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Abstract

This thesis presents diamond as a promising platform for devices and electronics for harsh en-

vironment operation. However, the theme of this work is not to present wildly innovative de-

vice architectures, but rather, to gain an understanding of the properties that substantiate the

promise of new materials for devices. Namely, for the case of diamond, the experimental electrical

performance is thus far limited. To realize diamond’s full potential, it is therefore essential to

illuminate the fundamental barriers that inhibit its performance. This thesis is dedicated to this

understanding.

In the first part of this thesis, a fabrication process for hydrogen-terminated diamond (H:diamond)

devices is presented. Moreover, a theoretical model is developed to understand the hole mobility

of the p-type conductive channel on the diamond surface (2DHG). The model is used to fit to

experimental measurements to demonstrate that multiple mobility-limiting mechanisms exist for

the diamond surface conductive channel, and one of these mechanisms are widely unaccounted

for in literature.

Next, H:diamond-based field effect transistor operation is demonstrated. The transfer charac-

teristics exhibit high ON/OFF ratios and good sub-threshold slopes. Further, the oxide quality

is robust, as shown by the capacitance measurements, as well as the high-temperature Hall-

effect measurements up to 700 K. The resistance to radiation was demonstrated by irradiating

the diamond substrates to 2 MeV proton irradiation at multiple fluences. It was shown that

negative charge build-up is generated in the oxide, which degrades the mobility and enhances

the 2DHG accumulation (thus increasing the sheet density). In order to illuminate all of the

mobility-limiting mechanisms as induced via irradiation, unpassivated H:diamond samples were

also irradiated. It was shown that the conductivity also decreased. It is reasoned that lattice

damage is unlikely the cause of this degradation. Rather, the degradation is likely caused by the

proton-induced ionization, which can dissociate the C-H surface dipoles. These results further

support the conclusion that surface disorder related to the C-H dipoles contributes significantly

to the degraded 2DHG mobility.
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Finally, this thesis contributes to a well-known phenomenon related to the irradiation-induced

annealing. This is in the context of 3C-silicon carbide (SiC), which, also has a diamond crystal

structure. When defective 3C-SiC is irradiated with high-energy ions, annealing is observed.

Similar effects are observed in other polytypes, such as 4H-SiC. It is demonstrated that when

such ionization events occur in the vicinity of high electric fields, the annealing effect can be en-

hanced. This provides avenues for applications requiring low-temperature and localized annealing

solutions.
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Chapter 1

Introduction

1.1 Wide Band-gap Semiconductors for Harsh Environ-

ment Applications

Wide band-gap materials have long gifted us with the capacity to design technology that is

capable of operating in the harshest conditions. Such conditions arise inevitably by the forces

of nature, whether it is in the depths of terrestrial boreholes or on the surface of celestial bodies

in space. Moreover, harsh conditions arise within our own inventions, such as in gas turbines,

electric vehicles, or nuclear reactors. The moment one wishes to probe and quantify a quantity

in such a harsh environment, a need arises for electronics (e.g., transistors, sensors, etc.) that are

robust enough to sustain those conditions. For this reason, quantitative information within harsh

environments is as precious as it is difficult to obtain. It paves new avenues for curious minds,

and can enable solutions to important problems. In aircraft, for example, monitoring the air-to-

fuel ratio and combustion temperatures of the turbine is necessary to improve efficiency, reduce

emissions, and provide crucial information for quality control [1]. Automobiles usually require

chemical sensors in their exhaust, which should operate at temperatures exceeding 300◦C [2, 3].

On the other hand, the study of Venus (which has an average surface temperature of 460◦C) may

answer deep questions regarding Earth’s fate as it grapples with greenhouse gas emissions. Venus

probes are extremely difficult to engineer, the most recent being the Soviet Venera 13 from 1982,

which survived a mere two hours due to thermal failure of the on-board electronics [4]. On the

other temperature extreme, cryogenic electronics are necessary for space applications and highly

sensitive sensors [5, 6]. A diagram depicting this is shown in Fig. 1.1. Thus, in the dedicated

efforts of designing electronics for harsh environment applications, the structural and electronic

1
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Figure 1.1: Temperature operation range of silicon and special WBG-based heterostructures.
The potential for WBG technology spans a vast range of temperature environments, making
it attractive for harsh environment applications. One example of such a heterostructure, as
discussed in this thesis, is oxide-passivated hydrogen-terminated diamond.

properties of wide band-gap semiconductor materials have been of great interest for decades.

1.2 State-of-the-Art Harsh Environment Electronics

Researchers continue to push the limits of robust electronics for harsh environment applications

by exploiting the fundamental properties of the underlying semiconducting materials. This also

includes circumventing any drawbacks imposed by these properties and the fabrication process,

such as in sub-par carrier mobilities and difficulties in doping. The most widely used semiconduc-

tor is silicon, owing to its highly developed supply chain. Unfortunately, due to its low band-gap

of 1.12 eV, silicon-based technology is vulnerable at temperatures exceeding 150◦C since its in-

trinsic regions (or, indeed, any region that must be insulating for proper device operation) become

conductive. The heat dissipation and current leakage that ensue are thus unacceptable. More-

over, in power electronics, attractive material properties include a high electric field breakdown

and a high thermal conductivity, both of which are sub-par in silicon.

Due to the aforementioned limitations, alternative materials with much larger bandgaps are

desired. These are known as wide bandgap (WBG) materials, examples of which include silicon

carbide (SiC), gallium nitride (GaN), and diamond. The former two, SiC and GaN, are well

studied materials whose hexagonal crystal structures have band-gaps ranging around 3.4 eV.

Although this bandgap is 3x that of silicon, the electric field breakdown is over 10x, and the device

operation can remain stable at temperatures exceeding 700◦C. Moreover, the drift saturation

velocity is superior in SiC and GaN, which can enable more efficient power conversion systems.
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Lastly, each atom within SiC and GaN is energetically more stable than in silicon. Thus, WBG

materials can usually operate robustly in radiation-rich environments, as it takes more energy to

displace an atom and induce crystal defects.

Diamond, however, is a special WBG material that remains largely unexplored. Owing to

the tight lattice spacing of carbon, diamond exhibits exceptional material properties that can be

exploited for operation in harsh conditions. Table 1.1 summarizes the various the key properties

for Si, 4H-SiC, GaN, and diamond [7, 8]. Of these properties, diamond exceeds in the parameters

that are most critical for high temperature, high power, and high frequency operation.

1.3 Diamond’s Potential for Harsh Environment Opera-

tion

It is a cherished fortune that diamond, the material possessing the highest thermal conductivity,

happens to be a WBG semiconductor with superb electrical properties. Additionally, diamond is

chemically inert to most corrosive substances, which makes it robust for reactive environments.

Despite the importance of all these material properties, diamond would not be nearly as attrac-

tive without its wide bandgap of 5.5 eV. The extent to which WBG materials allow for high

temperature operation can be most elegantly expressed by their intrinsic carrier concentration

ni as a function of temperature. The temperature dependent ni is given by

ni =
√
NcNvexp (−Eg/(kBT )) , (1.1)

where Nc and Nv are the conduction and valence band density of states, kB is the Boltzmann

constant, T is temperature. Fig. 1.2 shows this relationship for Si, GaN, and diamond. It is

evident from this plot that Si is subpar for high temperature operation. For example, ni for Si

Table 1.1: Material parameters for various semiconductor materials [7, 8].

Parameter Si 4H-SiC GaN Diamond

Bandgap (eV) 1.12 3.26 3.45 5.5
Dielectric Constant 11.9 10.1 10.4 5.7
Critical Electric Field (MV/cm) 0.3 2.2 3.9 13
Electron Mobility (cm2/(V· s)) 1500 900 2260 4500
Hole Mobility (cm2/(V· s)) 600 115 850 3800
Thermal Conductivity (W/(m· K)) 150 490 230 2290-3450
Saturation Velocity (× 107 m/s) 1.0 2 2.2 1.3(h), 2.3(e)
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Figure 1.2: Intrinsic carrier concentration for Si, GaN, and diamond.

Figure 1.3: Comparison of properties for Si, GaN, and diamond.
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begins to exceed ∼1015 cm−2 at 300◦C, at which point the conductivity of all regions, doped or

undoped, begins to rise significantly. By comparison, at this same temperature, WBG materi-

als such as GaN or diamond have approximate intrinsic concentrations of 105 and 10−5 cm−2,

respectively. Diamond is especially attractive, given that temperatures as high as 1000◦C still

yield very low ni values (∼108 cm−2). Thus, these theoretical indicators solidify the potential

for diamond-based electronics for high temperature and high power applications. A diagram

demonstrating this across multiple properties is shown in Fig. 1.3.

As diamond-based technology is advancing in all fronts, it is finding greater use in industry and

the research community. Unfortunately, one drawback of diamond is in increasing its conductivity

via dopants. As will be discussed in this thesis, a special configuration of diamond, known as

hydrogen-terminated diamond, allows its surface to conduct despite the lack of dopants. This

is attractive in that the activation and deactivation behavior of dopants is circumvented, and

robust operation across a wide temperatures can be achieved (Fig. 1.1).

Due to reliability constraints, industries are dependent on materials like diamond for electronic

applications, including aerospace & defense [9], lasers & optics [10], and other R&D [11]. Satellite

communications and military equipment, for example, have a great demand for high power and

high frequency device operation. Additionally, research facilities, such as in nuclear and high

energy physics, can exploit diamond’s inherent hardness for radiation detection [12]. Finally, the

laser and optics community find great use of diamond, owing to its relatively constant absorption

and dielectric constant across wide wavelengths, as well as its small thermal expansion coefficient

(which suppresses thermal lensing effects).

1.3.1 Advancing technology

Of course, challenges are expected for any immature technology. Other WBG materials have

had their share of immense scrutiny, and have now matured to become a semiconductor that is

increasingly adopted for various applications. For example, for decades, researchers attempted to

reduce the defect density of GaN, which was a challenging feat due to the lack of native substrates

and thermal expansion coefficient mismatches [13]. Moreover, unintentional doping and sub-par

electron mobility values were difficult to optimize [14, 15]. Nonetheless, the market demand for

GaN-based technology has expanded significantly, owing to the research development in growth

techniques, fabrication processes, and structural designs.

The interest for diamond applications is, in part, driven by the advances made in synthesizing

large-area substrates [8]. Diamond is routinely synthesized using microwave plasma chemical

vapor deposition (MPCVD). Substantial progress has been made on this front, allowing the
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growth of nanocrystalline, polycrystalline, and single-crystalline diamond [8]. Using MPCVD,

ultra-high diamond quality has been demonstrated, with impurities on the order of a few parts-

per-billion and moderate dislocation densities. This applies to growth thicknesses ranging from

nanometers to millimeters, and diameters reaching 2 inches [16, 17]. The MPCVD method

also permits the growth of multiple diamond films with varying properties, such as in doping.

The growth techniques for large-area substrates have been attempted, including homoepitaxial,

heteroepitaxial, and mosiac tiling growth [18, 19]. Multiple companies have arisen as a result of

these methods, which they use to profit from diamond applications and sequentially contribute

in advancing the synthesis process. Many challenges remain, however. Among these are the

vacuum chamber constraints (which limits scaling), straining issues (as seen in heteroepitaxial

growth methods), dopant activation (especially n-type), and sub-par experimental conductivity

(a main topic of this thesis) [8]. To optimize the performance of diamond-based electronics, these

issues need to be addressed.

