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Determining Hydrogen’s influence on electrically active defects in β - Ga2O3

Espen Førdestrøm Verhoeven

Abstract

Monoclinic gallium sesquioxide (β - Ga2O3) is a promising ultrawide-bandgap

material that has potential within high-voltage power electronics. Hydrogen (H)

is a common impurity, found in many semiconductors. H is believed to behave as

a shallow donor in β - Ga2O3, and thus can affect the electrical conductivity and

consequently the performance of β-Ga2O3-based devices. Moreover, H can also

form complexes with other defects which may give rise to deep levels. Deep-level

defects can lead to, for example, Fermi-level pinning, and hence also influence de-

vice performance. In this work, the influence of H on electrically-active defects on

conductive n-type β - Ga2O3 bulk single crystals and thin films were investigated

using electrical techniques. Bulk and thin-film samples grown by edge-defined

film-fed growth (EFG) and halide vapor-phase epitaxy (HVPE), respectively, were

hydrogenated, i.e. exposed to a H2 ambient at 900 ◦C. Ni-based Schottky barrier

diodes were fabricated using physical vapour deposition, and were investigated us-

ing Current-Voltage measurements, Capacitance-Voltage (CV) measurements and

deep-level transient spectroscopy (DLTS). CV measurements reveal that hydro-

genation has no apparent impact on the donor concentration of the samples. DLTS

spectra reveal the promotion of the defect level commonly labelled E1 (EA = 0.49

eV, σna= 6.4 x 10−16 cm−2 and EA = 0.58 eV, σna=2.8 x 10−14 cm−2 obtained

from HVPE-grown thin-film and EFG-grown bulk samples, respectively) following

hydrogenation. The origin of the defect associated with the observed defect level

is considered with the help for first-principle calculations.

The defect level commonly labelled as E∗
2 (EA = 0.68 eV, σna= 5.9 x 10−16

cm−2) was shown to be introduced by H-implantation and a subsequent reverse-

bias anneal in the depletion region of SBDs. Reverse-bias anneals refer to heat

treatments of SBDs under an applied reverse-bias voltage, whereas zero-bias an-

neals denote heat treatments of SBDs without an applied bias voltage. After

formation of E∗
2 using H-implantation and a reverse-bias anneals, it was possible

to reversibly decrease and increase the concentration of E∗
2 performing zero-bias

and reverse-bias anneals, respectively.
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Chapter 1

Introduction

The global electricity demand will increase by 2.1 % annually until 2040 according

to the International Energy Agency, resulting in higher global energy-related CO2

emissions (which increased by 1.7 % in 2018) [1],[2]. Thus, the United Nations

sustainable goal #7 calls for more reliable and clean energy [3], ultimately encour-

aging the development of cutting-edge high-efficiency power conversion devices,

usually labeled power electronics.

A subclass within power electronics, is the high voltage and high temperature

application. Devices within this application act as electronic switching ”devices”

and ensures control of electrical power and energy conversion [4]. Materials such

as GaN or SiC are already in use within this field of application [5], and represent

mature materials, however GaN and SiC may not be the best candidates in terms

of performance and cost advantages [6]. Other promising materials such as Mon-

oclinic Gallium sesquioxide, i.e. β - Ga2O3, should therefore be further explored.

β - Ga2O3 has the potential to replace existing materials within the field of high

voltage and temperature applications. β - Ga2O3 is a ultra wide-bandgap semicon-

ductor with an experimental bandgap of 4.9 eV [7], thereby making it transparent

to the visible region of the electromagnetic spectrum. The wide bandgap, and

thus it’s high breakdown voltage, makes it a viable option within high voltage

application. The n-type doping is well established, and the electron density can

be controlled between 1015 cm−3 and 1019 cm−3. [8], [9].

β - Ga2O3 has already been implemented in applications such as piezotron-

ics, LEDs and solar-blind UV detectors [10],[11]. One of the factors contributing

to making β - Ga2O3 such a viable option compared to more mature competi-
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1.1. AIM OF STUDY

tors, is the progress made by improving bulk crystal quality of single-crystal bulk

synthesized by melt-growth methods [5], [12], [13].

Defects that are inherently present in all materials, can influence the electrical

and optical properties of a material. Specifically, point defects in semiconduc-

tors can have a strong impact on the electrical properties of devices, for example

in β - Ga2O3 based transistors [14], where the commonly labelled E∗
2 in causes

instabilities the voltage threshold for β - Ga2O3-based transistors [14].

1.1 Aim of Study

The focus of this study is aimed at unveiling influence of Hydrogen on the electrical

properties of β - Ga2O3. Some reports argue that Hydrogen is believed to be a

shallow donor when present in β - Ga2O3 and therefore a contributor to the n-type

conductivity. H can also form complexes with acceptor defects such as the gallium

vacancy. Understanding the fundamental properties of semiconductors is vital for

fully exploiting their potential. Previous work has suggested that certain defects

can be created by introduction of hydrogen, and this thesis extends this knowledge

further by utilizing different ways of introducing Hydrogen into β - Ga2O3. This

study is mainly based on the use of electrical characterization techniques to detect

the possible changes to defect levels, but also utilize optical characterization and

Density Functional Theory to support the results from electrical characterization.

This will present us with a more complete picture of the roles Hydrogen plays in

β - Ga2O3.
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Chapter 2

Theory

In this chapter, the fundamentals of semiconductors will be presented alongside the

theory which lays the foundation for the experimental techniques used throughout

this thesis. This chapter is based on the textbooks by Streetman [15], Schroder

[16] and Blood and Orton [17]. The chapter is concluded by summarizing relevant

previous work concerning observed defects using deep-level transient spectroscopy

measurements, and the influence of Hydrogen (H) when incorporated in β - Ga2O3.

2.0.1 Crystal structure

Crystal structures are atoms that are arranged in a periodic fashion. The crystal

structure can be ”explained” by a unit cell , which is an arrangement of atoms,

and is the most basic and least volume consuming way to describe the whole solid.

Properties of the crystal structure such as rotational symmetries and inversion are

contained within the unit cell. By repeating the unit cell in all three dimensions,

the crystal structure is obtained. A lattice is a set of mathematical points in space,

all of which have the identical surrounding in a given orientation. If a basis, an

atom, is added to the crystal lattice, a crystal structure is created as schematically

presented in Fig. 2.1.

Figure 2.1 shows how a basis combined with a crystal lattice creates a crystal

structure.
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2.1. SEMICONDUCTORS

Figure 2.1: Lattice and basis create a crystal structure

2.1 Semiconductors

Materials can be categorized based on their electrical conductivity: metals, in-

sulators and semiconductors. Semiconductors has received considerable attention

during the last decades due to its relevance for a large number of applications.

The two other groups, metals and insulators, distinguish themselves from each

other and from semiconductors by how their electrons are distributed in energy

space, and for semiconductors, the ability to control the conductivity.

Atoms that are spatially separated have discrete electronic states. When a

large number of atoms are bounded together, a solid material can be formed. If

the atoms are arranged in a periodic manner, the solid is called crystalline. When

the atoms are randomly arranged, and or only in a local periodic manner, the

solid is called amorphous. Crystalline materials can exist as a single crystal, or as

poly-crystal consisting of many adjacent single crystals domains.

Once the atoms are bonded to each other, the previously discrete electronic

states form energy bands.

Electrons have a duality in the sense that they both behave as a particle and

a wave. The wave can be described as a quantum mechanical wave, and the en-

ergy bands described above results from an overlapping of these waves, depending

both on the crystal structure and the periodicity it possesses. The reciprocal

space is used to describe unit vectors whose lengths are inversely proportional to

the distance between atoms in a material, and is a useful way of describing the

periodicity mentioned above. A k-vector is a vector in reciprocal space, and thus,

is a wave vector and associated with the crystal momentum. A dispersion rela-

tion, En(k), for each of the energy bands, n, can be determined. A band structure
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CHAPTER 2. THEORY

is constructed by how the energy bands are dependent upon the crystal momen-

tum, and the points along the horizontal axis, as shown in figure 2.2, represent

important crystal directions in the reciprocal space. Figure 2.2 display the band

structure of β Ga2O3 as calculated using first principle calculations [18].

Figure 2.2: Band structure of β - Ga2O3,. Reprinted from [18]

The uppermost energy band, that is completely filled with electrons at 0 K

is labelled the valence band. The valence band is represented by the blue lines

in the figure 2.2. Here, there are no available electronic states for the electrons,

and the electrons are separated from the next energy band, the conduction band,

by a range void of electronic states. The conduction bands are represented by

the red lines in figure 2.2. The energy region which is void of electronic states,

is called the bandgap, which is the energy difference between the valence band

maximum (VBM) and the conduction band minimum (CBM). A bandgap can be

either direct or indirect, dependent upon whether the CBM and VBM occur at

the same or different k-vectors.

If the temperature is increased above 0 K, or a photon illuminates the sample

with a photon energy equal to or higher than the bandgap, an electron can be

excited into the conduction band. When the electron is excited into the conduction

band, it leaves behind an empty electronic state. This empty state is called a hole,

and which a quasi-particle that can be used to describe the ensemble of electrons

in the valence band. The hole is attributed a positive charge.

Figure 2.3 shows the energy bands are formed from discrete energy states,

where EV and EC are the valence and conduction band edges, respectively.
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2.1. SEMICONDUCTORS

Figure 2.3: The illustrated on the left in the figure represents the formation of
energy bands from discrete energy levels. The illustration on the right of the figure
shows an energy band diagram where the valence band and conduction band is
separated by the bandgap. Adapted from Tilley [19].

An insulator is a material where the valence band is filled with electrons, while

the conduction band is empty of electrons, thereby amounting to a low free carrier

concentration. What sets insulators and semiconductors apart is the ability for

semiconductors to control the charge carrier concentration, while insulators do not

possess this ability mainly by having a large bandgap.

Although insulators generally exhibit low electrical conductivity, insulators

have a wide variety of usages within applications such as coating around a metal

wire due to their electrical insulating properties.

A metal is a material that has either overlapping energy bands or half-filled

energy bands, where the electrons can contribute to electrical current as they are

readily able to gain energy. Another way of viewing the distribution of electrons in

metals is that the electrons are delocalized, and this can be visualized by assuming

that every metal atom donates their electrons in outer orbit to a sea of electrons

that belong to the whole solid.

A semiconductor is a material which in its pure form has an electrical conduc-

tivity that falls between an insulator and a metal, depending upon the value of

the bandgap and the temperature. At 0 K all semiconductors are insulators, as

all of the electronic states in the valence band are filled and the conduction band
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CHAPTER 2. THEORY

is empty.

Semiconductors may have a large bandgap, as is the case for β - Ga2O3 which

has an experimental bandgap of 4.9 eV. However, the intriguing concept with

semiconductors is the possibility of controlling the carrier concentration by pur-

posely manipulating the semiconductor by the introduction of foreign atoms called

doping which is described in the next section, as this is what sets them apart from

insulators.

Figure 2.4: Band diagram for an insulator, semiconductor and metal, where Eg

denotes the bandgap. Adapted from Streetman [15].

Fig. 2.4 illustrate the a simplified view on the differences between an insulator,

semiconductor and metal.

In pristine or intrinsic semiconductors the amount of foreign atoms are negli-

gible. The only contributor to electrical conductivity in intrinsic semiconductors

is the excitation of electrons from the valence band into the conduction band. In

this case, the electron and hole concentrations are equal as one excited electron

leaves behind one hole, hence n = p = ni where n is the electron concentration

in the conduction band, p is the hole concentration in the valence band, and ni is

7



2.1. SEMICONDUCTORS

the intrinsic carrier concentration.

2.1.1 Fermi level

At 0 K, the valence band is filled with electrons. When the temperature increases,

the electrons can be excited into the conduction band and become free carriers

similar to that presented for intrinsic semiconductors. Electrons follow Fermi-

Dirac statistics, and one can describe the distribution of the electrons over allowed

electronic states in thermal equilibrium by the Fermi-Dirac distribution:

f (E) = 1

1 +e
E−EF
kT

(2.1)

k is the Boltzmann constant, T is the temperature, E is the energy and EF is the

Fermi level. At 0 K, electrons will fill every available energy state up to EF, and

all energy states above this energy are empty.

The expression f(E) gives the probability that an electronic state at the energy

E is occupied by an electron at the temperature T.

Figure 2.5: The Fermi-Dirac Distribution function. Adapted from Streetman [15].

How f(E) is altered with increasing temperature is illustrated in figure 2.5. The

position of the Fermi level in the bandgap for an intrinsic semiconductor depends

upon the curvature of the valence and conduction band, as well as the temperature.
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CHAPTER 2. THEORY

If E - EF >> kT is valid, and it often is, then equation 2.1 can be simplified

and approximated to the Boltzmann distribution:

f(E) ∼ −e
(

E − EF

kT
)

(2.2)

2.1.2 Mobile charge carriers

The free electron concentration in an intrinsic semiconductor is governed by ther-

mally excited electrons, and can be determined by the expression:

n = ni e

EF − EF i

kT (2.3)

where EFi
is the Fermi level in the intrinsic case.

An adapted version of 2.3 yields:

n0 = NC e

− (Ec − EF )

kT (2.4)

Similarly, the hole concentration it can be expressed as:

p0 = NV e

− (EF − EV )

kT (2.5)

where NC is the effective density of states for the conduction band edge, and

NV is the effective density of states for the valence band edge. For NC and NV it

is assumed that the conduction band and valence band can be represented by a

single state at the respective energy band edges, namely Ec and EV .

The effective density of states at the respective band edges can be determined

by:

NC = 2

(
2πm∗

nkT

h2

)3

2 (2.6)

NV = 2

(
2πm∗

pkT

h2

)3

2 (2.7)

9



2.1. SEMICONDUCTORS

where m∗
n,p is the effective mass with subscripts n and p for electrons and

holes respectively, and is defined in equations 2.8 and 2.9, while h is the Planck

constant. The band structure is a representation of the energy bands and how they

are dependent upon the momentum of the electrons and holes, and is represented

for β - Ga2O3 in figure 2.2.

