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Abstract

In this thesis, fabrication of metal-semiconductor and metal-insulator-semiconductor field ef-

fect transistors (MESFETs and MOSFETs, respectively) by ion implantation on bulk beta-

Ga2O3-substrates is presented. First, implantations of acceptor dopants to form a current

blocking layer in the substrate are investigated, including thermal treatments to activate the

dopants and to remove the damage created by the impinging ions. Secondly, treatments for

further increasing the conductivity of the top surface layer were explored using implantation

of silicon and by in-diffusion of hydrogen during annealing. A process for MESFET and

MOSFET fabrication was developed using a circular FET pattern, and the successful fabri-

cation of both MESFETs and MOSFETs was achieved using shallow Si implantation with

subsequent annealing. Characterization of the obtained transistors revealed the characteris-

tic current-voltage profile, with the highest on/off current obtained being 2.33·106. However,

variation of the gate width did not show an improvement of the overall characteristics for

wider gates. An investigation of the effects of more shallow acceptor implantation revealed

that a lower implantation energy impairs the conductivity of the sample significantly, while

annealing the sample in hydrogen was shown to improve the conductivity of the acceptor-

implanted samples, and attributed to an increase in mobility. Fabrication of transistors

on the hydrogenated samples showed, however, that the conductivity was too low for the

fabrication of functional transistors. However, a strongly increased breakdown voltage was

observed, which reached values of 372 V.
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1 Introduction

Figure 1: Number of publications found on Web

of Science when searching for ”Ga2O3”.

Power electronics is a field of electronics

which uses electronic devices to process

electrical power [15]. The main focus of

power electronics is on switching devices.

Such devices usually have three terminals:

a power input, a power output and a con-

trol input. The input is converted into

the output, while the control input serves

to regulate the exact processing of the

signals. With a steadily increasing de-

mand for electrical power, the demand for

improved power electronics devices is in-

creasing as well, and there is an ongo-

ing search for materials that can satisfy

the demands of modern power electron-

ics. One candidate for this is Ga2O3.

During the past years, the interest in

β-Ga2O3 as a material for applications in power electronics has increased rapidly [58], [52],

and a substantial amount of research is now devoted to developing the material. This is,

for example, reflected in a strongly increasing number of publications about it (see Fig. 1).

With a large bandgap (≈ 4.9 eV) and a resulting theoretical breakdown field of 8 MV/cm

it seems to be highly promising for application where large voltages are involved [52]. This

is, for example, reflected in Baliga’s figure of merit, BFOM= ε · µ · E3
c , which describes the

suitability of a material for power electronics applications by quantifying the expected dc

conduction losses [4]. The BFOM of Ga2O3 is approximately 3,500 times higher than for

silicon, which is the most widely used material in electronics. It outperforms even its main

competitors, namely SiC and GaN by factors of 10 and 4, respectively [52]. Since the BFOM

depends more strongly on the width of the bandgap than on the carrier mobility, the low

electron mobility of Ga2O3, one of its main weaknesses, is more than compensated by its

wide bandgap.

Examples of potential applications for Ga2O3 include radar systems, wireless infrastruc-

ture and satellites [52], but also potentially power converters that can be used in chargers

for electromobility, wind parks, data centers etc. [51]. From a financial point of view, Ga2O3

has the advantage over competing materials like GaN or SiC, that it can be grown from the
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melt using methods like Czochralski growth or, more commonly used so far, edge-defined film

fed growth (EFG), providing an opportunity for low-cost large-scale production of β-Ga2O3-

substrates in the future [52]. Nowadays, wafers with diameters of up to 4′′ are commercially

available.

The main component that is necessary for power electronics applications is a transistor.

In the past years, several MOSFETs (metal-oxide field-effect transistors) based on Ga2O3

have been reported, with both lateral and vertical structures being implemented [26], [19],

[70], [68] etc. However, all of the lateral transistors are using thin films of Ga2O3 grown by

epitaxy (e.g. molecular beam epitaxy (MBE), halide vapor-phase epitaxy (HVPE), metal-

oxide chemical vapor deposition (MOCVD)). Such methods have the advantage that the films

grown using them are usually of a very high quality [6]. Their main drawback, however, is

that they are very costly, which counteracts the advantage of growing Ga2O3 from a melt.

It might therefore be desirable to investigate ways to fabricate MOSFETs on a regular bulk

Ga2O3 substrate. In order to achieve this, one has to be able to alter the properties of

the substrate with regard to conductivity. Most previous reports of Ga2O3 transistors solve

this by growing an epitaxial layer with a high carrier concentration, achieved by including

shallow donors (e. g. Si or Sn) in this layer on top of a semi-insulating substrate, doped with

acceptor-type impurities (e. g. N, Mg, Fe). Instead of this, an approach using implantation

of acceptor-type impurities into the substrate will be followed in this work. By doing so, it

should be possible to form an insulating layer within an otherwise conducting substrate. To

reach the goal of fabricating a MOSFET on a bulk-Ga2O3 substrate is the aim of this thesis.

First, implantations of acceptors and donors are investigated. After suitable parameters

for the implantations were determined, a MESFET was fabricated. In the next step the pro-

cess was expanded by including a layer of an insulator and thereby fabricating MOSFETs.

After this was successful, several parameters were varied in an attempt to optimize the prop-

erties of the transistors, namely the gate length and the energy of the acceptor implantation.

Furthermore, the influence of hydrogen in Ga2O3 is investigated by annealing the samples in

a hydrogen ambient.

2 Theory

In order to understand the behavior of semiconductors, it is necessary to be equipped with

some understanding of solids, including crystallographic considerations and quantum me-

chanical calculations of the electronic properties. In the following subsections, the most

important aspects of solid state physics and semiconductors in general are introduced. This

is essential to not only classify Ga2O3 accordingly, but also understand its properties, and to

2



be able to give a proper interpretation of obtained results.

2.1 Crystal structures

(This subsection is based on [34])

In most solids, the atoms that the material is composed of are arranged periodically

in space. This means that a small arrangement of a few atoms is repeated periodically

in all three dimensions. Such solids are known as crystalline solids and distinguished from

amorphous solids, in which the atoms are not arranged with any long range order. A periodic

crystal generally consists of a basis and a lattice. A lattice is a three-dimensional periodic

array of points and therefore an entirely mathematical object. At every point in this lattice

a group of atoms, the basis, is placed. This combination of basis and lattice makes up the

crystal.

Crystal lattices are modelled mathematically by vectors ai which are known as primitive

vectors such that every point R of the lattice can be reached by appropriately choosing values

for ni in the equation

R = n1a1 + n2a2 + n3a3, ni ∈ Z (1)

The primitive vectors ai define a parallelepiped known as the primitive cell, since such a

cell contains exactly one lattice point and the number of atoms contained by it is equal to the

number of atoms in the basis. In combination with a suitable crystal translation operation,

used to move the entire cell in space, this assigns such a minimum-volume cell to each lattice

point given by eq. (1) and can therefore be used to fill the entire space. The volume of the

primitive cell is given by the equation:

Vc = a1 · a2 × a3 (2)

An alternative method of constructing a primitive cell is the so-called Wigner-Seitz cell.

It is constructed by drawing lines from one lattice point to all adjacent lattice points and

including a line normal to that, such that it intersects the connection line between the central

lattice point and its neighbors exactly in the middle. These normal lines will then define the

boundaries of the Wigner-Seitz cell.

In three dimensions, requirements concerning rotational symmetry limit the number of

possible lattice types to 14. These lattices are known as the Bravais lattices. They classify

all crystal structures into seven different groups, namely triclinic, monoclinic, orthorhombic,

tetragonal, cubic, trigonal and hexagonal. Their fundamental geometrical properties can be
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found in Table 1. Some of these groups can be divided further by distinguishing between the

basic structure and e. g. face-centered or body-centered varieties of it. If further symmetry

relationships are taken into account the possible crystal structures can be classified into

219 space groups (230 if chirality is not taken into account). This classification was made

independently by Schönflies and Fedorov in 1891 ([56], [16]).

System Number of lattices Properties of axes and angles

Triclinic 1 a1 6= a2 6= a3

α 6= β 6= γ

Monoclinic 2 a1 6= a2 6= a3

α = γ = 90◦ 6= β

Orthorhombic 4 a1 6= a2 6= a3

α = β = γ = 90◦

Tetragonal 2 a1 = a2 6= a3

α = β = γ = 90◦

Cubic 3 a1 = a2 = a3

α = β = γ = 90◦

Trigonal 1 a1 = a2 = a3

120◦ > α = β = γ 6= 90◦

Hexagonal 1 a1 = a2 6= a3

α = β = 90◦, γ = 120◦

Table 1: Overview over the groups of Bravais lattices in three dimensions. α denotes the

angle between a2 and a3, β the angle between a1 and a3 and γ the angle between a1 and a2.

Adapted from [34].

Ga2O3 in its β-polymorph has a monoclinic structure. It can be seen in Fig. 2.

In this figure, it can be seen that the crystal structure shows very little symmetry. In

consequence, β-Ga2O3 shows a comparatively large degree of anisotropy, which means that

several properties of the material depend on the direction, along which they are examined.

This is especially relevant, since cutting the crystal in different directions leads to differently

structured surfaces, which can exhibit different physical and chemical properties. It is there-

fore important to define a system to denote different surface orientation and directions in

crystalline structures. Commonly, this is done by introducing Miller indices, composed of

three numbers that use the lattice vectors ai. They can be used to identify both crystal planes

and crystal directions. The Miller indices of planes are usually written (hkl). However, if
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Figure 2: Crystal structure of β-Ga2O3 from two different perspectives. Left: Viewed along

the b-axis, Right: Viewed along the c-axis. The Ga atoms are depicted in green, while the

O atoms are represented in red.

one refers to a set of planes that are equivalent due to crystal symmetry, one might also use

curly brackets and write {hkl}. The values of the components h, k and l are determined as

follows: The intersections of the plane of interest with the lattice vectors a1, a2 and a3 are

determined. These reciprocals of these numbers are then calculated and multiplied with a

common factor, such that all three of them are integers. Negative numbers are denoted by

including a line above the number (e. g. (123) instead of (−123)). In addition to planes, di-

rections can also be denoted in terms of Miller indices. To distinguish directions from planes,

the indices of directions are written in square brackets [hkl] or in chevrons if one wants to

refer to all directions that are equivalent through symmetry: 〈hkl〉. It is very helpful to know

that the direction [hkl] will be normal to the plane (hkl).

Some of the main competitors of Ga2O3 are silicon (Si), silicon carbide (SiC) and gallium

nitride (GaN). Si has a so-called diamond structure, that means that the atoms are arranged

following a face-centered cubic structure with a base that is composed of two atoms at the

positions (0, 0, 0) and (a/4, a/4, a/4) [6]. GaN shows a structure known as wurtzite struture

[39] (no. 186), named after the mineral wurtzite. SiC exists in a large number of polymorphs.

The most practically important ones for semiconductor applications also show the structure

no. 186, but with a few complications. SiC shows a one-dimensional polymorphism [29].
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Single sheets of atoms are stacked following a certain symmetry, resulting in a large number

of different polymorphs. However, this will not be further explained at this point, due to a

lack of relevance for this work.

2.2 The band model

(Based on [34])

On many occasions relevant to solid state physics it is reasonable not to use the regular

lattice vectors given in eq. (1), but to introduce a different type of lattice known as the

reciprocal lattice. The vectors of this lattice are defined using the regular lattice vectors.

b1 = 2π
a2 × a3

a1 · a2 × a3

b2 = 2π
a3 × a1

a1 · a2 × a3

b3 = 2π
a1 × a2

a1 · a2 × a3

(3)

These vectors have the property that

bi · aj = 2πδij (4)

where δij denotes the Kronecker delta, which is 1 if i = j and 0 otherwise. Similar to the

Wigner-Seitz cell in the regular lattice, the reciprocal lattice vectors can be used to define a

unit cell in reciprocal space. First, the lattice points are defined in a way similar to eq. (1):

G = m1b1 +m2b2 +m3b3 mi ∈ Z (5)

A procedure which corresponds to the construction of the Wigner-Seitz cell described

above leads to the construction of an elementary cell in reciprocal space known as the first

Brillouin zone. This zone can be used together with the vectors G to cover the entire

reciprocal space, also known as k-space.

The reciprocal space is important because it is extraordinarily helpful for understanding

the behavior of electrons in crystals, which is essential in this thesis. To do so, one has to

consider the Schrödinger equation and assume a perfectly periodic infinite crystal, such that

the potential is periodic with R:(
−~2∇2

2me

+ V (r)

)
ψκ(r) = εκψκ(r), V (r) = V (r + R) (6)

In 1929 it was shown by F. Bloch [5] that the solution of the Schrödinger equation with

a periodic potential can be written as

ψ(r) = eik·r · uk(r) (7)
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where uk(r) is a periodic function with the same periodicity as the lattice potential. The

wave vector k is an element of the reciprocal space. The energy eigenvalues as a function of

the wave vector follow the periodicity of the reciprocal lattice:

ε(k) = ε(k + G) (8)

The consequences of this periodicity can be sketched in a one-dimensional image. The

energy eigenvalues describe a parabola (like in the problem of an electron in a box) with the

minimum of the parabola at the center of the Brillouin zone. Since there is one parabola

in the Brillouin zone of each reciprocal lattice point there is a degeneracy of energies at

the boundary between two adjacent Brillouin zones, due to the intersection of two energy

parabolas. The two plane waves that overlap at this point can be written as

ψ1 = eiGx/2 and ψ2 = e−iGx/2 (9)

where G = 2πa denotes the reciprocal lattice vector and x the position in real space. This

leads to the formation of two linear superpositions:

Ψ(+) ∝
(
eiGx/2 + e−iGx/2

)
∝ cos

(πx
a

)
(10a)

Ψ(−) ∝
(
eiGx/2 − e−iGx/2

)
∝ sin

(πx
a

)
(10b)

This results in a high probability density at the positions where a nucleus is located for

Ψ(+) and at the positions between the nuclei for Ψ(−). Since the potential is lower at the

sites where a nucleus is sitting, this leads to a lower energy for Ψ(+) than for Ψ(−) and

therefore to a splitting of the energies. The result is a so-called band structure with energy

intervals in which states are present (the bands) and energy intervals where no states are to

be found (the band gap). Electrons can only occupy energies where states are present, which

in turn means that the band gaps are forbidden energy intervals.

The band structure determines the electrical properties of a material. Metals, semicon-

ductors and insulators are distinguished by their band gap and the occupation of the allowed

bands. In an insulator, the Fermi energy EF lies inside the band gap. If thermal effects

are neglected, the bands below the Fermi level are completely filled and the bands above it

are completely empty. The band below the Fermi level with the highest energy is known

as the valence band, while the band above the Fermi level with the lowest energy is called

conduction band. If an electric field is applied to the material, in order to get a current

to flow the electrons have to be able to move into different states ([59]). In the case of an

insulator at 0 K this is not possible, since all the states in the valence band are occupied. In
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Figure 3: Illustration of the emergence of bands and bandgaps.

order to conduct current the electrons have to be excited into the conduction band, e. g. by

thermal effects. If the band gap is wider, the energy needed for electrons to be excited into

the conduction band increases, which leads to a decrease in the actual number of excitations.

In consequence, materials with a wide band gap also show high resistivities. In materials with

narrower band gaps, the number of excitations into the conduction band is already significant

at room temperature ([59]), leading to a considerable decrease in resistivity. Materials with

narrow band gaps are therefore known as semiconductors. Distinguishing between insulators

and semiconductors is not always obvious, since there is not a single definition of a minimum

bandgap that a material should have for being called an insulator instead of a semiconduc-

tor. Common borders are to be found between 3 eV and 5 eV. In contrast to insulators and

semiconductors, metals can also conduct a current at 0 K, since the conduction band is either

partially filled or the valence band and conduction band are overlapping. In consequence,

metals have a very low resistivity.

The bandgap of β-Ga2O3 has a width of approximately 4.9 eV, though the exact values

reported vary by a few tenths of an eV [52]. Because of the relatively large bandgap, it is

classified as a wide-bandgap semiconductor. More information about its band structure is

given below in section 2.4.

2.3 Semiconductors

(Based on [59])

The investigation and processing of semiconducting materials has yielded a large number

of electronic devices which are of great importance for today’s science and technology. Most
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modern electronic devices (like e. g. computers) are based upon semiconductor technology.

This significance is due to the fact that several processing methods can alter the electronic

properties of semiconductors in a way which allows for complex electronic components to be

designed. In order to get a grasp of what is happening in semiconductor components, one

first needs to understand the conduction of current in the material itself.

If thermal effects lead to the excitation of a valence band electron into the conduction

band, an empty state known as a “hole”is left behind in the valence band. The excited

electron in the conduction band is then free to react to an external electric field and contribute

to charge carrier transport, since many unoccupied states are present in its vicinity. On the

other hand, the hole that is left behind in the valence band might be filled by another

electron that until then had occupied a different state, which moves the hole to the state

where the second electron had been previously. In consequence, the hole may as well move

through the valence band by the motion of the surrounding electrons and a current may be

conducted by the charge carriers within the valence band. The question that comes to mind

when considering the conduction of current in the valence band is how much this is actually

contributing to the total current. In an entirely filled valence band, all states are occupied.

In consequence, for every electron that is moving through the lattice with a velocity v, there

must be an electron which is moving just as fast in the opposite direction, hence having a

velocity −v. In the case of a full valence band, the contributions by the electrons to the total

current cancel each other out, hence

J = −q
N∑
i

vi = 0 (11)

where N is the total number of electrons and vi is the velocity of the ith electron in the

band. If the jth electron is removed, the current becomes

J = −q

((
N∑
i

vi

)
− vj

)
(12)

For this reason, current can only be conducted by not completely filled electronic bands.

It is common in semiconductor physics to treat the holes as actual charge carriers with one

positive elementary charge, since this offers the possibility of simplification of the treatment

of charge transfer in the valence band, as only the motion of one hole has to be considered

as opposed to the behavior of many electrons.

As the charge carriers that play a role in semiconductor physics are not entirely free, but

move in a periodic potential defined by the crystal lattice, a few modifications have to be
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made to the model of the behavior of electrons and holes. An important example for this is

the so-called effective mass m∗. For a free particle, where the crystal momentum is identical

to the well-known momentum p = mv, the energy is related to the wave vector k via the

equation

ε =
mv2

2
=

p2

2m
=

~2k2

2m
(13)

If the second derivative of the energy for the wave vector is calculated and the equation

is solved for the mass m this leads to

m =
~2

d2E/dk2
(14)

This formula can be applied to the energy bands at any point in k-space in order to yield

the effective mass. This quantity is determined by the local curvature of the bands, where

the curvature of the conduction band is responsible for the effective mass of the electrons,

whereas the curvature of the valence band determines the effective mass of the holes. To

distinguish these two quantities, they are often denoted m∗n for electrons (the subscript n

stands for “negative”) and m∗p for holes (p for “positive”).