The design and fabrication of the devices on diamond is equally critical in the research

and development process. Fundamentally, this involves identifying the hurdles that are limiting

their development. Stable metal contacts (ohmic and Schottky), oxide passivation, etching, and

cleaning/polishing are among the many steps that must be understood in the fabrication process.

Unique challenges are also posed by the constraints of operating these devices in harsh conditions,

such as in metal contact diffusion and non-linearities related to dopant activation. To resolve

the aforementioned limitations, a thorough understanding of their underlying mechanisms is

required. Poor contact behavior, for example, may be a limiting factor at high temperature

operation, which calls for an in-depth analysis of the metal/diamond interface. In this thesis,

one such limiting factor in diamond – a low hole-channel mobility that is frequently observed

– is studied in depth. Given the fundamental nature of semiconductor transport properties,

the impact of this study spans every researcher who is dedicated to the advancement of this

technology.

1.4 Major Contributions

The major contributions of this work are the following:

• A micro-fabrication process has been developed for diamond-based devices, including field

effect transistors and hall-effect devices. Operational stability at high temperatures and

transfer characteristics have been demonstrated.

• A scattering model has been developed to model the hole mobility for a wide range of
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temperatures. A multi-band treatment of diamond valence bands was included by using a

Schrödinger/Poisson solver.

• Experimental Hall-effect measurements for wide temperature ranges was performed to de-

duce the various mechanisms that are degrading the hole mobility, including one mechanism

that has been largely overlooked.

• Performance of proton-irradiated H:diamond devices has been shown for the first time.

It was demonstrated that Al2O3 builds up negative bulk charge. More importantly, it

was demonstrated that irradiation-induced ionization degraded the hole mobility and sheet

density, an effect attributed to the dissociation of C-H dipoles at the surface. This study

provides a holistic understanding of the degradation mechanisms of all H:diamond devices,

passivated or not.

• It is shown, via modeling, that defective silicon carbide can be annealed via heavy-ion

irradiation, and that this annealing can be enhanced in the presence of high background

fields. This deepens our understanding of irradiated diamond-like materials, as well as

advances fabrication processing technology for low-temperature annealing solutions.

1.5 Thesis Overview

• Chapter 2 provides a background overview of the diamond technology described in this

thesis and lays the technical foundation for the reader to understand the details presented

in the subsequent chapters. First, the surface conduction properties is reviewed, including

the physical properties of various diamond terminations and surface transfer doping. This is

followed by a background of the experimentally-measured and theoretically-calculated hole

mobilities. Finally, ionizing radiation in semiconductors and its physical manifestations are

discussed.

• Chapter 3 discusses the fabrication process of devices on hydrogen-terminated diamond.

Extensive Hall-effect measurements are demonstrated for wide temperature ranges, and a

theoretical model is introduced to understand the experimental results. Finally, good tran-

sistor transfer characteristics were demonstrated using conventional electrical measurement

techniques. The details on the mobility model and the micro-fabrication runsheet are avail-

able in Appenices A and B, respectively.
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• Chapter 4 demonstrates the electrical performance of the diamond-based devices after be-

ing irradiated with 2 MeV protons at two fluences. This was performed on both oxide-

passivated and unpassivated samples, in order to decouple the degradation induced in the

oxide from the degradation induced in the C-H surface. A classical model is also utilized

to gain insight as to how the C-H surface degrades with radiation.

• Chapter 5 contributes to the novel annealing solutions in defective silicon carbide, which

can be annealed locally utilizing energetic heavy-ion irradiation. Molecular Dynamics and

Ensemble Monte Carlo models are used to demonstrate how, in the presence of high electric

fields, this annealing can be enhanced significantly. This also deepens our understanding

of irradiated devices with sensitive active regions.

• Chapter 6 concludes this thesis and suggests multiple future directions to progress the work

presented in this thesis.



Chapter 2

Background

2.1 Challenges of Doping Diamond

As a semiconductor material, diamond has exceptional figures of merit due to its wide band gap,

high breakdown voltage, high thermal conductivity, and high carrier mobility. However, doping of

diamond has been a challenge. The doping process aims to generate additional charge carriers by

introducing the atoms in a semiconductor with foreign atoms, which are referred to as dopants.

These dopants, which have more or less valence electrons than the host material, are ideally

substituted in original lattice sites, although incorporating the dopant as an interstitial is also a

possibility. In both instances, however, the dopant must become activated. For a donor (n-type

dopant), activation implies that the atom’s extra valence electron transitions into the material’s

conduction band. Conversely, in the case of an acceptor (p-type dopant), a vacancy in the

atom’s valence shells is filled by an electron, thus emitting a hole into the host material’s valence

band. This activation mechanism also ionizes the dopant, which fulfills the charge neutrality

condition. The end result is a host material with a partially occupied conduction band (n-type

semiconductor) or valence band (p-type semiconductor), thus facilitating charge mobility and

increasing the conductivity.

Unfortunately, the activation process of dopants has been a notorious challenge to researchers.

Without activation, the doping process is futile and often results in a defective and electrically

unstable material. For silicon, the boron activation energy is 0.045 eV, which is relatively low

and allows for feasible fabrication of p-type silicon. In the case of diamond, the boron activation

energy is 0.37 eV, which is drastically higher and makes p-type doping of diamond a great

challenge. Unfortunately, all other known dopants of diamond exhibit even higher activation

9
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Figure 2.1: Hole concentration vs. Boron dopants. This demonstrates the highly degenerate
doping density that is required for reasonable p-type conduction.

energies. For example, the activation energies for phosphorus and nitrogen (both donors) are

0.60 and 1.7 eV, respectively.

The concentration of holes p as a function of boron concentration NA and activation energy

EA can be expressed as,

p2

NA − p
=

(
2πm∗kBT

h2

)3/2

exp (−EA/kBT ) , (2.1)

where m∗ is the hole effective mass, kB is the Boltzmann constant, T is temperature, and h

is Planck’s constant. Note that for simplicity, Eq. (2.1) neglects a donor concentration. Fig. 2.1

plots this function at 300 and 600 K, presuming EA = 0.37 eV. At room temperature, a de-

generate doping level NA = 1019 cm−3 results in p ≈ 1019 cm−3. In other words, about one in

104 boron acceptors are activated at room temperature. Thus, highly degenerate concentrations

of boron acceptors are required to induce acceptable conductivity values. Effective doping pro-

cesses are currently being investigated by researchers. Among these are co-dopants, where the

incorporation of a compound (as opposed to an element) acts as a dopant. Doping with boron

and sulfur, for instance, has been shown to produce n-type diamond [20]. The reliable control of

diamond’s conductivity remains a challenge, however, but it is key to unlocking its potential as

a semiconductor material for device applications.
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2.2 Two-Dimensional p-type Conduction on H:diamond Sur-

faces

Processing concerns over dopant activation is not unusual in the semiconductor industry. Dopant

activation of wide band-gap semiconductors are a great challenge, such as in p-type doping

in gallium nitride [21] and silicon carbide [22]. A variety of heterostructures exist where a

dense concentration of 2D electron gas (2DEG) is formed along the interface, such as in Al-

GaAs/GaAs, AlGaN/GaN, and SrTiO3/LaAlO3. For applications requiring n-type conduction

only, the need for doping can be circumvented using these heterostructure technologies with high-

mobility 2DEGs [23]. Similarly, p-type conduction on diamond can be realized without doping

since a 2D hole gas (2DHG) can be generated on its surface. To understand how 2DHGs are

formed, we briefly discuss the physics of the hydrogen and oxygen-terminated diamond surface,

and how they can be exploited to form well-defined planar devices.

2.2.1 Surface Termination

For all crystals, a disruption in the lattice periodicity results in the rearrangement of the local

atomic structure. Vacancies and interstitials, for example, may contract or expand the lattice

positions in their immediate vicinity as a means of minimizing the energy. The surfaces of

these crystals behave similarly, in that the disruption of the lattice periodicity and the resulting

dangling bonds induce a rearrangement of the atomic structure that is unlike the atomic lattice

positions in the bulk. In the (100) surface of diamond, carbon atoms undergo a 2×1 reconstruction

in the form of π-bonded dimers. If the surface is exposed to elemental hydrogen, such as in a

hydrogen plasma, these C-C dimers can be converted to a single bond with one H-atom attached

to each carbon. This termination neutralizes dangling bonds and surface states [24]. Similarly,

an oxygen plasma creates C-O bonds at the surface. The former is referred to as a hydrogen-

terminated diamond surface, whereas the latter is oxygen-terminated. In this thesis, we refer to

these as H:diamond and O:diamond, respectively.

The reconstruction of the surface, as well as the surface termination, has physical implica-

tions that open the door to a variety of applications. Most importantly, the electron affinity

depends drastically on the surface termination, and is defined as the energy difference between

the conduction band minimum ECBM and the vacuum level EVAC, given by

χ = EVAC − ECBM. (2.2)



CHAPTER 2. BACKGROUND 12

A clean reconstructed surface with no termination possesses a χ value of around 0.4 eV,

which is fairly low for most semiconductors [25]. This value can be further increased with

oxygen termination, where χ increases to around 1.7 eV [26]. This is caused by the higher

electronegativity of oxygen relative to carbon, which results in a negative charge δ− on the O

atom and a positive charge δ+ on the neighboring carbon atom. For H:diamond surfaces, the

opposite phenomenon occurs. In this configuration, the polarization of the C-H bond is due to

hydrogen having a lower electronegativity than carbon, resulting in δ+ on the H atom and δ− on

the neighboring C atom. This polarization induces a steep potential drop perpendicular to the

surface over a distance equal to the C-H bond length, as shown in Fig. 2.2. The result is a negative

electron affinity (NEA) χ ≈ −1.3 eV, which means that electron emission into the vacuum

requires less energy than a transition from the valence band to the conduction band. A NEA is

a highly unusual phenomenon, but with attractive applications. For one, efficient photoemitters

and cold cathode field emitters can be developed using H:diamond [27]. However, as is the

subject of this work, H:diamond can be exploited to provide a high p-type surface conductivity

for electronic device applications. This is made possible via a charge transfer process between

the VBM of the diamond surface and lower energy states provided by atmospheric molecules or

oxide films, a mechanism denoted as surface transfer doping.

2.2.2 Surface Transfer Doping

Surface transfer doping of diamond surfaces has garnered much attention, as it circumvents the

great challenges posed by the conventional substitution of the donor/acceptor atoms in the tight

diamond lattice. This transfer mechanism is facilitated by the NEA of hydrogen-terminated

diamond, where the VBM is energy level is high with respect to the vacuum energy level, which

in turn is higher than the lowest unoccupied molecular orbitals (LUMOs) of many atmospheric

molecules. Thus, these LUMO act as accessible acceptor levels, which become ionized (or filled)

by the electron transfer from the VBM of diamond. The result is, thus, a depleted hole quantum

well (i.e., a 2DHG) and a compensating sheet of negative charge by the acceptors. An example

of these acceptors are contained in the mildly acidic water in our atmosphere. Chemically,

the electron exchange from the VBM of H:diamond to the adsorbed water layer is governed

by the redox reaction 2H3O+ + 2e− 
 H2 + 2H2O [28]. The space charge produced in the

adsorbates compensates the hole accumulation layer until equilibrium is reached between the

Fermi level and the chemical potential of the H:diamond and water layer, respectively. An

alternative formation of the 2DHG is via oxide passivation films. If the electron affinity of the

oxide film is sufficiently large, its CBM may lie below the VBM of the H:diamond, thus providing
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Figure 2.2: Band diagram of a diamond surface for various terminations. a) Clean (2×1) recon-
structed surface with a positive electron affinity, b) Hydrogen-terminated surface with a negative
electron affinity (NEA). The NEA of the H:diamond surface is induced by the C-H dipole, which
produces a steep potential step over the C-H bond length of 1.1 Å, and c) Oxygen-terminated
surface with the highest electron affinity.
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a large density of available states for electron transfer and 2DHG formation. Transition metal

oxides such as WO3 and V2O5 are two examples that have been shown to induce especially high

2DHG densities. Finally, the 2DHG can be formed by energy states provided by oxide defects.

