝐵, for the inhomogeneous barrier, the 

current is given by [8,109]: 

𝐽(𝑉) = ∫ 𝐽(𝜙𝐵, 𝑉, 𝑇)𝑃(𝜙𝐵)𝑑𝜙𝐵
+∞

−∞
 (5.12) 

Where 𝑃(𝜙𝐵) is the Gaussian distribution of inhomogeneous barrier and 𝐽(𝜙𝐵, 𝑉, 𝑇) is the thermionic 

current density. From this model, the apparent Schottky barrier height is given by [110–113]: 
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ϕapp
B (𝑇) = 𝜙𝑎𝑝𝑝

𝐵̅̅ ̅̅ ̅̅ (𝑇) −
𝜎𝑠²

2𝐾𝐵𝑇/𝑞
 (5.13) 

Where ϕapp
B̅̅ ̅̅ ̅̅ (𝑇) and 𝜎𝑠 are the mean barrier height and standard deviation within the Gaussian 

distribution, respectively. With the assumption of temperature-dependent,  ϕapp
B̅̅ ̅̅ ̅̅ (𝑇) is given by [111]: 

ϕapp
B̅̅ ̅̅ ̅̅ (𝑇) = 𝜙𝑎𝑝𝑝

𝐵̅̅ ̅̅ ̅̅ (𝑇 = 0 𝐾) + 𝛼𝜙𝐵
̅̅ ̅̅ 𝑇 (5.14) 

 

Figure 5. 17 The Gaussian distribution of barrier height inhomogeneity resulting from Ga2O3:NiO 

compound interfacial layer. 

 

By substituting ϕapp
B̅̅ ̅̅ ̅̅ (𝑇) equation into ϕapp

B (𝑇) equation, the following relation is obtained: 

𝜙𝑎𝑝𝑝
𝐵 (𝑇) = 𝜙𝑎𝑝𝑝

𝐵̅̅ ̅̅ ̅̅ (𝑇 = 0 𝐾) + 𝛼𝜙𝐵
̅̅ ̅̅ 𝑇 −

𝜎𝑠²

2𝐾𝐵

𝑞

1

𝑇
 

≈ 𝜙𝑎𝑝𝑝
𝐵̅̅ ̅̅ ̅̅ (𝑇 = 0 𝐾) + 𝛼𝜙𝐵

̅̅ ̅̅ 𝑇 − 𝛿 
1

𝑇
  (5.15) 

To find the value of each coefficient, three temperatures were chosen and equation (5.15) is converted 

to a matrix, thus: 

[
𝜙𝑎𝑝𝑝

𝐵̅̅ ̅̅ ̅̅ (𝑇 = 0 𝐾)
𝛼𝛷𝐵̅̅ ̅̅̅

𝛿

] =

[
 
 
 
 1 𝑇1

1

𝑇1

1 𝑇2
1

𝑇2

1 𝑇3
1

𝑇3]
 
 
 
 
−1

[

𝜙𝑎𝑝𝑝
𝐵 (𝑇1)

𝜙𝑎𝑝𝑝
𝐵 (𝑇2)

𝜙𝑎𝑝𝑝
𝐵 (𝑇3)

] (5.16) 
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The obtained coefficients are presented in Table 5.2. 

 

Table 5. 2 Extracted mean barrier height 𝝓𝒂𝒑𝒑
𝑩̅̅ ̅̅ ̅̅ ̅ , standard deviation 𝝈𝒔 and 𝜶𝝓𝑩

̅̅ ̅̅   according to Gaussian 

distribution. 

 𝝈𝒔(𝒎𝒆𝑽) 𝜶𝝓𝑩
̅̅ ̅̅  (𝐦𝐕/𝐊) 𝝓𝒂𝒑𝒑

𝑩̅̅ ̅̅ ̅̅ ̅(𝑻 = 𝟎 𝑲)(𝒆𝑽) 

Experimental  153 −2 1.90 

Simulation  161 −2.3 1.87 

Finally, the threshold voltage is determined from, the linear region tangent intersection with the 

voltage axis. The decrease in the threshold voltage is related to the decrease in Schottky barrier height 

(ϕapp
B ) versus temperature as shown in Figure 5.15. The following relation gives an explanation of 

this dependence [13]:  

𝑉𝑇ℎ(𝑇) ≈ ϕapp
B (T) − 𝐾𝐵𝑇𝑙𝑛(

2

𝑁𝑑
. (

2𝜋𝑚𝑒
∗𝐾𝐵𝑇

ℎ2 )3/2)  (5.17) 

Where 𝑁𝑑 , 𝑚𝑒
∗ , ℎ and 𝐾𝐵 are doping concentration, electron effective mass, Blank constant and 

Boltzmann constant respectively. 