Statistical physics tells us that the occupation of electron energies is described by the

Fermi function

f(E) =
1

1 + e(E−EF )/kBT
(15)

where E denotes the energy, EF the Fermi level, kB Boltzmann’s constant and T the

temperature (in K). If the difference between EF and the bottom of the conduction band

Ec is significantly larger than kBT (≈ 0.026 eV at room temperature), the exponential term

dominates and the concentration of electrons in the conduction band can be approximated

by

f(Ec) =
1

1 + e(Ec−EF )/kBT
≈ e−(Ec−EF )/kBT (16)

The concentrations of electrons in the conduction band n0 and holes in the valence band

p0 are then given by

n0 = Nce
−(Ec−EF )/kBT = 2

(
2πm∗nkBT

h2

)3/2

e−(Ec−EF )/kBT (17a)

p0 = Nve
−(EF−Ev)/kBT = 2

(
2πm∗pkBT

h2

)3/2

e−(Ev−EF )/kBT (17b)
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In this equation, Ev denotes the energy at the top of the valence band. A perfect semi-

conductor crystal without any impurities is commonly known as an intrinsic semiconductor.

The Fermi level in such a material lies at the intrinsic level Ei, which is usually located close

to the middle of the band gap. The intrinsic carrier concentrations are therefore defined by

using eqs. (17a) and (17b) and replacing EF with Ei. The product of n0 and p0 is indepen-

dent of the concentration of impurities and therefore constant if material and temperature

remain unchanged.

n0p0 = (Nce
−(Ec−EF )/kBT )(Nve

−(EF−Ev)/kBT ) = NcNve
−(Ec−Ev)/kBT = NcNve

−Eg/kBT (18)

Here, Eg denotes the width of the band gap. If no impurities (like e. g. foreign atoms) are

present, the number of electrons in the conduction band is equal to the number of holes in

the valence band, since every electron that jumps into the conduction band leaves behind a

hole in the valence band. In consequence, the electron concentration in the conduction band

ni, the so-called intrinsic carrier concentration, has to be equal to the hole concentration

in the valence band pi. Starting from eq. (18), the intrinsic electron concentration can be

written as

ni =
√
NcNve

−Eg/2kBT =
1

4

√
2kBT

π~2

3

· (m∗nm∗p)
3
4 · e−

Eg
2kBT (19)

Replacing EF in eqs. (17a) and (17b) with Ei and combining the resulting equation with

n0p0 = n2
i leads to another way of writing eqs. (17a) and (17b) for a general, not necessarily

intrinsic crystal:

n0 = nie
(EF−Ei)/kBT (20a)

p0 = nie
(Ei−EF )/kBT (20b)

The amount of charge carriers is a parameter that plays an important role in determining

the conductivity of the material. With an applied electric field given by Ex in x-direction,

the current density in the same direction is given by

Jx = σEx = q(nµn + pµp)Ex (21)

σ denotes the conductivity of the material, to which the resistivity ρ is related by σ = 1/ρ

(in one dimension, in three dimensions σ and ρ are given by tensors and the simple formula is

no longer applicable). The total conductivity is in turn a sum of the individual conductivities
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for the two different types of charge carriers, which are given by σn = qnµn and σp = qpµp

for electrons and holes, respectively. The quantities µn,p are called mobility of the respective

charge carriers. They describe how well a carrier can move through the material. They are

given by

µn,p =
qt

m∗n,p
(22)

where t denotes the mean time between two scattering events that the carriers experience

while moving through the crystal. Since the mobility is proportional to 1/m∗n,p, it will decrease

with increasing effective masses, which will in turn decrease the conductivity and eventually

the current density.

Crystal defects are present in any real crystal. Common defects in semiconductors are

vacancies, which are simply unoccupied lattice sites. Thermodynamical considerations show

that it is in fact impossible to avoid the formation of vacancies during crystal growth. In

addition to vacancies and other so-called intrinsic defects, which are defects that do not

involve atoms of another element than those that the crystal consists of, substitutional defects

can occur. In such cases a lattice site is occupied by an atom of a different element which

might have a different electronic configuration and especially a different number of valence

electrons. The effects of this on the band structure can be illustrated using the examples of

boron (B) and phosphorus (P) in silicon (Si). Si has four electrons in its outer shell and forms

a crystal with a tetragonal structure, such that every atom forms covalent bonds with four

neighbors. In consequence, each atoms appears to have a filled valence shell. Phosphorus

atoms have five electrons in their outer shell. If one of the silicon atoms is replaced by a

phosphorus atom, four of the valence electrons of the P-atom will go into the covalent bonds

with the neighboring Si-atoms. The fifth electron however, will not participate in any bond

and instead be able to move through the crystal. In the band structure, this will result

in the appearance of an additional state which often lies within the band gap. In the case

of phosphorus this state is located slightly below the bottom of the conduction band and

in equilibrium it is filled with the unbonded electron. Since the energy gap between this

additional level and the conduction band is very narrow, the electron occupying the level can

easily be excited into the conduction band and contribute to the conduction of current. For

this reason such a level is called a donor level. If donor atoms are implanted into a crystal,

the Fermi level will shift upwards, resulting in a higher electron density, in accordance with

eq. (20a).

Boron atoms have only three valence electrons. If they are incorporated into a Si-crystal,

one of the bonds cannot be formed. Effectively, the atom is accompanied by a positively
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charged hole. In the band structure, this is expressed by the addition of an empty state,

this time closer to the top of the valence band than to the bottom of the conduction band.

Thermal excitations can result in an electron from the valence band being trapped in the

additional state and leaving behind a hole in the valence band, which can then contribute to

current. Since these additional states accept and store electrons they are known as acceptor

states. As a consequence of the introduction of acceptor states, the Fermi level will move

downwards and the hole concentration will increase (see eq. (20b)).

To further differentiate between donor and acceptor levels generated by different species

of atoms, one can distinguish shallow donors and acceptors from deep donors/acceptors.

Shallow dopants introduce doping levels in the band gap which are close to the respective

band and therefore easier to ionize, while deep dopants lead to states that are further away

from the edges of the bands and closer to the middle of the band gap. Since the energy

difference between the respective band and the doping level is larger, more energy will be

needed for ionization of deep levels.

Donor and acceptor states are made use of in many semiconductor components (diodes,

transistors etc. See below), and it is necessary to controllably introduce these states in order

to get the required amount of charge carriers for the respective device. This process of

including impurities into the crystal is known as doping. Doping with donor states is called

n-type doping (n for “negative”), while acceptor doping is called p-doping (p for “positive”).

It is important to note that not only foreign atoms can contribute to the n-type or p-type

characteristics of a semiconductor. Vacancies and other defects can introduce states into the

band gap, too. The exact positions of states that are introduced by vacancies are dependent

on the charge that is trapped by the vacancy. In consequence, vacancies might contribute to

p-type or n-type conductivity even without many extrinsic defects being present.

2.4 Gallium oxide (Ga2O3)

Gallium oxide (Ga2O3) is a semiconducting material that has received a considerable amount

of attention in the past years. This is mostly due to its wide bandgap of approximately 4.5-

4.9 eV, which leads to an estimated breakdown electric field of 8 MV·cm−1. For comparison,

silicon (Si), which is the most common semiconductor in modern electronics, has a band

gap of only 1.1 eV and a breakdown field of 0.3 MV·cm−1. These properties make Ga2O3 a

promising candidate for future applications in power electronics devices [52].

Ga2O3 exists in five different polymorphs, which are labeled α-, β-, γ-, δ- and ε-Ga2O3

(which is now most commonly referred to as κ-Ga2O3) [55, 58]. Of these five polymorphs,

β-Ga2O3 is the most stable structure. β-Ga2O3 crystallizes in a monoclinic structure, namely
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the space group C2/m (number 12) with lattice constants of a = 12.214 Å, b = 3.037 Å and

c = 5.798 Å. The angle between a and c is β = 103.83◦ [1]. This structure is the one that

will be obtained when Ga2O3 is grown from a melt [26].

α-Ga2O3 shows a rhombohedral crystal structure. Its space group is denoted R3c (number

167). It will turn to β-Ga2O3 if it is heated to 600◦C in air or to 300◦C in an atmosphere

containing water vapor [55]. Aside from β-Ga2O3, it is the most well known polymorph of

Ga2O3.

γ-Ga2O3 crystallizes in a cubic structure, namely in space group Fd3m (number 227). It

turns into the β-structure above 650◦C in a dry atmosphere and 300◦C in a wet atmosphere

[55].

δ-Ga2O3 and ε-Ga2O3 show body-centered cubic (Ia3, number 206) and orthorhombic

(Pna21, number 33) structures, respectively. Even though these polymorphs are often dis-

tinguished, δ-Ga2O3 is actually just a different form of ε-Ga2O3. Both forms can be turned

into β-Ga2O3, when they are heated to 300◦C in a wet atmosphere (δ-Ga2O3) or to 870◦C in

a dry atmosphere (ε-Ga2O3) [55].

If Ga2O3 is mentioned in the following it will refer to β-Ga2O3, unless specified otherwise.

This is due to the fact that β-Ga2O3 is the most practically relevant with the most mature

growth industry of all polymorphs of Ga2O3 and therefore the one used in this work.

A theoretical plot of the band structure of β-Ga2O3 can be seen in Fig. 4 a). As the figure

demonstrates, the band gap of the material is approximately 4.9 eV wide. Several theoretical

investigations of β-Ga2O3 generally agree on the width of the bandgap being in the range

of 4.6 to 4.9 eV (e. g. [13], [23], [53]). However, the different authors come to different

conclusions concerning whether the bandgap is direct or indirect (direct: e. g. [13], indirect:

e. g. [23], [53]). Due to the flatness of the valence band (see Fig. 4), the lowest possible

direct bandgap is in any case not much larger than the indirect bandgap. In experimental

investigations it has been found that the bandgap in fact seems to be indirect [48].

Fig. 4 b) shows the density of states and therefore the composition of the valence and

conduction bands. The valence band is formed by three subbands. The one that is closest to

the Fermi energy mainly consists of O 2p states and spans the region from 0 to approximately

-8 eV. The second one, which is located between -11 and -14 eV is formed predominantly

by Ga 3d states. The lowest subband, located at around -15 eV consists of a mixture of O

2s states and Ga 3d states. Since the valence bands are very flat, the effective mass (14)

of the holes is expected to be high, which should result in a low hole mobility. Another

factor that lowers the mobility is the self-trapping of holes [30]. Self-trapping of carriers in

semiconductors arises when the charge of the carriers alters the potential in which they are
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Figure 4: a) Band structure of intrinsic β-Ga2O3, calculated using density functional theory

(DFT) with a GGA+U potential. b) Density of states (DOS) as function of energy. Taken

from [13]1.

moving in a way that creates a potential well. In consequence, the carrier is being trapped

in the well that was created by the carrier itself, hence the term “self-trapped”[35].

Even without including a significant number of dopants into Ga2O3, it exhibits n-type

conductivity. Experiments on growth of Ga2O3 substrates have shown that the conductivity

of the single crystals can be changed by changing the oxygen content of the growth ambient

[63]. Theoretical calculations suggested oxygen vacancies as the origin of this conductivity

[21], but this has since been ruled out, since the defect states generated by oxygen vacancies

are acting as deep donors (Ec − Evac > 1 eV) and will therefore not contribute significantly

to the conductivity of Ga2O3 [65].

Instead, this is now attributed to unintentionally included impurity atoms that introduce

shallow donor states into the bandgap [65]. Examples of such impurities include hydrogen

(H) and silicon (Si). Hydrogen acts as a shallow donor both as an interstitial impurity, where

1Reused under a Creative Commons Attribution 4.0 International (CC BY 4.0) license (https://

creativecommons.org/licenses/by/4.0/). Figure modified (cropped). Link to the source: https://www.nature.

com/articles/srep40160.
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it tends to form complexes with oxygen atoms, and as a substitutional impurity, where

it replaces oxygen atoms at their sites [65]. If the growth or annealing ambient contains

little oxygen, hydrogen atoms tend to be incorporated in the crystal more strongly, thereby

increasing the donor concentration.

Silicon is often present during growth of single crystal substrates, for example due to the

use of quartz (SiO2) in the unit processes and is therefore a common unintentional impurity.

In Ga2O3, it tends to be a substitution for Ga atoms, acting as a shallow donor [65].

Other impurities have also been identified as shallow donors, that could be used to pur-

posely control the n-type carrier concentration of Ga2O3. Examples of this include germa-

nium (Ge) and tin (Sn) on Ga sites and flourine (F) and chlorine (Cl) on O sites [61]. In

experiments and on commercially available substrates, it is common to use either Si or Sn as

n-type donors.

In contrast to n-type conductivity, which is relatively easy to obtain and control, p-

type conductivity is very difficult to obtain and has been reported only in Ga2O3 nanowires

with extremely low hole concentration [40], [17]. The main problem is that there are no

known dopants that would introduce shallow acceptor levels into the bandgap, which would

be necessary to effectively trap electrons from the valence band and generate a large enough

number of holes [43], [37]. Instead, the acceptors that are known in Ga2O3 are deep acceptors

(Edop − Ev > 1 eV). Common acceptors that can for example be used to fabricate semi-

insulating Ga2O3 substrates are magnesium (Mg) or nitrogen (N).

When it comes to working with semiconductors, the question how to actually produce

them is crucial for many properties of the resulting samples and in consequence also for the

applications. In general, there are two different approaches to fabricating samples of a certain

material: bulk growth techniques and thin-film growth techniques. Bulk growth techniques

often involve growing the material from a melt, but vapor-phase bulk growth methods exist

as well [7]. Their main advantage is that they allow for a higher amount of material to be

produced, compared to thin-film growth techniques. However, their main drawback is that

the concentration of unintended impurities tends to be significantly higher. Thin-film growth

processes involve, as the name suggests, the growth of a thin film (usually not more that a

few µm) on a substrate. The process can be physical (e. g. molecular beam epitaxy (MBE))

or chemical (e. g. chemical vapor deposition (CVD)) in nature. While such processes make

it possible to grow material of extremely high quality, the throughput is generally low. In

addition, such processes are often quite costly [8].

This work focuses on bulk-grown Ga2O3. The samples that were used were commercially

available substrates that were grown using edge-defined film fed growth (EFG). For this

technique, high-purity Ga2O3 powder is melted in a container, which is called crucible [52].

16



Figure 5: Schematic depiction of an EFG process.

The crucible commonly consists of iridium (Ir). If strong n-type conductivity is desired, Sn

or Si can be included as a donor. In the middle of the crucible, there is a block of Ir called a

die, with a slit through it (see Fig. 5. The melt will flow into the slit and up the die, driven

by capillary action [36]. In the following, a Ga2O3 seed crystal is brought into contact with

the melt on top of the die, which forms a thin liquid film there. The melt will then start to

solidify at the seed crystal, which is slowly being pulled upwards. As the melt continues to

flow up the slit in the die, there will always be a thin liquid film on top of it, guaranteeing

sufficient supply of Ga2O3 to solidify at the bottom of the freshly grown crystal. The result

is a single-crystalline slab of Ga2O3, which is then cut into wafers and further processed.

The orientation of the grown crystals depends on the orientation of the seed crystal that was

used. Wafers of other orientation can furthermore be obtained by appropriate cutting of the

slab.

2.5 Semiconductor components

(This section and its subsections are based on [59])

The properties of semiconductors allow for developing and fabricating several components

that can be used to construct all sorts of electronic devices. Since this work is about the
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fabrication of one such device, this section will introduce the principle of the most important

devices.

2.5.1 Diodes

Semiconductor electronics rely to a large degree on the interplay of p-type and n-type doped

semiconductors. A simple example of this is a diode. A diode is essentially a junction

consisting of a p-type doped region and an n-type doped region that are brought into contact.

Since the carrier concentrations are different on the n-type side and the p-type side, diffusion

of charge carriers across the interface will counteract this concentration gradient, following

Fick’s first law

J = −D∇C(r) (23)

where J is the flux, D the diffusion coefficient and C(r) the concentration as a function

of the position. The result is an electric field in the vicinity of the interface, since the

different impurity atoms on the respective sides carry different amounts of positive charges.

This electric field will increase until it is strong enough to prevent any further net diffusion

across the interface. The region where the field is present is known as the depletion zone.

A consequence is that the electrostatic potentials on both sides are different by the amount

V0, which is known as the contact potential, introducing a built-in potential barrier to the

junction. In a picture using the band model, the purpose of this diffusion is the alignment of

the Fermi levels of the two regions. Without an external bias, the Fermi levels of the n-type

and p-type region have to be equal across the interface. Since the Fermi level is closer to the

conduction band bottom on the n-type doped side than on the p-type doped side, the bands

on the n-side will be lowered in energy with respect to the p-side with a difference in energy

of qV0.

As a good approximation, we can assume that the space charge in the depletion zone is

only due to the donor and acceptor atoms that are not perfectly compensated. This leads to

a constant charge density at both sides of the depletion region, given by

Qn = qAxn0Nd (24a)

Qp = −qAxp0Na (24b)

Where Qn and Qp indicate the charge on the donor doped and acceptor doped side

respectively, q denotes the elementary charge, A the area of the interface, xn0 and xp0 the

depth by which the depletion region extends into the respective regions and Nd and Na

18



the concentrations of donor and acceptor atoms respectively. Since the entire device has

to be neutral, the amounts of charge on both sides have to be equal. Different doping

concentrations will therefore lead to different depths of the depletion region on both sides.

Making use of Poisson’s equation, it is possible to find the distribution of the electric field

within the depletion region.

dE

dx
=
q

ε
(p− n+Nd −Na) (25)

As discussed before, we can approximate the space charge by only taking into account

the contributions of the dopant atoms. This leads to the following expressions for both sides:

dE

dx
=
qNd

ε
on the n-doped side (26a)

dE

dx
= −qNa

ε
on the p-doped side (26b)

Since the electric field is defined by the derivative of the electrostatic potential, it is

natural to relate the built-in voltage V0 to the integral of the electric field over the width of

the depletion region.

V0 = −
∫ xn0

−xp0

E(x)dx = −1

2
E(0)W =

q

2ε
NdXn0W (27)

Here, W denotes the width of the depletion region, which is given by xn0 +xp0. Combined

with the condition that xn0Nd = xp0Na, this leads to the relation

xn0 =
WNa

Na +Nd

(28)

Combining eq. (28) with eq. (27), one obtains

V0 =
1

2

q

ε

NaNd

Na +Nd

W 2 =⇒ W =

√
2εV0

q

Na +Nd

NaNd

=

√
2εV0

q

(
1

Na

+
1

Nd

)
(29)

To see what happens to the device when an external voltage is applied, one has to see

what will happen to the energy bands. If a forward bias voltage is applied, which is defined

as a voltage that counteracts the electric field in the depletion zone, the energy difference of

the bands will decrease (see Fig. 6 b)). As a consequence of the decreased barrier height the

diffusion of charge carriers across the barrier is facilitated. In the following, a current can

flow through the diode.
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Figure 6: Schematic drawing and band structure of a p-n junction. a) Equilibrium: V = 0.

b) Forward bias, V 6= 0. c) Reverse bias, V 6= 0.

