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Chemical vapor deposited single-crystalline diamond has rare material properties such
as thermal conductivity five times as high as copper, a wide band gap, a high
breakdown field and high carrier mobilities. This makes it a very interesting material
for high power, high frequency and high temperature applications.
In this thesis work, metal oxide semiconductor (MOS) capacitors of diamond
substrate were fabricated and analyzed.
The MOS capacitor is a building block of the metal oxide semiconductor field effect
transistor (MOSFET). Capacitance-voltage (C-V) measurements can provide useful
information of the operation of a MOS. Electrical characterization by C-V and
current-voltage (I-V) measurements at temperatures ranging from 20 to 150 degrees
Celsius were performed on the MOS capacitors to examine flatband and threshold
voltages, oxide charge, and oxide thickness.
At elevated temperatures, low frequency C-V curves with threshold voltages of
approximately 5 V were obtained for MOS capacitors consisting of aluminum gates, a
30 nm layer of aluminum oxide, and boron doped diamond with acceptor
concentration 3.1 × 1017 cm-3. The C-V measurements also showed large variations
in flatband voltage for different contacts of the MOS capacitor, indicating the
presence of oxide charge. Oxide thickness was also extracted from the C-V
measurements, typically showing thicknesses around 15-19 nm.
Also in this thesis, an alternative method for reducing the electric field strength
around the edges of the contact of a Schottky diode has been examined. This method
consists of alternating the geometry by etching the semiconductor where the contact
is to be placed. Simulations performed in Comsol Multiphysics showed that a
reduction of the field strength of approximately 30 % at the contacts could be
achieved by etching the substrate.
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Sammanfattning på svenska
Diamant framställd genom kemisk ångdeponering (Chemical Vapor Deposition (CVD)) har sällsynta materialegenskaper såsom värmeledningsförmåga fem
gånger så hög som koppar, ett brett bandgap, en god förmåga att stå emot höga
spänningar utan genomslag, och god rörlighet för laddningsbärare. Detta gör
diamant till ett mycket intressant material för applikationer där höga spänningar, höga frekvenser och höga temperaturer förekommer.
I detta examensarbete har MOS-kondensatorer med diamant som halvledare
tillverkats och analyserats. Eftersom en MOS-kondensator utgör en byggsten i
en MOSFET, kan kapacitans–spännings (C–V) mätningar ge användbar information om egenskaperna hos en MOSFET. Karakterisering av elektriska egenskaper genom C–V och ström–spännings (I–V) mätningar vid temperaturer från
20 ◦ C till 150 ◦ C har utförts i syfte att utförska flatbands- och tröskelspänning,
oxidladdningar, och oxidtjocklek.
Vid högre temperaturer erhölls den typ av C–V-kurvor som är karakteristiska för låga frekvenser, med tröskelspänning vid ungefär 5 V, för MOSkondensatorer bestående av aluminiumstyrelektrod, ett oxidskikt av Al2 O3 med
tjocklek 30 nm och bordopad diamant med NA = 3.1 × 1017 cm−3 . C–Vmätningarna uppvisade stora variationer i flatbandsspänning för olika kontakter
hos MOS-kondensatorerna, vilket tyder på att oxidladdning förekommit. Från
C–V-mätningarna erhölls värden för oxidtjockleken på omkring 15–19 nm.
I arbetet utforskas även en alternativ metod för att reducera den elektriska
fältstyrkan runt kanterna av en Schottkydiods kontakt. Denna metod består
i att förändra enhetens geometri genom att etsa diamanten där kontakten ska
placeras. Simuleringar utförda i Comsol Multiphysics visade att en reduktion
av fältstyrkan med cirka 30 % kunde uppnås genom denna etsning.

1

Preface and
Acknowledgements
This thesis serves as a final degree project for the Master Programme in Renewable Electricity Generation, given by Uppsala University. The work took
place at the Division for Electricity at Uppsala University, within the diamond
electronics project group.
I would like to thank everyone who have helped me throughout the work.
Especially I would like to thank my supervisor, Kiran Kumar Kovi, who from the
very start made me feel welcome to the group and has helped me a lot along the
way, with everything from motivation for writing the report to showing me the
fascinating aspects of device fabrication in the cleanroom. I would also like to
thank Jan Isberg, project leader and my subject reader, for assigning this thesis
work to me, and helping me performing the simulations in Comsol Multiphysics.
Further I want to thank Juan de Santiago for presenting to me the opportunity
of working with the diamond group and helping me with administrative tasks.
Finally I want to thank the whole diamond group; Nattakarn Suntorwipat,
Saman Majdi, Markus Gabrysch, and Florian Burmeister for all of their support
and encouragement.

CONTENTS

2

Contents
1 Introduction

5

2 Diamond Based Electronic Devices
2.1 Types of Diamond . . . . . . . . . . . .
2.2 Diamond as a Semiconducting Material
2.3 MOS Capacitors . . . . . . . . . . . . .
2.4 Schottky Barrier Diodes . . . . . . . . .
2.5 Fabrication of the Devices . . . . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

7
7
9
9
10
12

3 MOS Capacitors
3.1 Capacitance–Voltage Measurements
3.1.1 Ideal C–V Curves . . . . . .
3.1.2 Elevated Temperatures . . . .
3.1.3 Non-ideal C–V Curves . . . .
3.1.4 Measurement Setup . . . . .
3.1.5 Correction . . . . . . . . . . .
3.2 I–V Measurements . . . . . . . . . .

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

14
14
16
18
19
20
20
22

.
.
.
.
.
.
.

.
.
.
.
.
.
.

4 High Voltage Schottky Diodes
23
4.1 Geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.2 Differential Equations . . . . . . . . . . . . . . . . . . . . . . . . 24
5 Results and Discussion
5.1 Electrical characterization of the MOS Capacitors
5.1.1 Inversion Phenomenon . . . . . . . . . . . .
5.1.2 Oxide Charges . . . . . . . . . . . . . . . .
5.1.3 Oxide Thickness . . . . . . . . . . . . . . .
5.1.4 I–V Measurements . . . . . . . . . . . . . .
5.2 Simulation of Schottky Diodes . . . . . . . . . . .
6 Conclusions

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

26
26
26
27
32
34
34
39

CONTENTS

3

A Implementation in Comsol
44
A.1 Poisson’s Equation and the Current density equation . . . . . . . 44
A.2 Applied voltages . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
A.3 Boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . . 46

Abbreviations
AFM
ALD
CVD
C–V
FEM
HPHT
HF
ICP
IR
MOS
MOSFET
PVD
SEM
SC
UV

Atomic force microscopy
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Infrared
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Electron affinity
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Fermi energy level
Conduction band energy level
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Chapter 1