 

5.2.4. Optimizations of Ni/β-Ga2O3 SBD deposited by CMFS  

The simulated SBD J-V characteristics are successfully compared to measurement at room 

temperature for forward and reverse voltages. This good agreement is achieved by developing a 

model to represent the effect of Ni diffusion in the surface of β-Ga2O3. The validity of the proposed 

model is further demonstrated by simulating the temperature dependence of the J-V characteristics 

and comparison with measurement. 

Now, optimizations are performed in the aim to reduce leakage current, enhance breakdown voltage 

and decrease on-resistance. The optimization is based firstly on the insertion of an undoped layer 

between Ni and Si doped β-Ga2O3 and its thickness effect on the leakage and forward current is studied. 

Then optimizations based on the insertion of TiO2Edge termination is considered. 
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5.2.4.1.  Undoped layer insertion effect 

Firstly, an optimization based on the insertion of an undoped layer between Ni and Si doped 𝛽-𝐺𝑎2𝑂3 

As shown in Figure 5.18 and its thickness effect on the leakage and forward current is studied. 

  

Figure 5. 18  A schematic view of the structure with an undoped β-Ga2O3 layer between Ni and Si 

doped β-Ga2O3. 

 

Figure 5.19 shows the obtained reverse leakage current variation with undoped layer thickness. 

With increasing thickness, leakage current decreases, and breakdown voltage attained 550 V for a 

thickness of 1.5  𝜇𝑚. These variations are due to the increase of the depletion region width as shown 

in the insert of Figure 5.19. 
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Figure 5. 19 The effect of the undoped layer thickness, inserted between Ni and drift layer, on the 

simulated reverse characteristics. The inset is the effect on the depletion thickness and the electrical 

field of the PIN structure. 

In addition, when the undoped layer thickness increased the forward current is affected as presented 

in Figure 5.20.  

Baliga’s figure of merit (BFOM) is used to characterize the variation of on-resistance and breakdown 

voltage by the following equation[114]:  

𝐵𝐹𝑂𝑀 =
𝜀𝜇𝑛𝐸𝑐𝑟

3

4
=

𝑉𝑏²

𝑅𝑂𝑁
 (5.18) 

Where, 𝑉𝑏 is the avalanche breakdown due to the impact ionization model, 𝑅𝑂𝑁 is the specific on-

resistance, 𝜀 is the material permittivity, 𝜇𝑛 is the electron mobility and 𝐸𝑐𝑟 is the critical electric field. 

BFOM reaches a maximum value of 9.48 × 107 𝑊/𝑐𝑚² for an undoped layer thickness 0.4  𝜇𝑚 as 

presented in the insert of Figure 5.20. The corresponding 𝑅𝑂𝑁 and breakdown voltage are 2.28 𝑚𝛺 ∙

𝑐𝑚2 and -465 V, respectively. Thicknesses lower than 0.4  𝜇𝑚  provide low breakdown voltage and 

BFOM while above this limit 𝑅𝑂𝑁 increases which leads to a BFOM decrease. Consequently, 0.4 µm is 

the optimal undoped layer thickness in this structure. 
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Figure 5. 20 The effect of the undoped layer thickness on the simulated forward characteristics. The 

inset is the effect of the undoped layer thickness on the Baliga’s figure of merit. 

 

Figure 5. 21 2D electric field distribution: (a) with (b) without TiO2 as insulator surface edge 

termination structure. 