The effective mass of electron and holes, m+
n and m+

p ,0 respectively, express

an effective value (and not the nominal one) due to the interaction between the

electrons or holes and the host atoms. The effective mass for electrons are obtained

by:

1

m∗
n

=
1

h̄2
∂E2

∂k2
(2.8)

and for holes by:

1

m∗
p

= −
1

h̄2
∂E2

∂k2
(2.9)

As the equations 2.8 and 2.9 show, the effective mass is given by the curvature

of the relevant bands, EC for m∗
e and EV for m∗

p.

The electrical conductivity, σ, of a semiconductor is governed by the concen-

tration and mobility of either carriers, and is obtained by:

σ = e(nµn + pµp) (2.10)

where e is the elementary charge, while µ is the mobility, denoted with a subscript

n or p for the respective carriers.

2.1.3 Defects

Defects are perturbations from the pristine structure, and can have an impact

on the electrical and optical properties in a material. Defects can have different

dimensions, such as 0-dimensional point defects, 1D line defect or dislocations,

2D defects such as grain boundaries or 3D defects like for instance phase changes.

The points defects are in atomic size, and can give rise to electronic states within

the bandgap, where they can trap carriers from the energy bands. This might

10



CHAPTER 2. THEORY

have a crucial impact on device operations, and proper knowledge about them is

therefore of vital importance [20].

A vacancy is when a host atom is displaced from its regular lattice site, and an

self-interstitial is when a host atom sits in a site in between regular lattice sites.

These are intrinsic defects, and are always present in a material. Extrinsic defects

are defects of the kind that emerge from the incorporation of foreign atoms, such

as substitutional atoms where the foreign atoms substitute the host atom, and

interstitial defects where it takes a position in between regular lattice sites.

(a) Pristine crystal (b) Vacancy

(c) Interstitial (d) Substitutional

Figure 2.6: Intrinsic and extrinsic defects in a crystal. (a) the pristine crystal,
(b) a vacant atom, (c) an interstitial atom and a self-interstitial atom, and (d)
substitutional atom.

In figure 2.6 the pristine crystal is illustrated, along with defects present in a

material. The illustrated defects can also form defect complexes.

Foreign atoms that are incorporated into a material are called impurities, and

may arise during the growth process of a material. The foreign atoms can act

as a dopant, i.e. the introduction of the foreign atom influence the electrical

conductivity in a semiconductor, depending on the position in the bandgap of the

additional electronic state the foreign atom introduces.

In the simple cases, if the dopant atom has more valence electrons than the

host atom its substituting, it is called a donor atom. If the electronic state of

the additional electron from the donor atom is close in energy to the conduction

11



2.1. SEMICONDUCTORS

band minimum (CBM), i.e. having a small ionization energy it is called a shallow

donor, as illustrated in Fig. 2.7. Ionization energy is the energy required to excite

a charge carrier into its relevant energy band, and are preferentially low so that

the thermal energy is sufficient to ionize the dopants which is typically 25 meV at

room temperature. If the electronic state is far away from the conduction band,

however, the state is called a deep level (see Fig. 2.7).

A dopant which has fewer valence electrons than the host it is substituting,

and if it forms a electronic state in the bandgap close in energy to the valence band

maximum (VBM) is called a shallow acceptor, the electronic state introduced in

the bandgap is close in energy to the valence band maximum (VBM). Semicon-

ductors that predominately contain donors are called n-type semiconductor, and

materials with predominantly contain acceptors are called p-type. However, a ma-

terial can consist of both donors and acceptors, but the dominating dopant will

determine the type of conduction. The conduction band and valence band edges

are denoted as Ec and Ev, respectively.

For doped semiconductors, the equations 2.4 and 2.5 can be used in order to

determine the electron and hole concentration. When both donors and accep-

tors are present in a semiconductor, the charge neutrality requirements has to be

considered through:

n+N−
A = p+N+

D (2.11)

where N−
A is the ionized acceptor concentration, and N+

D is the ionized donor con-

centration. In equation 2.11 the temperature is assumed to be high enough, which

in turn ensures that all the shallow donors and acceptors N+
d and N−

a , respectively,

are ionized.

The position of the Fermi level is altered when a semiconductor is doped, and

behaves in the following manner. The Fermi level of a n-type doped semiconductor

can be expressed by

EF = EC − kbT ln
(NC

Nd

)
(2.12)

and in the case of a p-type doped semiconductor:

EF = EV + kbT ln
(NV

Na

)
(2.13)

12



CHAPTER 2. THEORY

As expressed in equations 2.12 and 2.13, the Fermi level position for an n- and

p-type semiconductor will be closer in energy to EC and Ev, respectively.

Figure 2.7: Energy levels of shallow and deep dopants

Figure 2.7 shows the introduction of dopants, either shallow or deep, into a

energy band diagram.

2.2 Electrical junctions

2.2.1 Junctions

pn junctions are formed by joining a p- and n-type semiconductor, and this can

be achieved for example by the introduction of dopant atoms into a material by

diffusion or bombardment of ions. If the junction has a rectifying behaviour, i.e.

the suppression of current in one direction while enabling it in the opposite direc-

tion, it is called a diode.

In the following, an abrupt junction is assumed, with equal doping concentra-

tion, i.e. Nd = Na, for both materials resulting in a steep concentration change

at the intersection between the p- and n-type side. When the two materials are

joined together, charge carriers will diffuse across the interface, that is, electrons

diffuse to the p-type semiconductor and hole to the n-type semiconductor. As this

occurs, an opposite working force is set up by the electric field, ε, arising from

the stationary ionized dopants eventually cancelling out the diffusion current by

a drift current, resulting in an equilibrium situation.

13



2.2. ELECTRICAL JUNCTIONS

The depletion approximation will ease treatment of the junction. It consists

of two approximations, the first assuming that the depletion of mobile charges is

contained within the region depletion region around the interface, while the space

charge is governed by the stationary ionized dopants on either side of the interface,

namely the donors and acceptors in the n- and p-type, respectively. This region

W is called the depletion region or the space charge region (scr). The second

approximation is that outside the scr, the material is neutral, following that this

region is void of space charges resulting in no electric field being established.

The total charge, Q, is associated with the ionized dopants on their respective

sides of the junction has to be compensated by each other due to charge neutrality

requirement. The extension of the depleted region into each material is dependent

upon the dopant concentration in the respective material and can be determined

by:

Ndxn = Naxp (2.14)

Where xn and xp are the depths of the space charge region from the junction

into the n- and p-type material, respectively. The depletion region width is the

sum of xn and xp.

The electric field set up by the ionized dopants is directed and points from

the n-type to p-type. Poisson’s equation for electrostatics is described as ∇2 ϕ

= −
ρ

ε
, where ρ is the charge density and ε is the permittivity, and following, the

maximum electric field can be obtained:

E0 = −
q

ε
Ndxn = −

q

ε
Naxp (2.15)

In 2.15, n = p = 0 is valid. The electric field E (x) is associated with the spatial

variation of V through:

E (x) = −
dV

dx
(2.16)

From the depletion approximation, the voltage outside W is constant and de-

noted Vn and Vp at their respective sides of the junction. The difference in voltage,
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Vn - Vp is called the built-in voltage, V0.

V0 = −
∫ xn

−xp

E (x) dx =
1

2
E0W (2.17)

Substituting for E0 in 2.15 yields:

V0 =
q

2ε
NdxnW (2.18)

By using the that the sum of the depletion region width is equal to xn + xp, in

combination with inserting 2.14 into 2.18 yields:

V0 =
q

2ε

(
NaNd

Na +Nd

)
W 2 (2.19)

or expressed by the depletion width as:

W =

√√√√2εV0

q

(
1

Na

+
1

Nd

)
(2.20)

As the region outside W is electrically neutral, the Fermi level of both ma-

terials has to align when in equilibrium. As the bands connect in the depletion

region, the band diagram has to be altered. This is shown in figure 2.8

Figure 2.8: The figure illustrates the effect of a an applied bias to a pn junction,
under reverse bias (VR), unbiased and forward bias (VF ), respectively. Adapted
from [15].

However, if an electric field or a voltage (V) is applied to the junction the

situation described above is no longer in equilibrium. This has to be accounted
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2.2. ELECTRICAL JUNCTIONS

for in 2.20, and is achieved by instead using the term Vj = V0 - V, where V is the

applied bias. Since it is no longer equilibrium conditions, the Fermi level is not

viable anymore as it is only defined under equilibrium. An altered version of the

Fermi level can be adapted, the so-called quasi Fermi levels, which are separated

by the energy eV. The band diagram is adjusted as a consequence of the Fermi

level splitting. How this takes place is shown in figure 3.4 Forward bias conditions,

i.e. V ≥ 0 V, are the situation where, with respect to the p-type being positively

biased relative to the n-type material.

Reverse bias conditions are when a negative bias is applied, V ≤ 0V, and can

be described in the opposite way with regards to the forward bias condition.

During reverse bias conditions the electric field increases, and accordingly the

drift current also increases, suppressing the diffusion current. During reverse bias

conditions, generation of minority carriers, i.e the excitation of charge carriers

by either thermal or photon energy, in the near vicinity of the depletion edge,

can cause the charge carriers to diffuse into the depletion region constituting a

drift current. This can be expressed as the reverse saturation current, I0, and is

accounted for in the diode equation where the total current is expressed as:

I(V ) = I0

(
e

qVj

ηkT − 1

)
(2.21)

η is called the ideality factor, and typically exhibit values between 1 and 2,

where η=1 represents an ideal diode. For the simple cases, deviations from the

ideal diode equation occurs as recombination takes place within the depletion re-

gion, and is accounted for in the ideality factor. For pn junctions, generation might

occur within the depletion region and in close proximity to it, causing recombi-

nation within the scr. Recombination arise when an electron and hole recombine,

producing a photon with the energy equal to the bandgap of the material. The

recombination during reverse bias conditions is negligible as the electric field will

sweep the carriers across W before recombination occurs.

If either sides of the pn junction are heavily doped, the extension of the deple-

tion region into the heavily doped side is very shallow. To indicate this for a pn

junction, in the case that the p-type is heavily doped, it is denoted as a p+n diode.

The depletion region will be governed by xn, which is the extension of the depletion
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region from the interface into the n-type semiconductor material. In the case of a

n+p junction, the depletion region is governed by xp, and is defined similarly as xn.

2.2.2 Schottky barrier diodes

When metal is deposited on the surface of a semiconductor, a metal contact is

fabricated that enables electrical measurements to be performed on a material.

A Schottky contact is a metal-semiconductor contact that has a rectifying be-

haviour, and thereby is a diode. When considering a Schottky diode made up

of a metal and a n-type semiconductor, it can partly be viewed as a p+n diode.

However, in contrast to a p+n junction, hole injection is impossible for a Schot-

tky diode. Instead, what causes the reverse saturation current is electrons with

sufficient thermal energy to surpass the barrier height ΦB. The barrier height for

the ideal Schottky contact is the energy separation φ - χ. The work function, φ,

of a metal is the energy required to free the electron from the metal, i.e. excite

the electron from the metal Fermi level to the vacuum level, and is equal to the

energy difference, qφ, of the vacuum level and EF . The electron affinity, χ, of a

semiconductor is the energy required to remove an electron from the conduction

band and into the vacuum.

I0 = AA∗T 2e

− φB

kT (2.22)

Where A∗ is the Richardsson constant, which is a material dependent constant.

When the metal and semiconductor come together, the Fermi level for the two

materials has to align, and in the same manner as for the pn junction the energy

bands have to bend to accommodate this.

Figure 2.9(a) illustrate a band diagram for the energy bands of a metal and

semiconductor which has not yet been joined together. Figure 2.9(b) shows the

band bending occurring when the two materials are joined. Φ is the work function,
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(a) Energy Diagram of a metal and a n-
type semiconductor when they are sep-
arated.

(b) Energy diagram when the metal and
semiconductor are joined together.

Figure 2.9: Adaped from [21]

subscripted with m and sc for metal and semiconductor, respectively. n and φB

can be extracted from the following non-ideal diode equation:

I(V ) = A∗A T 2 e

− φB

kT
(
e

qVj − IRseries

ηkT − 1
)

+
A(Vj − IRseries)

Rshunt

(2.23)

where VJ is the applied bias, Rseries and Rshunt comprise the series and shunt

resistance, respectively. n and φB can be extracted from the following non-ideal

diode equation: η for a Schottky junction deviates from unity due for example

image force lowering, interface layers and Fermi level pinning.

2.2.3 Ohmic contact

In contrast to the Schottky contact, an Ohmic contact should possess no rectifica-

tion abilities. Ideally, for an Ohmic junction, the alignment of energy bands of the

metal and semiconductor should be negligible, and as such, the scr should also not

form, and therefore not exhibit a capacitance. To achieve this, ideally then, the

work function of the metal should be equal or smaller than the electron affinity of

the semiconductor it forms the junction with. An Ohmic contacts Current-Voltage

characteristics follow Ohm’s law, and thus has a linear relationship between the

voltage and the current.
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2.2.4 Capacitance

As described in section 2.2.1, a depletion region is established when a Schottky

junction between a metal and a semiconductor is formed. The depletion region

is void of mobile charge carriers, but stationary charges are present, constituting

a depletion capacitance. The capacitance is related to the spacial separation of

charges Q separated across a region, W. The depletion capacitance of a semicon-

ductor is related to the partial derivative of the charge varies with voltage has to

be utilized, and is expressed as:

C =
∂Qm

∂V
=
∂Qs

∂V
(2.24)

Qs and Qm are the charges on the semiconductor and metal.