For example, defects in Al2O3 are believed to produce available states well below the VBM of

H:diamond [29, 30]. Thus, despite the ultra-wide band gap of ∼7 eV, a 2DHG has been observed

for Al2O3-passivated H:diamond. As will be discussed later in this work, Al2O3 is especially

stable at a wide range of temperatures, which can resolve the notoriously unstable electrical

properties observed in air-adsorbed H:diamond [31].

2.2.3 Operational Issues of Air-adsorbed H:diamond

Upon hydrogen-terminating a clean diamond surface, an immediate source of acceptors is pro-

vided by the atmosphere. As discussed previously, this is believed to be governed by a redox

reaction with an adsorbed water layer, resulting in an electron exchange and a 2DHG formation.

Additionally, exposure to different gases, such as O3, NO2, and NO, contributes to a varying den-

sity of these acceptors, which therefore modulate the 2DHG concentration [32]. Exposure to HCl,

H2SO4, and HNO3 also exhibits an increase in the 2DHG density, as reported in [33]. Unfortu-

nately, despite the achievable conductivity, air-doped H:diamond is notorious for being thermally

unstable and difficult to reproduce. As shown in Fig. 2.3, the hole sheet density degrades rapidly

at higher temperatures for air-doped diamond. Since the air acceptors are bounded weakly via

van der Waals forces on the diamond surface, they desorb quickly with temperature, thus making

air-doped diamond unsuitable for device applications.
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Figure 2.3: Air-doped sheet density as function of temperature. Since the sheet density drops
rapidly with temperature, air-doped diamond is unsuitable for high temperature operation.
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2.2.4 Robust Performance via Oxide-Passivation

Fortunately, oxide passivation has been shown to stabilize the conductivity while providing a

respectable (and in some cases, superior) density of acceptors. For example, H:diamond surfaces

passivated with Al2O3 stabilizes the 2DHG density at temperatures up to 700 K [31, 34]. For

this reason, oxide passivation for H:diamond surfaces are regarded as the key to robust device

performance. Multiple oxides have been explored as potential passivation films, including Al2O3,

HfO2, and SiO2. Moreover, transition metal oxides (TMOs) have exhibited especially high sheet

densities. Examples include WO3, Nb2O5, MoO3, and V2O5 [31], all of which boost the sheet

density to values well over 1×1013 cm−2. This boost is owed to the high electron affinity of these

TMOs, which place the CBM energy below the VBM of the H:diamond surface. Thus, we would

expect the sheet density to correlate with the electron affinity magnitude of the TMO, which is

precisely what was observed in Ref. [31].

2.3 Studying the Hole Transport Properties of H:diamond

In this section, an experimental and theoretical method of determining the hole mobility is

discussed. This lays the groundwork for Chapter 3, where the theoretical model is used to fit to

the experimental data, which is key to providing insight into the various scattering mechanisms

that are degrading the mobility.

2.3.1 Experimental: The Hall-effect Method

The Hall-effect method is widely used in probing the electrical properties of materials. The

fundamental idea of this method is to exploit the Lorentz force on a single charge carrier, given

by,

F = e (E + v×B) , (2.3)

where e is the elementary charge, moving with a velocity v in the presence of an electric field

E and a magnetic field B. Should this current injection occur along a conductive square plane

with point-like electrodes on the corners, we can readily measure the voltage that is induced as

a result of this force (as depicted in Fig. 2.4), defined by
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VHall = ~νx ~Bzw, (2.4)

where w is the width of the conductive region. We also note that the injected current can

be defined as Isupply = ep2dw~νx, where p2d is the hole sheet density. By solving for w and

substituting into Eq. (2.4), we can relate p2d with our known variables, as expressed by,

VHall =
IsupplyBz

p2de
. (2.5)

Furthermore, the sheet resistance can also be extracted by applying a current between two

adjacent electrodes, and measuring the induced voltage across the opposite pair of electrodes.

This technique is known as the van der Pauw method. We can enumerate the electrodes from 1

to 4 (in a counter-clockwise order, starting at the top-left electrode, as depicted in Fig. 2.4), and

define the following resistance parameter,

R12,34 =
V34
I12

. (2.6)

The values for R34,12, R21,43, and R43,21 can similarly be calculated, each of which involves

applying the current in the vertical direction (across contacts 1↔2 and 3↔4). Averaging these

Figure 2.4: Operation of a Hall-effect device and extraction of VHall.
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values yields an average vertical resistance Rvertical. We can perform this set of measurements

for the horizontal direction (i.e., current along 1↔4 and 2↔3), and finally use the van der Pauw

formula, given by,

exp (−πRvertical/RS) + exp (−πRhorizontal/RS) = 1, (2.7)

where RS is the sheet resistance, commonly expressed in units Ω/sq. This can be related to

the hole mobility by the expression,

µH =
1

ep2dRS
. (2.8)

Thus, the Hall-effect and the van der Pauw techniques provide the core electrical properties

of the active regions in our devices. Moreover, by extracting these properties at multiple points

along a wide temperature range (e.g., 50 to 700 K), valuable insight can be inferred on the

material properties of the conducting channel, as will be demonstrated in later sections.

2.3.2 Theoretical: Hole Relaxation Time Calculations

In this section, a formulation for the hole relaxation time is presented, from which the theoretical

hole mobility is calculated. For 2DHGs in H:diamond, the hole mobility is only limited by phonons

at high temperatures. In the low-to-intermediate regime, however, the mobility is theorized to

be mostly limited by the Coulombic interactions between the 2DHG and localized fields in-plane,

such as those induced by ionized surface acceptors. The relaxation times associated with four

hole scattering mechanisms are introduced in Appendix A. This model also uses the hole Fermi

energy values and probability density functions for the heavy hole, light hole, and split-off valence

bands. This multi-band treatment was performed using a Poisson/Schrödinger solver, the details

of which are discussed in Appendix A.

In this model, the 2D holes are characterized by a plane wave along the diamond sur-

face (r-plane), and a quantized wave perpendicular to the surface (z-axis). Thus, the inci-

dent and final states, expressed as plane waves, are written as Ψi = A−1/2ψ(z)exp(ik · r) and

Ψf = A−1/2ψ(z)exp(ik′ · r), where k and k′ are the initial and final hole wave vectors, respec-

tively, and ψ(z) is the out-of-plane wave function determined using the Schrödinger/Poisson

solver. The factor A is the 2D normalization constant converting the scattering rate per unit
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area (also denoted by L2). The two-dimensional form of scattering rate is expressed by integrating

over all possible final states k′ of the scattering matrix Mi(k,k),

Γi
k′,k =

2π

~
L2

(2π)2

∫
d2k′|Mi(k

′,k)|2δ[Ek′ − Ek], (2.9)

where i denotes the scattering mechanism, and the delta function ensures the conservation

of energy. The mobility is determined by the transport lifetime (or relaxation time) τrt, which

is a function of the net scattering rates Γi
k′,k and also a function of the scattering angle between

vectors k and k′, denoted by θ. Via Boltzmann transport equation and the principle of detailed

balance, the angle dependence is introduced by the factor (1−cos(θ)). We can write the relaxation

rate in terms of the displacement vector q = k′ − k,

1

τi(k)
=

2π

~
L2

(2π)2

∫
d2q|Mi(q)|2(1− cos(θ))δ[Ek′ − Ek]. (2.10)

Presuming each scattering mechanism i is independent, the total relaxation time τtr is given

by

1

τtr(k)
=
∑
i

1

τi(k)
. (2.11)

These relaxation times are numerically calculated and averaged according to the Fermi statis-

tics,

〈τtr〉j =
∑
k

Ekτ jtr(k)

(
∂f(Ek)j
∂Ek

)/∑
k

Ek
(
∂f(Ek)j
∂Ek

)
. (2.12)

Here the subscript j was introduced to signify that the relaxation times are unique to each

band j, each of which has an effective mass m∗j , carrier density ρj2D, and Fermi energy from

Eq. (A.1). The averaged relaxation time is used to deduce the hole mobility, obtained using the

widely used relation,

µj =
e

m∗j
〈τtr〉j . (2.13)
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Finally, the total mobility can be determined by weight-averaging each band, given by

µH =

∑
j µjρ

j
2D∑

j ρ
j
2D

. (2.14)

The final result in Eq. (2.14) links this theoretical framework with the measured quantity

obtained via Hall-effect measurements (Eq. (2.8)). The scattering mechanisms modeled by the

matrix elements in Eq. (2.10), as well as the relaxation averaging of Eq. (2.12), result in µH

that is a function of temperature, sheet carrier density, impurity density, and other material

properties. This modeling framework will thus provide us with a thorough understanding of the

limitations to the hole conductivity of 2D hole gases in H:diamond.

2.3.3 Mobility Ceiling

One of the greatest milestones for diamond as an emerging device platform is to maximize the

drive current. Among various properties that must be optimized, the hole mobility is most

critical, as it is significantly lower than theoretical values. This is shown in Fig. 2.5, which

includes hole mobility data points of H:diamond from multiple references [31, 34–39]. While

the sheet density has been measured to span over two orders of magnitude (even exceeding

1014 cm−2), both for passivated and unpassivated surfaces, the mobility spans a much narrower

range, most typically below 100 cm2/(V·s). The virtual “mobility ceiling” that is produced

presents a unique challenge to realize highly conductive H:diamond for device applications.

To see this, we can invoke the scattering rate by surface impurity scattering in Eq. (A.6),

which is ∝ Nsi · exp(−q(z + |d|)), where d is the average distance between the 2DHG and the

compensating sheet of negatively charged acceptors (Nsi), and q is the scattering wavevector.

This proximity results in strong Coulomb interactions which degrades the hole mobility signif-

icantly. Design solutions aiming to increase d (as accomplished with “spacer layers” in III-V

heterostructures, for example) may provide an avenue to break through the mobility ceiling and

thus decrease the sheet resistivity to acceptable values.

Moreover, as we will discuss in depth in the next chapter, the hole mobility remains low even

as Nsi decreases. If surface impurity scattering via the 2DHG and the compensating negative

sheet charge is the dominant scattering mechanism, then per Eq. (A.6), the scattering rate should

decrease accordingly at low sheet densities. However, this is not what we see in Fig. 2.5. Thus,

the implication here is that an additional scattering mechanism exists, which lays ground to yet

another avenue to maximize the hole conductivity.
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Figure 2.5: Mobility ceiling of 2DHG for various passivated and unpassivated H:diamond struc-
tures. While the sheet density has been demonstrated to span over two orders of magnitude, the
mobility spans a much narrower range [31, 34–39].