Introduction
Recent progress in the growth of single crystalline chemical vapor deposited
(SC-CVD) diamond has led to increased reasearch around diamond as a semiconductor. The material properties of diamond such as thermal conductivity
five times as high as copper (24 W/K-cm), a wide band gap (5.47 eV), a high
breakdown field (10-20 MW/cm) [1], and high carrier mobilities (4500 cm2 /V-s
for electrons and 3800 cm2 /V-s for holes) [2] makes diamond a very interesting
material for high power, high frequency and high temperature applications. Diamond electronic devices, such as power diodes and high-frequency field effect
transistors, could in principle deliver outstanding performance due to diamond’s
excellent material properties [3].
Diamond is also the hardest naturally occurring material, it is transparent
to almost the entire electromagnetic spectrum below deep UV, it is chemically
inert, and withstand high radiation doses without severe crystal quality degradation, making it suitable for applications such as radiation detectors, neutron
detectors, X-ray optics, photoconductive switches and IR sensors, to mention a
few [4, 5].
Aim of this Thesis Project
In the Division for Electricity, there are several ongoing projects exploring diamond as an electronic material, such as the development of high-voltage diodes,
and metal oxide semiconductor field effect transistors (MOSFETs).The work of
this thesis project will treat both high-voltage diodes and MOS capacitors (a
building block of the MOSFET), and is divided into two different modules as
described below.
Module 1 includes fabrication and electrical characterization of MOS capacitors. The fabrication involves e.g. photolithography, metalization, and
atomic layer deposition. The electrical characterization involves capacitance–
voltage (C–V) measurements, current–voltage (I–V) measurements and
analysis of the data using Matlab.
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Module 2 includes finite element method (FEM) simulation of diamond based
Schottky diodes using Comsol Multiphysics. The geometry of the device
will be alternated to examine its effect on the field distribution.
Chapter 2 in this thesis will give an introduction to the properties of diamond,
the materials used in the devices, the devices’ properties, and the microfabrication processes used. Chapter 3 gives an overview of MOS capacitor structures,
fabrication, measurement techniques such as C–V and I–V, and a correction
model for C–V measurements. High voltage Schottky diode structures, together
with simulations of electric fields in these structures are described in Chapter 4,
and Chapter 5–6 will present the results and conclusions from this thesis work.

Chapter 2

Diamond Based Electronic
Devices
This chapter aims to give an overview of diamond as a semiconducting material,
to describe the diamond samples being used in this thesis, and to introduce the
different devices fabricated.

2.1

Types of Diamond

Diamond with its wide bandgap normally behaves as an insulator at room temperature. Although very few semiconducting diamonds can be obtained in the
nature, it is possible to dope synthetic diamond by introducing donors or acceptors during the growth process [6].
Natural Diamonds
Diamonds can be categorized into different types based on the levels and types
of chemical impurities. Type I is the most common type, to which about 98–
99 % of all natural diamonds belong [7]. These types of diamonds have nitrogen
as their main impurity.
Type II diamonds, which represent about 2 % of natural diamonds, have
no measurable nitrogen impurities. These diamonds are further divided into
group IIa and group IIb, where group IIa diamonds are almost free from all
impurities. Group IIb diamonds however, contain significant boron impurities,
making them p-type semiconductors [8].
Even though electrical characterization in the past was performed on natural
diamond, the most commonly occurring natural diamonds have too high levels
of unwanted impurities for the purpose. The natural IIb diamonds that could
be used are also more expensive than the corresponding synthetic diamonds [9].

2.2 Diamond as a Semiconducting Material
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Table 2.1: Properties of diamond and other materials
Diamond
Bandgap

5.47 eV (indirect)

Dielectric constant

5.7

Electron affinity (oxygen terminated diamond)

1.7 eV

Activation energy boron/phosphorous/nitrogen

0.36/0.57/1.7 eV

Aluminum
Work function

4.2 eV

Aluminum oxide (Al2 O3 )
Bandgap

8.7 eV

Dielectric constant

9 ideally, close to 8 for the
fabricated devices

Electron affinity

1.35 eV

Synthetic Diamonds
The two most common ways to synthesize diamond are the high-pressure hightemperature (HPHT) method, and the chemical vapor deposition (CVD) method.
The HPHT method uses large presses [10] and produces pressures and temperatures typically over 5 GPa and 2000 ◦ C [11, 12]. Most of synthetic diamonds
produced by the conventional HPHT techniques correspond to type Ib.
CVD is a method by which diamond can be grown from a hydrocarbon gas
mixture. Since the early 1980s, this method has been the subject of intensive
worldwide research. One of the advantages of CVD diamond growth is the
fine control over the chemical impurities and thus properties of the diamond
produced. Unlike HPHT, the CVD process does not require high pressures and
temperatures, as the growth typically occurs at below 27 kPa and 1000 ◦ C [13].
There are several elements which can be used as dopants in diamond, most
commonly mentioned are boron which results in a p-type semiconductor, and
phosphorus which results in an n-type semiconductor [9]. The MOS capacitors
used in this thesis were fabricated out of two different single crystalline CVD
diamond samples, grown by microwave plasma CVD processes and doped with
boron during the growth. Both samples have doping concentration NA = 3.1 ×
1017 cm−3 . The diamonds were supplied by Element Six Ltd.

2.2 Diamond as a Semiconducting Material
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Ec diamond
Phosphorous, 0.57 eV below Ec
Nitrogen, 1.7 eV below Ec

Ev diamond

Boron, 0.36 eV over Ev

Figure 2.1: Energy states of some commonly mentioned dopants in diamond.

2.2

Diamond as a Semiconducting Material

As mentioned in the introduction, diamond has properties that could deliver
excellent properties for a number of electronic devices. This section gives an
overview of the properties for diamond and other materials relevant to the theory behind the C–V measurements and the FEM simulations in Comsol Multiphysics. The properties are summarized in Table 2.1.
Due to diamond’s wide bandgap, the intrinsic carrier concentration at room
temperature is very low and consequently pure diamond is an excellent insulator.
Unfortunately, diamond lacks of known, relatively shallow dopants. In diamond,
known dopants are only partially thermally activated at room temperature [14].
The most usually mentioned donor, phosphorus, has an activation energy of
about 0.57 eV. Boron, the acceptor used in the investigated diamond samples,
has an activation energy of 0.36 eV (see Figure 2.1) [6].
For diamond and the other materials used in the devices, parameters such
as the dielectric constants, the electron affinity, and the work functions are all
essential for the theory behind the C–V measurements, as will be discussed
further in Section 3.1.1.

2.3

MOS Capacitors

In general, a MOS capacitor is made of a semiconductor body or substrate,
an insulator film, e.g. SiO2 , and a metal electrode called a gate. The MOS
capacitor is not a widely used device in itself. However, it is the basic building
block of the MOSFET [15].
Compared to silicon-based MOSFETs, diamond based MOSFETs could operate at higher frequencies, higher power densities, and have higher breakdown
voltages. To achieve MOSFET operation in diamond, effective surface oxide
passivation layers are being developed at the Division for Electricity. Effective
surface passivation is required for reproducibility, to reduce the surface leakage
and to reduce the concentration of surface trapping centers. [16]
A p-type MOSFET operates when minority charge is being generated at

2.4 Schottky Barrier Diodes
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Al
Al2 O3
P-type diamond
NA = 3.1 × 1017 cm−3
Ti/Al
(a)

(b)

Figure 2.2: Illustration of the MOS capacitor. (a) The device as seen from
above. (b) One contact, cross section.
positive gate voltages. The generation of such charge can be examined by measurements on a MOS capacitor. In this thesis, C–V measurements are performed
both at room temperature and at elevated temperatures, to examine the behavior of minority carriers in diamond MOS capacitors.
The MOS capacitors used were made out of an aluminum gate, an oxide
layer of Al2 O3 and an ohmic contact of Ti/Al. Both bulk configurations (see
Figure 2.2) and planar configurations (see Figure 2.3) were fabricated. Since
a back contact was added at the bottom of the planar devices, measurements
through the bulk could also be performed on this configuration.
Two different devices from sample #231 were fabricated. The first device
(bulk configuration) had an oxide thickness of 30 nm, and a contact diameter of
250 µm. In the second device (planar/bulk configuration), the oxide thickness
was 30 nm and the contact diameter was 200 µm. From sample #224, only the
planar configuration was fabricated.