The width of the space charge region is dependent upon the applied voltage,

and is increasing with increasing reverse bias voltage and shrinking under forward

bias conditions, as Eq. 2.20 states. The derivation of the capacitance is presented

for a Schottky junction formed by a metal and a n-type semiconductor. Similar

expressions can be found for the Schottky junction formed by a metal and p-type

semiconductor.

QS can be obtained by:

Qs = qA

∫ W

0

(p− n+Nd −Na) dx (2.25)

Given that the integration is across the scr, both p and n are equal to 0. N−
a

is approximated to be 0, simplifying 2.25 to

Qs = qA

∫ W

0

Nd dx (2.26)

Combining 2.24 and 2.26, along with assuming that Nd is constant yields:

C =
dQs

dV
= qA

d

dV

∫ W

0

Nd dx =

√√√√A2ε0εreNd

2Vj
(2.27)

where Nd is expresses the donor concentration for a Schottky junction of of a metal

and n-type semiconductor.
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The more commonly used expression for the capacitance is given as:

C =
εrε0A

Wj

(2.28)

2.3 Generation and recombination

2.3.1 Deep levels

Shallow dopants, as mentioned previously, introduce energy states close to the

band edges, and are therefore easily ionized. Certain defects can introduce energy

levels that are deeper into the bandgap, typically with a energy separation greater

than 50 meV to their relevant band edges. These deep levels interact with the

charge carriers in the energy bands and may act as traps for electrons or holes, or

in the case of the capture of both, recombination centers.

The trap concentration, Nt, accounts for all the traps, both occupied or unoc-

cupied, while nt constitutes the number of traps occupied with electrons. If the

Fermi level is positioned above the energy level of the trap, the trap is occupied

with an electron.

Figure 2.10: Capture and Emission of electron and holes. Adapted from Erol and
Arıkan [22]

Figure 2.10 shows the capture and emission of electrons and hole and their

interaction with relevant energy band.
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The emission rate from traps are defined as en and ep for the electron and hole

emission, respectively, whereas the capture rates are defined as cn and cp for the

electrons and holes, respectively (See Fig. 2.10).

dnt

dt
= (cn + ep)(Nt − nt)− (en + cp)nt = α (Nt − nt)− γ nt (2.29)

α and γ are terms that account for the increase and decrease in trap occupancy,

respectively. At thermal equilibrium equation 2.29 has to be equal to zero as there

is no change in the trap occupancy (detailed balance):

ennt = cn(Nt − nt) (2.30)

ep(Nt − nt) = cpnt (2.31)

The thermal equilibrium expression for the occupancy, ∼ nt, is determined by:

ñt

Nt

=
cn

cn + en
=

cp

cp + ep
(2.32)

The capture and emission rates for either electrons or holes are related to each

other through equation 2.31. Considering an electron trap, the capture rate for a

trap which is unoccupied by electrons is given as:

cn = σna 〈vn〉 n (2.33)

where σna is the capture cross section, and 〈 vn 〉 is the root mean square of the

thermal velocity of the electron. This can be derived in a similar manner for the

capture rate of holes.

The emission rate for electrons are given as:

en = σnaβ T
2exp

(
−
EA

kT

)
(2.34)

where β is a material specific constant. EC - Et is the energy separation between

the conduction band edge and the trap level. For the equation 2.34 to be valid,

all the pre-exponential factors have to be temperature independent.
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Electron or hole traps that exist in the bandgap are often challenging to at-

tribute to certain electronic property from their atomic structure in the crystal

[16]. Instead, energy levels are often used to describe the defects, and for β -

Ga2O3 they are commonly labeled with the prefix E for electron traps (and in

principle H for hole traps, although they will not be discussed here).

2.4 β - Ga2O3

β - Ga2O3 is a semiconductor with an ultra-wide bandgap that has a experimental

value of 4.9 eV [7] and a melting point of ∼ 1900 ◦ C [23], and the beta phase is the

most stable among several polymorphs. Given the ultra-wide bandgap, it thus has

a theoretical breakdown voltage of 8 MV cm−1 [24], where avalanche breakdown

occurs, i.e. the required voltage that results in the material conducting consid-

erably in the reverse direction. These characteristics make β − Ga2O3 a suitable

candidate within high voltage, and potentially high temperature, applications. In

addition to these features, it is possible to grow the material in bulk form from a

melt, making it potentially inexpensive, in contrast to its more mature competi-

tors such as SiC and GaN [6].

β−Ga2O3 takes a monoclinic structure, and consist of the following parameters

(See Fig. 2.11):

a0 = 12.23 Å, b0 = 3.04 Å , c0 = 5.80 Å, β = 103.42◦

The unit cell of β - Ga2O3 consists of a total of five crystallographically inequivalent

sites, and therefore, each of them have to be labeled to keep track of the sites.

There are two sites for the Ga atoms, and three for the O atoms. They are Ga(I)

and Ga(II) for the gallium sites, and for the oxygen sites there are O(I), O(II) and

O(III). The Ga(I) site has tetrahedral coordination where it is bonded to four O

atoms, whilst the Ga(II) site has octahedral coordination and is bonded to 6 O

atoms.

Figure 2.11 show the unit cell of β - Ga2O3, where the Ga atoms are the large

green spheres while the O are the smaller yellow, orange and red spheres, where

the different colors represents the different coordination’s.
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Figure 2.11: Unit cell of monoclinic β - Ga2O3. Created using Vesta Software [25]

The β phase is the most stable of the four phases that exist for Ga2O3. The

other phases, the α, γ and ε, are metastable at low temperatures but they all

adapt the β - Ga2O3 phase at different temperatures and conditions. [26]

To obtain n-type β - Ga2O3, there are a wide variety of options. The Ga site

can be substituted with Si, Sn, Ge, and the oxygen site can be substituted with

Cl or F [18].

This is not the case for the attempt to dope β - Ga2O3 p-type. The lack of

shallow acceptors, and the low hole mobility has made it difficult to achieve a good

pn junction. The issues with p-type β - Ga2O3, make homojunctions inaccessible,

ultimately making Schottky contacts or heterojunctions the only viable option for

fabrication of a diode.

There are some drawbacks with β - Ga2O3 that limit the potential it possesses

within high voltage and high temperature application. The hole mobility is limited

by the self-trapping of holes, which limits the usability of p-type β - Ga2O3.

Another limitation is the low thermal conductivity of β - Ga2O3, which can become

an issue at high temperatures or high currents.

Different growth methods exist for β - Ga2O3, whereas this thesis focuses on

β - Ga2O3 samples grown using two different growth methods. These are Edge-

defined Film-Fed Growth (EFG) for the (-201) unintentionally doped (UID) bulk

23



2.5. PREVIOUS WORK

samples, and thin-film samples grown on top of a conductive β - Ga2O3 substrates

using Halide Vapour Phase Epitaxy (HVPE) with surface orientation (001) [27].

2.5 Previous Work

Here, previous work is presented regarding defects in β - Ga2O3, focusing on deep

level transient spectroscopy (DLTS), and the formation of defects during implan-

tation and subsequent heat treatments, along side the influence of incorporation

of H on electrical properties.

2.5.1 Observed deep-level defects in β - Ga2O3

Defect levels that are energetically deep in the bandgap can be observed by electri-

cal measurements under certain conditions, given they do not emit electrons from

their traps too rapid or too slow (depending on T). Here, the defects observed

by DLTS will be reviewed. Some of the observed defects have been attributed a

specific configuration or identity, whereas other’s origin remains unknown. As the

defects may impact the electrical properties, having control or overview of them

are of utmost importance to mitigate their presence by manipulating them either

by, for example, passivisation.

Given that β - Ga2O3 is a binary compound, enable a large amount of different

defects to form. Some of the commonly observed defects in β - Ga2O3 using DLTS

are listed in Table 2.1
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Commonly observed deep levels in β - Ga2O3 by DLTS
Defect EC − ET [eV] Origin Special Notice
E1 0.56 ± 0.03 Irradiation
E∗
2 0.72 ± 0.03 Irradiation

E2a 0.75 ± 0.04 FeGaI [28]
E2b 0.78 ± 0.04 FeGaII [28]
E3* 0.92-1.05 ± 0.05 Generated by a

constant applied
reverse bias at
elevated temper-
atures

E3 1.01 ± 0.05 TiGa(II) [28]
E4* 1.4 ± 0.15 Irradiation Irradiation

induced - re-
moved at low
temperature
anneal

E4 1.4 ± 0.15
E5 1.5 ± 0.15 Generated by a

constant applied
reverse bias at
elevated temper-
atures

E6 1.8 ± 0.20 Generated by a
constant applied
reverse bias at
elevated temper-
atures

Table 2.1: Observed deep levels in β - Ga2O3. Reprinted from Ingebrigtsen et al.
[29],[30], [31].

Ingebrigtsen et al. [29] have showed that proton irradiation of H in β - Ga2O3,

i.e. the bombardment of species into the sample, promoted the E∗
2 defect in (010)

EFG grown bulk samples, as well as in (010) molecular beam epitaxy thin-film and

(001) HVPE thin-film samples. It was also shown [32] that the effect of reverse

bias annealing in MBE samples generated multiple deep-level defects, namely E∗
3,

E5 & E6 after the sample was exposed to 675K. E5 and E6 appeared to be stabile,

however, E∗
3 showed a metastability and reversibility in regards to its presence

being detectable using DLTS measurements. Zero-bias anneals showed no impact

on the generation on E∗
3, confirming that thermal activation alone is not sufficient

in the generation of the E∗
3 defect.
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First-principle calculations has shown that the oxygen vacancy which previ-

ously had been considered a shallow donor, and was therefore believed to be the

main contributor to the unintentionally n-type conductivity, actually is a deep

donor with an ionization energy of more than 1 eV [18]. Some other impurity is

therefore contributing to the unintentional n-type conductivity.

H is believed to be a shallow donor, and contributing to the unintentional n-

type conductivity in β - Ga2O3. The suggested configurations for H in β - Ga2O3

exhibits low dissociation energy, meaning it is easily mobile at moderate temper-

atures and can be removed by thermal annealing [18].

Polyakov et al. [33] has shown using H2 high-density plasma at 330 ◦ C for

0.5 hours, led to a alteration in the shallow donor concentration and found to be

highly anisotropic for Sn doped n-type bulk β - Ga2O3. (010) surface orientation

showed a significant decrease in the net shallow donor concentration, while the

(-201) surface orientation showed an increase in net shallow donor concentration.

Thus, the incorporation of H influenced the electrical properties in β - Ga2O3.

In addition, the E∗
2 concentration appeared to be affected by the H plasma

in the (-201) orientation with an increase in the trap concentration, however, for

(010) E∗
2 was unchanged revealing the importance of surface crystal orientation.

Weiser et al. [34] showed that exposing β - Ga2O3 to a hydrogen ambient and

subsequently annealed β - Ga2O3 at elevated temperatures of 900 degrees produced

an absorbance feature at 3437 cm−1 in fourier transformed infra-red spectroscopy

consistent with the defect complex consisting of a gallium vacancy decorated with

H, namely Vib
Ga-2H. Weiser et al. [34] also revealed that the cooling rate after the

annealing had an effect on the amount of signal from the absorbance feature at

3437 cm−1, indicating that a faster cooling rate enhanced the absorbance signal,

and could indicate an increase in the amount of H incorporated into the sample.

By annealing β - Ga2O3 in a H2 ambient, Islam [35] were able to influence the

conductivity of β - Ga2O3, ultimately shifting between n-type conductivity and

p-type conductivity, indicating that H plays an important role for the electrical

properties in β - Ga2O3.
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Chapter 3

Experimental Techniques

In this section, the experimental techniques used throughout the thesis will be

introduced, alongside the procedure for the fabrication of Schottky barrier diodes.

In addition, the concepts of reverse-bias anneals and hydrogenation will be pre-

sented.

Monoclinic Gallium sesquioxide

β - Ga2O3 samples from two different growth methods were used in this thesis,

EFG grown bulk and HVPE grown thin-films. The HVPE samples are obtained

from Novel Crystal Technology Inc [27], with a surface orientation of (001), and

the as-received carrier concentration as in the range of 8 x 1015 cm−3 to 2 x

1016 cm−3 calculated from CV measurements. The thin-films were ∼ 6 µm - 10

µm thick, and grown on a conductive β - Ga2O3 substrates. The bulk crystals

were obtained from Tamura Coorporation, and the samples had a (-201) surface

orientation. The charge carrier-carrier concentration in as-received carrier con-

centration as 1017 cm−3 obtained from CV measurements, and were grown using

Edge-Defined Film-Fed Growth Method (EFG) [36].

The following steps were performed in a 440 m2 clean room at MinaLab UiO

[37]. The samples were cut into (5 x 5) mm2 samples using a laser cutter, followed

by being cleaned in the manner described in section 3.
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Cleaning

Cleaning agents such as acetone and isopropanol in conjunction with de-ionzed

water were used to remove organic contaminations from the sample surface. The

first step in the cleaning procedure was to place the β - Ga2O3 samples in a con-

tainer filled with acetone, followed by lowering the container into a sonic bath for

the duration of 3 minutes. This was carried out in the same manner for containers

filled with isopropanol, followed by de-ionized water. Once this procedure was

carried out, the β - Ga2O3 samples were blow-dried in nitrogen flow. [30]

3.1 Annealing and Hydrogenation of β - Ga2O3

Prior to the steps that follow, samples were cleaned as described in section 3.

The exposure to a hydrogen containing atmosphere at high temperatures, de-

noted as hydrogenation, enables H to diffuse into a sample and be incorporated

into the material.

In order to seal β - Ga2O3 samples in quartz filled with H2 gas, the following

steps were performed:

1. Cleaning the β - Ga2O3 as described in section 3.

2. Expose quartz ampoule to an open flame consisting of a mixture of Oxygen

and H.

3. Place the β - Ga2O3 in the quartz ampoule, followed by connecting the

ampoule to a pipe system.