2.4 Ionizing Radiation Effects in Semiconductors

2.4.1 Particle interaction with matter

The terms “harsh” or “extreme” environments often allude to high temperatures. However,

environments that are rich in radiation also fit into this category. Particle radiation such as

protons, electrons, and alpha particles, for example, are highly invasive as they penetrate sensitive

regions in electronics and disrupt their operation – sometimes permanently. Unfortunately, these

species of radiation are abundant in space environments, especially during solar particle events,

as shown in Fig. 2.6(a) for protons.

Whenever a radiation species penetrates a material, it slows down as it deposits its kinetic en-

ergy via ionization and via nuclear interactions. While the former energy deposition is manifested

as the emission of electron-hole pairs, the latter induces atomic displacements in the material.

These mechanisms of energy loss are commonly referred to as electronic and nuclear stopping

power (SP). The proportion of these two mechanisms depend on the particle mass, charge, kinetic

energy, as well as the properties of the target material. An instance of this nuclear and electronic

SP proportion can be calculated using open source simulators, as shown in Fig. 2.6(b).

For light and energetic particles, electronic SP (i.e., ionizing radiation) is the most common

mechanism of energy loss. Since such particles are difficult to absorb, they often pierce through
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Figure 2.6: (a) Integral fluences of protons during the months of solar particle events, where
large quantities of particles radiate into the solar system [40].(b) Nuclear and electronic stopping
power of an alpha particle in a hydrogen-rich environment. With the exception of very low kinetic
energies, electronic stopping power dominates the energy loss mechanism [41].

Figure 2.7: TID effects on microelectronic devices, such as a threshold voltage shift and increase
in leakage current. These are instances of degradation that become apparent after large doses of
radiation.
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microelectronic devices and materials, leaving a cylindrical-shaped volume of energetic electron-

hole pairs in its track. As a consequence, the key performance metrics of these devices tend to

degrade.

2.4.2 Total Ionizing Dose (TID)

In order to make predictions on the robust operation of microelectronic devices in radiation

environments, it is useful to quantify the absorbed dose over time. This is commonly referred

to as total ionizing dose, or TID, and it is among the most significant failure mechanisms of

irradiated devices. The main vulnerability of TID are the oxides, which are intrinsic to many

device structures that require insulating layers, such as in metal-oxide-semiconductor and silicon-

on-insulator structures. Among many of the key device metrics that degrade are the current

leakage, ON resistance, and threshold voltage shifts, as shown schematically in Fig. 2.7. TID

effects are most typically induced by energetic ions with low mass, such as protons and electrons

in the MeV-range. Thus, space environments [Fig. 2.6(a)] can be regarded as hostile to devices,

particularly those with structures involving oxides. To protect against TID degradation, shielding

and quality assurance of the on-board electronics may be necessary. Additional solutions include

novel device designs and materials that are intrinsically radiation-hardened.
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Figure 2.8: Threshold displacement energies of various semiconductors. Due to the tight lattice
spacing of diamond (crystal structure shown on the right), more energy is required to fully
displace a carbon atom [42–44].
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Figure 2.9: Schematic of a thermal spike event as induced by highly energetic ions.

2.4.3 Other Radiation Effects

Nuclear stopping power, which involves energy loss in elastic collisions between the nuclei of

the target material and the radiation species, is responsible for atomic displacements that can

also alter the structural and electronic properties. Nuclear SP is most prominent the heavier

the particle. For charged radiation species, these collisions are driven by repulsive Coloumbic

interactions. If the collision imparts energy greater than a certain value, known as the threshold

displacement energy Ed, then the target atom (also known as a primary knock-on atom) will be

displaced and potentially act as a radiation species of its own – creating a cascade effect with

the surrounding atoms. Below Ed, and the target atom is merely perturbed and returns to its

original site. Such events can be responsible for producing significant lattice damage, potentially

leaving the once-crystalline material amorphous if the dose is large enough. Figure 2.8 shows the

threshold displacement energies for various semiconductor materials [42–44]. Due to the tight

lattice spacing of diamond, the carbon atoms are highly bound and more energy is required to

permanently displace them.

Although heavy particles can induce significant lattice damage via elastic collisions, the pro-

files shown in Fig. 2.6(b) still hold true. That is, heavy particles penetrating materials at suffi-

ciently high velocities dissipate energy primarily in the form of electronic SP. Such species are
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commonly referred to as swift heavy ions (SHIs). SHI species are unique in that they unleash sig-

nificant quantities of ionization energy, which, via electron-phonon coupling, sequentially raises

the lattice temperature to thousands of degrees. Thus, the cylindrical volume that encloses

the penetrating SHI (tens of nanometers in diameter) melts the lattice and rapidly freezes as its

energy is radially dissipated, all in picosecond-to-nanosecond time scales. This is shown schemat-

ically in Fig. 2.9. The effects of this rapid heating and cooling as induced by penetrating ions in

materials is largely unexplored. For one, it may render the lattice locally amorphous. However,

in some instances, as will be discussed in Chapter 5, such events can annihilate pre-existing

defects, thus providing a localized annealing solution that does not require a macroscopic and

prolonged heating of the entire substrate. This has significant implications in the realm of ion

implantation, ion-beam analytic techniques, neutron irradiation, and the operation of devices in

radiation-rich environments. For example, an accurate reliability analysis of such materials in

radiation environments hinges on the understanding of how their crystal structure evolves over

time. Additionally, calculations of ion implantation profiles may prove to be inaccurate unless

this annealing effect is accounted for.

2.5 Chapter Summary

In this chapter we discussed the difficulties of doping and the promise behind hydrogen-terminated

diamond surface. By exploiting the negative electron affinity of H:diamond, and the highly posi-

tive electron affinity of O:diamond, we can form conductive and insulating regions, thus defining

planar devices. We also overviewed the hole transport properties, including a theoretical for-

mulation of the mobility which was used to fit to the experimental Hall-effect measurements.

This is accomplished by calculating the relaxation times associated with four hole scattering

mechanisms, as formulated in Apprendix A. We also observed how a “ceiling” to the hole mo-

bility is observed throughout literature, where values below 100 cm2/(V-s) are measured even at

low sheet densities. Thus, we hypothesize that an additional scattering mechanism contributes

significantly to the low hole mobility. Finally, we discussed the effects of irradiation in semicon-

ductors, including the TID effects, atomic displacement events, and thermal-spikes induced by

highly energetic ions. For the latter, the rapid heating and cooling induced by energetic ions and

its effect on materials is largely unexplored. It has been shown, for example, that such events can

annihilate pre-existing defects, thus providing localized and low-temperature annealing solutions.



Chapter 3

Fabrication and Characterization

of H:diamond Devices

3.1 Fabrication of H:diamond Devices

In this section, we will overview the nature of the conductive and insulating diamond surface,

including an outline of the H:diamond fabrication process. The content of this chapter can be

found in our published work [39].

3.1.1 Hydrogen and Oxygen Termination of Diamond Surfaces

As discussed in section 2.2, the dipole carbon-hydrogen (C-H) bonds in H:diamond form a steep

potential that lowers the vacuum energy level below the conduction band minimum of diamond.

As a result, any energy state (i.e., acceptor) below the valence band maximum of H:diamond is

accessible for charge transfer. In fact, high work-function oxides (e.g., WO3, MoO3, and V2O5),

have conduction band minima below the diamond’s valence band maximum, which introduces a

continuum of states and thus a hole sheet density as high as 1×1014 cm−2 [35].

In this process, the H-termination was formed by exposing the diamond samples to a high

kW-power plasma in a MPCVD chamber at the University of California, Davis (Fig. 3.1(a)). No

substrate heater was used. Instead, the surface temperature was controlled by the plasma power

and chamber pressure, and was constantly measured remotely using a pyrometer. The exposure

times to the hydrogen plasma ranged from 15 to 30 min. For the formation of insulating regions,

a standard lithography process was used to expose the isolation regions of the surface and treat

with an oxygen plasma, generated using a standard plasma cleaning tool at 100 W (Fig. 3.1(a))

25
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a) b)

Figure 3.1: (a) Hydrogen-terminating the surface of single-crystal diamond in the microwave-
plasma CVD chamber. (b) Oxygen-terminating the isolation regions in an oxygen plasma (using
a standard plasma cleaning system).

for 90 seconds. The fabrication process is outlined step-by-step in a later section.

In this work, the 2DHG exhibited a wide range of concentration (∼ 2×1012−1.5×1013 cm−2)

and mobility (∼ 30 − 100 cm2/(V-s)) values from sample to sample. This, in part, inspired

the content of this work, since patterns began to emerge and previous mobility models were

inconsistent with experiment. Prior to this realization, however, other processing steps needed to

be developed at Stanford’s Nanofabrication Facility (SNF), such as metal contacts and passivation

layers. This will be the subject of the following sections.

3.1.2 Metal Contacts on H:diamond Surfaces

Ohmic and Schottky Contacts

Metal contacts can exhibit both ohmic and Schottky behavior on H:diamond surfaces. In effect,

hydrogen-termination neutralizes the diamond surface states, which results in a linear depen-

dence between the Schottky barrier height (SBH) and the electronegativity [24]. This was first

described by Mönch in relating the metal-induced gap states (MIGS) and electronegativity in

metal-semiconductor contacts [45]. Thus, since H:diamond conduction is p-type, metals with a

high electronegativity, such as Au and Pt, exhibit ohmic behavior and low contact resistance. On

the other hand, low electronegativity metals such as Mg, Al, and Ti, exhibit rectifying behavior.

This dependence between SBH and electronegativity on H:diamond has been demonstrated by

Kawarada et. al. for a variety of metals [46]. As will be discussed in a later section, the for-

mation of both ohmic and Schottky contact allows us to realize metal-semiconductor field-effect
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transistors (FETs).

Adhesion Issues

In a pristine surface of (100) diamond, the carbon atoms are reconstructed such that the four

outermost valence orbitals are bonded, thus forming C-C dimers. The effect of the hydrogen

termination process is to break these dimers and form a dipole with each surface carbon atom.

Moreover, given the small size of the hydrogen atom, the C-H bond length is very small (1.1 Å),

which results in a great force of attraction between the nuclei and forms a highly stable bond.

However, this is an unfortunate reality in the context of metal electrodes, whether they be

Schottky or ohmic. When evaporated, a metal contact is inert to the C-H surface. This results

in a relatively large distance between the metal atoms and the C-H surface, where even mild

external forces can be sufficient to physically lift the metal layer. Fig. 3.2 (top) shows that after

spraying the surface with solvents, the Ti/Pt/Au layer was lifted.

Poor adhesion makes probing and wirebonding either very difficult or practically impossible,

which makes the electrical measurement process challenging. Unfortunately, the rest of the

refractory metals (e.g., Mo, W, Cr, and Ta) that are common in metal contact stacks are highly

non-adhesive on H:diamond surfaces, according to ab initio studies [47, 48]. Fortunately, as

demonstrated in this same study, O:diamond adheres very well to such metals. Thus, by oxygen-

terminating the diamond surface via an oxygen plasma, adhesion is achieved. Although this added

another lithography step in our fabrication process, wirebonding and probing on the contacts

became trivial. As shown in Fig. 3.2 (bottom), the outer perimeter was treated with oxygen-

plasma prior to metal deposition. The resulting adhesion was strong enough for wirebonding.