2.4

Schottky Barrier Diodes

A Schottky barrier diode is based on the formation of a potential barrier that
can arise at the interface surface between a metal and a semiconductor. During
reverse recovery it can switch very rapidly from forward conduction to reverse
blocking. This makes the Schottky diode a suitable device for use as a rectifying
diode in very high frequency and fast switching power electronic applications.
The on-state voltage drop can be very low, for example 0.3 to 0.5 V in silicon,
which is significantly lower than for silicon p-n diodes.
Typical metals used are molybdenum, platinum, chromium or tungsten. For
n-type Schottky diodes, forward conduction results from the electrons passing
over the potential barrier from the n-type silicon into the metal, reverse con-

2.4 Schottky Barrier Diodes
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Al2 O3
Ti/Al

Al

Ti/Al

Sample
(a)

(b)

Figure 2.3: Illustration of the MOS-capacitor, planar configuration. This configuration makes it possible to measure laterally through the device. (a) The
device as seen from above. The contacts were placed in a 7 × 7 pattern, assigned
letters A–G for their vertical position, and numbers 1–7 for their horizontal position to keep track of the positions of the measurements being performed. (b)
One contact, cross section.
duction is impeded by the formation of a space charge layer. [17]
In a p-type Schottky diode, as is considered in this thesis, the holes are
passing over to the metal from the semiconductor when a high enough negative
voltage is applied. The diode consists of a Schottky contact, a diamond sample,
and an ohmic back contact which could be made of titanium and aluminum.
At the Division for Electricity, one of the projects is to develop rectifiers
for electric converter systems, based on thin layers of synthetic diamond. Compared to present power semiconductor technology, diamond devices have the
huge potential advantage of substantially smaller losses for electric energy conversion. They could significantly increase the efficiency of electricity generation
and distribution, especially from renewable sources, thereby reducing pollution
and greenhouse gas emissions.
Even though the theoretically estimated breakdown fields could be as high
as 20 MV/cm [18], the highest experimentally achievable breakdown fields are
below 3 MV/cm [19]. One of the reasons for the early breakdown is that several
kinds of defects are present in the material [4]. Another reason is that diamond
lacks proper edge termination techniques [20]. This can cause early breakdown
to occur at the edge of the contact. Figure 2.4 shows breakdown induced damage
by cross polar imagery. In this master thesis, one of the aims is at fabricating
Schottky diodes that can withstand higher applied voltages, by investigating
alternative designs leading to a more uniform field distribution.

2.5 Fabrication of the Devices
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Figure 2.4: Cross polar image illustrating damage due to breakdown at contact
edge due to a high field concentration [4].

2.5

Fabrication of the Devices

The devices in this thesis were fabricated at Ångström MSL cleanroom. The
methods used are described below.
• Cleaning of the sample: Cleaning was done with acetone, isopropanol,
and hydrofluoric acid (HF). Different chemicals were used for etching off
different materials. Isopropanol was used as the last step since it leaves a
clean surface without residues.
• Surface termination: The surfaces of the samples were oxygen-terminated,
meaning a monolayer of oxygen atoms are terminated on the surface. This
is to have a controlled fabrication and avoid any external materials in
direct contact to the diamond. By oxygen termination, the electron affinity
χ becomes 1.7 eV [21], which ultimately will affect the results of the C–V
measurements.
• Photolithography: In this step, the contacts are designed. The sample
was coated with a photosensitive material (photoresist). By spinning the
sample at 6000 rpm for 30 seconds, a photoresist layer of 1050 nm results
[22]. A mask with a pattern corresponding to the placement of the con-

2.5 Fabrication of the Devices
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tacts was placed over the sample. The structure was exposed to UV light,
leaving a pattern of exposed photoresist on the sample. Exposed photoresist was removed by a developer, so that only unexposed photoresist
remains. After that, a layer of metal was deposited to form the contacts
where the photoresist is removed. Finally, even the photoresist that is not
exposed was removed by a lift-off process. [23]
• Inductively coupled plasma (ICP): For fabrication of a Schottky diode with
semi-isotropic etched surfaces, the sample was bombarded by a mixture of
chloride and oxygen plasma. A mask made out of aluminum was placed
on top of the sample, forming a Faraday’s cage. This mask forms the
pattern of the etching. The width of the etched out part is dependent on
the distance between the sample and the aluminum mask, where a larger
distance gives a wider shape.
• Atomic layer deposition (ALD): The ALD process uses two different chemicals, called precursors, to build up a thin film on top of the substrate.
By alternately exposing the substrate to the different precursors, layer by
layer of atoms are deposited [24]. In the thesis work, ALD was used to
deposit Al2 O3 for the MOS devices.
• Sputtering: Metal can be deposited to the substrate by sputtering. During sputtering, the material to be deposited is bombarded with positive
argon ions. The material is sputtered away mainly as neutral atoms by
momentum transfer and ejected surface atoms are deposited onto the substrate [25]. This method was used to deposit ohmic contacts on the MOS
capacitors.
• Electron beam (e-beam) evaporation: This is a type of physical vapor
deposition (PVD) that is based on the boiling off of a heated material
onto a substrate in a vacuum. A high intensity electron beam gun (3 to
20 keV) is focused on the material, which evaporates and deposits on the
substrate [25]. E-beam evaporation was used to deposit contacts above
the oxide. The method was used because it is a more gentle method than
sputtering, which was necessary due to the sensitive and thin oxide layer.
To inspect the structures, atomic force microscopy (AFM), scanning electron
microscopy (SEM), and profilers were used. The back contact of the device was
attached to a conducting holder using silver paste.

Chapter 3

MOS Capacitors
This chapter gives an overview of the measurements that have been performed
and of the methods used for analyzing data. C–V characterization is one of
the fundamental electrical characterization technique in semiconductors. This
chapter gives an overview of the C–V measurement technique together with a
correction model used. A brief introduction of the IV measurements is also
given towards the end of the chapter.

3.1

Capacitance–Voltage Measurements

C–V measurements are one of the most powerful techniques used in the electrical characterization of semiconductors. The C–V curve is usually measured
with a C–V meter, which applies a DC bias gate voltage (Vg ) and a small sinusoidal voltage signal (vac ) to the MOS capacitor and measures the capacitive
AC current (icap ) with an AC ammeter. For MOS capacitors, the capacitance
is calculated from C = icap /ωvac [15], where ω is the angular frequency of the
applied voltage.
The AC voltage typically varies at frequencies of 10 kHz to 1 MHz with an
amplitude of 10 to 20 mV, but other frequencies and other voltages can be used
[26]. Many characteristics of the samples and the devices can be evaluated by
C–V measurements, such as
1. Flatband voltage, Vf b , is the gate voltage that causes the surface potential
ψs to be zero (see Figure 3.1). It can be determined from a high frequency
(hf) C–V plot by differenting 1/(Chf ) twice, and finding the maximum of
that curve which occurs at Vf b [27]. The flatband is an imprtant parameter
for characterization of oxide charge.
2. Threshold voltage, which is the voltage where inversion charge starts to
generate at the depletion region (see Figure 3.2).
3. Oxide charges, which can be analyzed e.g. from shifts in Vf b .

3.1 Capacitance–Voltage Measurements

Vox
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Ec
qψs 6
?

Ei
EF

Ec

Vg
?

6
Eg /2
?
qψb
6
?

Ev
Al2 O3

Diamond

Figure 3.1: Band diagram of the MOS structure, showing the gate voltage Vg ,
the surface potential ψs , energy levels of the diamond’s conduction band and
valance band, Ec and Ev , the midgap energy level Ei , the Fermi energy level
EF , the bulk potential ψb , and the bandgap Eg .
4. Oxide thickness, which can be obtained from
tox =

A · ε0 εs
A · ε0 εs
≈ 
,
2kT
1
2kT
1
C 1−
C 1−
q Vg − Vf b − ψs
q Vg − Vf b


Eg
?