 

Experimentally, Galazka [3] demonstrated the formation of an electron depleted surface layer 

(surface insulating layer), while the bulk remains doped and semiconducting. This has been 

demonstrated by annealing 𝛽-𝐺𝑎2𝑂3 sample in an oxidizing atmosphere at or above 1000 °C for 20 h 
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[3]. As a suggestion for this undoped layer deposition in the SBD structure, the substrate and the drift 

layer system can be annealed under high temperature in an oxidizing atmosphere before the Ni 

contact deposition. The thickness of this undoped layer depends on temperature and oxidizing time. 

 

5.2.4.2. TiO2 Edge termination effect 

To further enhance the SBD breakdown voltage, leakage current and BFOM, an edge termination 

technique has been proposed since there are many suitable designs [12,62,90,115]. It is known that 

SBD contains a sharp edge at the periphery of the front contact which induces an electric field higher 

than along the interface between the front contact and the bulk depletion region (corner field 

crowding). This causes a serious reduction of the breakdown voltage [12,90]. To avoid the corner 

field crowding, an insulator plate as edge termination is suggested. One of the candidate insulator is 

TiO2 with a high dielectric constant between 30 and 100 [116,117] compared to other insulators 

(SiO2, HfO2 …)[90]. The most important properties of insulating TiO2 for edge termination role are 

the dielectric constant and the bandgap. The default dielectric constant  and the bandgap considered 

are 80 and 3.2 eV respectively [117,118]. The proposed design based on TiO2 plate (0.2µ𝑚 thickness, 

6µ𝑚 length) as edge termination insulator is presented through the electric field distribution in 

Figure 5.21 (a) and (b).  

It is noted that the TiO2 plate moves the highest electric field at corners to the bulk and this means 

that the breakdown occurs away from the surface of the Schottky diode. Consequently, as presented 

in Figure 5.22, the breakdown voltage and specific on-resistance reach 927 V and 1.85 𝑚𝛺 ∙ 𝑐𝑚2 

respectively (compared to 465 V and 2.28 𝑚𝛺. 𝑐𝑚2 without TiO2 insulator) and the extracted BFOM 

is 4.4 × 108 𝑊/𝑐𝑚².  

The decrease in the specific on-resistance results from the decrease in the recombination rate at the 

surface of the SBD as presented in the vertical variation of recombination rate cutline at x= 15 µm 

(the dotted line); which corresponds to the edge of Ni Schottky contact; in Figure 5.23(a) after TiO2 

insulating layer was inserted. The numerical vertical variation of recombination rate is shown in 

Figure 5.23 (b) which shows a cutline of the contour of the recombination rate variation.  
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Figure 5. 22 Reverse J-V characteristics of SBD with and without TiO2 edge termination. 

 

Figure 5. 23 (a) Recombination rate contour when edge termination is considered and (b) cutline of 

the recombination rate distribution with and without edge termination for x=15 µm. 

 

This results in an increase in the carrier concentration which induces a decrease in the specific on-

resistance. Furthermore, the specific on-resistance depends on the current variation and when edge 

termination is used, an increase in forward current was obtained as a result of the surface 

recombination decrease. 
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Further improvement can be made by increasing  TiO2 thickness. As shown in Figure 5.24, it can be 

observed that the leakage current decreases while breakdown voltage increases. The breakdown 

voltage reaches 1466 V for a 2 µm TiO2 thickness. This is explained by further shifting of the electric 

field peak away from the edge of the front contact (located at x=15 µm) as shown in the insert of 

Figure 5.24.  

 

 

Figure 5. 24 Reverse J-V characteristics of SBD for different TiO2 thicknesses. The corresponding 

electric field is shown in the insert at x coordinate =15 µm. 

 

In addition to the leakage current and breakdown voltage enhancement, BFOM is extracted for 

different TiO2 thicknesses and this relation is presented in Figure 5.25. BOFM saturates at 1.09 ×

109 𝑊/𝑐𝑚² at ≈1.8 µm with the corresponding 𝑅𝑂𝑁 =1.98 𝑚𝛺. 𝑐𝑚2. So the optimal value for TiO2 

thickness is ≈1.8 µm.  
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Figure 5. 25 Baliga’s figure of merit variation versus TiO2 thickness. 