3.1.3 Al2O3 Passivation via Atomic Layer Deposition

As shown in Fig. 3.3, H:diamond surfaces passivated with Al2O3 stabilizes the 2DHG density at

temperatures exceeding 650 K. Thus, for our metal-insulator-semiconductor (MIS) process, we

deposit 25 nm of Al2O3 at 250◦C. It is worthwhile noting that higher temperature depositions of

Al2O3 have exhibited greater stability at high temperatures. Diacho et. al. showed, for example,

that ALD-Al2O3 deposited below 400◦C produces bubble-like patterns after annealing at 550◦C

in air [49]. On the other hand, Ren et. al. showed that higher temperature depositions produce

lower sheet densities, presumably owing to the higher quality oxide (and thus lower acceptor

state density) [50]. Thus, part of the design process for ALD-Al2O3 deposition is to strike a

balance between thermal integrity and electrical performance.

Although the surface transfer mechanism into high-WF oxides is clear (since the CBM of
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Figure 3.2: (Top) Ti/Pt/Au layer on hydrogen-terminated diamond (polycrystalline in this case,
which explains the apparent grain boundaries). The result of spraying with solvents was sufficient
to peal off the metal layers. (Bottom) Another Ti/Pt/ Au layer was deposited, this time with
oxygen-plasma exposure prior to evaporation+lift-off. The result was strong adhesion, thus
allowing for wirebonding.



CHAPTER 3. FABRICATION AND CHARACTERIZATION OF H:DIAMOND DEVICES29

300 400 500 600

Temperature (K)

10
11

10
12

10
13

H
o
le

 S
h

e
e

t 
D

e
n
s
it
y
 (

c
m

-2
)

Air-doped
Al

2
O

3
 (sample 1)

Al
2
O

3
 (sample 2)

Figure 3.3: Sheet density of air-doped and Al2O3-passivated H:diamond at high temperatures.
The sheet density of air-doped diamond drops precipitously due to the desorption of weakly-
bounded air dopants. In contrast, Al2O3-passivated H:diamond exhibits high stability, as shown
here for two separate samples. The ALD temperature was 250◦C for both samples.

the oxide is below the VBM of the H:diamond), the mechanism behind the surface transfer

into Al2O3 is less certain. For one, the bandgap of Al2O3 exceeds 6 eV, and its CBM is well

above the diamond’s VBM. For this reason, it is speculated that the 2DHG is a consequence

of electron transfer into unoccupied energy states in the Al2O3, arising from its vacancies and

interstitials [51]. Oxygen interstitials (Oi) and aluminum vacancies (Alv) are two such species

that may be responsible for these unoccupied states. Since the Oi and Alv energy levels are near

the VBM of Al2O3, this implies that charge transfer from the VBM of H:diamond is energeti-

cally favorable, thus inducing a 2DHG [51–53]. For this same reason, electron transfer into the

unoccupied Al2O3 sites has been observed to induce a p-type inversion layer in n-type silicon

surfaces [54]. A schematic depicting this charge transfer mechanism is shown in Fig. 3.4.

3.1.4 Step-by-Step Fabrication Process

The fabrication process of H:diamond devices can be separated into three categories: the for-

mation of conductive and insulating surfaces, the deposition of ohmic metal contacts, and the

passivation of the active regions. The fabrication process of H:diamond devices is summarized

below, and a detailed runsheet is available in Appendix B.

The H:diamond devices were fabricated as follows. A schematic of this process is shown in

Fig. 3.5(a). (i) The diamond surface was hydrogen-terminated under a high-power plasma in
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Figure 3.4: Schematic of charge transfer mechanism of H:diamond valence band electrons into
(a) Al2O3 and (b) High work-function oxides such as WO3 and V2O5.

a microwave CVD-chamber for 30 min. (ii) Bond pads regions were patterned and exposed to

100 W oxygen plasma for 90 seconds. This ensured that the metal bond pads adhered well, as

discussed in section 3.1.2. (iii) Ti/Pt (5/20 nm) was evaporated and lifted off to realize metal

bond pads. (iv) Au ohmic contacts (100 nm) were deposited using the same procedure as the

prior step with the exception of the O-plasma. The Au overlaid the bondpads while making

contact with the H-terminated surface. The resulting O:diamond/Ti/Pt/Au pads ensured ease

of wirebonding and probing, while leaving the delicate H:diamond/Au in tact. (v) Isolation

regions were patterned and exposed to 100 W O-plasma for 90 s. This step defined the active

regions and electrically isolated the devices. (vi) The surface was passivated with 25 nm of Al2O3

via atomic layer deposition at 250◦C. The oxide interface provides acceptor states for the 2DHG

formation, and also stabilizes the 2DHG over time and over a wide range of temperatures [31, 39].

Finally, for the fabricated FETs, Al/Pt (30/20 nm) was evaporated and lifted off to realize metal

gates.

3.1.5 Types of Devices Fabricated

In order to measure the sheet-conduction properties of H:diamond surfaces, Hall-effect structures

were patterned. Moreover, to demonstrate H:diamond as a platform for devices, two types of

FETs were patterned: metal semiconductor and metal-insulator-semiconductor (MISFETs and
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a)

b)

Figure 3.5: (a) Outline of the fabrication process. (i) Hydrogen-termination of (001) diamond
surface, (ii) oxygen-termination of bond-pad regions, (iii) Ti/Pt evaporation for bond-pads, (iv)
Au evaporation for ohmic contacts, (v) electrical isolation via oxygen-plasma, as indicated by
the arrows, and (vi) atomic layer deposition of Al2O3. (b) Schematic of each device used in this
work.
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Figure 3.6: Images from a SEM (left) and OM (right) of the fabricated Hall-effect device. The
bright square at the center of the SEM image is the H-terminated active region. The bright
and dark spots (shown in the SEM and OM images, respectively) are etched pits caused by the
H-plasma exposure.

MESFETs). Finally, MIS-capacitors were patterned to characterize the quality of the passivation

layer.

Fig. 3.5(b) is a schematic of the H:diamond devices used in this thesis. As discussed previously,

Schottky contacts can be used to create MESFETs. This is achieved using a metal with low

electronegativity as our gate contact. Aluminum contacts were used in this case.

Show in Fig. 3.6 is a scanning electron microscope (SEM) and optical microscope (OM) image

of the resulting Hall-effect device.

3.2 Characterization and Analysis of 2DHG Properties

In this section we analyze the multiple scattering mechanisms associated with hole transport

in H:diamond using the experimental data of the fabricated Hall-effect devices. The theoret-

ical mobility model introduced in section 2.3.2 and Appendix A is then used to interpret the

experimental results. Four scattering mechanisms are discussed, surface impurity (SI), surface

roughness (SR), non-polar optical phonon (NOP) and acoustic phonon (AP) scattering. As

discussed in Appendix A, two types of SI scattering is observed, denoted as types (i) and (ii).
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Figure 3.7: (a) Calculated Hall mobility as a function of temperature. The data points are
reported by H. Kasu et al. [34], where the sheet density was approximately 4×1013 cm−2. Surface
roughness was fitted with parameters ∆ = 1.2 nm and Λ = 5 nm. (b) Calculated mobilities at
T = 300 K with scattering by phonons and SI of type (i) are included. As shown, there is poor
agreement with the total mobility and the multiple data points at low sheet density [31, 36, 37, 56].

3.2.1 Testing Mobility Model at High Sheet Density Limit

We begin by comparing our model to a model previously reported by Y. Li et al. [55] using

experimental data by H. Kasu et al. [34], which was reported to have a high sheet density of

∼ 4×1013 cm−2. The previous model primarily used SI and SR scattering for fitting to the data

at low-to-intermediate temperatures. Here we repeat this fitting using our model, which allows us

to test our calculations to the limit of higher sheet densities. This starting point will subsequently

illuminate the shortcomings of only considering type (i) SI and SR scattering, which turn out to

be insufficient for lower sheet densities. A complete version of the model, which considers type

(ii) SI scattering, will be compared to the Hall-effect measurements on the fabricated devices of

this work, where sheet densities are as low as ∼ 2× 1012 cm−2.

The fitting of our calculations to the data by H. Kasu et al. is presented in Fig. 3.7(a). The

material parameters used are listed in Table 3.1. In the mobility model by Y. Li et al., approx-

imations such as the 2D Fermi wave vector (kF =
√

2πρ2D) and a single equivalent isotropic

valley model were used. This therefore yielded temperature independent functions for SI and SR
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Parameter Symbol (units) Value [Ref.]

NOP Deformation potential Dop (eV/cm) 1.4e10
AP Deformation potential Dap (eV) 8 [59]
LO-phonon energy ~ω0 (meV) 165 [59]
Material density ρ (kg/m3) 3515 [60]
Sound velocity vs (m/s) 17536 [60]
Dielectric constant εs (ε0) 5.7 [60]
Surface acceptor separation d (Å) 2.1

Table 3.1: Material parameters used in the 2DHG H:diamond scattering calculations.

scattering, as well as distinct fitting parameters. To performed this calculation using our multi-

band treatment and averaging over energy (Eq. (2.12)), we select the same value for the RMS

roughness height as Y. Li et al., ∆ = 1.2 nm, which is a reasonable value taken from Ref. [56].

The correlation length Λ was fitted to be 5 nm. For NOP scattering, the coupling constant Dnop

was fitted to be 1.4 × 1010 eV/cm. As for type (i) SI scattering, it is presumed that the sheet

separation of the charged surface acceptors and the 2DHG is the summation of the C-H dipole

bond length (∼ 1.1 Å, [57]) and half the thickness of the negatively charged acceptors (∼ 2 Å,

[58]), which gives us d = 2.1 Å. Finally, the negative surface acceptor density was presumed to

exactly balance the positive sheet density, giving N
(i)
si = ρ2D.

3.2.2 Impurity Scattering by Charged Acceptors

Fig. 3.7(a) shows that SI scattering by negatively charged acceptors (i.e., type (i)) is the dominant

mechanism, particularly at low to intermediate temperatures, which is attributed to the high

sheet density of ∼ 4 × 1013 cm−2. It is important to note the slight decrease in µtot at lower

temperatures. Since ionized impurity scattering is much higher near the valence band edge (e.g.,

see Fig. 3.9(b)), the Fermi energy averaging of holes (Eq. (2.12)) is necessary to capture this

behavior. As shown in Fig. 3.7(b), the type (i) dominance is further evident above 1×1013 cm−2,

where µ
(i)
si drops to commonly measured mobility values. However, as given by the factors in

Eqs. (A.6) and (A.8), the SI and SR scattering rates increase with ρ2D(= N
(i)
si ) and ρ22D,

respectively. Thus, at ρ2D � 1 × 1013 cm−2 and at 300 K, this modeling framework predicts a

total hole mobility that is limited by phonons, which is significantly higher than what is measured

experimentally, as shown in Fig. 3.7(b). This inaccuracy is further evident at lower temperatures,

where scattering by phonons becomes negligible. Thus, it is clear that an additional scattering

mechanism is required to explain this behavior.
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Figure 3.8: Hall measurements of the four fabricated samples as a function of inverse temperature.
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3.2.3 Impurity Scattering by Surface Disorder of C-H Dipoles

To explore this further, Hall-effect measurements performed on the fabricated Hall-effect devices

are presented, followed by an analysis of the data and a fitting to the scattering model. Prior

to passivation with Al2O3, Hall-effect measurements of the samples, denoted as A, B, C, and

D, were performed after several days of being air-exposed. Afterwards, samples A and B were

passivated with 25 nm of ALD-Al2O3, which we denote as samples A’ and B’. Finally, Hall-effect

measurements were performed over the range ∼25 K to 300 K. The measurements were taken

from RT to low temperatures, and back up to RT, and negligible hysteresis was observed. The

results are shown in Fig. 3.8, plotted as a function of inverse temperature.