If a reverse bias voltage is applied, the barrier height increases, which leads to a decreasing

amount of charge carriers across the interface. As a result, only a small diffusion current

through the diode can be observed.

To summarize, the device will conduct current in one direction, but not in the other.

Mathematically, the current-voltage characteristic curve is given by

I = I0(eqV/nkBT − 1) (30)

, where n is a parameter known as the ideality factor. It varies between 1 and 2, depending

on the material and temperature [59]. For an ideal diode, n = 1. This current-voltage

characteristic can for example be utilized in rectifiers to convert AC voltage to DC voltage.

Another way of fabricating diodes is to form contacts of certain metals on a semiconductor.
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At the interface between the metal and the semiconductor a so-called Schottky barrier will

prevent the transmission of current across the interface in one direction. The difference

between the Fermi level in a metal and the vacuum energy is known as the work function

φM . It is a material-specific property and describes the energy an electron has to gain to be

emitted from the metal entirely. A similar quantity can be defined for semiconductors. The

difference is that the Fermi level in a semiconductor is located within the band gap, which is

why there are no electrons directly at this level. Instead, the difference between the bottom

of the conduction band and the vacuum level is used, which is called the electron affinity

χS of the semiconductor. In a näıve picture, neglecting all interactions between the metal

and the semiconductor, the work function of the metal should be smaller than the electron

affinity of the semiconductor for an n-type semiconductor and larger for p-type in order to

form an ohmic contact, which is a contact that obeys Ohm’s law (linear current-voltage

characteristic). If this is not the case, a Schottky barrier with the height

φB = φM − χS (31)

will appear. The electrons will have to overcome this energy barrier to move from one side

of the junction to the other. In reality the interactions between the metal and semiconductor

will lead to the formation of induced gap states in the semiconductor, which complicates the

calculation of the Schottky barrier height significantly. A detailed discussion of the theory

of the Schottky barrier is beyond the scope of this work, but can be found in [62].

2.5.2 (Field-effect) transistors

Another important semiconductor component is the transistor. Its main operating principle

is that it can be switched between a conducting state and a resistive state, thereby allowing

for the execution of logical operations using networks of transistors. Modern computers rely

on integrated circuits consisting of billions of transistors.

There are mainly two types of transistors: Bipolar junction transistors (BJTs) and field-

effect transistors (FETs). The latter type is far more common in today’s technology, which

is why it will be the focus of this section.

A common type of FET is the metal-oxide-semiconductor FET, abbreviated MOSFET,

which can be seen in Fig. 8. A MOSFET has three contacts to the outer circuit, which

are called source, drain and gate. Sometimes, the body of the sample is considered a fourth

contact. Source and drain are the contacts between which the current is flowing, while the

gate serves to control the conductivity of the substrate between source and drain. MOSFETs

can work in two different modes, which are called enhancement mode and depletion mode. An
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Figure 7: Schematic drawing of the be-

havior of the band structure at an ideal

(φM = φS) MOS layer system with dif-

ferent applied voltages.

enhancement-mode MOSFET does not conduct cur-

rent as long as the gate is not biased. The MOS-

FET in Fig. 8 a) and b) is an enhancement-mode

transistor. In contrast to that, a depletion-mode

transistor (Fig. 8 c) and d)) is on without a gate

voltage being applied. However, it can be switched

from conducting to a non-conducting state using a

negative bias (in case of n-type substrate).

The working principle of a MOSFET will be

illustrated using an enhancement-mode n-channel

MOSFET, as seen in Fig. 8 a) and b). The transis-

tor is based on a p-type doped semiconductor sub-

strate, in which at two positions large amounts of

n-type dopants are implanted. On top of these two

areas, metal contacts are formed, making them serve

as source and drain. On top of the substrate an

insulating layer, often an oxide (hence the ”O” in

”MOSFET”), is deposited. This serves to separate

the semiconductor from the metal contact, which

is then deposited on top of the oxide, forming the

gate. The majority carriers within source and drain

in this configuration are electrons. If a voltage is

applied between source and drain, electrons that

would move into the p-type doped substrate would

recombine with holes, which are the majority car-

riers in the substrate. As a result, the resistivity

between source and drain is high. This can be con-

trolled by applying a voltage to the gate. Since the

gate metal contact is separated from the semicon-

ducting substrate by an insulating layer, there is no

current transfer between these two and the three-

layer system will effectively work like a capacitor,

where the metal and the semiconductor form the

plates and the oxide layer works as dielectric. If a

negative voltage is applied to the metal (see figure

7), the electrostatic potential in the metal will de-
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crease, which leads to an increase in the Fermi level in the metal EFm. In consequence, a

negative charge is introduced to the metal. This charge on the side of the metal induces the

accumulation of positive charges (holes) at the oxide-semiconductor interface. To account for

the increasing concentration of holes at the interface, the difference between the Fermi level

in the semiconductor EFs and the intrinsic level Ei has to increase. This can be rationalized

by looking at the equation that describes the hole concentration eq. (20b). The Fermi level

has to be fixed across the semiconductor. Therefore, to get an increasing hole concentration

close to the interface the intrinsic level Ei has to increase. The result is a bending of the

bands upwards close to the interface. In this mode of operation known as accumulation,

the transistor is still in its “off”-state and no current can flow between source and drain. If

a positive voltage is applied to the metal, the electrostatic potential will increase and the

Fermi level therefore decrease. This leads to a positive charge in the metal, which leads to

an accumulation of negative charges (electrons) at the oxide-semiconductor interface. Using

a similar line of reasoning as above for the case with a negative voltage, eq. (20a) shows

that the intrinsic level in the semiconductor has to decrease close to the interface, since the

electron concentration will increase. This mode is known as inversion. Since a sufficient

amount of electrons is now present between source and drain, a current can be conducted,

which is expressed in a significant decrease in resistivity. This conducting region between

source and drain is known as channel (see Fig. 8 b)).

If the band structure is plotted horizontally (source-gate-drain) it is noticeable that the

band energies are significantly higher in the p-type region below the gate than in the source

and drain. From the point of view of an electron in source or drain this is perceived as

an energy barrier. A positive gate voltage causes the bands below the gate to be lowered

in energy, thereby decreasing the energy barrier. For a current to be conducted the gate

voltage has to be greater than a threshold voltage Vth (for depletion-mode MOSFETs also

called ”cutoff voltage”), since the barrier has to be decreased sufficiently to induce a current.

Once this is fulfilled, the current increases linearly with increasing drain-source voltage. This

continues up to a certain value, above which the current goes into saturation. This is known

as “pinch-off”. The electrostatic potential along the channel is governed by two voltages:

the gate voltage Vg and the drain-source voltage VDS. Assuming that VDS ≤ Vg − Vth and

that the source is connected to ground, the potential along the channel changes from zero

at the source to VDS at the drain. Hence, Vg − Vth changes from Vg close to the source to

Vg − VDS close to the drain, following the function Vg − V (x), where V (x = 0) = 0 and

V (x = lch) = VDS, with lch denoting the length of the channel. If now Vg − VDS < Vth,

the condition for formation of a conducting channel will not be fulfilled at the gate and the

current flowing into the drain cannot increase further. Both the drain voltage at which the
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Figure 8: a) Schematic drawing of an enhancement-mode metal-oxide-semiconductor field-

effect transistor (MOSFET). The substrate is p-doped, while source and drain are strongly

n-doped. An insulating oxide layer separates the semiconductor from the metal contact.

b) Formation of the channel with an applied voltage to the gate. A current can now flow

between source (S) and drain (D). c) Drawing of a depletion-mode MOSFET. It consists of a

conducting layer on top of an insulating substrate. d) When a voltage is applied to the gate,

the region below it is being depleted and current is prevented from flowing between source

and drain.

channel is pinched-off and the saturation current increase with increasing gate voltage. A

typical current-voltage characteristic for an enhancement-mode MOSFET can be seen in Fig.

9. If Vg > Vth and VDS < Vg − Vth

IDS =
µCoxW

L

(
(Vg − Vth)VDS −

V 2
DS

2

)
(32)

where µ denotes the surface carrier mobility, Cox the capacitance of the oxide layer and

W and L the width and length of the gate respectively. In saturation mode (Vg > Vth and

VDS ≥ Vg − Vth) the current can be approximated by
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Figure 9: Typical current voltage characteristic for an enhancement-mode n-MOSFET2.

IDS =
µCoxW

2L
(Vg − Vth)2 (1 + λ(VDS − VDS,sat)) (33)

where VDS,sat denotes the drain-source voltage at which saturation is reached.

Enhancement-mode MOSFETs can also be fabricated using n-type substrate and p-type

source and drain. To distinguish this configuration from the aforementioned one, it is called

p-channel MOSFET, while the transistor based on p-type substrate is called n-channel MOS-

FET.

FETs similar to MOSFETs can also be fabricated without an insulating layer. In this

case the transistor is called a metal-semiconductor FET, abbreviated MESFET. They are

specifically used in applications where high speeds are required ([59]). MESFETs rely on

Schottky barriers to prevent the transmission of current from the gate contact into the semi-

conductor, if negative bias is applied. The drawback of utilizing Schottky barriers is that

the prevention of current flow into the semiconductor is far weaker than an entire insulating

layer, as it is used in a MOSFET.

2Source: https://commons.wikimedia.org/wiki/File:IvsV mosfet.svg. Author: User:CyrilB. Reused under

a Creative Commons Attribution-Share 3.0 Unported License (https://creativecommons.org/licenses/by-sa/

3.0/deed.en).
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2.5.3 Ga2O3 FETs

Transistors based on Ga2O3 are being reported regularly since a few years. One of the

first demonstrations of Ga2O3-transistors was a p-channel nanowire transistor reported by

Chang et al. in 2005 [10]. However, the first demonstration of a field-effect transistor on

single-crystal Ga2O3 was the MESFET reported by Higashiwaki et al. in 2012 [25]. Using

a similar process, the same research group reported a MOSFET on single-crystal Ga2O3 in

2013 [24]. Since then, many people have reported the fabrication of Ga2O3-based FETs, both

as depletion-mode [70], [20], [72] and enhancement-mode [9] transistors. For a more detailed

overview and a larger number of examples, the reader is referred to [41]. The common practice

of Ga2O3 transistor fabrication is as follows: First, an epitaxial layer of Ga2O3 is grown on

a semi-insulating substrate using methods such as molecular beam epitaxy (MBE) or halide

vapor-phase epitaxy (HVPE). The substrate is usually doped with acceptor impurities (Mg,

Fe), as demonstrated for example in [25] and [24]. To ensure a sufficient conductivity of

the grown top layer, it needs to be doped with donor impurities like Sn or Si. These atoms

can either be introduced during growth already, or implanted into an unintentionally doped

(UID) layer [26]. In the latter case, it is recommended to include an UID layer between the

n-doped layer and the substrate, such that the substrate is not damaged during implantation.

Aside from lateral transistors, vertical transistors have also been reported [68]. The

fabrication of such transistors does not only include implantation of donors, but also of

acceptors, to form a current blocking layer both of which are implanted in this work. It

is therefore appropriate to take a look at the implantation of different species of ions into

Ga2O3. As previous studies have shown, it is possible to form a current blocking layer in a

sample of Ga2O3 via implantation of acceptor ions [69]. The most obvious choices for the ions

to be implanted are Mg and N. It has been shown that Mg displays significant diffusion at

high temperatures, which are needed to repair the damage that the implantation causes the

substrate (more information on this can be found in section 3). In contrast to this, N seems

to be more stable during annealing. The study in the referenced work clearly showcases, that

it is possible to include a current blocking layer in bulk Ga2O3. This is important for this

work, since no epitaxially grown layer will be involved in the fabrication of the transistors

in this work, thus making it necessary to create the properties of a semi-insulation substrate

on an UID bulk substrate. Concerning the implantation of donors, Sn and Si are the most

prominent candidates. A study of the implantation of these species of ions and their behavior

during annealing can be found in [60]. This study shows that damage from implantation

of Sn seems to be more persistant even at high temperatures, while the damage from Si

implantation can be repaired completely using temperatures of 1150◦C. However, both types
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of ions were shown to undergo significant redistribution at these temperatures. In another

study [57] the influence of the ambient during annealing on redistribution of implanted Si in

Ga2O3 was investigated. It was shown that Si diffusion can be decreased by using N2 instead

of O2 as annealing environment, thus making it possible to repair implantation damage, while

simultaneously avoiding excessive redistribution of dopant atoms.
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3 Experimental methods

The fabrication of transistors requires a variety of processing and techniques. These include

techniques for adding layers of materials to the sample (deposition), as well as removing

materials from the substrate (etching) and the crucial techniques of controlling the outcome

of these. Even if all these techniques were successfully executed, there is a need for charac-

terization techniques to obtain information on the properties of the sample.

When working in a laboratory, it is important to have a solid knowledge of the techniques

one is going to use, since mistakes can damage the sample and make it unusable. In the

following, the techniques used in this work are introduced. First, methods for depositing

different materials are described. After this, processing techniques, namely etching, lithogra-

phy, ion implantation and annealing are discussed. Finally, methods of measuring different

properties of a sample are introduced, namely Hall effect measurements, SIMS and RBS.

3.1 Deposition techniques

3.1.1 ALD

ALD stands for atomic layer deposition and is a method to chemically grow thin films one

layer at a time ([18]). One main characteristic of this technique is that the layers are not

simply grown continuously. Instead, the process consists of several steps that repeated in

cycles to grow the desired material layer by layer. First, a mixture of precursor gases is

pumped into the evacuated chamber where the sample is placed. The precursor gases will

react with the atoms at the surface of the sample and form compounds that will cover the

surface. Once the surface is covered by the precursor gases, no further reaction will occur,

resulting in a self-limitation of the process. In the next step, the precursor gases are purged

from the chamber and another gas is inserted. This gas will then react with compounds at

the surface of the sample such that the result is the desired material, that now covers the

surface. This cycle can be repeated to grow further layers. One cycle does not correspond to

one full layer of grown material. Since the compound that result from the first step occupy

a significant amount of space, several cycles are needed to obtain a full layer.

Ga2O3 can be grown by ALD ([11]), however, ALD is known mostly as a technique for

growing thin films of dielectrics. In this work it will be used for growing Al2O3, which is to

be used as gate oxide on MOSFETs. The chemistry of this process is reviewed in [18] and

will be shortly summarized here.

ALD of Al2O3 uses trimethylaluminum (TMA, Al(CH3)3) as precursor. If it is injected

into a chamber, where a layer of AlOH is present on the surface of the sample (Fig. 10, 1)),
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Figure 10: Illustration of one ALD cycle used for the growth of Al2O3. Reused from [12]3.

the following reaction will occur (Fig. 10, 2)):

AlOH(s) + Al(CH3)3(g)→ AlOAl(CH3)2(s) + CH4(g) (34)

The resulting gases are then pumped out of the chamber and water vapor is injected (Fig.

10, 4)). This will lead to a reaction with the AlCH3-groups at the surface:

AlCH3(s) + H2O(g)→ AlOH(s) + CH4(g) (35)

After this, the chamber is purged, TMA is injected and the first reaction occurs again.

These two processes are executed multiple times in succession in order to grow several layers

of Al2O3. The overall reaction for this growth process is then

2Al(CH3)3 + 3H2O→ Al2O3 + 3CH4 (36)

3Reused under a Creative Commons Attribution 4.0 International (CC BY 4.0) license (https://

creativecommons.org/licenses/by/4.0/). Modifications: Placing of the panels changed, numbers added. Link

to source: https://aip.scitation.org/doi/10.1063/1.5060967.
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The growth rate per cycle is approximately 1.1−1.2 Å and therefore significantly smaller

than the thickness of one layer of Al2O3. As mentioned above, this discrepancy is explained

by the fact that not every cycle yields a full layer of Al2O3, since the surface is not necessarily

covered completely by AlOH or AlCH3 respectively. The ratio of the part of the surface that

is covered with these compounds decreases with increasing temperature, which explains why

the growth rate per cycle is lower at higher temperatures.

In this work, the process described above is used to grow Al2O3 in a Beneq TFS 200-148

ALD tool.

3.1.2 Physical vapor deposition

(Based on [6].)

A different type of deposition does not rely on chemical reactions to grow films. Instead,

this kind of deposition is based purely on physical processes. A common application of

such deposition processes can be found in the deposition of metal contacts on semiconduc-

tors. In principle, there are two different method of deposition: Evaporation and sputtering.

Evaporation relies on sublimation of the respective metals in high vacuum, while sputtering

describes a process where the metal atoms are ejected from a target by ion bombardment

and then deposited on the sample. Sputtering has two advantages over evaporation: Step

coverage and the feasibility of the formation of alloys. A better step coverage is important

when the structures on the sample are getting extremely small laterally, while the dimensions

in the vertical direction remain unchanged. Depending on the respective semiconductor and

the purpose of the metallization, it may be necessary to deposit alloys of metal, i. e. to

get an ohmic contact on the metal. This is far easier to achieve using sputtering instead of

evaporation. However, as long as there are no small structures or alloys involved, evaporation

can usually deliver entirely satisfactory results.

In order to heat the metal to be deposited, several approaches are possible. The simplest

method is to place a charge of the metal on a boat, which is then heated resistively by sending

a current through it. Another method is to place the metal in a crucible and use magnetic

coils to induce eddy currents in the metal charge. However, both of these methods suffer from

the fact that the boat or crucible containing the metal is heated as well and might therefore

start to evaporate, too. This is an undesired side effect of these heating methods that needs

to be avoided, in order to ensure a high quality and purity of the deposited contacts. An

example of a method that aims to achieve this is electron beam (e-beam) evaporation. In

this method, a beam of electrons hits the crucible to heat the charge locally. At the same
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time, the stage is cooled with water, in order to minimize unwanted evaporation.

The deposition rate is a function of the equilibrium vapor pressure Pe of the respective

metal, which in turn is a function of the temperature T . The equilibrium vapor pressure of

a material is the pressure of the vapor that forms above a charge of a material. That means,

if a piece of a material would be placed in a chamber with an absolutely perfect vacuum, it

would start to evaporate until the pressure in the chamber has reached the equilibrium vapor

pressure. The value of this pressure increases with increasing temperature. In practice, that

means that the vapor pressure determines the temperature to which the charge has to be

heated for proper deposition. To achieve significant deposition rates, Pe has to be at least

about 10 mtorr (≈ 1.33 Pa), which requires temperatures of 1000 ◦C and above for most

metals.