5.3. Modelling and optimization Ni/β-Ga2O3 SBD deposited by EBE  

After modelling and optimization SBD deposited by CMFS, (NixGa1-x)2O3 compound formation in the 

interface between Ni and β-Ga2O3 is used for SBD modeling in addition to traps related to plasma and 

Ar bombardment. The optimization based on the insertion of undoped layer between Ni and drift 

layer. Then the effect of TiO2 Edge termination is studied. Now, the SBD deposited by EBE is studied. 

Consequntly, an optimization based on the insertion of graphene layer between Ni and Si-doped β-

Ga2O3. However, Ahlberg et al.[119] reported the damage of graphene layer after exposed to Ar 

atoms. So, experimentally we expect the degradation of SBD when Ni deposited by CMFS after the 

graphene layer deposited on the Si-doped β-Ga2O3. Because as mentioned in the previous paragraphe 

CMFS deposition method is used Ar and plasma for deposition. So EBE method proposed for Ni 

contact deposition for this optimization because of the absence of plasma and Ar bombardment. For 

this study a new output J-V  reprodused then the effect of graphene layer in the SBD outputs are 

studied. 
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5.3.1. Modelling Ni/β-Ga2O3 SBD deposited by EBE  

As presented in Figure 5.26, a huge disagrement between simulation and measurement is studied . 

This deviation is related to the Nickel workfunction, interface traps concentrations and β-𝐺𝑎2𝑂3 

surface electron affinity deviation from their real values as we will show in the next steps. 

 

Figure 5. 26 SBD simulated J-V characteristics and comparison with measurement. 

5.3.1.1. Effect of Ni workfunction 

The effect of Ni workfunction was studied as presented in Figure 5.27. When the workfunction is 

increased from 4.8 to 5.5 eV, the current decreases. This decrease is related to the Schottky barrier 

height (𝜙𝐵) increasing according to equation [78]: 

𝜙𝐵 = 𝜙𝑁𝑖 − 𝜒𝐺𝑎2𝑂3
 (5.19)  

here 𝜙𝑁𝑖 and 𝜒𝐺𝑎2𝑂3
are Nickel workfunction and β-𝐺𝑎2𝑂3 electron affinity respectively. An agreement 

between simulation and measurement results was observed at low voltage for 𝜙𝑁𝑖=5 eV. But for high 

voltage the agreement was not achieved. Hence other possible causes (Ni/β-𝐺𝑎2𝑂3 interface traps 

concentrations and β-𝐺𝑎2𝑂3 surface electron affinity) are investigated. 
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Figure 5. 27 Simulated J-V characteristics for different Nickel work function and comparison with 

measurement in a semi-log scale. The insert is the linear scale. 

 

5.3.1.2.  Effect of surface traps 

The concentration of the 𝐸2 (𝐸𝑐 − 0.75), 𝐸2
∗ (𝐸𝑐 − 0.72) and 𝐸3 (𝐸𝑐 − 1.05) traps at the Ni/β-𝐺𝑎2𝑂3 

interface effect on the thermionic current was studied. The choice of these traps is due to the fact that 

they were the most dominants in most samples[3]. The effect of these traps is shown in Figure 5.28 

(a),(b) and (c) for 𝐸2, 𝐸2
∗ and 𝐸3 respectively. First with the traps concentrations increase the 

thermionic  current decreased. But the disagreement between the simulation and measurement was 

still apparent at high voltages. The extracted interfacial traps densities were 8 × 1015𝑐𝑚−3 for each 

trap (𝐸𝑐 − 0.75, 𝐸𝑐 − 0.72 and 𝐸𝑐 − 1.05). 
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Figure 5. 28 Effect of the traps density on the SBDs: (a) 𝑬𝒄 − 𝟎. 𝟕𝟓 𝒆𝑽, (b) 𝑬𝒄 − 𝟎. 𝟕𝟐 𝒆𝑽  and (c) 𝑬𝒄 −

𝟏. 𝟎𝟓 𝒆𝑽 levels. 