Ev

Aluminum

6

(3.1)

where A is the area of the contact, ε0 is the permittivity of vacuum, εs is
the dielectric constant of the semiconductor, k is Boltzmann’s constant,
T is the temperature, q is the elementary charge, Vg is the gate voltage,
and ψs is the surface potential. The approximation in (3.1) holds for
|Vg − Vf b |  ψs , i.e. a good approximation when the device is in strong
accumulation [27]. The oxide thickness was extracted from the C–V measurements with the lowest frequencies, since that yields the most realistic
values [28].
Several other characteristics can be determined by C–V measurements, such
as carrier density, carrier lifetimes, trap density in wafer processes etc, though
these characteristics will not be examined in this thesis. The focus will instead
be on determining the flatband- and threshold voltages, what types of oxide
charges that are present, and the oxide thickness. An Agilent B1500A device
analyzer was used for the measurements.

3.1 Capacitance–Voltage Measurements
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Normalized capacitance
1
0.9
0.8

C / C ox

0.7
0.6
0.5

Accumulation

Depletion

Inversion

0.4
0.3
0.2
0.1
0
−10

Low frequency
High frequency
Deep depletion
−5

0
Voltage

5

10

Figure 3.2: Ideal C–V curve, calculated for a MOS capacitor with aluminum
gate, Al2 O3 as oxide, diamond substrate (all materials with properties according
to Table 2.1), and the parameters NA = 3.1 × 1017 cm−3 , T = 300 K, tox =
30 nm.

3.1.1

Ideal C–V Curves

During a bias sweep, different states can be attributed to the C–V characteristics, as seen in Figure 3.2. At voltages below the flatband voltage, the device is
said to be in accumulation. In this state, majority charges from the substrate
accumulate at the depletion region (close to the semiconductor–oxide interface).
Since there is much charge that can respond to the AC-voltage, the result is a
capacitance close to that of the oxide capacitance.
As the voltage increases, less charge is gathered at the depletion region. This
state is called depletion. Since there is not as much charge that can respond to
the AC-voltage, the AC-current and also the capacitance decreases.
For lower frequencies, when the voltage is increased below the threshold
voltage, minority carriers start to be generated, resulting again in a capacitance
close to the oxide capacitance. For higher frequencies, the C–V curve deviates
from the low frequency C–V curve for voltages higher than the threshold voltage,
since the inversion charge is unable to follow the AC voltage. This gives the highfrequency C–V curve seen in Figure 3.2. When the DC bias voltage is changed
rapidly with insufficient time for inversion charge generation, deep depletion
follows [27].

3.1 Capacitance–Voltage Measurements
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Low Frequency
The theoretical low frequency capacitance of a MOS capacitor is decided both by
the oxide capacitance Cox and by the capacitance caused by charge accumulating
at the depletion layer Cd,lf . The oxide capacitance (per area unit) is calculated
from Cox = εox /tox , where εox is the dielectric constant of the oxide and tox is
the thickness of the oxide. The depletion layer capacitance is more complicated
to calculate and depends on the surface potential ψs (see Figure 3.1) of the
semiconductor. To investigate this, it can be assumed that ψs is known. The
charge density in the semiconductor can then be calculated as
√


2ε0 εs kT
n0
F βψs ,
,
(3.2)
Qs = −sgn(ψs )
qLD
p0
p
where LD = εs /(qp0 β) is the extrinsic Debye length for holes, β = q/kT , p0
and n0 are the equilibrium hole and electron concentration respectively. Here,
p0 is assumed to be the dopant density (a somewhat rough approximation for
diamond at room temperature), and n0 = n2i /p0 where ni is the intrinsic carrier
concentration of the semiconductor. Further,

 r
n0
n0
F βψs ,
≡ [exp(−βψs ) + βψs − 1] +
[exp(βψs ) − βψs − 1] . (3.3)
p0
p0
In (3.2), the first term (−sgn(ψs )) indicates that a positive surface potential
results in negative Qs .
From this, the capacitance of the semiconductor depletion layer is obtained
by differentiating the total static charge in the semiconductor side with respect
to the semiconductor surface potential, which yields
dQs
ε0 εs 1 − exp(−βψs ) + (n0 /p0 )[exp(βψs ) − 1]
.
= sgn(ψs ) √
dψs
F (βψs , n0 /p0 )
2LD
(3.4)
The total capacitance of the MOS capacitor at low frequencies is finally achieved
through
1
1
1
Cox Cd, lf
=
+
⇒C=
,
(3.5)
C
Cox
Cd, lf
Cox + Cd, lf
Cd, lf ≡ −

where Cox = εox /tox and tox is the thickness of the oxide.
To examine the capacitance as a function of the applied gate voltage, the
following relations were used:
Vg = Vf b + Vox + ψs

(3.6)

Vf b = φs − φm
Qs
Vox = −
,
Cox

(3.7)
(3.8)

where Vox is the voltage over the oxide, Vf b is the flat band voltage, and φs and
φm are the work functions for the semiconductor and the metal, respectively.
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The work function then becomes φs = χ + Eg /2q + (Ei − EF )/q, where EF is
the Fermi energy level and obtaned from
EF = Ei +

kT
ni
log
,
q
p0

(3.9)

where Ei is the energy level half way between the conduction band and the
valance band. In (3.9), just as in (3.2), it is assumed that p0 ≈ NA . The Fermi
energy level, EF , and thereby also the semiconductor work function will depend
on the doping concentration.
Finally, the threshold voltage is calculated by
√
qNA ε0 εs ψb
,
(3.10)
Vth = Vf b + 2ψb + 2
Cox
where ψb is the bulk potential.
High Frequency and Deep Depletion
For voltages below the threshold voltage, the theoretical high frequency C–V
curve is equal to the one at low frequencies. The difference emerges when applying gate voltages higher than the threshold voltage. In order for the generated
inversion charge to be able to follow the applied AC voltage, the space charge
region current must be able to supply the required displacement current if a
low frequency C–V curve is to be obtained. When this is not the case, the high
frequency C–V curve results. The capacitance of the semiconductor depletion
layer at Vg > Vth can then be approximated by
s
q 2 ε s NA
Cd, hf =
.
(3.11)
2kT {|βψb | − 1 + log[1.15(|βψb | − 1)]}
Finally, if the DC bias voltage is increasing so fast that there is unsufficient time
for inversion charge to be generated, the device goes into deep depletion. Cd is
then obtained from
Cox
Cd, dd = p
,
[1 + 2(Vg − Vf b )/V0 ]

(3.12)

2
where V0 = ε0 εs qNA /Cox
. [27]

3.1.2

Elevated Temperatures

In room temperature, usually the high frequency C–V curve is obtained from
C–V measurements, because the frequencies used are usually much higher than
the ones needed for low frequency curves. However, at higher temperatures, the
intrinsic carrier concentration is increased. As a result, more minority charge
is generated at voltages beyond the threshold voltage. This way, low frequency
C–V curves can be obtained for frequencies which at room temperature would
give a high frequency curve [27].
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Non-ideal C–V Curves