Evaporation is usually done from the liquid state rather than from the solid state because

that way the surface area and in consequence the evaporation rate can be kept constant.

If the evaporation was done from the solid state (sublimation) the evaporation rate and

therefore also the deposition rate would vary.

To ensure a good quality of the metal film, the chamber where the deposition takes place

has to be evacuated. Typical pressures are of the order of magnitude 10−5− 10−9 torr. If the

pressure is too high, there will be impurities incorporated into the film, which would affect

its properties. An evaporation rate that is too high is another factor that can impair the

quality of the deposited metal films. If the temperature of the metal is too high, too much of

it will evaporate at once and the behavior of the vapor will be in the viscous regime, which

creates a region above the crucible acting like a virtual source. This will result in a bad

surface morphology and uniformity.

In this work, contacts were deposited using the electron beam evaporator EvoVac by

Angstrom Engineering.

3.2 Processing techniques

3.2.1 RIE

On many occasions in semiconductor technology, parts of a full layer on top of a sample have

to be removed in order to enable the construction of certain structures. Removal of layers is

commonly done by etching. Etching processes can be divided into two different categories,

which are wet etching and dry etching [6]. Wet etching is done by immersing the sample

into a liquid, while dry etching usually involves the use of gases or plasmas. An advantage of

wet etching is the selectivity of the process, meaning that, with the right choice of etchants,
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only the correct material is etched, while other materials on the sample remain unscathed.

However, a disadvantage of wet etching is that this process is often highly isotropic. This

means that the etch rates in different directions are similar, which will result not only in

vertical, but also lateral etching. The result is the appearance of undercuts where etch masks

are used, making the mask use its purpose to a certain degree [6].

Dry etching is, contrary to wet etching, not suffering from the problems related to isotropic

etching. However, a common problem with many dry etching processes is the lack of selec-

tivity. Dry etching can rely on both chemical and physical principles. An example of a

purely physical etching method is sputter etching. During such a process ions are acceler-

ated towards the sample, which will then transfer their energy to the atoms in the sample

and thereby remove them from the lattice. An issue here is that the ions make very little

difference between different atoms in the lattice which leads to similar etch rates for most

materials. However, the main advantage is that sputter etching is extremely anisotropic,

since the etching happens mostly in the direction of incidence of the ions [6].

A method that combines anisotropy and selectivity is reactive ion etching (RIE). In fact,

this name was not chosen properly, since the ions are not the main etching species in a RIE

process [31]. RIE is based on plasmas. First, the sample is placed in a chamber, which is then

closed and evacuated. Once the base pressure is low enough, the respective gases that the

etching process is based on are injected into the chamber. Inside the chamber, the plate which

the sample is resting on forms a plate capacitor together with a second plate, which, e. g., is

hanging from the ceiling of the chamber (see Fig. 11). The top plate is connected to the walls

of the chamber and grounded, while the other plate is connected to a radio frequency (RF)

voltage source. As frequency, 13.56 MHz is usually used. If the RF voltage is strong enough,

it will start to ionize the gas atoms and molecules between the capacitor plates, thereby

generating a plasma. Since the free electrons in this plasma are significantly lighter than the

ions, their movements are more strongly affected by the RF voltage. When electrons hit the

upper plate, they will be pulled into the ground and the plate remains neutrally charged.

Contrary to that, the lower plate where the sample is resting on will accumulate a negative

charge, due to electrons that are bombarding the plate. The result is a DC component in

the voltage between the two plates, that pulls the positively charged ions towards the lower

plate. In addition to electrons and ions, the plasma contains a significant amount of highly

reactive radicals. These radicals react with the atoms at the surface of the sample. Often,

however, the reaction of the radicals with the lattice atoms is not strong enough to break the

bonds between the lattice atoms and therefore perform the actual etching. The accelerated

ions that are bombarding the sample provide assistance in breaking the bonds and increase

the etch rate significantly [31].
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Figure 11: Schematic depiction of a RIE chamber. The positive ions in the plasma bombard

the sample that is placed on the bottom electrode and enhance the etching process.

In RIE, the etch rate can vary with different conditions. This can have a negative influence

on the process, since the etching process is timed using a previously measured etch rate as

reference. If the etch rate is now lower than it was in the measured reference run, the etched

layer might not be removed completely, which can lead to problems in further processing of

the sample. One such effect is the so-called loading effect. This term describes the change of

the etch rate with the size of the sample. A larger sample needs a larger number of radicals

for etching, which leads to a faster depletion of etchants at the surface and therefore reduces

the etch rate. The bottom electrode can also contribute to this effect, if it can be etched by

the respective chemistry. As a remedy, a large sacrificial sample can be used on which the

smaller actual sample is placed. This will lead to etch rates that are independent of the size

of the actual sample (as long as it is smaller than the sacrificial sample) [31].

Another effect that can occur during RIE, especially when an etching mask is used, is the

lag effect. The etch rates depend on the size of the respective mask openings, being higher in

large openings and lower in small ones. This is caused by the dependence of diffusion on the

size of the opening. The smaller the opening, the longer it takes until diffusion has exchanged

all the radicals at the surface of the sample, which causes the lower etch rates [31].

When choosing the chemistry for the etching process, one important aspect to consider
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is the volatility of the etching products. If the products are not volatile enough, they will

precipitate on the surface of the sample and act as a shield, preventing the part of the sample

directly below the precipitate from being etched. The result is both a lower etch rate and also

the formation of nano-pillars on top of the sample. As a solution, a different chemistry might

be used, if possible. Alternatively, one could refrain from cooling the sample (if applicable),

as long as the sample allows for that without damage [31].

In this work, RIE is used to etch Al2O3. Usually, this is done using chlorine-based (Cl)

chemistries rather then with fluorine-based (F) recipes. This is mainly because of the much

lower boiling point of the etching products using Cl-gases. In contrast to that, the volatility

of the products from F-based etching is very low [32], which is why such chemistries are

usually not recommended for use when etching Al2O3. However, in this work, no Cl-based

etching was available, which is why the etching had to be done with F-based gases. As a

consequence, the thickness of the Al2O3-layer is limited to thicknesses, where effective etching

is still possible. Due to the low volatility of the etching products, the etch rate is expected

to decrease with time, due to the products accumulating on the sample. However, etching

was still possible to a sufficient degree. The recipe used consisted of 24 sccm (standard cubic

centimeters per minute) of CF4-gas and 6 sccm of O2 at a process pressure of 30 mtorr. The

RIE chamber used was an Advanced Vacuum Vision 320 MK II.

3.2.2 Lithography

The processing methods discussed so far (e. g. deposition, etching) typically affect the whole

wafer uniformly. This rather coarse approach stands in contrast to the desire to fabricate

small structures on the wafer, which are needed to be able to produce ICs with a transistor

density suitable for the respective application. Therefore, it is essential to develop a method to

control the deposition and etching of materials with a precision of at least a few micrometers.

A prominent example of this is optical lithography.

Optical lithography is based on so-called photoresists [6]. These are light-sensitive sub-

stances based on polymers that can change their chemical and mechanical properties when

exposed to light. Their main property of interest is that their solubility changes upon expo-

sure to light. This property is made use of by exposing only certain areas of a full layer of

photoresist, such that the photoresist is etched away during the process of developing either

in the exposed regions or the unexposed regions (see below). The result is a patterned pro-

tective layer on top of the sample that still allows to execute processing steps like deposition

or etching in the areas of the sample where the photoresist has been washed away. This

makes lithography an indispensable tool in semiconductor processing.
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Printers

For the correct pattern to be generated, it is common to fabricate a mask that will determine

the pattern of exposure on the sample. Different types of lithography systems are distin-

guished by the position of the mask in the optical train. A convenient method is to place the

mask on top of the sample. However, since this often creates a significant amount of damage

on the sample, proximity printers and projection printers have been developed, where the

mask is placed directly above the sample or between two sets of lenses in the optical train,

respectively [6].

In addition to lithography systems that use masks, maskless aligners have become com-

mon, too. There are several possibilities for maskless lithography ([46]). The tool that was

used in this work is based on a spatial light modulator (SLM). The SLM consists of many

tiny individually controllable elements that divide the beam into small individual beamlets.

A possible working principle of SLMs is for them to consist of an array of small mirrors

that can be tilted individually ([47]). The beamlets of light that are reflected towards the

sample are then passing through a telescope which assures normal incidence and prevents

interferences between individual beamlets. Finally, each beamlet meets a zone plate acting

like a lens, focusing the beamlet onto the sample.

An important advantage of maskless lithography is that different patterns can be ex-

posed in succession without having to fabricate a new mask, thus resulting in a high process

flexibility and low cost.

The tool used in this work was the model µPG 501 by the manufacturer Heidelberg

Instruments.

Photoresists

Photoresists are organic substances, based on polymers. Their main working principle is

the fact that certain compounds in the photoresists change their structure upon exposure.

Depending on the exact photoresist, this can happen by getting the compounds to form

polymer chains (”negative” photoresists) or by breaking already existing chains (”positive”

photoresists) [6]. These photochemical reactions change the solubility of the photoresist.

Photoresists are divided into two different types, depending on their behavior upon expo-

sure. One distinguishes positive and negative photoresists. Positive photoresists are dissolv-

ing more quickly in developer solutions after exposure. In a mask printer, the shadow pattern

on the mask is transferred onto the sample, which motivated the label “positive”. In contrast

to that, the solubility of negative photoresists is decreased by exposure. In consequence, the

shadowed regions on the mask are removed from the sample during the process of developing,
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which is why it is known as “negative”photoresist [6].

Positive photoresists have the advantage over negative resists that the developer does not

affect the unexposed regions. Exposed negative resists often suffer from the fact that they

can be penetrated by the developer, which leads to swelling and therefore distorted features,

which is a problem for application at sub-micron level. In consequence, better resolutions can

be reached using positive resists. Another advantage is that unexposed positive photoresists

are quite stable during etching processes because of their great resistance against chemical

attack. Therefore, they are suitable for use if further processing includes etching steps.

One advantage of negative resists over positive resists is that they usually have higher

photospeeds. This means that there are more photoevents with respect to the total number

of incident photons [14]. Furthermore, their adhesion to the substrate is better, even if it

was not pre-treated in any way.

Due to their higher resolution, positive resists are mostly used in semiconductor technol-

ogy. This work is no exception in that regard. The used photoresist was Microposit S1813

and the developer was Microposit MF-321 Developer.

Procedure

Before the photoresist can be exposed, it has to be spread across the sample. This has to be

done in a way that leaves a thin enough film that shows little variation of its thickness across

the sample. Furthermore, some thermal treatment steps are involved in order to ensure a

good performance of the resist upon exposure.

Before the resist is deposited, another liquid is used to prime the sample. Usually, hex-

amethyldisilazane (HMDS) is used for that purpose. Priming the sample will increase the

adhesion of the photoresist to the sample [6]. The deposition can be done using liquid HMDS

and depositing a sufficient amount of it on top of the wafer, which is placed inside of a resist

spinner. In this resist spinner, the sample is resting on a flat plastic plate with a few small

holes in it, such that the sample covers these holes completely. After dispensing the liquid,

the plastic plate is spinning with a rotational speed of several thousand rpm. During this

process, the sample is kept in place by a vacuum pump that pulls the sample towards the

holes in the plate. Centrifugal forces cause excess liquid to be thrown off the sample and a

thin film is left behind, the thickness of which depends on the rotational speed.

After the sample is primed, the spinning process is repeated with the photoresist. The

thickness of the resulting layer is proportional to 1/
√
ω, where ω denotes the spin speed [6].

After this procedure is finished, the sample has to be softbaked. This is done by placing the

sample on a hot plate or in an oven for a certain amount of time. This serves the purpose to
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evaporate the solvent from the photoresist and to prepare the resist for subsequent exposure.

The temperature and time of the softbake have to be chosen according to the photoresist

characteristics. If the time is too short or the temperature is too low, the sensitivity and

dissolution rate will be increased, but the contrast will suffer significantly. On the other

hand, high temperatures or long times can cause the chemical processes that are supposed

to happen during exposure to appear during the baking process and therefore lead to the

dissolution of photoresist from unexposed regions [6].

After exposure, the sample is immersed in a developer solution. After a certain amount

of time in the developer, the sample is removed from the solution and rinsed with deionized

water. If the pattern in the photoresist was developed correctly, a hardbake process may

follow. This is particularly important when further processing steps like ion implantation or

similar are planned. In this case, the sample is placed on a hotplate or in an oven and heated

again. The polymers in the exposed region of the photoresist will cross-link and therefore

harden the resist, to make it more durable. If the quality of the pattern is not satisfactory,

the remaining photoresist can be washed off in acetone and the process can be repeated.

3.2.3 Ion implantation

Doping of semiconductor crystals is the main process that paved the way towards the fab-

rication of any semiconductor-based electronic component. The purpose of it is to alter the

electronic properties of the crystal in different ways and to utilize the interaction between

regions with different doping. Due to the importance of doping, reliable methods had to be

developed to dope crystals. A powerful technique is ion implantation.

In ion implantation, the dopant atoms are ionized and accelerated towards the sample

that is to be doped. The ions will then penetrate into the crystal and eventually fall to rest.

The depth of penetration depends on the masses of both the incident ions and the crystal

atoms, as well as the kinetic energy of the ions [6].

After accelerating the ions, the desired ion species has to be separated from all the other

undesired ions the beam consists of. This is done using a mass separation system which

typically uses a magnetic field. This field will force the ions on a circular path, following the

equation [6]

Mv2

r
= qvB (37)

where M denotes the mass of the incident ion, q is its charge, v is its velocity, r is the

radius of the circular path and B is the magnetic flux density. In the region where the

magnetic field is present, the tube is bent. The magnetic flux density is then chosen such
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that the radius of the circular path of the desired ion is equal to the radius of the bent tube.

When the ions then exit the magnetic field chamber only one species will be directed onto

the sample. Before the ions hit the sample, the ion beam is passed between a pair of vertical

capacitor plates and a pair of horizontal plates. Using these capacitor plates, the ion beam

can be scanned over the sample in order to ensure a homogeneous implantation.

When the ions enter the sample, they are scattered by the nuclei (elastic collisions) and

electrons (inelastic collisions) in the crystal. Interactions of the ions with electrons are very

frequent in the crystal, since the electron clouds occupy a lot of space in the crystal. Since

each individual ion-electron interaction does not have a large effect on the path of the ion

due to the large difference in mass, the effect of electronic collisions can be treated using a

continuum as an approximation. The stopping power Se which denotes the loss of energy per

unit length caused by collisions of the ion with electrons is given by [6]

Se =
dE

dx

∣∣∣∣
e

= ke
√
E (38)

where ke is a constant which is proportional to

ke ∝

√
ZiZt
M3

iMt

(Mi +Mt)
3/2

Z
2/3
i + Z

2/3
t

(39)

Zi and Zt denote the atomic numbers of the incident and target atoms respectively, while

Mi and Mt denote the masses of the respective ions.

The collisions of an incident ion with ions in the lattice can be described analytically

as an elastic collision using the conservation of momentum, angular momentum and kinetic

energy. With these three considerations, the energy loss in one such collision can be derived

[6]:

∆E = E0

(
1− sin2 ϕ

cos θ sinϕ+ cosϕ sin θ

)
(40)

For a definition of the angles ϕ and θ, see Fig. 12.

For a measurable effect, a large number of ions has to be implanted into the sample.

Therefore, it is important to define some macroscopic quantities that can be used to quantify

the result of the implantation process. The depth that an ion penetrates into the crystal

is known as the projected range Rp. It has to be distinguished from the range R, which

describes the length of the total path along which an ion is travelling inside the crystal.

If R is projected onto the depth axis of the crystal, it will yield Rp. Since the projected

range depends on the exact scattering processes that take place and is therefore different

for each implanted ion, Rp can be treated as a statistical quantity with a mean value and a
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Figure 12: Paths of an incident ion (red) and a target ion (gray) for a collision process.

standard deviation. Using this quantity, the distribution of dopant atoms can be modelled

approximately using a Gaussian distribution [6]

N(x) =
φ√

2π∆Rp

e
− (x−Rp)2

2∆R2
p (41)

In this equation ∆Rp denotes the standard deviation of the projected range and φ denotes

the ion dose, which is measured in 1/cm2. If both the electronic and the nuclear stopping

power Se and Sn are known, the projected range can be obtained using the formula

Rp =

∫ Rp

0

dx =

∫ 0

E0

dE

dE/dx
=

∫ 0

E0

dE

Se + Sn
(42)

Using Rp the standard deviation can be estimated [6]:

∆Rp ≈
2

3
Rp

√
MiMt

Mi +Mt

(43)

During implantation into non-amorphous materials, so-called channeling can occur. Since

the atoms in a crystal lattice are placed regularly, it can is possible to draw a straight line

through the crystal that does not meet an atom in a long time in some crystallographic
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directions. If an ion is shot into such a channel, it will be able to travel deep into the crystal

without losing a lot of energy. In consequence, the actual doping profile will deviate strongly

from the theoretical profile for the respective implantation parameters, since the projected

range will be significantly larger. It is therefore often undesired. A remedy can be to tilt

the sample by a small angle (∼ 7◦), such that the direction of flight of the ions does not

correspond to the direction of the channels.

An alternative method to avoid channeling is to implant atoms of the same species as the

target. The incident ions will damage the crystal by kicking lattice atoms out of their lattice

sites and thereby eventually amorphize a part of the crystal. This amorphous layer will in

consequence suppress channeling.

3.2.4 Annealing and RTP/RTA

Ion implantation often causes significant lattice damage inside the crystal. Furthermore, the

implanted ions are usually not incorporated into the lattice, but get stuck somewhere between

the lattice sites. In consequence, some post-implantation processing has to be executed in

order to repair the crystal and to incorporate the dopant atoms into the crystal. This is

usually done by heating the sample to increase diffusion. Since the atoms are able to move

more, they will start to get incorporated into the lattice. In consequence, the lattice damage

is repaired and the dopant atoms can work as donors or acceptors in the band structure.

This process of heating is know as annealing [6].

Annealing can be carried out by several ways. A conventional method is to heat the

sample in a furnace and leave it there for a specified amount of time [6]. This method will

repair the lattice damage inside the crystal, but is has the drawback of quite long annealing

times which can lead to undesired diffusion of the dopant atoms. This especially applies if

the doping is intended to be restricted to a certain region within the sample.