 

5.3.1.3. Effect of surface electron affinity 

Now, the surface electron affinity of Si-doped β-𝐺𝑎2𝑂3 was studied with the consideration of 

8 × 1015𝑐𝑚−3 concentration for each trap.  When the elecctron affinity decreased, the most affected 

region was the series resistance region of the J-V characteristics as Figure 5.29 shows. This result is 

interpreted by the increase in the serie resistance with the surface electron affinity decrease. 
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Figure 5. 29 Simulated J-V characteristics for different Si-doped β-Ga2O3 surface electron affinity and 

comparison with measurement. 

 

For 𝜒𝑆,𝐺𝑎2𝑂3
= 3.89 eV a good agrement between simulation and measurement was obtained as 

Figure 5.30 schows. The deviation between the simulation and measurement at low voltage (<0.1 

V)is related to the low current density measurement which is outside the measurement domain of 

the analyzer. The extracted SBD paramaters from simulation and measurement are presented in 

Table 5.3. 

 

Table 5. 3 Outputs paramaters of Ni/β-Ga2O3 SBD for simulation and measurement. 

 𝐧 𝛟𝐁(eV) 𝐑𝐬 (mΩ.cm²) 𝐑𝐨𝐧 (mΩ.cm²) 𝐉𝐬 (A/cm²) 

Measurement 1.07     1.30     67.8 7.19 1.89 × 10−9 

Simulation 1.06     1.32     60.3 7.47 1.26 × 10−11 
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Figure 5. 30 Best comparison between simulation and experimental results at room temperature for 

SBD deposited by E-beam evaporation. 

 

5.3.2. Effect of insertion of graphene layer 

The effect of the insertion of a graphene monolayer between the Ni contact and the drift layer of the 

previous SBD (EBE SBD) is studied and the proposed structure is presented in Figure 5.31. This 

monolayer is able to form a low Schottky barrier contact with the n-type β-Ga2O3[120]. 
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Figure 5. 31 A schematic view of the structure when a graphene layer is inserted between Ni and Si-

doped β-Ga2O3. 

As shown in Figure 5.32, a strong effect on the forward characteristics and a reduction of the Schottky 

barrier height from 1.32 to 0.43 eV were obtained, as well as a decrease in the series resistance (Rs) 

from 60.3 to 2.90 mΩ. cm2. These variations agree with those obtained by Yuan et al.[120] for β-Ga2O3, 

GaN [121,122], SiC [123], and Si [124]. However, an increase in the saturation current from 1.26 ×

10−11 to 8.3 × 10−7(A/cm²) was observed. 

 

Figure 5. 32 Effect of insertion a graphene layer on forward current. 

 

This decrease in 𝜙𝐵 and 𝑅𝑠 along with an increase in the saturation current can be explained by an 

increase in the tunneling rate in the SBD surface as presented in Figure 5.33.  
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Figure 5. 33 Tunneling rate variation when a graphene monolayer was inserted under 2 V of forward 

voltage. 

5.3.2.1. Effect of graphene bandgap 

We have demonstrated that the graphene monolayer enhanced the outputs of the SBD by increasing 

the tunneling rate. We have now to take into account the fact that graphene has a tunable bandgap. 

Indeed, Takahashi et al.[125] found that the bandgap gradually increases with oxygen adsorption to 

as high as 0.45 eV at 2000 L oxygen exposure. Also by atomic and molecular doping control, such as 

simultaneous insertion of holes and electrons in hetero sites, one can increase the bandgap [126]. 

Based on this fact, the effect of graphene bandgap was investigated and when it is increased from 0 

to 0.45 eV, the forward current is affected as shown in Figure 5.34. 
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Figure 5. 34 Effect of graphene bandgap on forward current. 

 

As the graphene bandgap was increased, the Schottky barrier height (𝜙𝐵) increased from 0.43 eV to 

0.69 eV as presented in Figure 5.35. This result can be interpreted by a decrease in the tunneling 

rate, as shown in Figure 5.36. This decrease in tunneling rate is related to the increase of the potential 

energy distribution of the Schottky barrier diode. The obtained values demonstrated the possibility 

of tuning the Schottky barrier height of Ni/ β-𝐺𝑎2𝑂3 Schottky diode, through the control of the 

tunneling rate in the graphene layer. 
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Figure 5. 35 SBD outputs parameters variation with graphene bandgap (saturation current, serie 

resistance and Schottky barrier height). 