The presence of unwanted charges in the oxide will affect the C–V characteristics. These charges can be sorted into four different categories [27].
1. Interface Trapped charges are positive or negative charges located at the
interface between the oxide and the semiconductor, due to structural defects, oxidation-induced defects, metal impurities, or other defects caused
by radiation or similar bond-breaking processes (e.g., hot electrons). They
are in electrical communication with the semiconductor material, and can
be charged or discharged, depending on the surface potential. Most of the
interface trapped charge can be neutralized by low-temperature (450 ◦ C)
hydrogen or forming gas (hydrogen-nitrogen mixture) anneals.
2. Fixed Oxide Charges are positive charges in the oxide layer less than 2 nm
from the oxide-semiconductor interface. The fixed oxide charge cannot be
determined unambiguously in the presence of moderate densities of interface trapped charge. It is thereby only measured after a low-temperature
hydrogen or forming gas anneal, which minimizes interface trapped charge.
3. Oxide Trapped Charges are positive or negative charges due to holes or
electrons trapped in the bulk of the oxide. Trapping may result from
ionizing radiation, avalanche injection, or other mechanisms. Unlike fixed
charge, oxide trapped charge is sometimes annealed by low-temperature
(<500 ◦ C) treatments.
4. Mobile Oxide Charges are caused primarily by ionic impurities such as
Na+ , Li+ , K+ , and possibly H+ . Negative ions and heavy metals may
contribute to this charges even though they are typically not mobile below
500 ◦ C.
From the C–V measurements there are some ways to determine the oxide charge.
Both interface trapped charges and fixed charges can be calculated from [27, 15]
Q = (φs − φm − Vf b )Cox

(3.13)

where φs and φm are the theoretical values for the semiconductor and metal
work functions, respectively, Vf b is extracted from measurements, and Cox is
determined from fabrication process specifications.
Also the oxide trapped charges can contribute to a shift in flatband voltage,
depending on where in the oxide they are located. Assuming, e.g., all the oxide
trapped charge is located at the oxide–semiconductor interface, the effect is the
same as for interface trapped charges and fixed oxide charges. If all the charges
are located at the gate–oxide interface, the flatband voltage is unaffected.
Another effect that can be seen in the C–V curve due to either trapped charge
or mobile charge is hysteresis when a voltage sweep in the two different directions
(positive to negative and negative to positive) is performed. If a large positive
gate voltage is applied at the start of a sweep from positive voltage to negative,
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electrons from the substrate may be injected to the oxide. This increases the
flatband voltage. The opposite may happen when a large negative voltage is
applied at the start of a sweep from negative voltage to positive, decreasing the
flatband voltage. A counterclockwise hysteresis loop is observed.
If mobile charge is present, the hysteresis loop will have the opposite direction. When applying a negative voltage, the positive ions will gather at the
gate–oxide interface, where they have no effect on the flatband voltage. When
applying a positive voltage, the charge will drift through the oxide and gather
at the oxide–semiconductor interface, and decrease the flatband voltage at a
return sweep from positive to negative. [27]

3.1.4

Measurement Setup

The C-V measurements for the MOS capacitor were done with frequencies within
1 kHz–2 MHz. The amplitude of the AC current was between 20 and 30 mV.
For the DC bias, voltages as low as −20 and as high as 15 V were applied. The
measurements were done both for room temperature (RT) and temperatures up
to 300 ◦ C.
In the fabrication of the devices, a number of contacts were placed on the
substrate. Because of this, it was possible to perform measurements in several
different locations. If there has been stress on the device during fabrication, this
can result in impurities in certain locations of the substrate. By doing many
measurements in different locations, it is possible to examine how the C–V curve
is affected by these impurities.

3.1.5

Correction

After measuring the capacitance and the conductance, the data was analyzed
and processed, using a correction formula presented in [29]. This formula compensates for an unwanted lossy dielectric layer at the oxide/semiconductor interface that can often appear during the cleaning step of the microfabrication
process. The presence of such a layer results in a strong frequency dependence
of the capacitance, especially in strong accumulation, where the capacitance
theoretically would approach the oxide capacitance for all frequencies. By compensating for this layer when analyzing the data, characterization and parameter
extraction from the device can be carried out with higher accuracy. Figure 3.3
(a) illustrates the model used in [29]. In addition to the oxide capacitance Cox ,
the substrate capacitance CD , the impedance Yit caused by interface trapped
charge, and the series resistance RS , the dielectric layer causing frequency dispersion is introduced by a capacitance CT in parallel with a resistance RT .
In Figure 3.3 (b), CT , RT , and RS are replaced by equivalent capacitance
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Figure 3.3: (a) Full model of the MOS-capacitor. (b) The dielectric layer and
the series resistance are replaced by an equivalent capacitance and resistance.
(c) Circuit assumed by measurement instrument.
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and resistance CE and RS0 connected in series, resulting in
CE =

2
−Cox (G2ma + ω 2 Cma
)
2
2
ω (Cma − Cma Cox ) + G2ma

RS0 =

,

Gma
,
2
G2ma + ω 2 Cma

(3.14)
(3.15)

where Cox is calculated from the dielectric constant of the oxide, the oxide
thickness, and the contact area. Gma and Cma are the measured conductance
and capacitance when the device is in strong accumulation, and ω is the angular
frequency of the ac voltage. The final expression of the corrected value for the
capacitance is
2
2
)CE
)(G2m + ω 2 Cm
(ω 2 Cm CE − G2m − ω 2 Cm
,
0
0
2
2
2
2
2
2 − ω2 C C )
− RS Gm ) − ω RS Cm ] + (Gm + ω Cm
m E
(3.16)
where Cm and Gm are the original measured capacitance and conductence, assuming the circuit in figure 3.3 (c). The same princible can be applied to the
measured conduction, giving the corrected conductance Gc . For more information on this, see [29].
In this thesis, a matlab script was created. Given the oxide thickness, the
diameter of the contact, and the measurement data as inputs, the script delivers
the corrected capacitance and conductance.

Cc =

3.2

2 )[G (1
(ω 2 CE
m

I–V Measurements

Even though the main focus for this thesis lay on C–V measurements, even I–V
measurements are useful for characterizing properties of semiconductors. In I–
V measurements, a varying bias voltage is applied and the respective currents
are measured. Examples of characteristics that can be evaluated from I–V
measurements include
1. Oxide breakdown voltage/Oxide breakdown characteristics [27]
2. Leakage currents of a structure
3. Fowler-Nordheim tunneling and direct tunneling [27, 30]
4. Transconductance of a transistor
5. Early voltage of a bipolar junction transistor (BJT)
In this thesis, the focus will lie on examining breakdown characteristics for
the Schottky diode, and leakage current and tunneling for the MOS-structures.
The I–V measurements were performed, just like the C–V measurements, on an
Agilent B1500A.

Chapter 4

High Voltage Schottky Diodes
During reverse recovery a Schottky diode can switch very rapidly from forward
conduction to reverse blocking. This makes the Schottky diode a suitable device
for use as a rectifying diode in very high frequency and fast switching power
electronic applications. Diamond’s electrical properties such as a high breakdown field and high carrier mobilities makes it a very interesting material for
this kind of device.
The simulations were made using Comsol Multiphysics. The models were
built in 2D to reduce the computational power needed. In this chapter, the
geometry and the equations used in the simulations are introduced.