4. The pipe system allows for the evacuation and subsequent filling the ampoule

with H2 . The ampoule was evacuated twice, filling with H2 gas in between

the evacuation, before it was filled with H2 gas with a pressure of 0.5 bar.

5. While the ampoule was still sealed with H gas2 inside, the ampoule alongside

a valve acting as a seal, was disconnected from the main part of the pipe

system.

6. The ampoule was subsequently sealed with the H2 gas inside by subjecting

the ampoule to an open flame consisting of a mixture of Oxygen and H. The

valve was then disconnected, and the ampoule ready for heat treatment.

29



3.2. SCHOTTKY BARRIER DIODES

All filling of ampoule with an specific ambient (whether this was Ar or H2), the

filling was performed at room temperature.

After the annealing step was performed, the ampule was removed from the fur-

nace. Two different methods of cooling the quartz ampoule were employed. One

method was the option of letting the ampule slowly cool down, whereas the second

method was to immediately place the quartz ampule in quartz sand. The latter

option allows for a rapid cooling of the sample, which is referred to as quenching.

By quenching, H is prevented from finding a more energetically favourable posi-

tion, and frozen in in its current position.

In order to determine the influence of the anneal duration on the defect for-

mation, isothermal anneals were performed with durations of 15, 30, 45, 60 and

75 minutes.

3.2 Schottky Barrier Diodes

SBDs are required in order to perform space-charge spectroscopy. In the following

section, the necessary steps required to fabricate a β -Ga2O3-based SBD will be

described [30].

3.2.1 Metal Deposition

Prior to metal deposition, the samples were cleaned as described in section 3.

Depositing metals on a sample is necessary in order to create a electrical con-

tact, which enables electrical measurements to be conducted on the junction. The

choice of metal depends on the desired electrical behaviour, i.e. whether one wants

to form a Schottky contact or an Ohmic contact.

The fabrication of an Ohmic contact can be performed by, for example, physical

vapour deposition (PVD), which is the the method used for the deposition of metal

contacts in this thesis.

The metal target is in a solid state in the crucible which is made of wolfram,

and is heated up by bombardment with electrons, and hence is denoted as electron

beam evaporation. Electrons are accelerated from a filament, and are focused by
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electric and magnetic fields onto the target metal [38]. The interactions of the elec-

tron beam and the electrons in the crucible will transfer energy and subsequently

heat to the target, causing it to melt or sublimate. Electron beam evaporation

prevents contamination from the crucible as it is a localized heating, in contrast

to other methods where both crucible and metal target are heated. The evap-

orated metal will ejected from the crucible as atoms in an evacuated chamber,

with a pressure in the range of 2x10−6 torr. Samples are mounted on a rotating

substrate holder in order to achieve an even distribution of metal atoms on the

surface. When the metal atoms reach the sample, they condense and a metal layer

starts growing on the surface.

The typical thickness for these deposited contacts ranges from a couple of

nanometers (nm) to a few thousand nm. Thorough control of the deposition rate

is required throughout the process, and thus monitored by quartz crystals. Once

the desired deposition rate has been achieved, a shutter is opened, allowing for

the deposition to commence. In this thesis deposition rates of 1 Å/s was utilized

[39].

Masks were used to pattern the metal on the sample, and here it has been

deposited several circular Schottky front contacts with diameter sizes of 300 µm,

480 µm and 840 µm. For β - Ga2O3 Ni was used for Schottky contacts, and the

thicknesses was typically around 140 nm. As for the backside Ohmic contact area

a combination of Ti and Al was used. The use of Ti in conjunction with Al yields

better Ohmic behaviour of the back contact, with Ti thicknesses of 10 nm. A 130

nm layer of Al were deposited on top of the Ti layer.

3.3 Current-Voltage measurements

Measuring the current response to an applied voltage yields information about

the electrical characteristics of a rectifying junction. The current-voltage (IV)

measurement is performed while the temperature is held constant.

IV measurements are used to evaluate the rectifying behaviour of a diode, and

in the instance of this thesis, a Schottky diode. This is performed by comparing
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the current values in forward and reverse bias conditions, for the same voltage.

When the applied voltage is greater than 3 kT
e

(with Rs negligible and Rsh

being infinitely large), the exponential in equation 2.23 dominates, and one may

express the simplified diode equation as

ln I = ln I0 +
qV

ηkT
(3.1)

Extracting properties such as the barrier height, ΦB, and the ideality factor,

η, is performed in the linear region of the ln(I)-V curve when the current is not

yet dominated by the series resistance, which it will be at higher forward biases.

In order to extract the barrier height from IV measurements, a temperature-

dependent IV measurement has to be conducted.

The ideality factor is extracted by a curve fitting in the same linear region,

η =
q

kT

(
d ln I

dV

)−1

(3.2)

The instrument used for IV measurements in this thesis was the picoammeter

Keithley 6487.

3.4 Capacitance-Voltage measurements

The depletion capacitance of a Schottky junction (for a metal and n-type contact)

is expressed by equation 2.27, by assuming for instance, that the junction is abrupt.

If the junction is subjected to a reverse bias, the depletion capacitance can be

measured as a function of the applied voltage, enabling the determination of Nd

and V0.

1

C2
=

2

εrε0eA2Nd

Vj (3.3)

The dopant concentration is extracted from the slope of a
1

C2
versus V plot,

while V0 is determined by the intersection of the extrapolated CV curve with the

y-axis.

The barrier height ΦB, can be determined using V0 for a n-type semiconductor

through the expression:

ΦB = eV0 + (Ec − EF ) (3.4)
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For CV measurements, the leakage current under reverse bias conditions and

the series resistance under forward bias conditions should ideally be low. The

CV is measured in conjunction with IV measurements to get an overview of the

quality of the fabricated junction [17].

In this thesis, the instruments used to perform the CV measurement were a

Capacitance Meter Boonton 7200 and Agilent LCR meter. The LCR meter utilizes

6 different probing frequencies between 1 kHz and 1 MHz. The CV measurements

were performed at room temperature (∼ 295k) and while mounted in the dark.

3.5 Deep-Level Transient Spectroscopy

This section is based upon the textbook by Blood and Orton [17].

When studying a Schottky contact deposited on a n-type semiconductor, the

scr’s negligible extension into the metal will allow for probing of electron traps

in the semiconductor side of the junction. The depth of the depletion region and

trap occupancy are affected by an external bias, as described in section 2.2.4 and

2.3.1.

Figure 3.1: The steady-state situation during reverse bias is depicted on the left
(where all traps are empty). In the middle, a voltage pulse is being applied,
ultimately shrinking the depletion region and filling up the electron traps. Once
the voltage pulse is complete, the electron traps start emitting their electron as
seen to the right. Adapted from [17].

If a positive voltage pulse is applied, thereby shrinking the depletion region,

some traps within the depletion region are filled with electrons (Depicted to the

right in figure 3.1). As the traps are filled during the voltage pulsing, there is an

increase in the charge density, and thereby an increase in the capacitance. At this
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point, the emission of electrons is negligible compared to the capture of electrons

until a steady state is reached. When the reverse bias is restored, the electron

traps will start to emit their electrons with an emission rate described by equation

2.34. The equilibrium capacitance is not recovered immediately; however, instead

there is a change in the capacitance compared to the quiescent value, and the

capacitance recovers with a temperature-dependent exponential rate, as shown in

figure 3.2.

Figure 3.2: Biasing, in addition to voltage pulse during DLTS is displayed. The
voltage pulse shrinks the depletion region, i.e. filling the electron traps. The emis-
sion from the traps follow after the voltage pulse, giving a exponential capacitance
transient. Adapted from [17].

The capacitance transient is detectable using a DLTS. The DLTS technique

was introduced by Lang in 1974, and allows the study of charge carrier emission

from traps (i.e. observed charge state transition levels) in the depletion region.

DLTS measurements can yield information about the trap properties such as the

apparent capture cross section and energy separation between EC and the trap

position in the bandgap (for an n-type semiconductor), alongside the concentra-

tion of the trap [40]. .

Since the traps examined are majority traps for the junctions describe above,

it mainly captures electrons in this instance, and the capture and emission of

minority carriers, cp and ep is negligible. Also, since there are no free charge

carriers within the scr, the capture of electrons is negligible, simplifying equation
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2.29 to comprise merely the emission rate of electrons, and rate of change in the

electron occupancy of traps can be expressed as:

∂nt

∂t
= −ennt (3.5)

Once the differential equation is solved with boundary conditions that the

nt(t=0) = Nt.

nt(t) = Nte
−en(T )t (3.6)

Where nt(0) is the initial trap concentration of occupied traps, and Nt is the

trap concentration.

By altering equation 2.27 to accommodate the charge density contribution

from the traps in the depletion region, the transient capacitance can be used to

measure change in occupancy of traps, and is expressed as:

C(t) = Crev

√
1−

nt(T )

Nd +Nt

(3.7)

Where nt is the filled electron traps, described by Eq. 3.6, and Nt is the trap

concentration.

The equilibrium capacitance at reverse bias is expressed as:

Crev = A

√√√√εrε0q(Nd +Nt)

2Vj
(3.8)

Using the approximation that f(x) = (1 - x)a = (1 - ax) is for small values of

x, and that Nt << Nd, enables the simplification of equation 3.7 to:

∆C(t)

Crev

=
nt

2Nd

(3.9)

Where the capacitance changes, is determined by ∆C = C(t) - Crev. To analyse

the recorded capacitance transient, they are combined with a weighting function,

ω, in order to create the DLTS signal, S. A rate window is the time window from t1

to t2, and has a value which is a pre-determined value. A peak in the DLTS signal

at temperature Tpeak is produced when the rate window is similar to the emission

rate (different rate windows are sensitive to different en values). Box-car weighting

is the simplest form to create a DLTS signal from two capacitance measurements
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conducted at a time difference equal to the rate window. By using a weighing

function like the basic box-car function, the temperature where the trap exhibits

a specific emission rate can be determined, and the Tpeak can be extracted from

the peak in the DLTS signal where dS
dT

= 0.

The signal S is given as:

S(T ) =
1

ttransient

∫ tdelay+ttransient

tdelay

C(t) ω(t)dt (3.10)

where td is the time delay after completion of the voltage pulse to measurement

initiation. This delay is implemented as other circuit elements have an influence

on the transient shortly after the voltage pulse is completed, and by delaying

the measurement initiation this is circumvented. ttransient is the duration of the

capacitance transient being recorded.

The lock-in filter is expressed as:

ω = −1 0 < t <
ti
2

ω = 1
ti
2
< t < ti

(3.11)

Figure 3.3: Illustration of the fundamental idea of DLTS, that is, the concept of
a rate window. Adapted from Lang [40]

Figure 3.3 shows how the DLTS signal is constructed. The system produces a

peak signal when the emission rate of a trap is within the rate window. By shifting

the rate window times, the position of the peak is shifted in temperature, and the
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emission rate is determined for different temperatures, enabling the creation of an

Arrhenius plot by use of the expression:

ln(
en

T 2
) = ln(σnaβ)−

EA

kT
(3.12)

Equation 3.12 is an rearrangement of equation 2.34 and by taking the logarithm

of both sides of the equation. By creating the Arrhenius plot, the parameters σna,

and EA can be obtained. σna is extracted from the intersection of the plotted curve

with the y-axis, and the activation energy is given by the slope of the curve.

The lock-in weighting function (Eq. 3.11), Gaver–Stehfest 2 (GS2), is a com-

mon weighting function, and is used in this thesis. However, if a peak appears to

be comprised by two peaks, a weighting function which yields higher resolution,

for example the GS4, has to be utilized to distinguish the peaks. This will allow

for the distinction between two traps where the emission rate is similar in value

in a narrow temperature interval, although it will result in a lower signal-to-noise

ratio compared to GS2.
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Figure 3.4: The left side of the illustration shows a capacitance transient recorded
at different temperatures. The capacitance is analyzed at times t1 and t2. The
right side of the illustration shows the difference in the measured capacitance,
C(t1)-C(t2), where its maximum value occurs when the emission rate is similar to
t2-t1. to be adapted from Erol and Arıkan [22]. [40]

Figure 3.4 illustrates how the DLTS signal is constructed.

Traps that are located close to the depletion region edge might not be con-

tributing to the capacitance transient, and an underestimation in the traps con-

tributing to the capacitance transient might occur. To account for this underesti-

mation, the lambda correction, λ, is utilized and expressed as:

λ =

(
2ε0εr(EF − Et)

e2Nd

)1

2 (3.13)

EF is is extracted from Eq. 2.12, and Et are extracted from EA, and from equation

2.4 EC - EF is calculated.

The lambda correction assumes uniform trap distribution. It is incorporated

to determine the correct trap concentration by including the factor f when deter-

mining Nt through, Nactual = f x Nt , and is obtained by:

f =
W 2

reverse

(Wreverse − λ)2 − (Wpulse − λ)2
≥ 1 (3.14)

where Wreverse and Wpulse are the depletion region widths during reverse biasing

and during the voltage pulse, respectively. The relative dielectric constant, εr, for
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β - Ga2O3 used in calculations has been assumed to be 10.2 [41].

As the depletion region changes with applied voltage, the probing depth can

be controlled by choosing appropriate reverse bias voltages.

The DLTS setups used in the thesis are labeled ”Tiffy” and ”Obelix”. Tiffy

is a low-temperature setup reaching temperatures of ∼30 K, consisting of a Tem-

perature controller of the type LakeShore 331, a pulse generator of the kind HP

81110-91020 and the capacitance is recorded using a Boonton 7200. A combina-

tion of a turbo and vacuum pump was used to create a vacuum in the chamber,

and a closed cycle He cryostat was used to cool the chamber.

The Obelix setup allows for both low temperature (down to 77 K) and high

temperatures up to 700 K. For the Obelix setup the capacitance is recorded using

a HP4280A, and the pulse generator used in DLTS is a Agilent8110A, whereas

the temperature controller is a LTC-21. The setup uses a turbo vacuum pump

to create vacuum in the measuring chamber, and liquid nitrogen was used to cool

the chamber.