We first observe that, prior to passivating samples A and B, the sheet densities are significantly

higher than their passivated counterparts (A’ and B’). As reported in other works, a drop in

the sheet density after the deposition of Al2O3 is common [31, 50], which is attributed to the

lower density of surface acceptors in Al2O3 in comparison to air-adsorbates. It is also shown in

Fig. 3.8(a) that the ρ2D is rather constant as the substrate temperature drops to <50 K. It is

interesting to observe that ρ2D does not drop precipitously at low temperatures, as it has in one

study done by C. Nebel et al., where they reported a hole “freeze-out” with a critical temperature

of 70 K on H:diamond surface, a phenomenon that is explained by a classical mobility-edge

model [61]. Such “freeze-out” of carriers is observed when the sheet density collapses below a

critical temperature. For H:diamond, this would be attributed to a confinement of holes into

so-called “localized states” existing near the valence band edge, presumed to arise from short-

range potential fluctuations at the surface. Above the critical temperature, holes would posses

the thermal energy to excite into de-localized energy states which span the plane of the 2D well

(i.e., “extended states”), thus allowing the holes to conduct freely.

Thermal Activation Energies of Mobility and Conductivity

Such a “freeze-out” phenomenon, however, was not observed here. Instead, our work is con-

sistent with what was reported by J. Garrido et al., whereby the conductive properties of the

2DHG [Fig. 3.8(a)] exhibit a temperature-independent ρ2D [38]. Moreover, a thermal activation

energy is observed for the mobility and conductivity, as shown in Figs. 3.8(b) and labeled in (c),

respectively. Specifically, the mobility and conductivity of the samples with lower sheet densities

have a higher thermal activation energy (i.e., the decrease rate as T→ 0 K is higher), as labeled

in Fig. 3.8(c). As discussed by J. Garrido et al., this behavior can be explained by an early model

formulated by E. Arnold, which predicted a similar temperature dependence of the Hall mobility,

conductivity, and sheet density in the case of inverted 2D electron channels in Si/SiO2 structures
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[62]. Using semi-classical percolation theory, Arnold explained that electrons conduct in the

presence of long-range potential fluctuations along the conduction band EC , where “metallic”

regions (EF > EC) coexist with “insulating” regions (EF < EC). When the Fermi energy range

is narrow (T −→ 0 K), electrons percolate around the “insulating” regions via the “metallic”

network. Thus, since a lower sheet density has a Fermi level that is much closer to EC , the rate

at which electrons scatter is enhanced as the Fermi energy range is narrowed.

We observe here that Arnold’s framework can explain the behavior in Fig. 3.8, and that

holes in the 2D well percolate around long-range potential fluctuations induced by the surface

impurities of types (i) and (ii). This is evident from the behavior in the mobility and conductivity

in Fig. 3.8, where the general trend of increasing activation energy with decreasing sheet density is

clearly observed. However, the measurements for samples A’ and C exhibit an unusual difference.

According to Arnold’s framework (subsequently reinforced by J. Garrido et al. for H:diamond),

the activation energy is primarily determined by the sheet density. However, the sheet densities of

samples A’ and C are very similar, yet yield significantly different activation energies (6.4 meV and

11.7 meV, respectively) . One explanation that can resolve this inconsistency is to presume that

sample A’ has a higher periodicity of C-H dipoles at the surface. This presumption is explained

by noting the measured sheet density for sample A’ prior to passivation (sample A), which was

1.80×1013 cm−2. This is four-fold higher than the sheet density of sample C (4.50×1012 cm−2).

It is reasonable to expect that a high C-H dipole density results in a higher ρ2D. This was

reported by K. Hirama et al., who showed that surfaces with a higher C-H density induced a a

higher 2DHG density [56]. Thus, if we presume that sample C has a lower C-H dipole density

as sample A’, then under Arnold’s framework, holes would “percolate” around a larger density

of “insulating” regions in sample C than in A’ [Fig. 3.9]. Moreover, the average energy of the

insulating barrier heights would effectively increase, since their larger density would overwhelm

the benefit of screening. The result would thus be a higher activation energy for sample C,

despite having a comparable sheet density and Fermi energy as sample A’. This phenomenon is

discussed further in Chapter 4.

The work by K. Hirama et al. was in the context of out-of-plane orientations of single-crystal

diamond, where the carbon density of the restructured surface in the (110) orientation is greater

than the (001). Hence, after exposure to a hydrogen plasma, the (110) surface yielded a higher

C-H and hole sheet density than the (001). Moreover, this same study showed that a higher

CVD temperature induced a higher sheet density, which is likely explained by a more complete

H-termination. This was shown directly by T. Ando et al., where Fourier-transform infrared

spectra exhibited a stronger signal of C-H vibrations for diamond powder that was H-terminated
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a)

b)

Figure 3.9: (a) Schematic of the “insulating” regions along the 2DHG, presumed to arise from
incomplete H-termination. Other irregularities related to the C-H surface may also induce this
insulating effect. (b) A schematic demonstrating the hole distribution as a function of energy for
low and high temperatures in the presence of valence band ripples (induced by ionized acceptor
states, insulating regions, and other surface anomalies). At high temperatures, this scattering
rate mechanism decreases since a greater proportion of holes can thermally propogate throughout
the well.

at higher CVD temperatures [63]. The authors of the latter study attributed the increased C-H

signals to greater adsorption of H atoms on the diamond surface.

Other Sources of Type (ii) Scattering

Alternatively, the nature of the charge transfer mechanism into the acceptor states of Al2O3 and

air-adsorbates may have a role in the activation energy differences observed between samples A’

and C. The acceptor source from the air is believed to arise from water redox reactions [28],

whereas trap states near the valence band of Al2O3 are believed to act as the acceptors [8, 64].

Depending on the surface temperature and environments throughout fabrication and character-

ization, the charge transfer process may be kinetically suppressed [65], or the C-H dipoles may

react and dissociate with other molecules (e.g., as occurs during NO2 exposure [66]). However,

we note that since negligible hysteresis is observed in the temperature Hall-effect measurements,

any additional factors influencing the activation energies are believed to be reversible.

We note that in many diamond substrates, background impurities along the 2DHG channel

may also contribute meaningfully to hole scattering. Nitrogen and boron impurities are common
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Figure 3.10: Measured and calculated Hall mobilities as a function of sheet density at T = 300 K.

A value of N (ii)
si = 5× 1012 cm−2 was arbitrarily selected to qualitatively demonstrate the trend

of type (ii) SI scattering as a function of sheet density. Unlike in Fig. 3.7(b), the calculated total
mobility is in agreement with the experimental values.

in synthesized diamond, for example, and hydrogen atoms may penetrate through the surface

during the H-plasma treatment process. Although the SI relaxation time (Eq. A.6) is for remote

impurities, integrating along z yields an expression for bulk impurities, with a fitting parameter

in units cm−3. However, one would intuit that background scattering would increase as the H-

plasma power and exposure time increase. To the authors’ knowledge, there no evidence of this,

and one study actually found mobility to increase at higher plasma powers [36]. Finally, other

complex surface phenomena, such as a non-homogeneous distribution of surface acceptors [67],

the existence of oxygen-related sites [65], or a variation of C-H surface reconstruction [24], may

explain this type (ii) SI scattering process.

Importantly, we emphasize that the prevalence of potential fluctuations can explain the dis-

crepancy shown in Fig. 3.7(b), where the experimental mobility remains relatively stagnant even

at low sheet densities. Here we attempt to model this phenomenon, which we denote as SI scat-

tering of type (ii). Unlike type (i) where N
(i)
si = ρ2D and d > 0, type (ii) SI scattering is related

to the disorder that is prevalent at low ρ2D values, with d = 0 and a fitting parameter denoted by

N (ii)
si . Thus, although N

(i)
si scales with ρ2D, the value of N (ii)

si remains constant or may increase

as ρ2D decreases.

Figure 3.10 is a duplicate of Fig. 3.7(b) with µ
(ii)
si included. Here, the fitting parameter N (ii)

si
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was arbitrarily set to 5×1012 cm−2 in Eq. (A.6) in order to qualitatively demonstrate type (ii) SI

scattering (a precise fit would be needed for each data point). It is evident here that an increasing

sheet density – and thus Fermi energy – gives a steady rise in µ
(ii)
si . This is expected given that

SI scattering is more prominent near the valence band edges. On the other hand, however, N
(i)
si

increases with the sheet density, which reduces µ
(i)
si . Thus, for N (ii)

si = 5×1012 cm−2, a cross-over

point of SI scattering of types (i) and (ii) arises near 1×1013 cm−2. The result of combining both

types SI scattering is to effectively create a mobility “ceiling” for holes in H:diamond surfaces,

which agrees well with the experimental Hall data from multiple references.

3.2.4 Mobility Model Fit to Fabricated Samples

A precise fitting of the mobility calculations to the experimental data was performed for samples

A’ and B’ from 50 K to 700 K, as shown in Fig. 3.11. As with the low temperature measurements,

negligible hysteresis was observed for high temperature measurements. After fabrication of these

samples, but prior to passivation, AFM measurements were taken on the active regions (Fig. 3.12).

The average measured root-mean-squared height and correlation length were ∆ ≈ 0.80±0.10 nm

and Λ ≈ 60 ± 10 nm, respectively. Note that the mobility calculations for SR scattering (µSR)

are absent in Fig. 3.11. This is largely due to the large Λ measured via AFM, which reduces

SR scattering significantly. Moreover, since the sheet density is rather low for samples A’ and

B’, the magnitude of SR scattering is further reduced since it is proportional to ρ22D (Eq. (A.8)).

Thus, µSR is ignored here. For higher temperatures, phonon scattering is slightly reduced for

lower sheet densities, which is due to a reduction of holes occupying energy states exceeding the

LO-phonon energy (and hence reducing scattering by NOP emission). As with Fig. 3.7(a), the

coupling constant for NOP is fitted to Dnop = 1.4 × 1010 eV/cm. This is in close agreement

with values reported for bulk diamond, where Ref. [68] reported 1.2×1010 eV/cm and Ref. [59]

reported 0.7×1010 eV/cm. The AP deformation potential Dap was set to 8 eV, as it has also

been fitted experimentally in other works for bulk diamond [59, 69].

As anticipated, SI scattering of types (i) and (ii) are dominant at low-to-intermediate tem-

peratures (up to ∼450 K). This is attributed to the close proximity of the charged acceptors (i.e.,

µ
(i)
si , d = 2.1 Å) and disorder related to the C-H surface (i.e., µ

(ii)
si , d = 0 Å), the latter of which

remains prevalent even at lower ρ2D values. For samples A’ and B’, an increase in the fitting

parameter N (ii)
si was required for the lower ρ2D, which suggests that there is an increase in the

potential fluctuations induced by C-H related disorder. As discussed earlier, the nature of such

disorder may include incomplete H-termination, a hypothesis also mentioned in Refs. [38, 61].

Other complex surface chemistry, as mentioned previously, may also be involved. In addition
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d

Figure 3.12: AFM scan of the active region after H-termination

to the increasing parameter N (ii)
si , a lower sheet density [Fig. 3.11(b)] exhibits a steeper decline

(and thus a higher activation energy) in both µ
(i)
si and µ

(ii)
si as T→ 0 K, which is precisely what

is observed in the experimental Hall data. The ρ2D-dependent activation energy is also shown in

the 1/T representation of the samples in Fig. 3.8(b) and (c), as well as in Ref. [38]. This effect

is attributed to the larger occupation of holes near the valence band edge (EV − EF → 0 eV)

where the scattering rate is higher.