4.1

Geometry

Diamond Schottky diodes lack proper edge termination techniques unlike conventional semiconductors. Due to this, high fields are accumulated at the edges
of the contact by which an early breakdown occurs. To avoid this, we propose a
geometry with semi-isotropic etched surface. To study this in detail, FEM simulations using Comsol Multiphysics are carried out using the geometry seen in
Figure 4.1. By substracting from a rectangle (making up for the full non-etched
device) two different cubic Bézier curves, of the form
B(t) = (1 − t)3 P0 + 3(1 − t)2 tP1 + 3(1 − t)t2 P2 + t3 P3 ,

t ∈ [0, 1] ,

(4.1)

connected together with a linear segment, the cavity was formed. This should be
an acceptable approximation for the geometry of the devices that was fabricated
in this thesis. By this design, the geometry becomes similar to the actual shape
that was observed from the profiler when examining the fabrication results in
the cleanroom laboratory. Varying the position of P0 and P3 , and changing the
depth of the etching results in different shapes of the resulting cavity. Further,
the width of the Schottky contact, the width of the cavity, and the width and
depth of the whole device was varied. A voltage was applied to the Schottky
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P1
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P2

de
P03
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P00

P02

ts

Diamond
Back contact
ws
Figure 4.1: Geometry of the Schottky diode in Comsol Multiphysics. The etched
part is formed by Bézier curves with control points P0 to P3 . The width and
thickness of the diode are marked ws and ts , respectively. The width and depth
of the etching are marked we and de , respectively. The width of the Beziér
curves is noted wB and equals the x-coordinate of P3 − P0 .
contact and the back contact was connected to ground (contacts are drawn with
thicker lines in figure 4.1).

4.2

Differential Equations

The differential equations implemented in Comsol were Poisson’s equation and
the drift-diffusion equations. With these equations, it is possible to simulate
the distribution of an electric field throughout a device.
Poisson’s Equation
Knowing the doping concentration and the dielectric constant of the substrate,
one can set up Poisson’s equation:
∇ · (εs ∇φ) = q(n − p + NA ) ,

(4.2)

where n and p are the electron and hole concentrations, respectively, and φ is
the electrostatic potential. While εs , q, and NA are constants, φ, n, and p will
vary spatially. The electric field is defined by E = −∇φ. To reduce the risk
of breakdown when higher gate voltages are applied, a more even distribution
of the electric field is desired. It is therefore interesting to examine how the
maximum field strength, max (kEk), is affected by the geometry changes.
The Drift-Diffusion Equations
The drift-diffusion equations consists of the continuity equations and the currentdensity equations. The continuity equations describe the hole and electron con-
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centrations as a function of time, by
∂p
= −∇ · Jp + qG ,
∂t
∂n
q
= ∇ · Jn + qG ,
∂t

q

(4.3)
(4.4)

where Jp and Jn are the hole and electron current densities, and G is the carrier
generation rate. Using the current density equations, expressions for the current
densities can be found through
Jp = q(pµp E − Dp ∇p) ,

(4.5)

Jn = −q(nµn E − Dn ∇n) ,

(4.6)

where E is the electric field and linked to the electrostatic potential through
E = −∇φ, Dp = µp kT /q, Dn = µn kT /q are the carrier diffusion constants, µp
and µn are the mobilities for the holes and electrons.
Information about how these equations are realized in Comsol, about boundary conditions, and other methods for implementation can be found in Appendix A.

Chapter 5

Results and Discussion
In this chapter, results from the fabrication of the devices, from the C–V and
I–V measurements and from the simulations will be presented.

5.1

Electrical characterization of the MOS Capacitors

Flatband voltages, threshold voltages and oxide thicknesses were successfully extracted from the C–V measurements. The C–V curves could vary substantially
between different contacts, indicating different types and quantity of charge
present in the oxide, as well as different thicknesses of the oxide.

5.1.1

Inversion Phenomenon

For room temperature, the C–V curves match what can be expected from high
frequency C–V measurements. Before the correction described in section 3.1.5
was performed, strong dispersion of the capacitances in the accumulation region
could be observed for different frequencies. This dispersion disappears after the
correction. Still, for higher frequencies, the curves are more stretched out in the
accumulation region, see Figures 5.1 – 5.3.
Measurements performed at higher temperatures generated low frequency
C–V curves for two of the contacts (contact C3 on sample #224 and contact
A4 on sample #231). The threshold voltage was around 5 V, which can be
observed in Figures 5.3 and 5.5. For these contacts, the inversion phenomenon
was very clear for a frequency of 10 kHz at 150 ◦ C, and more subtle if a lower
temperature and/or a higher frequency was used. The C–V curves for sample
#231, contact A4, overall were more noisy than the corresponding curves of
sample #224. However, similar behavior as for sample #224, contact C3 was
observed. See Figures 5.4 – 5.5
It is notable that before correction only high frequency C–V curves were obtained for measurements at all contacts and temperatures. One possible reason
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is that the dielectric layer that may have been introduced during cleaning of the
substrate limits the current of the device at inversion. By compensating for the
decrease of the scr current, one could obtain larger currents and thereby larger
capacitance at these voltages.
Measurements were sometimes hard to perform at higher temperatures. At
temperatures above 150 ◦ C, the data was often noisy, with capacitances dropping to zero indicating that the contact between the probe and the contact was
lost. The aluminum contacts became very sensitive, making them hard not to
rip with the sharp probe, which might have degraded the devices. This could be
an explanation to that the data differed between measurements on bulk configuration and measurements on planar configuration, even when the same contact
was used. One approach to solve this could be to switch to another gate metal
that stays more robust at higher temperatures, though that would change the
gate’s work function, and thereby the properties of the whole device.

5.1.2

Oxide Charges

The flatband voltages, extracted by differentiating 1/(Chf ) twice as described in
section 3.1, varied with both frequency and temperature. Examples of this can
be seen in Tables 5.1 and 5.2. These show flatband voltages for the samples and
contacts where the low frequency C–V curves were obtained. For higher temperatures and for lower frequencies, the flatband voltages generally increased.
For sample #231, hysteresis could be seen at many of the C–V measurements
at room temperature. Figure 5.6 shows an example of this. Comparing the
voltages at a certain capacitance level, the value at the return sweep of the bias
voltage differs up to 8.75 V from the value of the first sweep. Using Q = ∆V ·Cox
results in a value for the charge of 0.93 nC, a very large value in this context.
Since the hysteresis loop proceeded counterclockwise (a higher flatband voltage
was obtained from the return-sweep), and the measurements were performed at
room temperature, where ions such as Na+ and Li+ etc. are not mobile, it is
reasonable to believe that this was the result from injected charge.
The cause of this may be large values of voltages applied to the gate, resulting in charge being injected to the oxide. To reduce the hysteresis, lower
voltages could have been used. However, that would have limited the amount
of information that could be extracted, e.g. the oxide thickness that requires
accumulation to be decided. The voltage at which the capacitance approached
the oxide capacitance was around −15 V.
Further, trying to decide the flatband voltages of the sample’s contacts were
often difficult for this sample, especially at low temperatures. There were often no distinct maximum of the (d/dV )2 (1/Chf )-curve revealing the flatband
voltage, and different contacts could give very different results, even though the
data was very similar.
For sample #224, the flatband voltage was usually easier to determine. In
general, the accumulation region and the depletion region were easier to distinguish. Not as much hysteresis as for sample #231 was observed, indicating less
injected charge. However, very low flatband voltages was sometimes observed,
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Figure 5.1: C–V measurements on contact C3, sample #224, performed at room
temperature. The bottom plot shows C–V data after the correction formula was
applied.
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Figure 5.2: C–V measurements on contact C3, sample #224, performed at
100 ◦ C. The bottom plot shows C–V data after the correction formula was
applied.
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Figure 5.3: C–V measurements on contact C3, sample #224, performed at
150 ◦ C. The bottom plot shows C–V data after the correction formula was
applied.
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Figure 5.4: C–V measurements on contact A4, sample #231, performed at room
temperature. The bottom plot shows C–V data after the correction formula was
applied.
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Figure 5.5: C–V measurements on contact A4, sample #231, performed at
150 ◦ C. The bottom plot shows C–V data after the correction formula was
applied.