For the samples in this work, a tube furnace by the manufacturer Gero was used. In

such a tool the samples are placed on a glass boat and inserted into a hot tube. On one end

of the tube, gas is constantly pumped into the tube, to create an inert atmosphere within

the tube in order to avoid unwanted reactions. Either nitrogen (N2) or argon (Ar) are used

for that. This way such a furnace can also be used for thermal oxidation of some materials

(like e. g. silicon), if oxygen (O2) is used as a gas. Oxygen should, however, not be used as

annealing ambient for Ga2O3 to conserve the carrier concentration in n-doped samples. It

has been shown experimentally, that annealing in oxygen decreases the carrier concentration

significantly [36].
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3.3 Characterization techniques

3.3.1 Hall effect

The Hall effect is an effect that, although quite simple, can be a very helpful tool in semi-

conductor technology. It was first described in 1879 by Edwin Hall [22]. If charge carriers

with a charge q move through a magnetic field B with velocity v, they experience a force

known as Lorentz force. If the initial motion is caused by an electric field E, the total force

the carriers experience is given by

F = q(E + v ×B) (44)

The second component of this force is the Lorentz force. It acts perpendicular to both the

magnetic field and the velocity of the charge carrier and is the main reason for the occurrence

of the Hall effect. Assume a bar made of a conducting material that is connected to a voltage

source at two of its opposite ends. The voltage will cause an electric field to appear in the bar

and a current to flow. If a magnetic field is applied perpendicular to the bar, the electrons

flowing through the bar will experience a Lorentz force that causes them to deflect from a

straight path through the bar and move to one side of the bar. In consequence, there will

be a surplus of electrons on one side of the bar, while there is a shortage of electrons on the

other side. This difference in electron concentration will lead to the appearance of an electric

field across the bar that can be measured as a voltage (called Hall voltage) between the two

sides of the bar. A schematic drawing of that can be seen in Fig. 13.

Measuring the Hall voltage can be particularly useful to get information about the carrier

type and concentration, as well as the mobility of the carriers in a semiconductor [59].

Assuming that the magnetic field B is pointing in z-direction and the electric field that

is driving the electrons is pointing in the x-direction, the y-component of the force on the

electrons according to eq. (44) is given by

Fy = q(Ey − vxBz) (45)

Where the y-component of the electric field is caused by the Lorentz force. It will increase

until the forces are in balance, that means that Fy = 0. Assuming a p-type semiconductor,

the velocity can be substituted using the formula

Jx = qp0〈vx〉 (46)

Setting Fy = 0 and solving eq. (45) for Ey, one obtains
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Figure 13: Schematic drawing of the Hall effect. The applied voltage Vin causes the electrons

to move to the right (dashed red arrow). Due to the magnetic field B, the electrons experience

a Lorentz force which pulls them to the edge of the bar (solid red arrow). The result is a

measurable voltage V between the edges of the sample.

Ey =
Jx
qp0

Bz = RHJxBz (47)

The factor RH = 1
qp0

is called the Hall coefficient. If both the magnetic field and the

current through the Hall bar are known and the Hall voltage V = Eyw (where w is the width

of the bar) is measured, one can obtain the carrier concentration from the Hall coefficient.

p0 =
1

qRH

=
JxBz

qEy
=

Ix
wt
Bz

q V
w

=
IxBz

qtV
(48)

If in addition the resistance R is measured, it can be used to derive the resistivity ρ,

which can in turn be used to obtain the carrier mobility. To do this, one has to make use of

the fact that the conductivity is given by σ = 1/ρ = qµpp0. This leads to

µp =
σ

qp0

=
RH

ρ
(49)

The same line of reasoning can be used if the material is n-type instead of p-type. In this

case, the signs of q, V and RH are negative. From the sign of the Hall voltage the type of

the sample can be determined.
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In this work, Hall effect measurements were done on a Lakeshore 7604 tool at room tem-

perature. Since ohmic contacts are necessary for proper Hall effect measurements, contacts

had to be deposited first. In consequence, it was not always possible to place the contacts

directly in the corner of the sample, leading to the possibility of small errors in the results.

3.3.2 SIMS

SIMS is an abbreviation for secondary ion mass spectrometry is a technique that allows for

the analysis of the impurities of a sample. Using SIMS, it is possible to not only find out

about the different impurities that are present in a sample, but also about the impurity

concentration as a function of depth [64].

To perform a SIMS measurement, a primary beam of ions is directed onto the sample,

which is placed in an ultrahigh vacuum chamber. The incident primary ions will eject atoms

from the surface of the sample. Some of these ejected atoms are ionized.

In general, the amount of these so-called secondary ions is small in comparison to the

total number of sputtered atoms from the sample. Therefore, the majority of the ejected

atoms cannot be detected due to their lack of charge.

After being ejected from the surface of the sample, the secondary ions enter the sec-

ondary ion column, where the actual measurement takes place. In this column, an array of

electrostatic lenses is used to collect the ion beam and thereby improve the quality of the

measurements. After the beam is collected, the ions have to pass several filters, namely an

energy filter and a mass filter before they are recorded by a detection system [64].

Generally, SIMS measurements can be performed in two different modes: Static mode

and Dynamic mode. In Static mode, only the composition of the outermost atomic layer of

the substrate is measured. If this is done on many positions on the substrate, the spatial

distribution of atomic and molecular concentrations can be mapped. One great strength of

this mode is that it minimizes the damage to the surface, so that ionized molecules can be

detected, too. Dynamic SIMS causes a significantly larger amount of damage to the substrate

compared to Static SIMS. It is mainly used to obtain information about the composition of

a sample as a function of depth. Profiles with a depth resolution of 1 nm can be achieved

and profiles can be more than 10 µm deep. The detection limit of Dynamic SIMS can be as

low as 1 ppb and below [64].

3.3.3 RBS

Rutherford Backscattering Spectrometry (RBS) is a technique that can provide information

about the composition of a sample as well as the amount of damage to a crystal. In this tech-
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nique, light ions (most commonly 4He+ ions, occasionally protons) are accelerated towards

the sample. When they reach the sample, they are either backscattered at the surface or they

penetrate into the crystal and are scattered by the bulk atoms. Upon being scattered, the

incident ions transfer energy to the atoms in the crystal, which means that they themselves

lose energy during the process. When the atoms are backscattered, they are registered by

a detector that surrounds the sample and their energy is measured. This reveals informa-

tion about the composition of the sample, since certain energies can be connected to certain

atomic species within the sample. To explain this, the so-called kinematic factor K is defined.

It denotes the ratio of the energy of an incident ion before and after it is scattered. For a

scattering angle of 180◦ it is [54]

K =

(
M −m
M +m

)2

(50)

For light incident atoms, this factor will be larger than for heavy ions so that the sepa-

ration in an energy spectrum will be greater for light ions. However, collisions with lattice

atoms are not the only events inside the crystal where the incident ions lose energy. If the

ions penetrate into the crystal, they lose a significant amount of energy because of electronic

scattering. These scattering events happen numerous times on the way of the ion into the

sample, as well as on its way out after a nuclear scattering event at a depth X in the crystal.

In consequence, the difference between the theoretical energy upon surface scattering KE0

and the detected energy E is given by [54]

∆E = KE0 − E = X

(
Kε(Ēin) +

1

cos θ
ε(Ēout)

)
(51)

where ε denotes the stopping cross-sections at the energies Ēin and Ēout, which denote

the average energies for incoming and outgoing ions, respectively. The energy loss due to

electronic stopping leads to a continuous detected energy spectrum at low energies. Especially

for heavy elements, RBS can provide information on the stoichiometric properties of a sample,

as well as on the amount and type of impurities in the crystal [54].

In addition to the application mentioned above, there is further information about the

crystal that can be obtained using RBS. If the incoming ion hits the sample with the right

angle, it might enter a channel in the lattice (see section ”Ion implantation”) and in conse-

quence penetrate a lot deeper into the crystal than it would if it hit the sample in a random

direction. This greatly reduces backscattering from bulk atoms, such that the peaks in the

spectrum that arise from surface scattering at certain species of atoms are much more clearly

visible in the spectrum. However, channeling measurements can also be used to obtain infor-

mation on the quality of the crystal. In this work, RBS measurements were done on samples
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Figure 14: Depiction of the backscattering of a hydrogen-ion at a nucleus.

in which ions were implanted at different temperatures. For a crystal of good quality (with

little damage) the signal that is due to electronic stopping will be significantly smaller than

the same signal for a damaged crystal, since a disordered lattice does not allow for as much

channeling as a perfect lattice would.
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4 Results

The main goal of this work was the fabrication of MOSFETs on Ga2O3. During the past

years, several transistors in Ga2O3 have been demonstrated (e. g. [72], [20], [70], [26]). Most

of them follow a similar route to fabrication. First, a layer of Ga2O3 is grown epitaxially

on an acceptor-doped bulk Ga2O3 substrate using techniques like e. g. molecular beam

epitaxy (MBE) or halide vapor phase epitaxy (HVPE). Common dopants include e. g.

magnesium (Mg), iron (Fe) or nitrogen (N). This doping is needed to ensure that the substrate

is sufficiently insulating to limit the current in the off-state. The epitaxial layer should be

highly conducting, which is why n-type dopants are incorporated either already during the

epitaxial growth process or afterwards e. g. by ion implantation [26]. Common n-type

dopants in Ga2O3 are silicon (Si) and tin (Sn) [60]. After the sample has been prepared,

transistors are fabricated by depositing an insulating layer as a gate oxide. Finally, contacts

are deposited for source, drain and gate.

In this work, we explore the use of ion implantation for the fabrication of MOSFETs on

bulk Ga2O3-samples. This includes the formation of an insulating later within the sample,

to separate the near-surface region from the bulk, and to form a conductive surface region

(for an overview over the fabrication process, see Fig. 15). The approach differs from other

fabrication processes that utilize an epitaxially grown film on top of an insulating bulk wafer,

and is motivated by a better understanding and control of ion implantation processes in

Ga2O3. Indeed, ion implantation in Ga2O3 has been significantly less studied compared to,

e. g. SiC and GaN. The fabrication also represents an important step towards more reliable

vertical structures, although this has not been the main focus in the present thesis.

First, we investigated the formation of a current blocking layer formed by ion implantation

and subsequent annealing. The substrates were unintentionally doped (UID) (201)-oriented

substrates purchased from Novel Crystal Technology Inc. For this purpose, three different ele-

ments, namely magnesium (Mg), zinc (Zn) and nitrogen (N), were chosen as contenders, since

they all are expected or already proven to show acceptor-type behavior when incorporated

into Ga2O3 [61], [43]. After this, measurements were performed to extract the properties of

the layer above the implanted insulating layer. Mainly, it was investigated how the conduc-

tivity of this layer can be increased using two different methods. The first method consisted

of implantation of donor atoms. The other method involved annealing samples with an im-

planted insulating layer in hydrogen in order to see if this would affect the conductivity. All

of those samples were examined using Hall effect measurements to obtain information about

the carrier concentration and mobility.

On the samples with implanted donors, transistors were then fabricated. First, MESFETs
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Figure 15: Outline of the processes used for fabrication of MESFETs and MOSFETs
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Figure 16: Schematic drawing of a FET on Ga2O3 to illustrate why an insulating layer is

needed in the material.

were made and their IV curves were recorded. This was then repeated on MOSFETs that

were processed in the same way. After transistors had been fabricated and characterized

successfully, several variables were changed in the process, namely the gate length and the

depth of the acceptor implantation, in order to investigate their influence on the transis-

tors’ properties. Both MESFETs and MOSFETs were also made and characterized on the

hydrogenated samples.

In addition, another implantation study was made by implanting acceptor ions into Ga2O3

at elevated temperatures. The idea behind this was to see whether such a process could reduce

the need for an annealing step in the process flow. The implanted samples were investigated

using RBS.

4.1 Formation of an insulating layer in bulk Ga2O3

4.1.1 Magnesium

The first attempt to form the insulating layer was made with Mg. This element is commonly

used as a dopant for growing insulating Ga2O3-substrates (e. g. in [25]). The implantations

were aimed at forming a box profile of Mg in the substrate, using two implantations with

different energies. First, a shallow implantation with an energy of 1.2 MeV and a dose of

1014 cm−2 was used, while the second implantation used an energy of 2 MeV and a dose of

1.2 · 1014 cm−2. After implantation, the sample was annealed at 950◦C in N2 for 30 minutes.

After annealing, Al contacts were deposited and Hall effect measurements were performed

to determine the quality of the implanted layer and the top layer between the insulating layer

and the surface. A plot of the values that were obtained for the carrier concentration and the

carrier mobility for several different magnetic fields upon Hall effect measurements can be

seen in Fig. 17. The carrier concentration was determined using a presumed thickness of the
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Figure 17: Carrier concentration and carrier mobility for the Mg-implanted sample obtained

via Hall effect measurements. The presumed thickness of a conducting layer was 1 µm.

conducting layer of 1 µm. The thickness of the layer was estimated based on SRIM calculation

[73], and may not be accurate, as the SRIM calculation estimates the doping profile and not

the charge carrier concentration. Assuming a thickness of 1 µm for the conductive layer, the

calculated carrier concentration from Hall effect measurements is found to be in the order of

magnitude of ∼1020 cm−3. Considering that the carrier concentration in the used substrates

is usually in the range of ∼1017 cm−3 and no n-type donors were used, this result appears to

be several orders of magnitude too high.

A SIMS measurement was performed on the sample to examine the distribution of the Mg

atoms inside the crystal. The result can be seen in Fig. 18 a), while a theoretical calculation

is shown in Fig. 18 b) using eq. (41) with Rp and ∆Rp being determined from calculations

performed using SRIM [73]. A comparison of the two figures shows that the magnesium

atoms diffused strongly during annealing, which reduced the insulating characteristics of the

implanted layer. This result is consistent with diffusion studies of Mg and N reported by

Wong et al. [69] who also found that Mg tends to diffuse strongly in Ga2O3 at temperatures

above 800◦C. It is likely that, as a consequence of the strong diffusion, the current that

was injected into the sample during the Hall measurement probed the entire sample, instead

of just the top layer. The thickness of the entire sample was ∼0.5 mm. If the measured
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Figure 18: a) Result from a SIMS measurement on the Mg-implanted sample. b) Theoretical

distribution after implantation. Obtained using SRIM.

carrier concentration is scaled according to this, the value that is obtained is ∼2·1017, which

corresponds approximately to the carrier concentration given by the manufacturer of the

substrate.

4.1.2 Zinc

The second element that was investigated was zinc (Zn). To the best of my knowledge,

implantation of Zn in Ga2O3 has never been reported. There are several publications on

Zn-doped Ga2O3-nanostructures (e.g. [42], [66]) or deposited layers (e.g. [3], [67]), as well

as theoretical papers that deal with the electronic properties of several impurities in Ga2O3,

among others Zn (e.g. [43]). It was therefore chosen to investigate the possibility of forming

an insulating layer by zinc implantation.

The implantation was performed on two samples. The first implantation was a box

implantation with 5.78 · 1014 cm−2 at 3.2 MeV and 6 · 1014 cm−2 at 3.6 MeV. However,

upon removal of the sample from the implanter the sample fell apart into thin stripes. To

see if this could be avoided by a lower number of implanted ions, another implantation

was performed, this time with only one energy (3.2 MeV with a dose of 5.78 · 1014 cm−2).

The result was the same nonetheless. It might be possible to implant Zn into Ga2O3 when

the sample is heated during implantation, since elevated temperatures would contribute to

repairing damage to the lattice that arises during implantation and could therefore stabilize

the sample. Furthermore, a lower dose could be used. However, this is a topic for further

research and will not be discussed further in this work.
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Figure 19: Theoretical distribution of N-atoms after implantation at 1 MeV and 1.4 MeV

with a dose of 2 · 1014 cm−2.

4.1.3 Nitrogen

The third element that was investigated was nitrogen (N). N is well known as an acceptor

dopant in Ga2O3 (e.g. [69]). For N, an implantation was performed using two energies,

namely 1 MeV and 1.4 MeV with a dose of 2 · 1014 cm−2 each. The theoretical distribution

of the N atoms in the sample is shown in Fig. 19. After implantation, the samples were

annealed at different temperatures. In total, there were four samples that were annealed at

500◦C, 700◦C, 900◦C and 1100◦C respectively for 20 minutes in N2-ambient.

After annealing, 10 nm of titanium (Ti) and 100 nm of aluminum (Al) were deposited

as contacts. These two metals were chosen, since Ti has been shown to form good ohmic

contacts on Ga2O3 [71]. Al was used as a capping layer. The deposition was done using an

electron beam evaporator and four contacts were deposited close to the corners of the square-

shaped sample. Afterwards, IV measurements were performed, originally intended to be in

preparation of Hall measurements. During these measurements a current was injected into

the sample and the resulting voltage between the respective contacts was measured. However,

it was not possible to extract reliable IV curves from the measurements on all samples that

were annealed at temperatures lower than 1100◦C. During the Hall measurement, it was not

possible to obtain reliable IV curves, making the samples unusable for Hall effect measure-

ments. Even the sample that was annealed at 1100◦C did not show ohmic IV characteristics

and was therefore unfit for obtaining accurate values for the carrier concentration.
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The conclusion from these measurements is that the samples show a very low conduc-

tance. Since especially the samples that were annealed at temperatures below 1100◦C showed

unreliable IV curves, it was assumed that temperatures below 1100◦C are not sufficient to

repair the damage in the lattice and the large amount of lattice damage is what causes the

IV curves to exhibit the observed behavior. On the other hand, it can be concluded that

implantation of N was indeed successful in forming an insulating layer. To confirm that this

is indeed the case and to investigate whether the N atoms showed a significant amount of

diffusion (similar to what happened to the implanted Mg atoms), SIMS measurements were

performed on the four samples. The results of this can be seen in Fig. 20. Due to the low

ionization of atomic N the compounds ON and GaN instead of pure N were used to obtain

information on the distribution of N atoms in the sample.

In all of the samples, there is a distinct peak in the N concentration which occurs at a

depth of approximately 1 µm. However, in the samples that were annealed at temperatures

below 1100◦C the SIMS intensity in the layer between the surface and the N-doped region

is below the detection level, other than in the region deeper inside the crystal. In the

samples that were annealed at 500◦C and 700◦C it is noticeable that the peak of the nitrogen

concentration, which is still clearly visible, has a different appearance than in the samples

that were annealed at higher temperatures.

Due to the low conductivity of the surface layer on the samples that were annealed at

temperatures of 900◦C and lower, the surface is charged during the SIMS measurement,

since the charge from the incident primary ions is trapped in the insulating layer. These

charges contribute to accelerating the secondary ions. This results in a different energy of

the secondary ions and in consequence in a lower number of detected ions, since they are

unable to pass the filters and reach the detector. The measurements of the top layers of the

samples are therefore no accurate. A conclusion that can be drawn from these measurements

is that temperatures of 900◦C and lower are insufficient for removing lattice damage caused

by ion implantation.

Wong et al. [69] found that annealing in 900◦C for 30 minutes was sufficient to repair the

damage caused by implantation, which stands in contrast to the findings here. However, the

difference might be explained by the longer annealing time in Wong’s work. Moreover, the

sample itself could also play a role, e. g. due to impurities and the doping level. Furthermore,

it is unclear how the type of oven that was used affects the time it takes for the sample to

reach equilibrium temperature. It might therefore be possible that the time that the sample

was actually at 900◦C in this work might be shorter than one would think from the time it

actually spent in the oven.
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Figure 20: SIMS measurements on N-implanted Ga2O3 after 20 minutes of annealing at

different temperatures. On some of the samples the contacts had been etched away using

aluminum etch.