The heating rate during the DLTS measurements was dependent upon the

setup used. DLTS measurements performed in Tiffy, for HVPE thin-film samples

were heated with a rate of 0.5 K per minute. The EFG bulk samples were per-

formed with 2 K per minute heating rate. This difference was necessary due to the

a higher resolution required for the low trap concentrations in the HVPE samples.

Although, when the trap concentration was low, slower heating rates of 0.5 K or

1 K per minute were used. In the Obelix setup a heating rate of 2 K per minutes

was used. All DLTS measurements done throughout the thesis are performed with

a 50 ms pulse width, and 5 ms time delay. The GS2 (Lock-in function) was used.

When comparing recorded DLTS measurements across samples as done in the

following section, it is the smoothest rate window of 640 ms−1 that is used for

comparison.

All recorded measurements were analyzed using python scripts.
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3.6 Ion Implantation

To introduce foreign elements into a material, e.g. to dope the material, one can

accelerate ions and implant them. This is achieved using an ion implanter, which

is used to control the charge carrier concentration and to enable proper control of

the amount of foreign atoms. An ion implanter can also be used for irradiation,

where the objective is to create intrinsic defects. Intrinsic defects are also gen-

erated in an implantation process, and the ratio between the defect creation and

foreign ion introduction depend on both the element and the energy. In fact, it is

mainly hydrogen where the ion to defect ratio is above unity. The two methods

are set apart by the penetration depth of the ions. For ion implantation, the pene-

trating depth of the ions is in close proximity to the probing region, i.e. the region

of interest, whereas for irradiation the ions reach a penetrating depth beyond the

probing region. For irradiation, H is commonly used as the implanted species,

however in this thesis He is used to irradiate β - Ga2O3, as He will not behave as

a electrically-active center.

The atoms to be implanted are at first ionized, followed by a selection of

the ions using a mass- and velocity-filter, where only the desired ions are passed

through, and before being cite accelerated towards the substrate. The nature and

the kinetic energy of the ions, the displacement energy, i.e. the energy required

to displace an atom from its equilibrium position, of the host atoms alongside the

host density will determine the projected range, i.e the range where the majority

of the implanted ions will end up [42].

In this thesis, H was used as species for ion implantation, with kinetic energies

ranging from 36 keV to 180 keV, with implantation doses ranging from 5 x 1012

cm−2 to 1 x 1013 cm−2, which yields the concentration of implanted ions. For He

implantation, a kinetic energy of 550 keV and dose of 5 x 1012 cm−2 was used.

The projected range and concentration of intrinsic defects generated can be

calculated by Monte Carlo simulations using the software package Stopping and

Range in Ion Matter (SRIM) [43].
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3.7 Density Functional Theory

First-principle calculations based upon Density functional theory (DFT) calcula-

tions enables predicting the properties of materials, and can be used in conjunction

with experimental techniques to identify and attribute an origin to unknown de-

fects. The DFT calculations use electron densities to describe electronic systems.

Through certain approximations, the ground-state energy of a material at 0 K can

be calculated. There is a uncertainty in the accuracy of the DFT calculations of

at least 0.1 eV, and has to be taken into consideration.

The formation of a defect is influenced by the conditions it is subjected to,

such as O-rich or O-poor ambients. Formation energy diagrams using DFT calcu-

lations are therefore calculated for β - Ga2O3 for O-rich, Ga-rich and intermediate

conditions.

3.8 Fourier-Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FT-IR) is an optical characterization

technique that probes the interaction of the infrared part of the electromagnetic

spectrum and a sample. FT-IR can be used to identify and study defects and their

atomic structure in a material. Defects can be associated with an electric dipole

moment, and thus is able to interact with electromagnetic waves. This interaction

can result in a vibration of the defect specie, denoted as a localized vibrational

mode. Localized vibrational modes are related to the absorption of photons in the

IR range with specific wavelengths. Beer-Lambert law [44] states that the absorp-

tion associated with a species is linearly related to the specie’s concentration.

FTIR utilizes a Michelson interferometer. White light is split into two beams

by a beam splitter, sending them along two different paths, with a path difference

∆x. The two beams reunite prior to entering the sample, interfering with each

other. Thereafter, the reunited beam went through the sample. Thereafter, the

beam intensity, IT , is measured using a photo detector, and the reference beam

intensity, I0, which has not propagated through the sample is measured as well.

As the measurement is performed, the path difference ∆x changes, and is recorded

in parallel with the beam intensity, creating an interferogram. An inverse Fourier-
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Transform is conducted, yielding IT or I0 [45].

A species will be associated with a specific wavenumber, which the amount of

crests or troughs that are counted within a centimeter [46], [47].

3.9 Reverse Bias Annealing

As stated in section 2.4.2, applying a reverse bias to a SBD will result in an in-

crease in the depletion region width and the electrical field inside the scr.

During an applied reverse bias voltage, the Fermi level position in the bandgap is

moved farther away from the CBM in a larger volume inside the semiconductor.

As a result of the new position of the Fermi level, a deep level defect might change

from a configuration that is detectable using DLTS, to one that is not observed

with the DLTS equipment available. The formation energy of a defect depends

on the position of the Fermi level in the bandgap, and the formation energy of a

defect is therefore influenced by the reverse bias conditions [48].

When heat treatments in conjunction with an applied reverse bias, they are of-

ten labeled as reverse-bias anneals (RBA). Conversely, using heat treatment alone

will be denoted as conventional anneal (CA). RBA has proven itself a useful tool

in the promotion of certain defects in β - Ga2O3 [31].

Studying RBA treatment is especially relevant for β - Ga2O3 due to the

prospect of β - Ga2O3-based devices [20], [6].
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Chapter 4

Results and discussion

This section presents the results from experiments conducted with the purpose

of understanding the influence of hydrogen on the properties of β - Ga2O3. In

particular, to the work aimed at revealing the impact of H on electrically active

defects in this wide band gap oxide. The experiments were performed using tech-

niques such as CV, IV and DLTS. To gain a complete picture of the influence of

H, this thesis relies on additional techniques such as FT-IR and first principles

calculations using (DFT). The FT-IR measurements were conducted with the as-

sistance of Philip M. Weiser. The DFT calculations used to create the formation

energy diagrams were calculated by Ymir K. Frodason. A DLTS spectra recorded

for EFG bulk β - Ga2O3 is visualized in figure 4.1. This thesis focuses mainly on

the traps commonly labelled E1 and E∗
2, as it will be shown, that these defects are

affected by the H treatments reported here. [29], [49].

Two separate wafer batches were used when obtaining the thin-film samples,

and are thus differentiated from each other (denoted as first and second wafer

batch). They are denoted as the first and second HVPE grown thin-film wafer

batch, respectively. Two separate wafer batches were also used when obtaining

the EFG bulk samples, which are denoted in the same manner as first and second

wafer batch.
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Figure 4.1: A DLTS spectrum recorded on β - Ga2O3 bulk crystals, showing
the different traps commonly observed in EFG bulk samples with DLTS. The
signatures are annotated with the commonly used labels [29], [49].

4.1 Hydrogenation of β - Ga2O3

In the instance that the samples, both EFG grown bulk crystals and HVPE grown

thin-films, were heat treated in an ambient containing H2 gas, it is believed that

H is incorporated into the sample [34]. In order to corroborate this, FT-IR mea-

surements were performed on as-received and hydrogenated bulk crystals. For hy-

drogenated samples, the FT-IR measurements were conducted immediately after

hydrogenation, and prior to metal contact fabrication. The FT-IR measurements

were performed in this manner in order to reduce the time H has to diffuse out of

the material. FT-IR measurements were performed on EFG-grown bulk crystals

only, as the sensitivity of FT-IR does not allow for measurements to be conducted

on the HVPE thin-films, as FT-IR is a bulk technique and the substrate is highly

conductive, leading to a substantial free carrier absorption.
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Figure 4.2: FT-IR results from EFG grown β - Ga2O3 bulk crystals. A distinct
peak in the signal appears at 3437 cm−1, which has previously been identified as
being related to the defect complex Vib

Ga-2H [34].

Figure 4.2 shows IR absorbance spectra of as-received and hydrogenated EFG

bulk samples. All curves are baseline-corrected, meaning they account for surface

reflection losses, scattering at the backside surface due to its roughness, and free-

carrier absorption [34].

There is an absorbance feature at 3437 cm−1 observed for the hydrogenated

pieces, whereas the as-received samples show no corresponding feature, possibly

due to the detection limit of FT-IR measurements being too high. This localized

vibrational mode is associated with Vib
Ga-2H, and has been previously observed by

Philip M. Weiser et.al [34]. Moreover, the peak height for the 60 minute anneal is

higher than the 30 minute anneal indicating that a greater concentration of H is

incorporated into the sample for the prolonged anneal duration.
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4.2 Electrical measurements of hydrogenated β -

Ga2O3

4.2.1 Current-voltage measurements

IV measurements were conducted on SBDs comprising hydrogenated EFG grown

bulk crystals and HVPE-grown thin-film samples, in order to characterize the in-

fluence of hydrogenation on junction characteristics. All IV measurements were

conducted at room temperature ∼ (295 K) and in the dark.

Figure 4.3: IV measurements conducted on hydrogenated EFG bulk samples, as
well as as-received samples. The label H denotes samples that have been hy-
drogenated. Additionally, the anneal duration is stated. All the SBDs that are
showed in figure 4.3 have the same diode area (600 µm).

Figure 4.3 display the IV characteristics of hydrogenated and reference sam-

ples. Interestingly, there appears to be no influence on the leakage current for

the hydrogenated EFG-grown bulk samples as shown in figure 4.3, as the leakage

current of corresponding SBDs is similar to the values of the as-received samples.

The anneal duration does not seem to have an influence on the leakage current as

there appears to be no correlation between leakage current and anneal duration

(all diodes are of same diode area). The ideality factor η were extracted from the
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IV measurements, in the linear region for small forward biases. All the ideality

factors for the as-received EFG bulk samples ranged from 1.5 to 5.2, although

the influence of leakage current results in no valid values. Hydrogenated samples

had values for η = 2.8-4.7. However, the diodes exhibiting the highest ideality

factors were disregarded with respect to further investigations like, e.g., DLTS

measurements. The discrepancies is likely due to a too small range, i.e. too high

step value resulting in too few measurement points, when fitting the curve to ex-

tract η. This could be circumvented by performed additional IV measurements,

with higher resolution meaning a smaller voltage steps between each measurement

point.

Figure 4.4: IV measurement performed on SBDs comprising as-received and hy-
drogenated HVPE grown thin-film samples obtained from the first HVPE wafer
batch. All the SBDs that are showed in figure 4.4 have the same diode area (480
µm).

Figure 4.4 shows the IV measurements conducted on SBDs comprising as-

received and hydrogenated HVPE grown thin-film samples, and the leakage cur-

rent was two orders of magnitude is higher in value, for the hydrogenated sample

as compared to the as-received samples even though they have the same diode

area. The ideality factor ranges between 2.2 and 5.5 for the hydrogenated thin-

film HVPE, the largest deviations should be evaluated carefully. The reason for

this large discrepancy is again likely due to a lack of measurement points, yielding

a poor fitting of the current curve. For as-received thin-film HVPE samples the

ideality factor ranges between 1.2 - 1.96, whereas literature reports of values for η
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= 1.1 for Ni based SBDs on HVPE thin-film samples [50].

To determine the influence of the H2 ambient during the anneal, as compared

to other parameters such as anneal duration, temperature and cooling method,

a HVPE grown thin-film sample was exposed to an 0.5 bar Ar ambient for 30

minutes at 900 ◦C. The resulting IV measurement after SBD fabrication is shown

in figure 4.5.

Figure 4.5: IV measurement conducted on H annealed, Ar annealed and as-
received HVPE grown thin-film samples. All samples are obtained from the 2nd.
wafer batch. Ar and H annealed samples were heat treated at 900 ◦C for 30
minutes.

As figure 4.5 shows, the leakage current has the value of around 10−12A, while

the detection limit for the performed IV measurements were around 0.01-0.1 pA.

The leakage current in the Ar annealed sample is consistent with the values col-

lected from as-received HVPE samples.

As seen in equation 2.22, the leakage current for a SBD is dependent upon

the diode area, and therefore all IV IV measurements shown in one figure, are of

the same diode area. The diameter of the diode area used for SBDs fabricated on

thin-film HVPE samples were 480 µm.

48



CHAPTER 4. RESULTS AND DISCUSSION

To determine the influence of anneal duration, a thin-film HVPE sample was

annealed for 60 minutes at 900 ◦C in a 0.5 bar H2 ambient, and the corresponding

IV measurement recorded on the resulting SBD is shown in figure 4.6, revealing

no rectification.

Figure 4.6: IV measurement conducted on two diodes of equal contact area, on a
60 minutes hydrogenated HVPE thin-film sample.

The rectification of a diode is a necessity for performing capacitance based

measurements, and as we see from figure 4.6 there was no rectification for the

thin-film HVPE sample hydrogenated for 60 minutes. Thus, this sample was un-

suitable for DLTS measurements.

4.2.2 Donor concentration

CV measurements were performed on SBDs comprising of as-received and hydro-

genated β - Ga2O3 samples. CV measurements were performed to determine the

barrier height of the SBDs and how the donor concentration varies with depth, as

described in section 2.2.4.