10

15

5.1 Electrical characterization of the MOS Capacitors

32

110
10 kHz
100 kHz
1 MHz

100
90
Capacitance [pF]

80
70
60
50
40
30
20
10
−15

−10

−5

0
Bias Voltage

5

10

15

Figure 5.6: Non-corrected C–V curve from contact E4, sample #231, performed
at room temperature. A counterclockwise hysteresis loop can be seen due to injected charge. Flatband voltage was hard to determine for many of the contacts
of sample #231.
suggesting a large amount of interface trapped charge and fixed charge might
be present. The flatband voltages could differ significantly between different
contacts, and between planar and bulk configuration for the same contact. For
all contacts of the planar configuration, and most contacts of the bulk configuration, higher temperatures resulted in higher (less negative) flatband voltages, i.e.
accumulation was seen earlier. This could be explained by the higher activation
of carriers that naturally occurs at higher temperatures.
At many of the contacts of sample #224, an S-like shape could be seen of
the C–V curve in the accumulation region, with a dip in capacitance around
−15 V. An example of this can be seen in Figure 5.7. One explanation to this
could be the presence of interface trapped charge at an energy level close to the
valance band of diamond. When the voltage became high enough, holes may
have recombined to these traps, reducing the amount of charge carriers at the
space charge region.

5.1.3

Oxide Thickness

Dispersion of accumulation capacitance for different frequencies could be seen
for most of the contacts of both devices. Due to this, the oxide thickness calculated according to (3.1) will also give different values for different frequencies.
The thicknesses were extracted at room temperature, 100 ◦ C, and 150 ◦ C. No
correlation between between temperature and extracted oxide thickness was ob-
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Figure 5.7: Non-corrected C–V curve from contact D5, sample #224, performed
at room temperature. A drop in capacitance can be seen close to −15 V, possibly
due to holes recombining with interface trapped charge.

Table 5.1: Flatband voltages at different temperatures and frequencies, sample
#224 contact C3, extracted from C–V measurements on planar configuration.
Temperature/Frequency

10 kHz

100 kHz

500 kHz

1 MHz

2 MHz

Room temperature

−3.2

−3.6

−4

−7.6

−8

100 ◦ C

−2.2

−2.6

−3.0

−3.4

−3.8

150 ◦ C

−1.8

−2.6

−3.0

−3.4

−3.4

Table 5.2: Flatband voltages at different temperatures and frequencies, sample
#231 contact A4, extracted from C–V measurements on planar configuration.
Due to factors such as noise, the flatband voltage at room temperature was hard
to distinguish. At 150 ◦ C the result was more clear.
Temperature/Frequency

10 kHz

100 kHz

500 kHz

1 MHz

2 MHz

Room temperature

−13

−13

−13

−14

−14

150 ◦ C

−0.6

−1.4

−1.4

−1.4

−1.8
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served. For the thicknesses listed, 10 kHz C–V curves at room temperature were
used to calculate the thickness.
For sample #231, planar configuration, measurements at room temperature
pointed at tox ranging from 14.4 to 18.1 nm, with a mean value of 16.8 nm. These
values are lower than would be expected from specifications from the fabrication
process, which ideally would result in a 30 nm layer of Al2 O3 . However, since
the obtained value for the oxide thickness also depends on the oxide’s dielectric
constant, the contact diameter, and the flatband voltage, it is not certain that
the oxide thickness is the erroneous parameter.
From measurements using the bulk configuration, the values of tox were more
dispersed for different contacts. Values as low as 0.88 nm were obtained, though
most values still lay between 15–20 nm. One explanation to the deviantly low
values could be that these measurements were done after the measurements
on the planar configuration, which may have resulted in the oxide layer being
damaged from the sharp measurement probes that were put to the contact.
For sample #224, planar configuration, the values of tox achieved were between 7.2 nm and 20.5 nm, with a mean value of 15.14 nm. Worth noting is
that the lowest value, 7.2 nm, appeared at contact C3, where the inversion phenomenon mentioned in section 5.1.1 was observed. When the bulk configuration
was used, values of tox between 7.35 nm and 19.6 nm were achieved, with a mean
value of 12.8 nm.

5.1.4

I–V Measurements

I–V measurements for both the fabricated MOS capacitors were performed.
For positive gate voltages, the current was small compared to the current at
negative voltages (as would be expected for a p-type substrate). For contact C3
on sample #224, a measurement where bulk configuration was used and with
voltages down to −15 V resulted in a current as large as 15 A/cm2 , as can be
seen in the left graph in Figure 5.8. For the planar configuration, the current at
negative voltages was lower (0.95 A/cm2 ) which can be seen in the graph to the
right in Figure 5.8. As mentioned in section 5.1.3, the extracted oxide thickness
for this contact was also unexpectedly low, which could have contributed to the
large current for the bulk configuration. For positive voltages, higher currents
were seen for contact C3 than for the other contacts, whether bulk or planar
configuration was used.

5.2

Simulation of Schottky Diodes

A number of factors seems to affect how the field accumulates at the edges of
the contact. An example of a simulation result can be seen in Figure 5.10. First
it was observed that a larger diameter of the contact seemed to decrease the
electric field strength. This effect was especially distinct when the contacts were
approaching the edge of the full device. As could be expected, the electric field
increases approximately linearly with inverse thickness of the device.
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Figure 5.8: I–V data from sample #224. The graph to the left shows data from
bulk measurements, and the graph to the right from planar measurements.
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Figure 5.10: One example of a simulation performed in Comsol Multiphysics.
It was also examined how the electric field was affected by moving the edges
of the contact through the etched part of the device, however this did not result
in a lower electric field. This was unexpected, since such a placement according
to the presumptions would cause a more favorable distribution of the field.
Next, the diameter of the contact was set to 100 µm, the width of the
substrate wd (see Figure 4.1) to 175 µm, and the thickness of the substrate
td to 26 µm. With those dimensions fixed, the shape of the etched part was
alternated. The effect of factors such as the position of the control points of the
Bézier curves, and the depth and width of the etched out part was examined.
A voltage of 10 V was applied to the Schottky contact.
An initial simulation was performed without any etching at all, resulting in
a maximum field of 8.28 kV/cm. Thereafter, an etching of depth de = 0.62
µm was introduced, and the width we of it was varied. This variation showed
no significant reduction of the electric field for any of the simulations. In fact,
when the distance between P0 and the edges of the contact obtained very small
values, an increased electric field was observed.
What is worth noticing, as can be seen in figure 5.11, is that the reference
level of the field strength and the value of the curves at de = 0 differs even
though the designs are equal. One possible explanation is that the gate voltage
in the reference case was applied to single line segment spanning from P0 to P00 ,
while in the other cases this line segment was connected to the Bézier curves,
which in turn were connected to P0 and P00 . This might affect the placement
of the mesh’s nodes, which ultimately might result in FEM simulations giving
different results.
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Figure 5.11: The maximum electric field that could be seen in the device
(max (kEk)), as a function of de and we .
To examine how the field was affected by de , three different series of simulations were made where the value of we was fixed to 83.2 µm, 86.7 µm and 90.7
µm. The value of we = 90.7 µm resulted in P0 being placed directly on the top
of the contact’s edge. The value of de was swept from 6.57 µm to zero, giving
the result showed in Figure 5.11.
As can be seen in Figure 5.11, the peak of the electric field was reduced for
we = 90.7 µm. The largest reduction appeared at de = 0.55 µm, resulting in
a maximum field strength of 7.92 kV/cm. To investigate if the field could be
reduced further, we and de was held constant at those values, while changing
wB (still with the contact edge at P0 , i.e. only P3 was moved). This, however,
had no significant further reducing effect on the field.
Finally, to get more accurate results, the mesh was made very fine. A finer
mesh results in longer simulation times. To compensate for this, only half of
the geometry was simulated, since the device is symmetric about the y-axis.
Simulations were made with etching depths around 1 µm and different values
for t (see (4.1)). Contrary to what was seen earlier, the electric field strength
could be reduced by placing the contact edge in the curve; an optimal value was
achieved for t ≈ 1/3. Setting t = 0.33 and changing de gave the result shown in
Figure 5.12.
These results suggests that the field strength could be decreased by 30 %
for an etching depth of 8 µm, which is a far better result than what was seen
earlier. Last, de was set to 5 µm and the value of t was again varied. For this
etching depth the best result was achieved for t = 0.2, giving a reduction of
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Figure 5.12: Normalized electric field strength at the edge of the contact, with
t = 0.33.
the electric field by 31 %. However, large fluctuations of the electric field as a
function of t was observed.
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Chapter 6