 

As shown in Figure 5.35, the series resistance increased from 2.90 to 5.90 mΩ.cm², when the bandgap 

increased. This increase is related to the tunneling rate decrease and an increase in the extracted free 

electrons. In addition to the increase in Rs and 𝜙𝐵 , the saturation current deceased as presented in 

Figures 5.34 and 5.35. 
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Figure 5. 36 Tunneling rate variation with graphene bandgap. 

 

5.3.2.2. Effect of graphene workfunction 

Now, we investigate the effect of another parameter that can play an important role in controlling the 

Schottky barrier height, which is the work function. A zero bandgap was considered for this study. 

When graphene workfunction increased from 4 to 4.8 eV, the forward current was affected (Figure 

5.37) and 𝜙𝐵 increased from 0.320 eV to 0.545 eV as presented in Figure 5.38. The increase in 

Schottky barrier height is interpreted according to Schottky-Mott role (𝜙𝐵 = 𝑊graphene −

𝜒𝐺𝑎2𝑂3
[124]) and due to the decrease in tunneling through graphene. Furthermore, a decrease in the 

saturation current was obtained with the increase of the workfunction. Also, 𝑅𝑠 increased from 0.89 

to 3.9 mΩ.cm² with increasing the work function. This is related to the decrease in the tunneling rate 

in the graphene layer. 
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Figure 5. 37 Effect of graphene workfunction on forward current. 

 

Also, 𝑅𝑠 increased from 0.89 to 3.9 mΩ.cm² with increasing work function. This is related to the 

decrease in the tunneling rate in the graphene layer. We observed that the SBD with zero bandgap 

and low workfunction behaves as an Ohmic contact as the inset of Figure 5.37 shows, because the 

forward current has a linear variation with forward voltage. It is therefore concluded that, the 

graphene layer with lower workfunction transits from a Schottky contact to an Ohmic contact, this 

result agree with that obtained by Yuan et al[120].  
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Figure 5. 38 SBD outputs parameters variation with graphene workfunction (saturation current, serie 

resistance and Schottky barrier height). 

5.4. Summary 

In summary, two Ni/β-Ga2O3 Schottky barrier diodes were investigated in this thesis. The 

difference between the two SBDs is the Schottky barrier metal method deposition; one is grown by 

CMFS while the second is by EBE. The investigation is carried out using Silvaco-Atlas and the 

modelling is compared to measurements.  

For the first, an interfacial layer based on  (NixGa1−x)2O3 compound and traps related to plasma and 

Ar bombardment were considered for modeling the effect of Ni atoms diffusion in the surface of β-

Ga2O3 when Ni deposited using CMFS at high and low temperature. Then, in addition to the proposed 

model with the consideration of Ni workfunction effect and band-to-band tunneling and other models 

in reverse bias a good agreement between simulation and measurement was obtained in forward and 

reverse domains. Then, optimizations based in insertion of undoped layer and edge termination layer 

a high performance SBD was obtained.  
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For the second, SBD by considering the effects of Ni work function, interfacial traps concentrations 

and surface electron affinity a good agreement between simulation and measurement was obtained. 

The effect of insertion of a graphene monolayer in Ni/β-Ga2O3 interface proposed for controlling the 

SBD outputs parameters. 
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General conclusion 

 

In conclusion, the experimental current-voltage characteristics of two Ni/β-Ga2O3 Schottky 

barrier diodes, one produced by a confined magnetic field based sputtering (CMFS) and the other by 

electron-beam evaporation (EBE) are thoroughly investigated by Atlas numerical simulation.  

Firstly, a model was developed for the CFMS diode to account for Ni diffusion from the Schottky 

metal to β-Ga2O3. In this model, Ni combines with oxygen of Ga2O3 to form a new (NixGa1−x)2O3 layer 

at the interface between Ni and β-Ga2O3. This new compound has different energy gap and affinity 

than those of β-Ga2O3. Furthermore, Ni diffusion compensates Ga vacancy related defects; hence, the 

newly formed layer is less defected. The obtained simulation results are in good agreement with 

measurement in forward and reverse bias. This good comparison demonstrates the validity and 

soundness of the proposed model. Then, temperature dependence SBD parameters are investigated. 