4.1.4 Hot implantations

To reduce the implantation induced damage, the implantation can be performed at elevated

temperatures. Several samples of (201)-oriented Ga2O3 were implanted with N at room

temperature (RT) and 500◦C. Furthermore, the implantations at 500◦C were performed using

two different dose rates, namely 6.7 mA/cm2 and 62 mA/cm2. The energy was 600 keV and

the overall dose 3.13·1014 cm−2. For comparison, an unimplanted piece was also examined.

All four pieces were cut from the same commercially purchased bulk wafer, that was grown

using EFG. To investigate the amount of defects in a sample, Rutherford Backscattering

Spectrometry (RBS) has been used.

Fig. 21 shows the RBS yield as a function of measurement channel. Here, the random

orientation represents a complete disorder and the channelling measurement on the unim-
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Figure 21: RBS measurement on several N-implanted samples in both a random direction

and along a channel. The implantations were done at room temperature (green) and 500◦C

with a dose rate of 6.7 mA/sq (red) and 67 mA/sq (blue). For comparison, an unimplanted

sample was measured, too (black).

planted sample represents low disorder. Since displaced atoms will increase the amount of

backscattered atoms by blocking the channel, the figure reveals an increase in the yield for

the sample that was implanted at room temperature compared to the other samples. In

contrast, both samples that were implanted at 500◦C show significantly less backscattering

than the RT-implanted sample and only slightly more than the unimplanted sample. This

demonstrates that the damage which is generated by the implantation process can be greatly

reduced by increasing the temperature during implantation, i. e. using so-called hot implan-

tations. On the other hand, there appears not to be a significant dose rate effect, at least

within the implantation currents used here, as shown by the two curves with different fluence

(red and blue curve). The figure shows a slightly higher level of backscattering for the 500◦C

implanted samples than for the unimplanted sample. However, this could also originate from

the fact that the unimplanted sample was measured on a different day and the chamber in

which the samples were place had to be vented, opened and evacuated again in order to

measure the unimplanted sample. Thus, it is possible that the differences are only due to

slight variations in the machine’s parameters.

It is difficult to determine, by how much defects like vacancies etc. were reduced by hot
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Figure 22: Theoretical plot of the concentrations of Si and N after implantation with 33

keV/1013 cm−2 and 1 MeV/2 · 1014 cm−2, respectively.

implantation. It would be interesting to perform an implantation of both N and a species of

donor atoms at elevated temperatures to investigate, how this would affect the conductivity

of the final product and whether it can be used for device fabrication.

4.2 Formation of a conducting layer

The nitrogen implantation has shown that it is in fact possible to incorporate an insulating

layer into UID Ga2O3. However, the main problem that needs to be solved is the insufficient

conductivity of the top layer. One approach of improving this is another implantation. This

time, an n-type dopant should be implanted at shallow depths, to make sure that the contacts

on the surface are in connection to a layer with a sufficient conductivity.

Silicon (Si) was chosen as n-type dopant. Si is not expected to diffuse at 1100◦C, when

annealed in a nitrogen ambient [57]. Si ions were implanted with an energy of 33 keV and a

dose of 1013 cm−2 together with a N-implantation using an energy of 1 MeV and a dose of

2 · 1014 cm−2. A simulated distribution of both elements in the crystal can be seen in Fig.

22.

After implantation the sample was annealed in a N2-ambient at 1100◦C for 20 minutes.

55



After annealing, contacts (10 nm Ti, 80 nm Al) were deposited and Hall effect measure-

ments were performed. The results of these measurements along with the results of IV-

measurements that were done on the four contacts on the sample prior to actual Hall effect

measurements can be seen in Fig. 23. Compared to the sample without implanted Si the

carrier concentration has increased significantly and can now be found in the range of 5 ·1018

cm−3, which also corresponds approximately to the expected concentration of Si atoms close

to the surface (see Fig. 22). The theoretical peak concentration (3 · 1018 cm−3) is slightly

lower than the obtained concentration. Considering that there are several sources of errors

in this measurement, for example the value for the thickness of the conducting layer that was

used for calculating the carrier concentration or the position of the contacts on the sample,

that were not placed perfectly in the corners of the sample, the accuracy of the measure-

ment cannot suffice to obtain more information than the order of magnitude of the measured

values. The electron mobility appears to be substantially lower than it would be expected

from a perfect sample, i. e. reduced from 50-60 cm2/Vs, observed in as-grown samples

[45] to a mobility around 10 cm2/Vs. From this it can be concluded that despite annealing

there is a significant number of scattering sites present in the crystal, impairing the mobility.

Scattering in this sample is probably mainly caused by ionized impurities. This phenomenon

appears when the charge that is trapped at a site of a crystal defect (a hole for a donor and an

electron for an acceptor) interacts with the free charge carriers in the material and obstructs

their path. It could be possible that there is a considerable amount of ionized N impurities

present in the probed area, which decreases the measured mobility below the expected level.

This would also explain the low conductivity that was obtained on the samples that were not

implanted with Si.

4.3 Improvement of conductivity and mobility by hydrogenation

Implantation of nitrogen has resulted in the formation of an insulating layer, but has also

strongly impaired the mobility of the charge carriers in the top layer. It might therefore

be desirable to find a way to increase the mobility to improve the conductivity of the top

layer. It is well-known that H can passivate a large variety of impurities in several different

semiconductors [52]. Furthermore, it has been suggested theoretically that it might act as a

shallow donor in Ga2O3 [65]. With these two properties, it is worthwhile to investigate if H

can improve the conductivity of the top layer, as well as the electron mobility therein.

Two samples were used for hydrogenation. After the implantation of nitrogen with ener-

gies of 1 MeV and 1.4 MeV with a dose of 2 · 1014 cm−2 each and at a temperature of 300◦C

and 500◦C, the samples were annealed at 1100◦ in a nitrogen atmosphere for 20 minutes,
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Figure 23: Carrier concentration and mobility in the sample with implanted Si and N, ob-

tained from Hall effect measurements.

i. e. similar to the activation treatment discussed above. After the first annealing, they

were sealed in ampoules filled with H2 gas at a pressure of 0.5 bar. The sealed ampoules

were then heated to 900◦C for 30 minutes to allow H to diffuse into the samples. After the

hydrogenation, the samples were removed from the ampoules and contacts (10 nm Ti and

100 nm Al) were deposited using e-beam evaporation with the aim of performing Hall effect

measurements. The results of this measurement can be seen in Fig. 24.

Fig. 24 a) shows the IV characteristics and the carrier concentration as a function of

the applied magnetic field, while Fig. 24 b) displays measurements of the same sample after

storing it for one month at room temperature and ambient conditions. The IV curves reveal

that the conductivity of the top level has been restored to a level suitable for Hall effect

measurements. Even though the contacts don’t appear to be entirely ohmic, a strong im-

provement is observed compared to the non-hydrogenated sample. The carrier concentration

is found to be in the range of 2.5 ·1016 and 5 ·1016 cm−3 for the first and second measurement,

respectively. While the measurements indicate that the carrier concentration has doubled

after storage, the mobility is only found to be half as high as before, dropping from ∼ 70

cm2/Vs to ∼ 35 cm2/Vs. However, the results reveal that the resistivity which is used to

calculate the Hall coefficient has not changed significantly.

H in Ga2O3 is known to be a fast diffuser [2]. Thus, there are at least two scenarios

for the behavior of the H between the two measurements. The first scenario is that some

H atoms could have diffused out of the sample. Since H tends to passivate acceptor-type

defects, the number of unpassivated acceptors is expected to increase once H atoms exit the

sample. Since the acceptor impurities that are left behind would most likely be ionized, they
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Figure 24: IV measurements and following Hall effect measurements on two samples that

were implanted with nitrogen, annealed at 1100◦C for 20 minutes and subsequently sealed

in a quartz ampoule filled with H2-gas and finally annealed at 900◦C for 30 minutes. a)

First sample, hydrogenated in a small ampoule. b) Second measurement on the first sample

after approximately one month to check stability c) Second sample, hydrogenated in a larger

ampoule.
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would act as scattering centers and a decreased mobility would be expected. However, due

to the acceptor nature of the now unpassivated impurities, the carrier concentration would

be expected to decrease. In contrast to this, the results from the measurements suggest

that the opposite is in fact the case. The second possibility would be that H atoms that

were not bonded to impurities before, diffused through the sample until they encountered

an acceptor impurity and passivated it. This would effectively lead to a decrease of the

number of acceptors in the sample, which would be an explanation for the increased carrier

concentration. However, since this would also mean that the ionized impurity scattering [38]

would decrease, one would expect an increasing mobility. None of these two approaches is

able to explain the measured increase in carrier concentration with a simultaneous decrease

in mobility. Instead, the lack of ohmicity of the IV curves in Fig. 24 strongly questions the

accuracy of the measurement. In consequence, the measurements are most likely not suitable

to separate the carrier concentration and mobility within a factor of two.

The second sample that was hydrogenated combines the high mobility of the first mea-

surement on the first sample (≈ 75 cm2/Vs) with the high carrier concentration of the

second measurement (≈ 5.6 · 1016 cm−3). This sample was different from the first one in two

ways. The first difference was the implantation temperature. Both samples were annealed

at 1100◦C for 20 minutes before being hydrogenated, which one would expect to be sufficient

to compensate the differences of the crystal quality after implantation. However, in other

materials, like for example SiC, the effects of hot implantation are still measurable even after

annealing at high temperatures [33]. It can therefore not be ruled out that this is the case in

Ga2O3 as well. The second difference was the size of the ampoule in which the samples were

hydrogenated. The ampoule of the second sample was significantly larger than the first one,

which might have an influence on diffusion and therefore on the ability of H to penetrate into

the sample.

The Hall coefficient that was obtained during the measurement of the second sample was

similar to the one that was measured during the second measurement on the first sample.

However, the resistivity was significantly lower. This can also be seen by comparing the IV

plots in Fig. 24. It cannot be ruled out that the different values that were obtained is simply

due to differences in quality of the contacts. Further investigations on a larger number of

samples would be necessary to improve the understanding of the behavior of N-implanted

samples upon hydrogenation.
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Figure 25: Drawing of the design used for fabrication of MESFETs. a) Top view. b) Cross-

sectional view of a MESFET. c) Cross-sectional view of a MOSFET.

4.4 Fabrication of transistors

4.4.1 MESFET

After implantation of both N and Si with subsequent annealing, a sample with a conducting

layer on top and an insulating layer at a depth of approximately 1 µm has been fabricated

that can be used to make transistors. For this purpose, the contacts on the sample shown

in Fig. 22 were removed using aluminum etch (60-70 % phosphoric acid (H3PO4), 5 %

acetic acid (CH3COOH), 2-5 % nitric acid (HNO3)). In the following, MESFETs (metal-

semiconductor field effect transistors) were fabricated on this sample. The design of the

MESFETs can be seen in Fig. 25 a). Since the quality of the contacts was varying, source

and drain were chosen such that the current was maximized. The width of the gate was 6

µm and the distance between gate and source or drain was 14 µm each. Furthermore, the

radius of the ring that was forming the gate was 112 µm (when the center of the ring was

used as reference), which leads to a circumference of Wg =703.8 µm. First, the deposition of

source and drain was prepared by lithography. The photoresist was deposited on the sample

using a resist spinner. After 1 minute and 20 seconds of soft-baking at 110◦C, the sample

was exposed in a maskless aligner. After the pattern in the photoresist was developed, ohmic

contacts were deposited to form source and drain (10 nm Ti, 100 nm Al). After deposition, a

liftoff was performed in acetone to strip the sample of the photoresist and the excess metal.

To deposit the gate, another lithography step was performed with the same parameters and

the gate metal was deposited. Initially, 150 nm of nickel (Ni) was attempted as gate metal,
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Figure 26: a) IV-characteristics of a MESFET on Ga2O3 with a drain-source voltage of 0 V

to 30 V and a gate voltage from 0 V to -18 V. b) Current at VDS = 10 V as a function of the

gate voltage. A linear fit was calculated in order to estimate the threshold voltage.

but the Ni layer was detached during liftoff. Hence, a different gate metal was attempted,

where platinum (Pt) was chosen. 80 nm were deposited. Even though Pt suffered from a

similar problem, one intact transistor was obtained and subsequently measured. The results

of this can be seen in Fig. 26.

The figure shows that a negative voltage applied to the gate in fact decreases the current

that flows from source to drain at a given voltage. The measurements on this transistor are

unfortunately not very detailed, due to a current limit of 2.5 mA for voltages above 10 V in

the amperemeter. To be able to investigate the transistor’s behavior at voltages above 10 V,

the voltage had to be provided by a manually operated voltage source that had a limit of 30

V, while the current was measured by a digital multimeter. Because of this circumstances it

was not possible to measure the IV characteristics at drain-source voltages above 30 V.

Using the dependence of the drain-source current at a fixed drain-source voltage, the

threshold voltage of the transistor can be extracted. This is known as the ELR (Extrapolation

in the Linear Region) method [49]. In this method, a linear function is fitted to the linear

region of the drain-source current as a function of the gate voltage. The voltage axis intercept

is then extracted as the threshold voltage. In the case of the transistor here, the obtained

threshold voltage is Vth=-22.4 ± 0.5 V.

In Fig. 27 a measurement of the IV characteristics of the transistor with a gate voltage

of Vg = −42 V < Vth = −22.4 V. Even though the applied gate voltage is well below the

threshold voltage, there is still some current, though considerably less than for the lowest
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Figure 27: IV measurement of the MESFET from Fig. 26 with Vg = −42 V to find the

breakdown voltage.

voltages that are included in Fig. 26. The current increases up to a drain-source voltage

of approximately 29 V. For higher voltages, the current starts to decrease again, until the

transistor breaks down at VDS = 52 V. It must be noted that the current is not blocked

entirely, even though the estimated threshold voltage suggests that this should be the case

for gate voltages in this range. The drain-source current reaches its maximum of IDS = 0.28

mA at around VDS = 30 V, which leads to an on/off current ratio of only IDS,on/IDS,off = 39.

The breakdown voltage of 52 V is quite low compared to devices in literature [25]. How-

ever, it must be noted that the doping level that was used in this work follows a Gaussian

curve with a maximum that is well above the doping level that was reported in the referenced

work. High doping levels are known to decrease the breakdown voltage of semiconductor de-

vices [4]. When a region with a high n-type doping concentration is depleted, the positive

charges from the nuclei will be left uncompensated by electrons. The result is an electric field

building up in this region. If more positive charges are present, which is the case for a higher

doping concentration, the resulting field will be stronger, therefore allowing for a lower ex-

ternal voltage. A reduction of the doping concentration might therefore help to increase the

breakdown voltage, however, this comes at the cost of a reduced conductivity in the on-state.

Eventually, this is a trade-off that has to be made in individual cases. More information on
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the exact behavior of the transistors for different parameters would be desirable, nonetheless.

This includes not only the doping concentration, but also the shape of the curve describing

the doping profile. In addition to the doping concentration, the comparatively high amount

of lattice defects present in bulk substrates in comparison to epitaxially grown thin films

might weaken the electronic structure and therefore lower the breakdown field.

4.4.2 MOSFETs

After the fabrication of the MESFET was proven to be successful, the next step was to fabri-

cate a MOSFET. The fabrication process was not substantially different from the MESFET,

only extended by an oxide deposition step and one etching step.

Fabrication

Two samples were used for MOSFET fabrication in the first iteration. First, the implanta-

tions of N and Si were conducted with the same parameters as above (N: 2 · 1014 cm−2 at

1 MeV, Si: 1013 cm−2 at 33 keV). After this, the samples were annealed for 20 minutes at

1100◦C in a nitrogen ambient. After annealing, two different approaches for preparing the

source and drain contacts and the gate oxide were investigated. On one of the samples the

oxide was deposited before the contacts, whereas on the second sample the oxide deposition

was performed after the contact deposition. The gate oxide was a 20 nm-thick layer of alu-

minum oxide (Al2O3), deposited at 200◦C using atomic layer deposition (ALD). Reactive ion

etching (RIE) was used to remove the gate oxide in the positions of the contacts for source

and drain. The used recipe consisted of 24 sccm of CF4-gas and 6 sccm of O2 at a process

pressure of 30 mtorr. To form ohmic contacts for source and drain, 10 nm of Ti and 80 nm

of Al were deposited. As the last step on both samples, the gate contact was formed. It

consisted of a 10 nm-thick layer of Pt, followed by 10 nm of Ti and 80 nm of Al. The overall

design was the same circular structure as used before for fabrication of the MESFET.

Differences between transistors fabricated with different process flows

Fig. 28 shows IV curves for a transistor on each of the two samples. The drain-source voltage

was varied from 0 V to 30 V. In Fig. 28 a), the voltage was applied using a manual voltage

source and the current was measured with a digital multimeter and taken note of. The reason

for this was that the automatic voltage source had a current limit of 2.5 mA for voltages

above 10 V. Since the voltage had to be adjusted manually by turning a knob, the voltage

may not always be completely accurate. An error of ±0.3 V must be expected. In Fig. 28

b), the measurement was carried out automatically. Over the course of the measurements,
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Figure 28: a) IV characteristics for a MOSFET that was made with the oxide deposited first.

The dots denote the actual measurements, whereas the lines represent quadratic fits. b) IV

characteristics for a MOSFET that was made with source and drain contacts deposited first.

the gate voltages were varied to examine the behavior of the IV-characteristics for different

gate voltages. The transistor that was measured in Fig. 28 a) was fabricated by depositing

the gate oxide before the ohmic contacts, whereas the transistor in Fig. 28 b) was made by

depositing the contacts first. In the following, they will be distinguished by naming them o.

f. (oxide first) and c. f. (contacts first). It can clearly be seen that the currents in the o. f.

MOSFET are not only significantly higher (Io.c./Ic.f. ≈ 44 at Vg = 0 V and VDS = 30 V), but

also show a very linear behavior for low drain-source voltages, in contrast to that of the c. f.

transistor. Since the main difference between these two samples was the etching step, it seems

reasonable to attribute the differences in current to this. On the o. f. sample, the Al2O3 layer

was etched before the contact deposition of for source and drain. It is likely that after the

Al2O3 was removed completely at these spots, the Ga2O3-substrates was etched a little bit

as well. Higashiwaki et al. [25] investigated the effect of RIE treatment of Ga2O3 substrates

prior to contact deposition with respect to their IV characteristics. It was found that RIE

treatment improved the quality of the contact significantly and the authors suggested that

this might be due to the generation of defects (vacancies) during the etching process that act

as donors. The differences in the samples that were made here may occur due to the same

phenomenon. In addition to the influence of the etching process on the surface, it could also

be possible that the removal of the surface layers allows for a better contact between the

deposited metal and the implanted silicon, such that the carrier density immediately below

the metal is increased compared to the c. f.-sample.