The top figure shows the averaged donor concentration for hydrogenated and

as-received samples, which were averaged from at least 3 or more diodes on each
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Figure 4.7: The top figure shows the averaged donor concentration for hydro-
genated and as-received EFG bulk samples, while the bottom figure shows the
barrier height for hydrogenated and as-received EFG bulk samples. The samples
are obtained from the second wafer batch.

sample. The vertical lines above and below each plotted point are the standard

deviations. The averaged donor concentration for the as-received sample was 3.7

x 1017 cm−3, while the averaged donor concentration for hydrogenated samples

ranged between 3-6 x 1017 cm−3. Standard deviations for the averaged donor

concentrations were ∼ 7 x 1016 cm−3. The barrier height qΦB was determined

for the same diodes on the same samples, and were calculated to be ranging

between 1.17-1.54 eV, with standard deviations of ∼ 0.1 eV. These values are also
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representative for the averaged donor concentration and averaged barrier heights

for EFG bulk samples obtained from the first wafer batch. Literature values for

qΦB for Ni based SBDs on (-201) EFG bulk samples are found to be between

1.08 eV and 1.3 eV [51], [30], although these are extracted from temperature

dependent IV measurements, so some discrepancy in obtained values for qΦB

must be assumed.

(a)
1

C2
vs V (b) Nd vs depth

Figure 4.8: The figure to the left shows a 1
C2 vs V plot for a hydrogenated thin-film

HVPE sample, where the donor concentration shown in the figure on the right is
extracted from the slope of the curve. The thin-film sample was hydrogenated for
30 minutes at 900 ◦C.

Figure 4.8(b) shows how the donor concentration varies with depth for this

specific Schottky barrier diode on the hydrogenated HVPE thin-film sample, and

from 4.8(a), V0 was determined to be 1.64 V. By adding EC-EF which determined

to be 0.3 eV, the barrier height (qΦB) was calculated to be qΦB = 1.94 eV.

Literature values for qΦB for Ni based SBDs on HVPE thin-film samples are

estimated to be 1.1 eV at 25◦C [50] which were obtained from IV measurements,

and thus the extracted qΦB values are higher than expected.

4.2.3 Deep-level Defect introduced after hydrogenation

The FT-IR measurements indicate the presence of H in β - Ga2O3 (see figure 4.2).

The hydrogenated EFG bulk samples were subsequently measured using DLTS.

The as-received EFG bulk samples were measured using DLTS, corresponding

to the spectra:
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Figure 4.9: DLTS spectrum recorded on a as-received EFG bulk sample obtained
from the second wafer batch performed with a heating rate of 1K/min, and VR =
-5V, VP = 5V.

In Figure 4.9, all six rate windows are shown, revealing an observed charge

state transition commonly labelled as E1. Each curve belongs to a specific rate

window, which is labelled in the top left corner of the figure. To the right in the

figure, the commonly labelled E2 is beginning to show.

Figure 4.10: Arrhenius plot corresponding to the DLTS spectra shown in 4.9,
obtained from E1. These values are extracted from one SBD.
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The Arrhenius plot obtained from E1 observed in Fig.4.10 corresponds to the

DLTS spectra in Fig. 4.9, and the activation energy is determined to be 0.63 eV

with a standard deviation of 0.02 eV, whereas the apparent capture cross section

is calculated to be 5.8 x 10−14 cm−2, with a standard deviation of 6 x 10−14 cm−2

. The extracted values for EA coincide relatively well with reported values of for

E1 of 0.56 eV [30], [49].

From the DLTS measurements of multiple as-received EFG bulk samples it is

observed that some diodes on wafer batch number two, although not all as shown

in figure 4.11, contained presence of E1. Whenever the E1 defect was observed in

as-received samples, the λ-corrected E1 concentrations was ranging from 5.4 1013

cm−3 to 2.2 1014 cm−3. The samples obtained from the first EFG bulk wafer batch

showed no presence of E1.

EFG grown bulk and HVPE grown thin-film samples were hydrogenated as

described in section 3.1. In figure 4.11, the DLTS spectrum recorded from two

hydrogenated and one as-received EFG bulk samples are shown.

Figure 4.11: A DLTS spectra recorded on an as-received sample and two hydro-
genated EFG bulk samples. All three samples were obtained from the first wafer
batch. VR = -5V, VP = 5V were applied to all three of the measured diodes.

Figure 4.11 shows DLTS spectra recorded from as-received and hydrogenated

EFG bulk samples. The green curve in the figure represents an as-received sam-

ple, where there is no presence of E1, which is representative for the measured

as-received samples obtained from the first EFG bulk wafer batch. The blue curve
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in the figure represents an EFG bulk sample that was hydrogenated for 30 minutes,

where there clearly is E1 present. The red curve represents a EFG bulk sample

that was hydrogenated for 75 minutes, which exhibit a larger E1 concentration

than the sample that was hydrogenated for 30 minutes.

A DLTS spectra of the sample which was hydrogenated for 30 minutes is shown

in figure 4.12:

Figure 4.12: DLTS spectrum recorded on a hydrogenated (30 minutes at 900
◦C) EFG bulk sample. The measurement was performed with a heating rate of
1K/min. VR = -5V, VP = 5V. The sample was quenched in quartz sand.

The DLTS spectra shown in 4.12 shows the presence of the defect associated

with E1. At the temperatures ∼ 280 K the defect associated with E2 is starting

to be revealed.
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Figure 4.13: Arrhenius plot for E1 constructed from a DLTS spectrum recorded
on a EFG bulk sample, which was hydrogenated for 30 minutes at 900 ◦C. The
corresponding DLTS spectrum is shown in figure 4.12.

The activation energy EA for E1 was averaged over several SBDs on the same

sample, corresponding to Fig. 4.12, and were found to be 0.58 eV, with the stan-

dard deviation following the averaging of ± 0.01 eV. σna for E1 was also averaged

over several SBDs in the same manner as for EA, and was found to be 2.8 x 10−14

cm−2 ± 1.6 x 10−14 cm−2. The obtained EA values are similar in value to previ-

ously reported values for E1 [29], [49].

To map the influence of the anneal duration on the trap concentration of E1,

several more EFG-grown bulk samples were hydrogenated with different annealing

lengths.

In figure 4.14, the red circles represents the averaged E1 concentration for

hydrogenated EFG bulk samples (one sample annealed for 30 min at 900 ◦C, and

one sample annealed 75 min at 900 ◦C) obtained from the first wafer. The blue

triangles represent hydrogenated samples obtained from the second wafer. The

blue triangles comprise EFG bulk samples that were hydrogenated for duration’s

of 15 minutes (SC), 30 minutes (Q) and 30 minutes (SC), and 60 minutes (SC) at

900 ◦C. The blue diamond shape constitute the as-received samples obtained from

the second wafer. The trap concentration for the 75 minute anneal is lower than

the 60 minute anneal, which is against the indicative trend. All the trap values
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Figure 4.14: Averaged trap concentration as a function of annealing duration in
a H2 ambient at 900 ◦C for EFG grown bulk samples, with 0.5 bar pressure. The
labels Q and SC refer to if the diodes were quenched or slow cooled, respectively.
All values are λ corrected. Each of the trap concentrations in the figure 4.14
are averaged over 4 or more SBDs, where the vertical lines above and below the
measurement points represent the standard deviation.

are λ-corrected, with f values ∼ 2.

Hydrogenation of HVPE grown thin-film samples were also performed, where

the corresponding DLTS spectra is shown in figure 4.15.

Figure 4.15: DLTS spectra recorded on a HVPE sample hydrogenated for 30
minutes 900 ◦C. Vrev = -4V and Vpulse = 4V. The thin-film sample was obtained
from the first HVPE-grown thin-film wafer.
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Figure 4.15 shows DLTS spectra recorded on a HVPE thin-film which was hy-

drogenated 30 minutes 900 ◦C. Two peaks are observed in this figure. The peak to

the right in the figure is the commonly labelled E1, while the peak to the left in the

figure is yet to be identified, and has not been observed before. This previously

unobserved defect is hereby labeled as E0. The DLTS spectra shown in figure

4.15 is representative for all the diodes measured on this sample. The λ corrected

E1 concentration was calculated to be 1.3 x 1013 cm−3, and the λ corrected E0

concentration was calculated to be 1.1 x 1013 cm−3.

(a) (b)

Figure 4.16: a) shows the Arrhenius plot obtained from the E0 defect, while b)
shows the Arrhenius plot of E1. The corresponding DLTS spectra are shown 4.15.

Figures 4.16(a) and 4.16(b) show Arrhenius plots for the defects E0 and E1

corresponding to the DLTS spectrum 4.15 . The extracted activation energies were

EA= 0.41 ± 0.02 eV and EA= 0.48 ± 0.04 eV, respectively. σna was determined

to be ∼ 1 x 10−15 cm−2 and 2 x 10−16 cm−2 for E0 and E1, respectively.

The activation energy for E1 was averaged across multiple SBD’s on the same

sample and found to be 0.49 eV ± 0.01 eV , and with an averaged apparent

capture cross section of 6.4 x 10−16 cm−2 ± 3 x 10−16 cm−2. EA and σna for E0

was averaged in the same manner, and found to be 0.38 eV ± 0.02eV and 5.3 x

10−16 cm−2 ± 4.7 x 10−16 cm−2, respectively.

Samples obtained from the second thin-film HVPE wafer was hydrogenated in the

same manner as the sample displayed in 4.15, and subsequently measuring DLTS

correspond to:
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Figure 4.17: Recorded DLTS spectrum of a hydrogenated thin-film HVPE sample,
with parameters VR= -4 V, VP = 4 V. Hydrogenated for 30 minutes at 900 ◦C.

As the figure 4.17 shows, there appears to be no E1 defect introduced after

hydrogenation for this sample. The dispersion of the curves to the right in the

figure is likely due to sensitivity limitations. Notably, the results were attempted

replicated for four HVPE grown thin-film samples; however, DLTS measurements

performed on several diodes on the hydrogenated samples showed no E1 presence.

The corresponding DLTS measurements are located in the Appendix 6. Even

though the E1 defect was not observed in the second wafer batch, H might still

affect the β - Ga2O3 samples. This will be treated further in the section 4.3.

In addition, preliminary thermal admittance spectroscopy measurements, i.e. an

electrical measurement technique which allow for detection of shallower donors

than DLTS is capable of, showed no additional shallow donors being created after

hydrogenation for EFG bulk samples.
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The Ar annealed sample (whos IV measurement is shown in Fig. 4.5) were

also measured in DLTS, corresponding to the spectra:

Figure 4.18: DLTS spectra of a HVPE sample that was Ar annealed for 30 minutes
at 900 ◦C. The sample was obtained from the second wafer batch. VR= -4 V, VP

= 4 V.

In figure 4.18, there appears to be a feature in the region ∼ 200-240 K, although

the limitation in trap sensitivity restricts proper measurement of this feature.

Similar feature is also observed for 6.10 and in 4.15, although the coinciding of

peak temperature does not directly imply it is the same defect that is observed.

The defect level E1 is not observed in for the Ar annealed HVPE-grown thin-film

sample.

In order to determine the stability of E1, the 30 minute hydrogenated EFG

bulk sample shown in 4.12, was heated from 160K to 700K with a heating rate of

2 K/min, and was kept at 700K for 1 hour before cooling down using a rate of

2K/min. The DLTS spectra recorded for this sample is shown in figure 4.19.

59



4.2. ELECTRICAL MEASUREMENTS OF HYDROGENATED β - GA2O3

Figure 4.19: Recorded DLTS spectrum obtained from hydrogenated EFG bulk
sample. The 640 ms−1 rate window is displayed. VR= -10V, VP= 10V.

The green curve in figure 4.19 belongs to the first DLTS measurement con-

ducted while heating up from 160 K to 700 K. The sample was kept inside the

measurement chamber at 700 K for one hour, before cooling down using a cooling

rate of 2 K/min. The blue curve is obtained from a second DLTS measurement

conducted after the measurement described above.

The green and blue curve in figure 4.20 display how the donor concentration

Figure 4.20: Donor concentration as a function of depth corresponding to the
diode shown in figure 4.12 and 4.19. The red circles represent the probing region
expected for DLTS measurements.

varies with depth before and after the heat treatment at 700K, respectively. The

red dot represents the probing depth at -10V which is used in the DLTS measure-

ment shown in figure 4.19. The probing region does not vary much before and
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after the heat treatment.

As shown in figure 4.2, an absorbance peak is observed after hydrogenation,

indicating that the H is involved in a defect complex with the gallium vacancy.

The gallium vacancy is expected to be an acceptor [52], and can be passivated

by being decorated with H. The gallium vacancy thus acts as a sink for H. By

enabling the option for H to occupy another site than its already occupying, this

might result in an decrease in E1 trap concentration should H in fact be complicit

in the formation of E1. In order to promote the formation of gallium vacancies,

He implantation was utilized.

Figure 4.21: Recorded DLTS spectrum on hydrogenated and He implanted EFG
bulk sample. I2 denotes ion implantation, while CA denotes conventional anneal.
VR = -5V, VP = 5V. The 640 ms−1 rate window is displayed.

Figure 4.21 shows a sample that was hydrogenated (900◦C 30 min), and sub-

sequently implanted with He with a kinetic energy of 550 keV, and a fluency of 5

x 1010 cm−2. After the He implantation, the sample was mounted in the Obelix

setup and heated up to 650 K with a heat rate of 2 K/min, and was kept at 650 K

for 1.5 hour before cooling down with the same rate. After this treatment, the trap

concentration for E1 was lower than previously, as shown by the blue curve in the

figure. This implies that the promotion of intrinsic defects through He implanta-

tion, alongside the heat treatment, could act as a sink for H. The heat treatment

might make H mobile, and the generated intrinsic defect provided with optional

sites for H to occupy. This is in contrast to 4.12, where the trap concentration

was unchanged after heat treatment. However, an alternative explanation for the
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results is a lack of optional favourable sites as provided with He implantation. To

the right in the figure, the E2 is beginning to appear, and it would seem that the

E2 is lower in concentration after the treatment. An additional SBD on the same

sample that was exposed to the same treatment, although the DLTS spectrum

was noisier, is shown in the appendix 6. For both diodes, the donor concentration

did not change significantly, which rules out the possibility of probing a different

area within the depletion region, as this could have explained the difference in

trap concentration prior and after He implantation + CA.