Efforts to boost the 2D hole gas conductivity on H:diamond surfaces must therefore attend

to two design parameters. The first involves the separation of the charged surface acceptors

from the 2D hole gas, evidenced by Eq. (A.6) where µsi is exponentially dependent on d. The

second is to reduce the effect of type (ii) SI scattering by reducing the potential fluctuations

induced by other factors such as incomplete hydrogen termination. However, the exact origins

of this scattering type is largely unexplored. Thus, extensive experiments studying the surface

chemistry on H:diamond are required to find the solutions necessary to boost the conductivity

and advance this promising technology.

3.3 IV/CV Measurements of H:diamond FETs

In addition to Hall-effect devices, standard FET devices were fabricated in an attempt to demon-

strate robust behavior on key devices metrics. As discussed in section 3.1.4, the FETs were
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fabricated using Ti/Pt/Au metal bond pads for probing, where were the Au was overlaid as

the source/drain electrodes. The oxide thickness for the FETs were approximately 25 nm of

ALD-Al2O3, deposited at a chamber pressure of 250◦C. The maskless lithography tool used for

exposure had a minimum feature size just below 1 µm. Therefore, of all the fabricated FETs,

the shortest gate length Lg and channel length Lch were 1 µm and 6 µm, respectively. The FET

channel width was 20 µm. As for the MESFETs, we discussed in section 3.1.2 that metals with

a lower electronegativity exhibit Schottky behavior, as is the case with Al/H:diamond contacts.

Thus, MESFETs were also fabricated by evaporating Al/Pt (20/30 nm) gate electrodes onto

unpassivated H:diamond.

Shown in Fig. 3.13 is the IDVG and IDVD measurements of the H:diamond MISFETs. Using

the linear extrapolation method, a threshold voltage of Vth=1.02 V was extracted from the

transfer characteristics (note that the x-axes plotted here are flipped in sign) [70]. Shown in

Fig. 3.13(b) is good saturation behavior, though there is a moderate dependence of ID on VD

in the saturation region, which is evidence of channel modulation effects. Unfortunately, the

maximum drain current at VG=-3 V was measured to be ≈11 mA/mm. Hall-effect measurements

were performed on this same substrate, and the 2DHG density and mobility were measured to

be 3.32×1012 cm−2 and 53 cm2/(V·s). Comparing to H:diamond FETs with other passivations,

such as MoO3 or NO2-doped, this sheet density is over one order of magnitude lower [71–74].

The fixed negative charge is due to the relatively low acceptor density in the Al2O3 interface,

which is seen commonly in literature [31]. As discussed before, the 2DHG density is dependent

on the density of available acceptor states, the sources of which are defect states near the Al2O3
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Figure 3.13: Al2O3/H:diamond MISFET curves for (a) drain current vs. gate voltage and (b)
drain current vs. drain voltage. Gate length and channel are Lg = 1 µm and Lch = 6 µm,
respectively.
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Figure 3.14: (a) Capacitance-voltage curves of MISCAP structures at a 10 kHz frequency. A
small hysteresis value of ∆VH=78 mV was measured. Using the max capacitance value (Cox)
and the known thickness of the Al2O3, it was determined that the dielectric constant εk ≈ 7.34.
(b) Drain current vs. gate voltage plotted on a log scale, thus showing a high ON/OFF ratio
and acceptable sub-threshold swing.

valence band [30]. Oxides such as MoO3, on the other hand, have high work-functions such that

the CBM is below the H:diamond VBM.

To further examine MISFET metrics, capacitance voltage curves, the ON/OFF ratio, and

the sub-threshold swing were measured, as shown in Fig. 3.14. The maximum accumulation

capacitance, also known as the oxide capacitance Cox ≈ 0.26 µF/cm2, which corresponds to a

dielectric constant εk = 7.34 assuming a 25 nm-thick Al2O3 passivation layer. This agrees rea-

sonably well for ALD-Al2O3 films [75]. Using the second derivative method (i.e., d2C(V)/dV2 ≈0

when V=VFB [76]), a flatband voltage of VFB ≈1.33 V was extracted. This compares to the

ideal flatband voltage of VFB0=0.62 V, calculated using the work functions of Al (4.28 eV) and

H:diamond (4.9 eV) [30, 74]. This positive shift in VFB from the theoretical to experimental

value suggests that there is a moderate concentration of fixed negative charge in the oxide, which

can contribute to the 2DHG density by attracting holes to the surface. This charge can be

estimated using the simple expression,

Q = Cox∆V/q, (3.1)

where q is the elementary charge magnitude. Thus, by substituting (VFB - VFB0) for ∆V ,

this corresponds to a fixed negative charge density Qf=1.15×1012 cm−2. Further, the CV curve
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Figure 3.15: Drain current vs. Drain voltage of H:diamond MESFET. Such FETs can be realized
using Schottky contacts directly on H:diamond. In this device, the metal gate was Al/Pt.

was swept bidirectionally at f = 10 kHz, which produced a small clockwise hysteresis value of

∆VH=78 mV. This hysteresis was produced by charge trapping near the interface, which can

also be estimated using Eq. (3.1). Thus, by substituting ∆VH , a positively-charged trap density

of Qt ≈1.27×1011 cm−2 explains the hysteresis behavior. This is a low value, which is promising

for device stability. Given the moderately low measurement frequency of 10 kHz, it is reasonable

to conclude that deeper, border-like traps are included in Qt.

Moreover, Fig. 3.14(a) exhibits a large ON/OFF ratio. Due to the current detection limit of

the parameter analysis, the ratio is measured to be from 107 to 108. The sub-threshold slope

(SS) was measured to be ∼ 250 mV/dec, which is a reasonable for a 25 nm oxide. The SS may be

further reduced by altering the ALD conditions to deposit higher-k dielectric films, thus boosting

Cox and in turn lowering the SS.

Finally, we show the robust MESFET behavior in Fig. 3.15, which was realized by depositing a

Al/Pt (20/30 nm) gate directly onto unpassivated H:diamond. It is clear that the current density

is significantly higher, which is owed to the superior acceptor density in air-doped diamond in

comparison to the acceptor density in ALD-Al2O3. Once again, the values for Lg, Lch, and the

channel width are 1 µm, 6 µm, and 20 µm, respectively. Thus, channel modulation behavior

is observed at the saturation regions. Both MISFET and MESFET structures were useful in

studying the radiation-induced degradation observed in H:diamond. This will be the subject of

the next chapter.
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3.4 Chapter Summary

We have fabricated Hall-effect devices on multiple diamond substrates with varying 2DHG con-

duction properties. Extensive Hall-effect measurements were taken at temperatures ranging from

25 K to 700 K, and a scattering model was developed to explore the mobility-limiting mechanisms.

A multi-band treatment of the HH, LH, and SO band was included using a Schrödinger/Poisson

solver, where only the first energy level of each band was considered. The Hall-effect measure-

ments at low-to-intermediate temperatures suggest that long-range potential fluctuations exist

for a wide range of ρ2D, which contributes to the “ceiling” observed for the hole mobilities at low

sheet densities. These fluctuations may arise both from charged surface acceptors and disorder

related to the C-H surface. The nature of this disorder is a subject that remains to be studied.

Moreover, IV and CV measurements were taken on MISFETs, MESFETs, and MISCAPs,

in order to analyze the FET behavior. A reasonable ON/OFF ratio and subthreshold slope

was observed. However, altering the ALD conditions can improve these values by either low-

ering the oxide thickness or increasing the dielectric constant. Using CV measurements, it was

determined that negatively fixed charge exists in the oxide, and that a small density of traps

become positively-charged near the interface as the gate bias is swept, thus producing a small

hysteresis behavior. This is promising for robust FET operation. Finally, reasonable IDVD sat-

uration was observed for both MISFETs and MESFETs, although the MESFET drain current

was significantly higher.



Chapter 4

Radiation Response of H:diamond

Devices

As discussed previously, diamond-based electronics have been investigated for many years, show-

ing promising performance for high-power and high-frequency applications, owing to its figures

of merit (FOM). Such FOM values are high due to diamond’s wide band gap, high breakdown

voltage, high thermal conductivity, and high saturation velocity. Moreover, diamond’s relatively

small lattice constant makes it incredibly hardened, thus exhibiting high resistance to particle

radiation. As shown in Fig. 2.8, for example, the energy requiring to permanently displace a

carbon atom from the diamond’s lattice is considerably higher than other semiconductors. This

makes diamond-based devices an attractive candidate for radiation-rich environments. How-

ever, most of the work of irradiated diamond has focused on radiation-monitoring applications,

which usually consists of two electrodes for biasing and charge collection [77–82]. This includes

both charged ion irradiation and neutron irradiation [83–86]. Additionally, one paper studied

the effects of H:diamond FETs under neutron irradiation, which concluded that the operation

post-irradiation was robust and degradation effects were minuscule or undetectable [86].

Unlike neutrons, however, penetrating charged particles interact strongly with the electron

subsystem of a lattice via ionization (Fig. 2.6(a)), and such particles are highly abundant in

space environments (Fig. 2.6(b)). For hydrogen-terminated diamond, several questions arise in

the context of charged particle irradiation. Although the threshold atomic displacement energy

is high for diamond, the ionization that occurs as a charged particle penetrates the lattice may

degrade the device architecture, and thus its electrical performance. For example, H:diamond

passivated with oxides are vulnerable to total ionizing dose (TID) effects. The material properties

47
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Figure 4.1: SRIM simulation of electronic energy deposition by one 2 MeV proton penetrating
single crystal diamond [87].

of oxides are notoriously effected over time as they are exposed to radiation. This can shift the

threshold voltage of the device and degrade the mobility, for example. Thus, technology with

oxides as part of their architecture are especially vulnerable, and must be graded for radiation-

environments prior to being exposed to penetrating charged particles. Moreover, the p-type

conductivity of H:diamond relies on the C-H bonds at the diamond surface. These bonds may

thus dissociate as the lattice is locally ionized by penetrating charged particles. Over large integral

fluences, the C-H dissociation may be significant enough to degrade the electrical properties.

Figure 4.1 shows the energy deposited via ionization (i.e., electronic stopping power) for a

2 MeV proton penetrating a diamond lattice. We can see from the inset that superficially, the

proton energy is deposited at a rate of 50 eV/nm, or about ∼18 eV for every lattice constant of

diamond. This energy deposition rate occurs locally along the proton trajectory, thus producing

a cylindrical ionization volume. However localized that these effects may be, it is important

to determine if the integral fluence is sufficient to modify the electrical properties. Thus, in

this work, we study this by proton-irradiating four H:diamond samples at two different fluences.

The proton energy used is 2 MeV, as it is within a typical energy range for particles in space

environments. The fluences were 0.5 ×1014 and 1 ×1014 cm−2. The proton irradiation was

conducted in the Tandem Accelerator at the Ion Beam Materials Laboratory at Los Alamos

National Laboratory.

To study the oxide TID effects, two of the irradiated samples were passivated Al2O3/H:diamond
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structures with fabricated MISFETs, MISCAPs, and Hall-effect devices. It is worth noting, how-

ever, that any degradation intrinsic to the H:diamond structure may be difficult to decouple from

the electrical impact induced by the degraded oxide. For this reason, the other two irradiated

samples were left unpassivated. For these samples, MESFETs and Hall-effect devices were used

to probe the irradiation effects. This will give us a more holistic perspective of the degradation

modes of all H:diamond devices.