Conclusions
In this thesis work, metal oxide semiconductor (MOS) capacitors of diamond
substrate were fabricated and analyzed. Electrical characterization by capacitance–
voltage (C–V) and current–voltage (I–V) measurements at temperatures ranging from 20 ◦ C to 150 ◦ C were performed on the MOS capacitors to examine
flatband- and threshold voltages, oxide charge, and oxide thickness.
By C–V measurements at elevated temperatures, low frequency curves with
threshold voltages of approximately 5 V were obtained for MOS capacitors consisting of aluminum gates, a 30 nm layer of Al2 O3 , and boron doped diamond
with acceptor concentration 3.1 × 1017 cm−3 .
The C–V measurements also showed large variations in flatband voltage for
different contacts of the MOS capacitor, indicating the presence of oxide charge.
In sample #231, the C–V curves showed counterclockwise hysteresis, indicating
oxide charge were injected at high voltages. In sample #224, less hysteresis was
seen, however the flatband voltage often deviated significantly from what was
expected, indicating fixed charge or interface trapped charge was present.
Oxide thickness was also extracted from the C–V measurements, typically
showing thicknesses around 15–19 nm. Taking into consideration uncertainties
of all the parameters involved in calculating the thickness, this appears to be a
credible result.
Also in this thesis, simulations were performed using Comsol Multiphysics
to examine how the distribution of the electric field through the diamond based
Schottky diode depends on device geometry. The simulation results suggest
design features that could be beneficial to reduce accumulation of the electric
field. The optimal design implemented will depend on the properties of each
device, such as the diameter of the contact and the thickness of the substrate.
In the simulations, when placing the edge of the contact within the Bézier
curve of the geometry, the maximal electric field strength could be reduced by
increasing the depth of the etching. Simulations suggest that a reduction of this
field by approximately 30 % could be achieved by etching 5 µm.
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Suggested Future Work
In this thesis work, the C–V measurements were made the conventional way, i.e.
applying a DC bias voltage together with a small AC signal. One alternative way
of measuring is quasistatic C–V (QSCV) measurements, where a slowly varying
ramp voltage is applied and the charge accumulated is obtained by integrating
the current, giving C = dQ/dV . This method is likely to result in low frequency
C–V curves, which may give better information about the threshold voltage.
Inversion phenomenon was observed in the C–V curves, indicating fabrication of diamond MOSFETs with an effective n-type doping should be feasible.
This is the natural next step in the work with MOS structures, and several
research groups are working on growing n-type diamond [4].
For better understanding of how field accumulation at the edges of the Schottky diode can be reduced, simulations on thinner substrates could be performed
to decrease the computational error–electric field magnitude ratio. Alternative
designs could also be examined. More measurements and realization of different
designs are needed to verify the simulation results. This might be a problem
since etching of diamond is a non-reversible procedure. Many devices may have
to be fabricated from different substrates for successful verification of the simulations, which would be an issue due to the still high price of diamond.
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Appendix A

Implementation in Comsol
The model of the device was developed by alternating the geometry and constraints from a former model created by Jan Isberg, Division for Electricity. The
equations were implemented in Comsol using the General Form PDE interface.
This interface makes it possible to solve differential equations on the form
ea

∂u
∂u
+ da
+∇·Γ=f ,
2
∂t
∂t

(A.1)

together with initial values, “Constraints” to set the gate voltage and back contact voltage, and “Zero flux” for boundary conditions.

A.1

Poisson’s Equation and the Current density
equation

Poisson’s equation and the current density equation for holes were implemented
through (A.1). Implemented in this thesis will be only stationary studies,
thereby ea = da = 0.
For easier implementation and to be able to scale the model in Comsol, scaling factors lsc , Vsc , and nsc were introduced for scaling of length, electrostatic
potential, and charge carrier density, respectively, so that
∂x0 = ∂x/lsc ⇒ ∇0 = lsc ∇ ,
φ
φ0 =
,
Vsc
p
NA
p0 =
, NA0 =
,
nsc
nsc
J
J0 =
,
Jsc

(A.2)
(A.3)
(A.4)
(A.5)

A.2 Applied voltages
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where lsc is an arbitrary constant to scale the length, and
Vsc εs
kT
nsc = 2
Vsc =
L q
q
3
L q
Jsc = 2
Vsc εs

(A.6)
(A.7)

Poisson’s equation is then implemented as
NA − p
= NA0 − p0
(n = 0) ,
(A.8)
nsc
Further, since the conditions are stationary, using (4.4) and (4.6) with gp = rp ,
we have
∂p
= −∇ · Jp = 0
(A.9)
q
∂t
∇ · Jp = 0 ⇒ ∇ · (qµp pE − qDp ∇p) = 0 .
(A.10)
∇0 · ∇ 0 φ 0 =

Introducing a variable v 0 = φ0 + log p0 so that
0

0

0

0

ev −φ = p0 ⇒ J0p = −µev −φ ∇0 v 0 ,
we can implement (A.8) and (A.10) as


∇0 φ 0
Γ = v0 −φ0 0 0
e
∇v

A.2

f=

 0
0
0
NA − ev −φ
0

(A.11)

(A.12)

Applied voltages

Adding constraints in the General Form PDE interface makes it possible to
apply electric potentials for the gate and the back contact. At the gate, a
voltage Va is applied. The equation in Comsol is R = 0, so setting


V a − φi
φ0 −


Vsc


R=
(A.13)



V
−
φ
a
i
v0 −
− p00
Vsc
where p00 = ln NA0 and φi is the built in potential, given by thermodynamic laws
through


kT
NA
φi =
ln
,
(A.14)
q
Nv · exp(−qφB /kT )
with φB being the Schottky barrier height (chosen to be 2 V) leads to φ = Va −φi
and p = NA . At the back contact, the electric potential is 0 and p = Nv e−φb /Vt ,
implemented as


φ0
(A.15)
R= 0
v − p0L
where


Nv e−φb /Vt
0
pL = ln
(A.16)
nsc

A.3 Boundary conditions

A.3
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Boundary conditions

It is assumed all flux is parallel with the surface of the device. This is implemented by adding the Zero Flux boundary condition to those surfaces in
Comsol, applying the equation −n · Γ = 0 to these surfaces, where n is the
normal vector to the surface.