Figure 4.22: Donor concentration extracted from the hydrogenated EFG bulk
sample shown in 4.12. I2 denotes ion implantation, while CA denotes conventional
anneal.

In figure 4.22, the green curve represents the donor concentration prior to He

implantation, while the blue curve represents the donor concentration after He

implantation and being exposed to 650 K for 1.5 hours. The donor concentration

is seemingly not affected by the He implantation and heat treatment. The red

circles in the in figure 4.22 represents the probing region depth expected for DLTS

measurements.
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4.3 Discussion of hydrogenated β - Ga2O3 samples.

First-principles calculations suggest that H can behave as a shallow donor in β

- Ga2O3 [18]. If the incorporation of H into β - Ga2O3 would introduce shallow

donors as suggested, then one would expect an increase in the donor concentra-

tion following the hydrogenation. However, in the present experiments we do not

observe a significant change in the donor concentration, even though FTIR mea-

surements clearly indicate the introduction of H. Thus, one may conclude that the

introduction of H is below the original donor concentration in the samples, e.g.

by having a low solid solubility, or that H is introduced in different configurations

than that leading to an increase in the charge carrier concentration.

The hydrogenated EFG bulk samples showed an absorbance peak at 3437 cm−1,

which associated with the localized vibrational mode Vib
Ga-2H, i.e. H decorated

Vib
Ga, clearly showing that H has been incorporated into the samples during hydro-

genation. The higher absorbance peak for the 60 minutes hydrogenated EFG bulk

sample indicates that the prolonged anneal duration, indeed, has incorporated

more H into the EFG bulk sample. The as-received sample revealed no detectable

H-related vibrational lines, as illustrated by the green curve.

Vib
Ga-2H is a deep acceptor having a transition level in the lower part of the band

gap. Thus the resulting change in charge carrier concentration will depend on

how the VGa constituent of the complexes is introduced, that is if it is originally

present in the samples or introduced during the annealing.

The first EFG bulk wafer batch showed no presence of E1, while there was a in-

homogeneous distribution of E1 in the second EFG wafer batch. The inconsistency

could be due to different growing conditions, and impurities present during growth

of the two batches. The in-homogeneous distribution of E1 across diodes and

samples also suggests it is an impurity rather than an intrinsic defect is involved.

The E1 defect has previously been observed in both EFG and Czochralski grown

samples in DLTS measurements [49], [29].

The increase in E1 concentration after hydrogenation in EFG bulk samples

as shown in figure 4.11, and the fact that the E1 concentration appears to in-

crease with a prolonged anneal duration illustrated in figure 4.14, indicates that

hydrogenation has a pronounced influence on β - Ga2O3. The increase in E1 con-
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centration with prolonged anneal duration suggests that a longer exposure to a

reducing ambient at 900 ◦C promotes the formation of E1. This is corroborated

with the increased absorbance peak for the 60 minutes hydrogenated EFG bulk

sample compared to the 30 minutes hydrogenated EFG bulk sample, as shown

in figure 4.2. Two cooling methods were employed after the anneal, although

from the averaged E1 concentrations in figure 4.14, it appears to be no apparent

correlation between the cooling time and E1 concentration.

The hydrogenated EFG bulk sample (75 minutes at 900 ◦C) had a lower E1

concentration compared to the 60 minutes hydrogenated EFG bulk sample. The

discrepancy in E1 concentration and anneal duration between these two samples

is likely due to the samples being obtained from two different wafer batches.

Although FT-IR measurements were not possible to confirm the incorporation

of H, the hydrogenation (30 minutes at 900 ◦) of the HVPE grown thin-film sample

is believed to have promoted the formation of the E1 defect level observed, as no

E1 defect level is observed in as-received thin-film samples. From figures 4.11 and

4.15, it is observed that the trap concentration is significantly different depend-

ing on the whether the hydrogenated sample was a EFG bulk or HVPE grown

thin-film samples. The two mentioned differ in their growth method, and thus to

the impurities they are exposed to and what is incorporated during the growth.

Another difference between the EFG bulk and HVPE grown thin-film samples is

the surface crystal orientation The crystal orientation might influence the diffusion

of Hydrogen, and could explain this discrepancy across growth methods for β -

Ga2O3 [53].

The hydrogenation of the second HVPE grown thin-film wafer batch showed no

E1 presence, as illustrated in the figure 6.4. The reason for this could be a higher

detection limit for measurements conducted on the second wafer batch of thin-film

HVPE, or less H was incorporated in the samples giving rise to the less formation

of the E1 defect. Another possible reason could be a fault in the ampoule, allowing

for the sealed-in H to escape the ampoule before or during the anneal.

The feature located in the temperature region 200-220 K in figures 4.18 and

E0 appear to be present in as-received, hydrogenated and Ar annealed thin-film

samples. It may not be observed in other samples due to detection limitations, as
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for the hydrogenated and Ar annealed HVPE grown thin-film samples, the trap

concentration were in the values of ∼ 2 - 6 x 1012 cm−3.

The IV measurements in figure 4.3 reveal that for the EFG bulk samples the

hydrogenation does not influence the leakage current. This is in contrast to the

hydrogenated thin-films, especially for the samples obtained from the second EFG

grown wafer batch, where the leakage current were 4 order of magnitudes higher

for the hydrogenated thin-film samples compared to as-received samples, as shown

in 4.5. In addition, Ar anneal was used to determine the importance of the species

present in the ambient during the anneals, suggesting that in the instance for

HVPE-grown thin-films, that it is only hydrogenation that promotes the forma-

tion of E1. This has to be corroborate with Ar anneals of EFG-grown bulk samples

though. The DLTS spectra shows that there were no E1 presence after the Ar an-

neal, and the leakage current for the Ar annealed sample was almost identical to

the leakage current of the as-received samples (for the same diode area).

The thermal stability of the E1, a hydrogenated EFG bulk sample was heat

treated, showing the corresponding DLTS spectra in figure 4.19. The E1 concen-

tration is unchanged after the heat treatment, indicating that the heat treatment

alone is not enough to remove E1.

The stability of the E1 defect level was also tested by providing other favourable

sites for H to occupy. The hydrogenated (30 minutes at 900 ◦) EFG bulk sample

shown in figure 4.12 was implanted with He. The intent with the He implantation

was to create vacancies, such as the VGa which is believed to act as a sink for

H [52]. After the He implantation, the sample was heat treated to enable H to

become mobile. Following the He implantation and heat treatment, the corre-

sponding DLTS spectra shown in 4.21 indicated that the E1 concentration was

lowered after the He implantation + heat treatment. Also, the probing region

did not change by much as shown in figure 4.22, ruling out the possibility that

the alteration in E1 concentration was due to a change in probing region. This

suggests that if H is provided a potentially more favourable position, then it will

occupy this position. Although, this preliminary result needs a more deliberate

study.
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In an attempt to attribute an origin to charge state transition level giving rise

to E1, DFT calculations are relied upon substantiate to the claims.

In order to attempt to explain what defects that constitute the charge state tran-

sition that is detected by the DLTS measurements, formation energy diagrams

are constructed using DFT calculations. The defect complexes have particular

formation energies that are dependent upon the Fermi level EF. There are two

candidates that fit the E1 defect, namely the HO(II), i.e. H substituting on a O(II)

site, and Vib
GaHVO(I) defects.

(a) Oxygen rich conditions (b) Intermediate conditions

(c) Gallium rich conditions

Figure 4.23: Formation energy diagrams calculated using first-principle calcu-
lations based upon DFT calculations for three conditions, O-rich, Ga-rich and
intermediate. In the legends to the red curve, HO(II) is denoted as HO2.

66



CHAPTER 4. RESULTS AND DISCUSSION

The defects HO(II) and Vib
GaHVO(I) are negative-U defects. For negative-U de-

fects the emission of one electron is closely followed by the emission of another

electron, as the activation energy to emit the second electron is significantly lower

than the emission of the first electron, and thus is the rate limiting mechanism.

In DLTS the single charge state transition level is measured, as opposed to the

double charge state transition for negative-U defect. Instead the activation en-

ergy, comprising the energy position of the defect in the bandgap and the capture

energy barrier, for these two defects are 0.68-0.78 eV, and 0.52-0.71 eV at 0 K for

HO(II) and Vib
GaHVO(I), respectively.

There are more defects other than the defects HO(II) and Vib
GaHVO(I) that

may fit with the E1 defect, but in order to be the most probable candidate the

predicted defects has to somehow involve H or be likely to form under reducing

conditions, and also be likely to form in n-type β - Ga2O3. In addition, the charge

state transition level has to be close to EC in order to be able to detect it using

DLTS. Possible candidates must have either of these three traits. As the defects

HO(II) and Vib
GaHVO(I) exhibit all these three traits, they are the most viable op-

tions to attribute an origin to the E1 defect. Hydrogen situated in the other O

sites, i.e. O(I) and O(III), are not relevant here, as they do not exhibit a charge

state transition level inside the bandgap.

Other possibilities that can cause the origin of the E0 and E1 defect might be

impurities incorporated during the anneal. Such impurities could come from the

quartz tube in where the samples are encapsulated. The quartz tubes used for

hydrogenation were EN09 synthetic quartz with a 99.9 % purity.

Table 4.1 shows the impurities present in the quartz tubes used in the hydro-

genation experiments. These impurities might give rise to defect complexes in

such a manner that these are observable within the depletion region. However,

further study is needed in this regard.
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Impurities in Quartz tube
Impurity Concentration

(ppm)
Al 16.5
Ti 4.6
Na 2.3
K 2.0
Fe 1.8
Ca 1.8
Li 0.6
B 0.5
Mg 0.4
Cu 0.3

Table 4.1: Impurities present in Quartz tube used for hydrogenation

4.4 Implantation of H in thin-film samples

Another approach of incorporating H into β - Ga2O3 is by ion implantation. The

parameters used for H implantation was obtained after performing CV measure-

ments on the Schottky barrier diodes of interest and which were to be examined

further, extracting the depletion region depth and donor concentration. These

values was translated into implantation parameters such as kinetic energy and

dose, by using the SRIM software.
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4.4.1 Electrical measurements on H implanted β - Ga2O3

The IV measurements were conducted at 295 K, with the sample mounted on a

sample stage in a dark chamber.

Figure 4.24: IV measurement on H implanted thin-film HVPE sample, kinetic
energy: 180 keV, fluency: 1 x 1013 cm −2

The current as a function of voltage does not change significantly after being

H implanted, as shown for two diodes labelled 5A and 5C for a thin-film HVPE

sample as shown in figure 4.24. The leakage current for the diode 5C after H

implantation does appear to be lowered at voltages close to 0V, however, this

could just be detection limits for the current. The spiky appearance for the orange

curve as opposed to the smoother red curve, is due to the current being below the

detection limit.

As shown in figure 4.25, no E1 defect is observed after H implantation in

DLTS measurements. A possible explanation could be that H does not find the

most favourable position, or even find the position it might be located in during

hydrogenation. Another explanation, of course, is that the E1 defect is, in fact,

not related to H.

The ideality factor η for the H implanted SBD’s were in the order of 1.25

before the implantation, but increased to about η = 2 after the implantation.

This implies that the diode quality was reduced by the H implantation, although

this has to be studied in more detail as only two diodes are measured in this

instance.

69



4.4. IMPLANTATION OF H IN THIN-FILM SAMPLES

Figure 4.25: Recorded DLTS spectrum of H implanted thin-film HVPE sample.
Kinetic energy: 180 keV, fluency: 1 x 1013 cm −3. Vrev = -4V, Vpulse= 4V

4.4.2 Influence of H-implantation on the E∗2 center

In figure 4.26 the two commonly labelled peaks known as E∗
2 and E2 are shown.

Figure 4.26: A DLTS spectra recorded on a HVPE grown thin-film sample.

E∗
2, seen as a shoulder to the E2 peak in figure 4.26, has previously been la-

belled as an intrinsic defect due to its promotion by irradiation [29], [54]. E∗
2 is

reportedly causing instabilities for the voltage threshold in transistors based upon

plasma-assisted molecular beam epitaxy grown thin-film β - Ga2O3 [20], and thus

understanding its origin and impact on β-Ga2O3 is essential.
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As suggested previously [31], the influence of applying a reverse bias while si-

multaneously heating a sample promoted the formation of certain defects in β -

Ga2O3 as described in section 3.9. In an attempt to establish whether implanta-

tion induced defects are influenced by the RBA treatment, RBA was performed

on SBDs from H and He implanted samples. When a specific diode was being

subjected to RBA, all other diodes on the same sample are heat treated at the

same time. By subsequently measuring DLTS afterwards, the impact on defects

of applying a reverse bias compared to just heating a sample can be established.

A cycle is defined as performing either RBA or CA to a specific Schottky barrier

diode.

Two Schottky diodes were measured in this instance, and RBA/CAs were

alternately performed on them. When one of the Schottky diodes were subjected

to RBA, the adjacent diode was heat treated, i.e exposed to CA. The diodes were

kept at 650 kelvin for 1 hour during each cycle. During each treatment, the sample

was heated with a rate of 6 K/min, and cooled down with a rate of ∼ 6 K by liquid

nitrogen. The corresponding DLTS spectrums are shown in figures 4.27 and 4.28.

Figure 4.27: DLTS spectrum recorded on a H implanted HVPE grown thin-film
sample. Kinetic energy: 180 keV, fluency: 1 x 1013 cm−3. VR= -8V and VP= 8V.