Firstly, Schottky barrier height (𝜙𝐵) decreased from 1.37 eV to 1.08 eV with increased temperature 

from 300 K to 500 K and the obtained result interpreted by a Gaussian distribution of the Schottky 

barrier  𝜙𝐵 in the interfacial layer in which, with increasing temperature electrons located at low 

energy in the Gaussian energy distribution were activated because of the effect of (NixGa1−x)2O3 

interfacial layer and traps related to plasma and Ar bombardment. In addition, the extracted ideality 

factor is almost constant at ≈1.08. This behavior was related to the increase in the series resistance, 

and the latter increase was interpreted by the increase of the Ni metal resistance as well as the 

interfacial layer resistance which is due to the increased recombination through defects created by 

plasma and Ar bombardment. The Serie resistance (Rs) increased with increasing temperature. This 

variation is related to the increase of interfacial layer and Ni resistances. Finally, threshold voltage 

(Vth) decreased with increasing temperature; this decrease is related to the decrease in 𝜙𝐵. At low 

temperature, an ideality factor of 6.04 was obtained from the total current. The high ideality factor 

value is related to the tunneling effect since  an ideality factor of about 1.04 was extracted from the 

thermionic current component only. Then, optimizations were proposed in order to increase the 

breakdown voltage and decrease the leakage current and the on-resistance (Ron). The first 

optimization was considered by the insertion of a β-Ga2O3 undoped layer with different thicknesses 

between Ni and Si-doped β-Ga2O3. The intrinsic layer thickness of 0.4  𝜇𝑚 improves Baliga’s figure of 

merit (BFOM) to 9.48 × 107 𝑊/𝑐𝑚2with breakdown voltage and ON resistance of 465 V, 

2.28 𝑚𝛺. 𝑐𝑚2, respectively. Then, the proposed edge termination design based on a TiO2 insulator 
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plate with a dielectric constant of about 80 gives further significant improvements of breakdown 

voltage, BFOM and specific on-resistance.  The optimal value for TiO2 thickness is ≈1.8 µm with BFOM 

and Ron reached  1.09 × 109 𝑊/𝑐𝑚² and 1.98 𝑚𝛺. 𝑐𝑚2 respectively. 

Secondly, SBD deposited by EBE was studied and compared with measurement in forward 

current. A good comparison between simulation and measurement was obtained with the 

consideration of effect of Ni workfunction, interfacial traps concentrations and surface electron 

affinity. The extracted  Ni workfunction, interfacial traps concentrations and surface electron affinity 

were 5 eV, 8 × 1015𝑐𝑚−3 for 𝐸𝑐 − 0.75,  𝐸𝑐 − 0.72 and 𝐸𝑐 − 1.05 and 3.89 eV respectively. Finally, a 

study based on the insertion of graphene layer between Ni and Si-doped β-Ga2O3 was proposed. 

However, Graphene is affected by plasma and Ar bombardment, so CMFS may not be suitable for 

fabrication of the mentioned structure. Therefore the optimisation by inserting a grafphene layer is 

limited to the E-beam SBD. A graphene layer was inserted between Ni and Si-doped β-Ga2O3. A strong 

effect on the forward current and a reduction of the Schottky barrier height from 1.32 to 0.43 eV were 

obtained, as well as a decrease in the series resistance (Rs) from 60.3 to 2.90 mΩ. cm2. However, an 

increase in the saturation current from 1.26 × 10−11 to 8.3 × 10−7A/cm² after inserting the graphene 

layer was observed. Then, the fact that the graphene has a tunable bandgap and workfunction is taken 

into account and the possibility to control 𝜙𝐵 from 0.43 eV to 0.69 eV with increasing graphene 

bandgap from 0 eV to 0.45 eV was demonstrated. In addition, 𝜙𝐵 can be controlled from 0.320 eV to 

0.545 eV by increasing workfunction from 4 to 4.8 eV. Furthermore, we noticed that, when the 

inserted graphene has zero bandgap and low workfunction, SBD behaves as an Ohmic contact, 

because of the very low 𝜙𝐵 and Rs. 
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