Yao et al. [71] have investigated the influence of contact annealing on the IV-characteristics
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Figure 29: Comparison of the IV-curves on the c. f. sample before and after annealing.

of contacts on n-type doped Ga2O3. For Ti-Au stacks, they found that annealing at 400◦C

optimized the current. Hence, our sample was also annealed at 400◦ for 5 minutes in an Ar

atmosphere. The results can be seen in Fig. 29.

It can clearly be seen that annealing decreases the resistance of the transistor and therefore

allows for a higher current. In fact, annealing puts the resistance approximately in the same

range as the o. f. transistors. Furthermore, while there is still a difference in resistance

depending on the direction of the current, the IV curve for positive voltages is significantly

closer to a linear curve than before (compare Fig. 28). However, it is possible that annealing

for longer times than 5 minutes will improve decrease the resistance even more and remove

the rectifying behavior.

Decay of the current for repeated measurements

Fig. 30 shows the IDS-curves for repeated measurements on the same transistors (a) o. f.

and b) c. f. (after contact annealing). For the o. f. MOSFET, the values represented by

the black curve were measured first. Immediately afterwards, the values of the red curve

were recorded. After measurements at Vg = -5 V, -10 V, -15 V and -20 V, the values of the

blue curve were taken and finally, after measurements with Vg = 5 V and 10 V, the values

of the green curve were measured. It can clearly be seen that the current is decreasing with
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Figure 30: Evolution of IDS after repeated measurements on a) an o. f. MOSFET, b) a c. f.

MOSFET.

repeated measurements. Furthermore, it was observed during the measurement that, when

the voltage VDS was fixed to one value, the current would slowly increase again.

Other than the o. f. MOSFET, the c. f. MOSFET does not show a significant decay of

the current. The black and red curves represent measurements that were taken in immediate

succession. After measurements with gate voltages of -10 V, -20 V, -30 V and -40 V, the

values represented by the blue curve were recorded. There is a small difference in current

between the very first measurement and the other two, whereas the differences between the

second and third measurement are negligible.

One reason for the decay of the current in the o. f. MOSFET could be the generation

of defects that effectively reduce the charge carrier concentration, since it has been shown

that bias can cause the generation of defects in Ga2O3 [28], or degradation of the contacts.

The observation that this occurred only on the o. f. sample and barely on the c. f. sample

suggests that the degradation of current could be connected to the RIE process. It would be

worthwhile to investigate the quality of the contacts on both etched and unetched samples,

with respect to the concentration of defects and their influence on the current. In any case,

further measurements on a larger number of samples should be conducted to obtain more

information on the occurrence of this phenomenon.
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Figure 31: a) Measurement of an o. f. MOSFETs with Vg in the range of 0 V to -40 V. VDS

was varied form 0 V to 10 V. b) The same measurement for a c. f. MOSFET after contact

annealing.

Behavior for different gate voltages

In the following, the characteristics of the transistors for different gate voltages were inves-

tigated. The main parameters of interest were the threshold voltage and the on/off current

ratio. Fig. 31 a) and b) show IV measurements of an o.f. MOSFET and a c. f. MOSFET,

respectively, for gate voltages from 0 V to -40 V.

Current dependence on the gate voltage

To estimate the threshold voltage of the transistors, the current at a fixed drain-source voltage

is investigated and the threshold voltage is obtained using a linear fit. Fig. 32 shows the

current IDS for VDS = 10 V as a function of the gate voltage Vg. The values were extracted

from the measurements that are depicted in Fig. 31. For the o. f. MOSFET, a threshold

voltage of -23.2 ± 0.9 V was found, whereas the c. f. MOSFET showed a threshold voltage

of -30.4 ± 1.1 V.

In Fig. 31 a), the graphs suggest that there is a negative current measured for high gate

voltages. To investigate this, the measured current through the transistors in Fig. 31 at

VDS = 0 is plotted as a function of Vg in Fig. 33. It can be seen that the o. f. MOSFETs

exhibits a negative current for high applied gate voltages, in contrast to the c. f. MOSFET.

The highest current that is obtained on the o. f. transistor is approximately -0.18 mA at

Vg = −40 V. In contrast to that, the highest current measured on the c. f. transistor (approx.
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Figure 32: Current for Vsd = 10 V as a function of the gate voltage Vg. The red curve is a

linear fit to the linear regime of the curve. a) o.f. MOSFET, Vth = −23.2 ± 0.9 V, b) c.f.

MOSFET, Vth = −30.4± 1.1 V.

7 · 10−5 mA) is obtained when the voltage sources on both the drain and the gate were set

to 0 V. It is assumed, however, that the positive current at Vg = 0 V is not related to the

transistor itself, but to the measurement setup, for example by a small (unintentional) non-

zero voltage at the drain. In addition, this current is increasingly suppressed if gate voltages

are applied. However, even for large applied gate voltages, the current remains positive. To

investigate if the behavior shown in Fig. 33 a) represents a general trend, measurements

were made on two more transistors on both the o. f. sample (named ”o. f. 7” and ”o. f.

8”) and the c. f. sample (named ”c. f. 1” and ”c. f. 6”). The results can be seen in Fig.

33 c) and d), respectively. It can be seen that the negative current occurs on both samples,

even though it is more prominent on the o. f. sample than on the c. f. sample. Since the

only applied voltage in these measurements is the gate voltage, it can be assumed that it is

the cause of the negative current that is measured for high gate voltages. This current would

have to leak through the gate oxide layer, which is generally undesired, since it increases the

power consumption in the off-state significantly. Previous studies [50] have shown that layers

of Al2O3 on Ga2O3 substrates with (201)-orientation are relatively permeable for current at

both positive and negative applied voltages. Even though the current shown in [50] was

significantly lower for negative voltages than for positive voltages, the results in [50] still

suggest that the oxide layer is not perfectly insulating. This may be remedied by optimizing

the deposition of the gate oxide. The technique that was used here (ALD) is a chemical

deposition technique and therefore prone to impurities, which might decrease its insulating
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Figure 33: Measured values of IDS for VDS = 0 V, as seen in Fig. 31 a) for an o.c. transistor

and Fig. 31 b) for a c.f. transistor. c) Later measurement on two o. f. MOSFETs. d) Later

measurement on three c. f. MOSFETs.

characteristics.

It must be noted that on both samples the negative current was significantly larger if

the contact that was surrounded by the gate ring was chosen as drain (see Fig. 25). In the

measurements in Fig. 33 a) and c), the contact surrounded by the gate was chosen as source.

If the contacts were swapped, the negative current was found to be significantly larger. A

similar phenomenon was observed on the c. f. sample. The measurements depicted in Fig.

33 b) and d) were already measured with the center contact chosen as drain. Swapping

the contacts reduced the current noticeably. It can be assumed that this is caused by the

different areas of the two contacts. Since the center contact has a smaller area, it is expected

to have a higher resistance than the outer contact. For the measurement in Fig. 33, this
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means that the current that is actually flowing through the gate oxide is in fact larger than

the measured values, since the current is split between both contacts, while only the current

at one of the contacts is measured.

IV measurements were performed to investigate the current between the gate and the

inner and outer contacts, respectively. The results can be seen in Fig. 34. As expected, the

gate current on the o. f. sample (Fig. 34 a)) is significantly higher than on the c. f. sample

(Fig. 34 b)). These measurements prove that the observed negative current in the transistor

measurements is in fact caused by the gate voltage. It can also be seen that the current

between the gate and the outer contact is higher than the current between the gate and the

inner current.

Aside from the etching step, another difference between the two samples was that the

c. f. sample was annealed at 400◦C in order to improve the contacts. It is possible that

this process also changed the characteristics of the oxide. It was shown by Hirose et al. [27]

that post-deposition annealing can decrease the leakage current through a Pt/Al2O3/Ga2O3-

stack. However, the authors found that a significant decrease of the leakage current occurred

only at annealing temperatures of at least 700◦C. In contrast to the Al2O3-layer used in [27],

the layer that was used in this work was deposited at 200◦C instead of 300◦C. Furthermore,

the ALD deposition in [27] utilized plasmas, which was not the case in this work. It could

be possible that the lower deposition temperature and/or the deposition technique facilitate

current through the oxide layer. Further experiments with different deposition and annealing

temperatures would be helpful for gaining a better understanding of the behavior of the

oxide.

On/off current ratio

The on/off current ratio of the o. f. MOSFET in Fig. 31 can be determined by subtracting

the negative current at VDS = 0 from the overlying current caused by VDS. This leads to a

current of IDS(Vg = −40 V, VDS = 10 V) ≈ 10µA. From this it follows that the on/off current

ratio is given by IDS,on/IDS,off = 710, which is approximately 18 times greater than the on/off

current ratio of the previously discussed MESFET, yet still very low compared to MOSFETs

in literature [24]. The off-state current of the c. f. MOSFET is IDS(Vg = −40 V, VDS =

10 V) = 1.8 nA. Together with the on-state current of IDS(Vg = 0 V, VDS = 10 V) = 4.2 mA,

this leads to an on/off current ratio of IDS,on/IDS,off = 2.33·106. Although the transistors show

a lower on/off current ratio than the MOSFETs reported in literature [26], the c. f. transistor

outperforms the MESFET reported in [26]. One reason for the reduced on/off current ratio

compared to that reported in [26] for the MOSFETs might be surface states at the interface
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Figure 34: Measurements of the current between gate and inner or outer contacts on the a)

o. f. sample, b) c. f. sample. The transistors were the same as in Fig. 33 c) and d).

between Ga2O3 and Al2O3. The higher amount of defects that stems from the fact that

bulk Ga2O3 is used here instead of an epitaxial layer should cause a higher concentration of

defect states at the interface. Defects that are caused by the multiple implantations might

contribute to this as well.

Considering that no sophisticated epitaxial growth methods were used here, the obtained

on/off-current ratio of the c. f. MOSFET is very satisfactory, whereas the on/off current

ratio of the o. f. MOSFET appears to be too low for a power-saving use.

Breakdown

Fig. 35 shows the behavior of an o. f. and two c. f. MOSFETs for drain-source voltages

that exceed 10 V at a gate voltage of -42 V and -40 V respectively. All three transistors in

Fig. 35 show a clear breakdown where the current suddenly jumps above the current limit of

the amperemeter. The transistors were visibly damaged after breakdown, with parts of the

gate ring being burned.

The first thing that attracts attention in Fig. 35 a) is the behavior of the drain-source

current at low voltages. From 0 V to 11 V, it shows a significant decrease, until it suddenly

jumps up to a value closer to zero, yet is still slightly negative. Since the current would not

be expected to decrease for increasing drain-source voltages, this behavior might not be due

to an actual physical reason, but it can probably be attributed to a fault of the measurement

device. Above a voltage drain-source voltage of 11 V, the current remains nearly constant,

until it starts to increase visibly at approximately 95 V and breaks down at voltages above
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Figure 35: Measurements of the breakdown voltage on a) an o. f. transistor and b) a c. f.

transistor. The breakdown volages were 103 V and 67 V, respectively.

103 V.

Of the two c. f. transistors that are shown in Fig. 35 b) one is the same as the one

that was discussed above (red curve). The other MOSFET was a different transistor on the

same sample (black curve). The current through the first c. f. transistor did not increase

visibly for drain-source voltages below 45 V. For voltages above this, the current increased

continuously until breakdown occurred at 67 V. The second transistor could not be turned

off properly at a gate voltage of -40 V. However, it might be possible that the current could

be decreased further by a higher gate voltage. The current increased until it reached a

preliminary maximum at values of 40 V< VDS <80 V. At voltages above 80 V it started

increasing again until breakdown occurred at 113 V.

The breakdown voltages of 103 V (o. f.), 67 V and 113 V (c. f.) are higher than

the breakdown voltage of 51 V that was found for the MESFET, yet still low compared to

devices in literature [26]. The increased breakdown voltage of the MOSFET compared to

the MESFET is most likely caused by surface passivation by the Al2O3-layer. Ma et al. [44]

investigated the influence of the deposition of a dielectric layer on Ga2O3 on the properties of

transistors. They found that surface passivation by Al2O3 improved the breakdown voltage

noticeably. Apart from surface passivation, the same considerations regarding the doping

concentrations as for the MESFET apply. The doping profile and concentration should be

optimized, in order to achieve a good balance between conductivity and breakdown voltage.
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4.4.3 Varied gate lengths

One important parameter of MOSFETs is the gate length. Changing the length of the gate

leads to a changed current between source and drain. Eq. 32 shows that, theoretically, the

current scales linearly with the gate length. A shorter gate is therefore desirable if one wants

to achieve higher currents. On the other hand, a gate that is too short can also lead to

undesired effects. On a depletion-mode MOSFET, it could be possible that a short gate is

unable to properly switch the transistor off. To investigate the behavior of Ga2O3-MOSFETs

for different gate lengths, several such MOSFETs were produced with gate lengths of 5 µm,

10 µm, 20 µm and 40 µm. The distance between source and gate as well as between gate and

drain was supposed to be the same as the respective gate length, such that the total distance

between source and drain was three times the gate length. However, during the lithography

process, this was not retained and the distance between the gate and source and drain was

not very different from each other on the different transistors. The substrate was a piece of

β-Ga2O3 with a (201) orientation. Nitrogen was implanted at an energy of 1 MeV and a dose

of 2 · 1014 cm−2 and silicon was implanted at 33 keV and 1013 cm−2. Overall, the fabrication

process was the same as for the transistors described above. The Al2O3-layer was deposited

before the contacts. Measurements of the IV characteristics both with and without applied

gate voltages were performed and the sample was annealed at 400◦C in Ar-ambient for 5

minutes, in order to improve the IV characteristics. In total, 5 transistors were obtained.

Two of them had a gate length of 20 µm and all other gate lengths were represented by one

transistor each. They are numbered according to their position on the sample (see Fig. 36

below). Transistors 3, 6, 7, 8 and 9 were working. The remaining four transistors on the

sample (1, 2, 4 and 5) did either not have an intact gate ring or the liftoff after the gate

deposition failed. In consequence, they were not available for measurement.

Table 2 shows the current between source and drain for VDS = 10 V with no applied gate

voltage, as well as the threshold voltage Vth that was estimated from IV-measurements with

different gate voltages using the same method as above.

The table shows that neither the on-current, nor the on/off ratio of the current, nor the

threshold voltage show a clear trend for different gate lengths. The highest current was

found in transistor no. 3, which had a gate length of 20 µm. In contrast to this, the current

through the second transistor with this gate length (no. 7) was almost seven times lower.

This result mainly shows that transistors on the same sample can show significant deviations

in IV-characteristics. This could originate from several processes during fabrication. Fig. 36

depicts the positions of the different transistors on the sample. Comparing the currents in

Table 2 with the positions on the sample, it seems like the resistance is increasing from top
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No. LGate [µm] IDS,on [mA] IDS,off [mA] Ion/Ioff Vth [V]

3 20 3.509 3.921 · 10−3 895 -15.2±1.2 -20±0.2

6 10 2.308 1.503 · 10−6 1.53·106 -13.6±0.6 -16.3±0.3

7 20 0.5309 9.148 · 10−7 5.8·105 -6.8±0.2 -8.8±0.1

8 40 0.3688 1.294 · 10−6 2.85·105 -6.9±0.1 -7.6±0.2

9 5 1.403 6.289 · 10−2 22 -14.2±1.2 -15.8±0.1

Table 2: List of the MOSFETs with different gate widths. The on-current at VDS = 10 V

and Vg = 0 V, the off-current at VDS = 10 V and Vg = −30 V, the on/off current ratio and

the estimated threshold voltage Vth are listed. The values for Vth were obtained in the same

way as in the previous section. Two values are given here. The first ones were measured

after the sample was annealed once. The second ones were taken after the sample had been

annealed twice.

to bottom. One reason for this could be uneven deposition of the contacts. It could also

originate from unintentionally uneven heating during annealing, or be due to variations of the

sample’s properties that result from the bulk growth process. However, with only this single

sample, it is not possible to determine the reason for this, since it was not treated differently

than other samples that did not show such large deviations. Further work could be done to

identify and eliminate possible problems in the process flow that inhibit the performance of

the MOSFETs.

The transistor with the lowest current was no. 8, which is also the one with the longest

gate. In the lowest row of transistors, the current actually increases with shorter gate lengths,

which is what one would expect from theory, especially since longer gates lead to an increase

of the distance between source and drain and the resistance is therefore expected to be higher.

When it comes to the on/off current ratio, transistor no. 6 with a gate length of 10 µm

showed the highest ratio at VDS = 10 V, namely 1.53 · 106. This is approximately in the

range of the c. f. transistor that was discussed above. The on-current through this transistor

was the second-highest of the five measured MOSFETs, with IDS,on = 2.308 mA. The lowest

on/off current ratio (IDS,on/IDS,off = 22) is found for transistor no. 9, which is the one with

the shortest gate at 5 µm. A look at the IV-curves of this MOSFET for varying gate voltages

(Fig. 37) shows that there is still a significant amount of current flowing, even at very high

gate voltages. One can therefore conclude that a gate length of 5 µm is too short to switch

the MOSFET off properly on substrates like the one used in this work. For longer gates, no

clear correlation between the gate length and the on-off current ratio is observable. One can

therefore conclude that a gate length of approximately 10 µm is sufficient for a functioning
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Figure 36: Schematic drawing of the sample with different gate lengths, to illustrate the

position of the different transistors. The variations of gate length are not depicted.

transistor. However, for the purpose of not decreasing the current unnecessarily, the gate

should not be significantly longer than that.

When it comes to the calculated threshold voltages, the values for MOSFETs 3, 6 and 9

are in a similar range, even though all three of them have different gate lengths (20, 10 and

5 µm, respectively). MOSFETs 7 and 8 (LGate =20 and 40 µm) showed significantly lower

threshold voltages. However, this is most likely connected to the fact that the overall current

through these transistors is quite low in comparison to the remaining three. This suggests

that the carrier concentration was lower in the region below these transistors. In consequence,

the depletion zone would extend further into the sample at the same voltage compared to a

transistor with a larger carrier concentration. It was actually found that transistors 3 and 7,

which were fabricated with the same gate length, display very different threshold voltages.

Due to this and the similar values of the threshold voltages for the rest of MOSFETs 3, 6 and

9, it can be assumed that the influence of the gate length on Vth is smaller than the influence

of other factors that determine the performance of the transistors and a clear relation cannot

be determined. Further studies using a larger number of functioning transistors might be

necessary to obtain more information on this matter.
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Figure 37: IV-curves for transistor no. 9 (LGate = 5 µm).