The figure 4.27 shows recorded the DLTS spectrums for the same diode, with

identification 5A, after a RBA/CA/RBA cycle. A total of three RBA/CA cycles

were performed, and the notation 1st, 2nd and 3rd implies which cycle it is re-

ferred to. The green curve represents the DLTS measurement performed after the

first RBA treatment, showing a clear peak of the commonly labelled E∗
2, and with

71



4.4. IMPLANTATION OF H IN THIN-FILM SAMPLES

negligible E2 peak barely visible in the figure. After the first RBA treatment, the

same diode was CA treated, and the corresponding DLTS measurement after this

treatment is represented in the blue curve. The previously observable E∗
2 peak

is no longer present after the CA treatment. The diode 5A was RBA treated

an additional time, showing the corresponding DLTS spectrum in the red curve,

revealing again the presence of the E∗
2 peak. The E2∗ concentration in figure 4.27

appear lowered after performing RBA on the 5A diode for the second time. How-

ever, as the DLTS spectra is not fully baseline corrected, and this might account

for the discrepancy observed in the E∗
2 concentration.

At the same time as either RBA or CA was being performed to the diode 5A,

the adjacent diode with identification 5C was exposed to the opposite treatment.

The resulting DLTS spectrums are shown in figure 4.28.

Figure 4.28: DLTS spectrum recorded on a H implanted HVPE grown thin-film
sample. Kinetic energy: 180 keV, fluency: 1 x 1013 cm−3. VR= -8V and VP= 8V.

The DLTS spectrum shown in figure 4.28 correspond to the 5C diode. The

green curve represents the recorded DLTS measurement performed after CA treat-

ment, showing no apparent peaks of either E∗
2 nor E2. The blue curve represents

the DLTS measurement conducted subsequently after the 5C diode was RBA

treated. As the blue curve shows, there is a strong peak from the E∗
2. Consecu-

tively, the 5C diode was exposed to CA, which is represented in the red curve in

the figure. The E∗
2 peak that was present after the RBA treatment is not observed.

It also appears from the red curve in the figure that the E2 concentration is altered
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following the CA/RBA/CA cycling.

Figure 4.29: The donor concentration as a function of depth is shown for the 5A
diode. H implantation parameters: Kinetic energy 180 keV, fluency: 1 x 1013

cm−2.

The donor concentration as a function of depth for the 5A diode is shown

in figure 4.29, where the as-received sample display a flat donor concentration

while the other curves show an increase in donor concentration with depth after

H implantation and RBA/CA.

Figure 4.30: The donor concentration as a function of depth is shown for the 5C
diode. H implantation parameters: Kinetic energy 180 keV, fluency: 1 x 1013

cm−2.

The flat donor curve in figure 4.30 represents the as-received sample. The

green curve represents the donor concentration after the sample was H implanted
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and CA treated. Subsequently, RBA and CA were performed showing donor

concentrations in the blue and red curves, respectively. After the H implantation

and subsequently high temperatures with or without being applied a reverse bias,

the donor concentrations are lowered.

The E2∗ concentration in figure 4.23(c) appear lowered after performing RBA

on the 5A diode for the second time. However, as the DLTS spectra is not fully

baseline corrected, and this might account for the discrepancy observed in the E∗
2

concentration. A total of three RBA/CA cycles were performed, and the notation

1st, 2nd and 3rd implies which cycle it is refered to. From figure 4.27, it appears

that the defect commonly labelled E∗
2 can be switched from being present using

DLTS to showing no presence depending on if the diode was exposed to RBA or

CA prior to the DLTS measurement.

Figure 4.31: Arrhenius plot corresponding to the E∗
2 peak belonging to the green

curve shown in figure 4.27.

The Arrhenius plot displayed in Fig. 4.31 corresponds to the DLTS spectrum

in Fig. (4.27. Averaged values for EA for E∗
2 was calculated to be 0.68 eV with

a standard deviation of 0.04 eV. The average apparent capture cross section was

calculated to be 5.9 x 10−16 cm−2, with a standard deviation of 5.1 x 10−16 cm−2.

An as-received HVPE grown thin-film sample was exposed to RBA under the

same conditions as the RBA/CA cycling treatment performed for the diodes 5A
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Figure 4.32: DLTS spectra recorded on as-received HVPE grown thin-film sample,
that was exposed RBA treatment.

and 5C shown in figures 4.27 and 4.28. The corresponding DLTS spectra showed

no presence of the E∗
2 peak after the RBA treatment in the as-received HVPE

thin-film sample as shown in figure 4.32.

4.4.3 Discussion on the influence H-implantation in β-Ga2O3.

H-implanted β-Ga2O3 bulk samples has been related to the formation of defects

in β-Ga2O3 [31] [29].

If E1 is related to H, then implantation of H into HVPE grown thin-film sam-

ples could promote E1. However, as shown in figure 4.25, the implantation did

seemingly not promote E1 in HVPE grown thin-film samples obtained from the

second wafer batch. Also, as shown in figure 4.24, the H implantation did also not

affect the leakage current. In small forward biases though, the series resistance

appears to become dominant as seen in the right of the figure 4.24.

In figures 4.27 and 4.28, HVPE grown thin-film samples were H-implanted,

followed by being subjected to heat treatment with or without applied bias (RBA

and CA, respectively). The presence of the E∗
2 defect level in DLTS measurements

appear to be dependent upon whether the SBD was applied a bias during the heat

treatment or not. If the SBD was applied RBA before the DLTS measurement

was conducted, the E∗
2 defect level was observable with DLTS. On the other hand,
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if the SBD was heat treated without applied bias, the E∗
2 defect level was not

observed. Moreover, the E2 defect level, as shown in figures 4.27 and 4.28, appear

to influenced by the cyclic RBA/CA treatment.

Notably, the probing depths for the DLTS measurements did not alter signifi-

cantly during the RBA/CA cycles, illustrated in figures 4.29 and 4.30. Addition-

ally, the donor concentration increased slightly for the 5A diode after the H im-

plantation, while for the 5C diode the donor concentration was lowered somewhat.

When performing CA on a H-implanted SBD, the Fermi-level is close to the

conduction band. In this instance, the E∗
2 is not observable using DLTS measure-

ments. This might be due to the possibility that the defect or defect complex

associated with E∗
2 has several configurations, whereas one of the configurations

which is the most favourable for Fermi-levels close to EC is not observable using

DLTS. When a H-implanted SBD is applied RBA treatment, the Fermi-level is

further away from the CBM following the applied reverse bias. In this instance, a

different configuration will be the most favourable, which has a charge state tran-

sition level close to the EC and that is observable using DLTS measurements. The

RBA treatment of a as-received HVPE grown thin-film, as shown in Fig. 4.32,

did not behave similarly regarding the presence of E∗
2 in DLTS measurements,

suggesting that the E∗
2 defect level is related to implantation of either H or He.

The ability to influence the E∗
2 was also observed in He-implanted HVPE grown

thin-film samples [55], although not in an entirely reversible manner as shown in

H-implanted HVPE grown thin-film samples, as shown in figures 4.27 and 4.28.

The ability to turn the E∗
2 defect level ”on” and ”off” points towards the abil-

ity to switch between configurations as a possible mechanism, instead of diffusion

being the mechanism at play. The apparent ability to turn off and on the pres-

ence of E∗
2 could be valuable when attempting to mitigate the issues with voltage

threshold [20].
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Chapter 5

Conclusion

5.1 Summary

In this thesis, EFG-grown bulk and HVPE-grown thin-film samples were inves-

tigated with the aim of understanding H’s influence on electrical properties of β

- Ga2O3. Hydrogenation has been performed on both conductive n-type HVPE

grown thin-film and EFG-grown bulk samples in order identify Hydrogen related

electrically-active defects in β - Ga2O3. FT-IR measurements corroborated that,

indeed, H is incorporated into β - Ga2O3 during hydrogenation. FT-IR mea-

surements showed an absorbance peak for the defect Vib
Ga-2H, indicating that H

was introduced into the EFG bulk samples after hydrogenation. DLTS spectra

of hydrogenated EFG-grown bulk and HVPE-grown revealed that hydrogenation

promoted the formation of a defect level commonly labelled as E1 (EA = 0.58 eV,

σna=2.8 x 10−14 cm−2 and EA = 0.49 eV, σna= 6.4 x 10−16 cm−2) obtained from

EFG-grown bulk and HVPE-grown, respectively) and for EFG-grown bulk sam-

ples, it could be shown that the E1 concentration is approximately proportional

to the anneal duration. The donor concentration in EFG-grown bulk samples was

unaffected by the hydrogenation.

The hydrogenation of HVPE-grown thin-films to promote E1 formation were

only achieved once. Notably, the leakage current for SBDs comprising hydro-

genated HVPE grown thin-film was influenced by hydrogenation. For EFG-grown

bulk samples, it could be shown that the E1 concentration is approximately pro-

portional to the anneal duration. Using formation energy diagrams computed by

DFT, two possible candidates for E1, namely HO(II) and Vib
GaHVO(I), were pre-
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sented.

H-implanted HVPE thin-film samples revealed a switchable presence of E∗
2 after

the samples were exposed to either RBA or CA. Following RBA treatment E∗
2 was

observed, and its concentration could be decreased by subsequent CA treatment.

Performing cyclic RBA/CA’s showed a reversibility in the ability to observe E∗
2,

suggesting E∗
2 consisted of at least two different configurations, whereas only one

of them were detectable using DLTS measurements.

78



CHAPTER 5. CONCLUSION

5.2 Future work

Due to the COVID-19 situation the University in Oslo and the MiNa-lab were

closed and therefore certain measurements were not performed. The experiments

thought to be executed were to check the importance of the temperature and the

ambient pressure in the formation of the E1 defect level.

This were to be done with the EFG bulk pieces as these have showed the E1

presence in such an extent that playing around with certain parameters could yield

results which could be detected. The reason we would continue with the EFG bulk

samples and not the HVPE as they had too much noise and a reduction in either

anneal temperature or ambient pressure could not be detected as the signal would

be to faint to pick up.

The anneal temperature would be lowered to 850 degrees and for three differ-

ent anneal duration’s of 30, 45 and 60 minutes to determine whether this impacts

the concentration of E1. If the temperature is the key parameter then one would

the E1 concentration to be lower for the 850◦C compared to the 900◦C anneal.

However if the E1 concentrations of the three different anneal duration’s match

the E1 concentrations for the 900◦C, then this would imply that it the temperature

is not the key parameter.

Another experiment that should be performed would be to do hydrogenation

with a pressure of 0.25 bar. If it is the diffusion and ambient pressure of hydrogen

that determines the E1 concentration, then a decrease in the hydrogenation pres-

sure would result in a decrease in the E1 concentration compared to the 0.5 bar

hydrogenation experiments. This would also be done for 30, 45 and 60 minutes

anneal duration.

In an attempt to determine what elements are present in β-Ga2O3 after hy-

drogenation Secondary-Ion Mass Spectroscopy should be performed.

Given that some of the samples have been hydrogenated have been exposed

to temperatures at 900 ◦C the surface topography might have suffered. Scanning-

electron microscope could give valuable insight on the influence of hydrogenation
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on the surface topography.

The pronounced difference between H annealing and Ar annealing as shown

for HVPE samples should be performed for EFG (-201) bulk samples to establish

whether the same applies for here.

Exposing β - Ga2O3 to a hydrogen ambient at temperatures of 900 ◦C acts as

a reducing environment for the sample. This will create a lot of oxygen vacancies.

One experiment, with the idea of minimizing the oxygen vacancy creation, would

be to expose a sample to hydrogen ambient which has been bubbled through water

and fill this in the quartz ampules. In addition the diffusion of wet hydrogen is

higher than hydrogen alone.

As it is not possible to distinguish the E∗
2 and E2 peaks using the GS-2 filter,

future work should also consist of using the GS-4 filter.
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Chapter 6

Appendix

Figure 6.1: Collection of IV measurements performed on Ar annealed HVPE sam-
ple. The leakage current under reverse bias conditions resemble the leakage current
of reference samples under the same conditions.

Figure 6.1 shows that the leakage current during reverse bias conditions are

resembling the IV behaviour of reference HVPE samples.
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6.1. ADDITIONAL DLTS MEASUREMENTS

Figure 6.2: Recorded Thermal Admittance Spectroscopy. VR= -6V, AC = 30
meV

6.1 Additional DLTS measurements

Figure 6.3: DLTS spectrum recorded on hydrogenated (30min at 900 ◦C, quench)
HVPE grown thin-film sample, obtained from second wafer batch. Heating rate
of 0.5 K/min. VR= -4V, VP=4V.

The curves in the temperature region in figure 6.4 from 200 to 240 kelvin is

not a defect, but merely noise.

As shown in figure 6.10, there is no presence of the E1 peak, although there

appears to be a feature observed in the temperature range 200-220 K.
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Figure 6.4: DLTS spectrum recorded on hydrogenated (30min at 900 ◦C, quench)
HVPE grown thin-film sample, obtained from second wafer batch. Heating rate
of 0.5 K/min. VR= -4V, VP=4V.

Figure 6.5: hDLTS spectrum recorded on hydrogenated (30min at 900 ◦C, quench)
HVPE grown thin-film sample, obtained from second wafer batch. Heating rate
of 0.5 K/min. VR= -4V, VP=4V.

89



6.1. ADDITIONAL DLTS MEASUREMENTS

Figure 6.6: DLTS spectrum recorded on hydrogenated (30min at 900 ◦C, quench)
HVPE grown thin-film sample, obtained from second wafer batch. Heating rate
of 0.5 K/min. VR= -4V, VP=4V.

Figure 6.7: DLTS spectrum recorded on as-received EFG bulk sample obtained
from first wafer. VR= -5V, VP=5V. Heating rate of 1 K/min.
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Figure 6.8: DLTS spectrum recorded for He implanted hydrogenated (30min at
900 ◦C, quench) EFG bulk sample. Adjacent diode to 4.21. Rate window 640
ms−1 is displayed. Heating rate of 1 K/min.

Figure 6.9: Donor concentration as a function of depth for He implanted hydro-
genated (30min at 900 ◦C, quench) EFG bulk sample. Adjacent diode to 4.21
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Figure 6.10: DLTS spectra recorded on as-received EFG bulk sample. VR = -5V,
VP = 5V
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