Fig. 38 shows breakdown voltages of two of the transistors, namely MOSFETs no. 6

(LGate = 10 µm) and no. 8 (LGate = 40 µm). The obtained breakdown voltages are 83 V and

76 V, respectively. These values are quite similar to each other and approximately in the

same range as the breakdown voltages of the MOSFETs that were discussed above. They are

higher than the breakdown voltage of one of the c. f. transistors that is shown in Fig. 35, but

lower than the breakdown voltages of the other two transistors in that figure. This suggests

that the gate width does not have a strong, if any, influence on the breakdown voltage. It

would be expected, however, that the breakdown voltage should increase with increasing gate

lengths, since the distance between the gate and source/drain was set to increase as well,

which would have resulted in a lower electrical field per centimeter. However, since this was

not retained in fabrication, it does probably not play a large role in the breakdown voltages.

It is also important to note that, other than the transistors in section 4.4.2, the transistors

in this section were not destroyed upon breakdown. It could be possible that the higher

melting point of Au, that was used as a capping layer (1064◦C), compared to Al (660◦C)

prevented the gate ring from being destroyed.

76



Figure 38: Measurement of the breakdown voltage on MOSFETs 6 and 8.

4.4.4 Influence of the N-implantation energy

An important parameter in the fabrication process for the present design is the energy of the

N-implantation. A layer that is implanted too deep might lead to high threshold voltages

and low on/off current ratios, since the depletion zone may not extend all the way down into

the insulating layer. On the other hand, an energy that was chosen too low would likely lead

to a strongly impaired conductivity in the top layer, since the acceptor properties of the N

atoms would decrease the carrier concentration. Optimizing the N-implantation is therefore

an important step in improving the design.

To investigate the impact of the N-implantation energy, several samples of (201)-Ga2O3

were implanted with N (600 keV, 2·1014 cm−2) and Si (33 keV, 1013 cm−2). The lower

implantation energy was chosen to investigate whether it was possible to improve the on/off

current ratio by implementing a shallower implantation. After annealing at 1100◦C in N2-

ambient for 20 minutes, contacts were deposited (10 nm Ti, 100 nm Al) and Hall effect

measurements were eventually performed. The result can be seen in Fig. 39 a).

The carrier concentration in the top layer was measured to be approximately 4.4·1017

cm−3, which is one order of magnitude lower than the sample in which N was implanted with

an energy of 1 MeV (see Fig. 23). The electron mobility is slightly higher than before, being

in the range of approximately 15 cm2/Vs. This corresponds to an increase of 50% compared
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Figure 39: a) Carrier concentration and mobility obtained from Hall effect measurements on

a sample with N implanted at 600 keV and Si implanted at 33 keV. b) Theoretical plot of

the concentrations of N and Si after implantation.

to the sample in Fig. 23. The reduced carrier concentration suggests, that upon shallower

implantation, the implanted N, which acts as an acceptor, interferes more strongly with the

implanted Si, which acts as a donor. N profiles based on the projected range obtained from

SRIM (Fig. 39 b) suggest that the concentration of N atoms at the surface is several orders of

magnitude higher if the implantation is done at 600 keV instead of 1 MeV. However, despite

this, the Hall measurements show that the sample has a carrier concentration that makes it

suitable for an attempt of fabricating transistors on it.

In addition, it was originally planned to perform SIMS measurements to obtain informa-

tion on the diffusing of the implanted dopants. However, due to a the COVID-19 lockdown

and down time on the SIMS instrument, it was not possible to do so.

The c. f. fabrication procedure was chosen for this sample, due to its ability to produce

transistors with a better on/off current ratio. After a first measurement to check the current

through the transistors, the sample was annealed at 400◦C in Ar-ambient for 10 minutes to

improve the conductivity.

In total, three transistors were obtained on the sample. Their IV-characteristics after

contact annealing can be seen in Fig. 40. All three transistors show relatively low currents,

the highest being approximately 1.1 mA. This is significantly lower than the highest currents

that were found for the previously discussed transistors.

Table 3 shows the characteristics of the three transistors. The threshold voltage was again

estimated by using the method described above. All of the threshold voltages are quite low

compared to the values for the transistors in section 4.4.2, even though they differ strongly

from each other and seem to decrease with decreasing drain-source current, which is a similar

78



Figure 40: Measurements of three transistors on a sample with N implanted at an energy of

600 keV instead of 1 MeV. a) MOSFET no. 1, b) MOSFET no. 3, c) MOSFET no. 9.

behavior to what was observed for the transistors with varied gate lengths. For example, the

IV-plot of transistor no. 1 (Fig. 40 a)), which showed the highest current of the three, reveals

that, even though the current is decreasing rapidly with increasing gate voltages weaker than

-5 V, the dependence of IDS on the gate voltage becomes much weaker when the gate voltage

becomes stronger, making the transistor difficult to switch off completely. This phenomenon

does not seem to occur on the other two MOSFETs. Though, this fact might have to do

with the lower current. To understand the behavior of the threshold voltage for different N-

implantations without considering the large current differences as a source for differences in

behavior, it might be worthwhile to compare MOSFET no. 1 with a shallow N-implantation

to the MOSFETs in section 4.4.3. It can be seen that the threshold voltage of the MOSFET

with a shallower N-implantation is lower than even the lowest value for the threshold voltage

of the MOSFETs in section 4.4.3. This seems reasonable, since with a thinner conducting

layer above the N-implanted layer, the gate voltage needed to generate a depletion region

that spans the entire conducting layer is significantly lower, so that it becomes easier to shut
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No. IDS,on [mA] IDS,off [mA] IDS,on/IDS,off Vth [V] VBD [V]

1 1.054 -1.58·10−5 (1.17·10−6) 9·105 -5.3±0.3 61

3 0.466 2.053·10−7 2.27·106 -4.42±0.04 54

9 0.176 5.061·10−7 3.48·105 0 V> Vth >-1 V 56

Table 3: Overview over the characteristics of the three transistors that were obtained on

the sample with a lower-energy N-implantation. The off-current of transistor no. 1 (in

parentheses) was obtained by subtracting the (negative) current at VDS = 10 V from the

negative current for VDS = 0 V.

the MOSFET off.

Fig. 41 shows measurements of the breakdown voltages of the transistors on the 600 keV

N-implanted sample. Transistor no. 1 experiences a clear sudden breakdown at VDS = 61

V. The breakdowns of transistors no. 3 and 9 occur at VDS = 54 V and VDS = 56 V,

respectively, but since the sample has a low conductivity, the current after breakdown is

not large enough to exceed the current limit of the measurement setup. Instead, it can be

observed to increase continuously until it surpasses this limit at 90 V and 99 V, respectively.

These breakdown voltages are lower than the voltages that were recorded for the transistors

with deeper N-implantations. The reason for the low breakdown voltage may be related to

the lower conductivity observed in the shallow N-implant. Due to the lower implantation

energy, the number of nitrogen atoms in the top layer is significantly higher. This larger

number of defects present in the conducting layer than in the other samples leads to a larger

number of defect states and probably causes the lower breakdown voltage compared to the

previously discussed samples.

In summary, the devices exhibited the characteristic IV performance of a MOSFET, but

the lower-energy N-implantation seems to impair not only the current, but also the break-

down voltage and therefore the the overall performance of the MOSFET. Thus, a shallower

implantation of nitrogen does not yield any obvious advantages.

In contrast, it might in fact be worthwhile to increase the energy for the N-implantations

or to decrease the dose of the N-ions to investigate the possibility of improving the conduc-

tivity of sample without sacrificing the possibility of shutting the MOSFETs off.

4.4.5 Transistors on hydrogenated samples

Previous experiments have shown that the conductivity of a sample implanted with nitrogen

can be partially restored by annealing the sample in a hydrogen ambient (section 4.3). It may

therefore be possible to fabricate transistors on such samples. This way one could refrain
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Figure 41: Measurements of the breakdown voltages of the transistors on the sample that

was implanted with N at 600 keV.

from implanting silicon in the top layer of the sample. The Hall effect measurements (Fig.

24) show that the hydrogen treatment leads to significantly lower carrier concentrations, but

at the same time to a higher mobility compared to samples implanted with silicon. This may

also influence the breakdown voltage, as a higher conductivity could be achieved with a lower

concentration of dopants.

Fabrication of MESFETs and MOSFETs was performed on the two hydrogenated samples

(see section 4.3). The sample shown in Fig. 24 a) and b) was used for fabrication of

MESFETs, whereas MOSFETs were made on the sample from Fig. 24 c). In total, three

intact MESFETs and one MOSFET were obtained. Their IV-characteristics can be seen in

Fig. 42.

When the drain-source voltage VDS is increased, the drain-source current IDS increases

exponentially. However, after a certain voltage is reached, the transistors go into saturation

abruptly. If the voltage is increased further, the current slowly increases approximately

linearly. In the exponential region, the currents for the most conductive MESFET (no.

2, black curve in Fig. 42 a)) and the MOSFET are very similar for the same voltages.

However, considering that the current for the other two MESFETs is noticeably lower, the
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Figure 42: a) IV-curves of the three MESFETs that were obtained on a hydrogenated sample

without an applied gate voltage. Same color for two different curves indicates that they

represent the same transistor. The curves that were measured before contact annealing

are slightly transparent. b) IV-curves of the MOSFET that was obtained on the second

hydrogenated sample. The black curve represents the sample before contact annealing, while

the red curve was recorded after contact annealing.

strong similarities between the current between MESFET no. 2 and the MOSFET are most

likely coincidental and a consequence of the respective quality of the contacts. MESFETs

and MOSFET go into saturation at very different voltages and currents. MESFET no. 2

is saturated at ∼4.4 V at a current of ∼530 nA. The MOSFET, in comparison, goes into

saturation at a voltage of ∼13 V and a current of 9.2 µA. The difference in saturation current

between the MESFET and MOSFET was expected, since the conductivity of the sample that

was used for the fabrication of MOSFETs was higher than that of the MESFETs (see Fig.

24). In comparison to the previously discussed Si-implanted transistors, these currents are

extremely low. It was expected that the current would be lower than on the Si-implanted

samples, since the carrier concentration was significantly lower, but the current is in fact

so low that it makes the transistors unreliable for many applications. Another difference

between the transistors on the hydrogenated samples in comparison the Si-implanted ones is

that contact annealing appears to decrease the conductivity. Of the four transistors that were

measured, three actually showed a lower current after annealing compared to before. The

only transistor that appeared to have improved IV-characteristics after contact annealing was

the one represented by the red curves in Fig. 42 a). However, even this improvement is far
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Figure 43: Measurements of the drain-source current on a) a MESFET and b) a MOSFET

that were fabricated on hydrogenated samples with different gate voltages.

too small to make the transistor actually usable. The reason for the reduction in conductivity

is likely to be the outdiffusion of hydrogen during annealing. It was shown by Ahn et al. [2]

that annealing removes large portions of hydrogen from a sample. This can probably also be

observed here.

Fig. 43 shows the IV-characteristics of a MESFET and a MOSFET with applied gate

voltages before the contacts were annealed. It can be seen that both react to gate voltages.

However, the MESFET (Fig. 43 a)) is turned off for considerably lower gate voltages than

the MOSFET, but the leakage current at VDS = 10 V is high compared to the on-current.

Increasing the gate voltage does not remedy this, as increasing Vg only adds a small negative

component to the current, most likely due to leakage through the Schottky barrier at the

gate. Overall, the leakage current is not significantly higher than the leakage current through

some of the previously discussed transistors, reaching approximately 100 nA at VDS = 10

V. However, since the on-current is not even an order of magnitude larger than the leakage

current at this voltage, this shows that this specific transistor would not be suitable for actual

use.

Notably, the saturated on-current through the MOSFET is more than two orders of

magnitude larger than the current through the MESFET, and in consequence, larger gate

voltages are needed to switch it off. It can be noticed that gate voltages larger than -20 V

will cause a negative current to flow, which probably reflects the leakage of current through

the oxide layer. Also, there seems to be some leakage current present in the off-state, yet it is

smaller in comparison to the on-current that on the MESFET. Overall, the MOSFET shows

better characteristics than the MESFET, but is still not conductive enough for practical
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Figure 44: a) Measurement of the breakdown voltage of the MESFET from Fig. 42 a).

Breakdown occurs at 91 V.b) Measurement of the breakdown voltage of the MOSFET from

Fig. 42 b). Breakdown occurs at 372 V.

applications.

Fig. 44 a) shows the breakdown of the MESFET. It occurred at a voltage of 91 V.

Since the conductivity of the sample is quite low, the current after breakdown did not exceed

the current limit of the measurement device. In comparison to the breakdown voltage of

the Si-implanted MESFET, which was found to be 52 V, the breakdown voltage of the

hydrogenated sample is noticeably higher. However, it is still several times lower than the

breakdown voltage of the devices reported in literature [25]. Fig. 44 b) shows that the

breakdown voltage of the MOSFET is as high as 372 V. This is significantly higher than the

breakdown voltages of the previously discussed transistors, which were not much higher than

100 V at best. The fact that the breakdown voltage of the MOSFET is considerably higher

than that of the MESFET is probably due to the passivation of the Ga2O3-surface by the

Al2O3-layer [44].
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5 Summary and outlook

In this work, a process for fabrication of MESFETs and MOSFETs on bulk β-Ga2O3 has

been presented. It was shown that an insulating layer can be formed within the substrate

by ion implantation of acceptor dopants. The suitability of Mg, Zn and N for this purpose

was investigated. It was found that Mg diffuses too fast during annealing above 900◦C and

is therefore too unreliable to be used for the formation of a current blocking layer, while Zn

implantation made the samples very brittle. Nitrogen, on the other hand appeared to be

suitable, but impaired the conductivity of the top layer significantly. Different approaches

to remedy the ion induced damage were attempted. One approach was to add a shallow

implantation of n-type impurities, in this case Si. The result was a conducting layer with

a very high carrier concentration and therefore a high conductivity, even though it came at

the cost of a very low mobility. The other approach was to anneal the sample in a hydrogen

ambient: In this case, the conductivity was increased, but did not reach the same order of

magnitude as with implanted Si.

MESFETs were fabricated using Si to form a shallow channel above the current blocking

layer. It was demonstrated that working transistors could successfully be made, although

the characteristics of the transistor with regard to on/off-current ratio as well as breakdown

voltage were far from optimal. To improve the leakage current, MOSFETs were produced

including an additional insulating layer on top of the sample. Two different approaches

to fabricate the MOSFET were pursued, where the deposition of the insulating layer was

included before or after the contact deposition. It was found that transistors on which the

oxide was deposited after the contacts (c. f.) required contact annealing in order to achieve

a current that is practically relevant, whereas contact annealing was not needed on samples

on which the oxide was deposited first (o. f.). While MOSFETs from both samples were

shown to be functioning, the c. f. transistors proved to be superior over the o. f. transistors

with regard to gate leakage, on-off current ratio and stability of the current with repeated

measurements. Their main drawback was that both showed a low breakdown voltage, barely

surpassing 100 V.

Further, several parameters were varied, namely the gate width and the depth of the N-

implantation. It was found a weak relation between the gate width and an improvement of

the on/off current ratio. However, as long as a minimum gate width was retained, a shorter

gate width even appeared to be beneficial, since it allowed for a higher current without

compromising the off-current.

The influence of the depth of the N-implantation was also investigated. It was found

that a shallower N-implantation significantly impairs the conductivity of the sample. This
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is possibly due to a stronger presence of acceptor impurities in the supposedly conducting

layer or an increase in the ion induced defects. The breakdown voltage appears to have been

decreased as well, but the low number of transistors makes unambiguous conclusions difficult.

A second approach for improving the conductivity of the top layer of the sample was to

anneal it in a hydrogen ambient. The hydrogen was expected to passivate acceptor impuri-

ties and therefore improve the mobility and the carrier concentration. Indeed, the Hall effect

measurements exhibited promising results. While the carrier concentration and the conduc-

tivity were significantly lower than for the Si-implanted samples, a clear improvement was

observable compared to samples without any post-implantation treatment besides regular

annealing. Especially, a strong increase in the mobility was found.

Attempts to fabricate MESFETs and MOSFETs on two hydrogenated samples were also

made. However, the conductivity was far too low to form the conductive layer. Additionally,

contact annealing lowered the conductivity as opposed to the increase in conductivity that

the Si-implanted samples experienced. The cause of this is most likely diffusion of hydrogen

out of the sample during annealing.

However, the fact that the breakdown voltage was increased significantly as compared to

the Si-implanted samples makes hydrogenation interesting for further investigations, also in

combination with donor implantations.

Finally, the implantation of nitrogen at elevated temperatures was investigated. RBS

measurements yielded promising results regarding the structural properties of such samples.

However, both the electronic properties of substrates and their defect concentration should

be investigated in the future. This applies in particular to samples that were implanted with

N as well as Si.

In this work, it was shown that MESFETs and MOSFETs can successfully be fabricated

using ion implantation and bulk β-Ga2O3 samples. It was shown that a satisfactory con-

ductivity and an appropriate off-state current can be obtained without involving the (quite

costly) growth of epitaxial layers. However, at the same time, this work raises several in-

triguing questions that could be investigated in future work.

It would be particularly interesting to optimize the implantation energies and doses of

both the acceptor and donor implantations, to find the limits of the performance of tran-

sistors on bulk samples. Since it was shown that implanting N with lower energies results

in a decreased conductivity of the top layer, an implantation with higher energies could be

attempted. Furthermore, the dose could be decreased in order to find the minimum dose

that is required for a proper on/off current ratio without negatively affecting the on-state

characteristics. The Si-implantation could be varied by possibly decreasing the dose, as this
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would most likely improve the breakdown voltage of the transistors. However, since this is a

trade-off between a high breakdown voltage and a high conductivity, an optimum dose and

energy need to be found.

To improve the breakdown voltage, techniques like for example field-plating could also

be implemented [70]. It might also be worthwhile to combine the Si-implantation with the

hydrogenation. By optimizing the annealing process, it may be possible to improve the

mobility in the conducting layer and obtain a similar conductivity to the bulk value with a

lower carrier concentration, which the breakdown voltage would probably ultimately profit

from.

Hot implantations into Ga2O3 could be another way of improving the characteristics of

implanted samples. In this respect, it would be interesting to examine the properties of a

sample that was implanted with both N and Si at elevated temperatures, since this could be

another chance of improving the conductivity.

The implantation of zinc, which was unsuccessful in this work is something that might

be interesting to investigate, too. The maximum dose that is possible without breaking

the sample should be found and the properties of zinc in Ga2O3 could then possibly be

investigated. Furthermore, hot implantations could be a way to decrease damage and possibly

facilitate Zn-implantation. However, at this point, all of this is just speculation.

Finally, it can be stated that the fabrication of metal-oxide field effect transistors on bulk

Ga2O3 has been successful. If further work is done on improving their properties, this might

open a path to decreasing the costs of such devices and therefore improve their potential for

applications.
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