4.1 Proton Irradiation of Passivated H:diamond

Two H:diamond samples, which we denote here as AlOx:D1 and AlOx:D2, were passivated si-

multaneously with 25 nm of Al2O3 via ALD at a 250◦C chamber pressure. This was a thermal

deposition process, so the precursors used were trimethylaluminum (TMA) and H2O. Prior to

the oxide deposition, the two samples were annealed in the ALD chamber for 30 minutes in order

to desorb the atmospheric molecules. This ensured that the Al2O3 film was the sole source of ac-

ceptors, since air-dopants have been shown to vary the sheet density over time. Once passivated,

aluminum gates were patterned and evaporated as detailed in section 3.1.4.

The proton irradiation was conducted in the Tandem Accelerator at the Ion Beam Materials

Laboratory at Los Alamos National Laboratory. A TiH2 cathode was used to accelerate a beam

Figure 4.2: Diamond samples scintillating as they are being exposed to a proton beam. The
green circle is a laser used to guide the user of the proton beam location.
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of 2 MeV protons at the diamond samples in an ultra-high vacuum chamber. A proton flux

approximating 1.43 × 1012 cm−2s−1 was exposed to AlOx:D1 and AlOx:D2 for 34 s and 70 s,

respectively. The integral fluence was thus 0.5 and 1 ×1014 protons/cm2. If we use the following

parameters, we can extract the proton dose in Mrad: the mass density of Al2O3 (3.04 g/cm3

for ALD at 250◦C [88]), the electronic stopping power of 2 MeV protons in Al2O3 (35 eV/nm

as calculated using SRIM [87]), and the aforementioned fluences. The conversion expression to

rad units is given by (Fluence [cm−2])×(Ionization rate [J/cm]) / (Mass Density [kg/cm3]). The

doses are thus 0.95 and 1.9 Mrad for 0.5 and 1 ×1014 protons/cm2, respectively. The picture in

Fig. 4.2 shows the samples scintillating as they are being exposed to the proton beam.

Prior to the proton-irradiation, the MISFETs and MISCAPs on the samples were charac-

terized using a B1500 semiconductor parameter analyzer. This included current-voltage and

capacitance-voltage measurements. Moreover, the Hall-effect devices were used to extract the

hole sheet density and hole mobility. The same measurements were performed after the irradi-

ation exposure. The analysis that follows is on the observed irradiation effects based on these

measurements.

4.1.1 MISFET and MISCAP Measurements Pre/Post-Irradiation

IV Measurements

Note that for all plots in this chapter, black and red lines/data points refer to the pre- and

post-irradiated measurements, respectively. The ID-VD measurements of the samples pre/post

irradiation are shown in Fig. 4.3. These results demonstrate a clear degradation in the saturation

drain current post-irradiation exposure. The degradation continues with higher proton fluences.

The source of this degradation is primarily in the hole mobility reduction, caused by an increase

in scattering induced by band distortions along the 2D hole well. The source of these distortions

arise from the Coulombic interactions with the negatively-charged states in the Al2O3, which, as

we shall see, increase post-irradiation. Moreover, we will later discuss how these distortions may

also arise from the degradation of the C-H dipoles.

The ID-VG measurements are shown in Fig. 4.4. This figure demonstrated both a degradation

of the drain current and a shift in the threshold voltage. Therefore, one degradation mechanism

is a total ionizing dose (TID) effect of the oxide. Specifically, a positive shift in the threshold

voltage indicates a negative charge build-up in the oxide. This has been observed in literature

for proton doses on Al2O3. In Ref. [89], for example, thermal ALD Al2O3 exhibited a negative

charge build-up for proton doses exceeding 500 krad. Ref. [90] also showed a similar effect but
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Figure 4.3: ID-VD measurements on the MISFETs of pre/post irradiated samples (black/red
line). (a) AlOx:D1, exposed to 0.5 ×1014 protons/cm2 and (b) AlOx:D2, exposed to
1 ×1014 protons/cm2. These drain current was measured for gate voltages ranging from -0.5
to -3.5 V, in increments of -1 V.
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Figure 4.4: ID-VG measurements on the MISFETs of pre/post irradiated samples (black/red
line). (a) AlOx:D1, exposed to 0.5 ×1014 protons/cm2 and (b) AlOx:D2, exposed to
1 ×1014 protons/cm2. A positive threshold voltage is observed, totaling (a) ∆Vth ≈ 0.55 V
and (b) ∆Vth ≈ 2 V. This is indicative of a negative charge build-up post-irradiation.
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for plasma ALD and for proton doses below 533 krad. Finally, the measured leakage current

post-irradiation was negligible.

CV Measurements

To further explore the negative charge build-up in the oxide, we conducted CV measurements.

The results are shown in Fig. 4.5. As discussed in section 3.3, the flatband voltage was extracted

using the second derivative method (i.e., d2C(V)/dV2 ≈0 when V=VFB [76]). Post-irradiation,

the flatband voltage shift ∆VFB was 0.65 and 1.45 V for samples AlOx:D1 and D2, respectively.

This is once again indicative of a negative charge build-up in the oxide bulk, which (using

Eq. (3.1)) is estimated to be 1.05×1012 and 2.35×1012 cm−2, respectively. Moreover, we can

gain insight on the trapping behavior at (or near) the Al2O3/H:diamond interface by measuring

the hysteresis behavior. From Fig. 4.5, we can observe a counter-clockwise hysteresis behavior

denoted as VH (as a p-type device, the sweeping was performed from positive to negative VG).

For both samples, the hysteresis pre-irradiation was 80 mV. Post-irradiation, the hysteresis for

samples AlOx:D1 and D2 increased to 210 and 220 mV, respectively. Interestingly, this increase

was almost identical for both doses. This may indicate that the trap densities at (or near) the

Al2O3/H:diamond interface increase and remain constant after a particular dose. Alternatively,

the negative charge build-up can facilitate the tunneling of holes into traps that are deeper in

the oxide, which would thus enhance the hysteresis.

The irradiated samples AlOx:D1 and D2 contained five different MISCAPs each. The ∆VFB

and ∆VH were taken for each device and plotted in Fig. 4.6. Although the flatband voltage shift

has a moderately large range for the higher fluence, these statistics give us a more conclusive

interpretation of the degradation effects discussed above. That is, ∆VFB increases with proton

dose accumulation due to a negative charge build-up in the oxide. Moreover, the increase in ∆VH

post-irradiation indicates a mild increase in active trap densities at (or near) the oxide/diamond

interface. However, ∆VH yield similar average values for both doses, although the variance is

larger across different MISCAPs in the AlOx:D2 sample.

To gain further insight into how this build-up of negative charge influences the properties of

the 2DHG, Hall-effect measurements were conducted.

4.1.2 Hall-effect Measurements

Hall-effect devices were fabricated on samples AlOx:D1 and D2 in order to gain further insight

as to how the conduction properties of the 2DHG are influenced with radiation dose. Shown in

Table 4.1 are the mobility values for each sample. We observe a decrease in the hole mobility,
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Figure 4.5: CV measurements on the MISCAPs of pre/post irradiated samples (black/red line)
(a) AlOx:D1 and (b) AlOx:D2. A positive shift in the flatband voltage is observed, totaling (a)
∆VFB ≈ 0.65 V and (b) ∆VFB ≈ 1.45 V. As in the case of the IDVG measurements in the MIS-
FETs, this is indicative of a negative charge build-up post-irradiation. Using Eq. (3.1) this nega-
tive charge density accumulation is estimated to be (a) 1.05×1012 cm−2 and (b) 2.35×1012 cm−2.
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Figure 4.6: (a) Flatband voltage shift and (b) hysteresis increase extracted from five MISCAPs
on samples AlOx:D1 and AlOx:D2
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Figure 4.7: Schematic demonstrating the accumulation of holes due to the negative charge build-
up in the Al2O3.

changing by -29.5% and -35.6% for AlOx:D1 and D2, respectively. This is likely due to enhanced

remote impurity scattering induced from the negative charge build-up in the oxide, as well as

an alteration of the C-H uniformity. This can be interpreted as an enhanced SI scattering, both

for types (i) and (ii) (Eq. (A.6)). The result would therefore explain the saturation degradation

observed in Fig. 4.3.

With regards to the hole sheet density, we observe that it increases with proton dose, as

shown in Table 4.2. This is a direct consequence of the negative charge build-up as a function

of dose, just as we have observed from the CV measurements. Effectively, the 2DHG is further

accumulated after irradiation, which manifests in the Hall-effect measurements as a higher sheet

density. This mechanism is shown schematically in Fig. 4.7. In addition, the irradiation may

have increased the concentration of Oi and Alv sites, which are believed to act as acceptors, as

discussed in Chapter 3. This may contribute to the greater 2DHG concentration.

Interestingly, the hole mobility appears to degrade at a higher rate than the increase in hole

sheet density. It may be the case that other scattering mechanisms are being exacerbated by

the ionizing effects of the penetrating protons. Unfortunately, it is difficult to decouple the

mobility limitations as induced by a degraded oxide from other limitations that are intrinsic

Table 4.1: Hall-effect mobility values for samples AlOx:D1 and AlOx:D2 pre/post irradiation.

Substrate Fluence
(H+/cm2)

Pre-Irrad.
µH (cm2/(Vs))

Post-Irrad.
µH (cm2/(Vs))

% Change

AlOx:D1 0.5×1014 48.5 34.2 -29.5
AlOx:D2 1×1014 49.7 32.0 -35.6
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Table 4.2: Hall-effect sheet density values for samples AlOx:D1 and AlOx:D2 pre/post irradiation.

Substrate Fluence
(H+/cm2)

Pre-Irrad.
n2D (cm−2)

Post-Irrad.
n2D (cm−2)

% Change

AlOx:D1 0.5×1014 1.51×1012 1.81×1012 +19.9
AlOx:D2 1×1014 3.4×1012 4.36×1012 +28.2

to the H:diamond structure. We therefore dig deeper in our analysis by experimenting with

irradiated H:diamond samples that were left unpassivated.

4.2 Proton Irradiation of Unpassivated H:diamond

Similar to the passivated samples, two air-doped and unpassivated H:diamond samples (denoted

as Air:D1 and Air:D2) were proton-irradiated. Samples Air:D1 and D2 were also irradiated with

2 MeV protons at 0.5×1014 and 1×1014 cm−2. Thus, the oxide charging effects (as induced

via TID) on the degraded mobility is isolated. At present, the only known study of irradiated

H:diamond surfaces is from Verona et. al.. However, this was for neutron irradiation, and negli-

gible degradation was observed. Unlike neutrons, penetrating protons release energy in the form

of ionization due to its charge, as shown in Fig. 4.1. Moreover, we know that the properties of

the p-type surface conduction is dependent on the formation and stability of C-H surface dipoles.

Since the ionization rate of a 2 MeV proton in diamond is 5 eV/Å near the surface (or about

18 eV/ac, where ac is diamond’s lattice constant), it can be deduced that the penetrating protons

can deposit enough energy to dissociate the C-H bonds. If so, this would have significant implica-

tions on the general stability of H:diamond devices (passivated or unpassivated) in environments

rich with charged radiation particles.

4.2.1 MESFET Measurements Pre/Post-Irradiation

Shown in Fig. 4.8 are ID-VD measurements of the Air:D1 and D2 samples. We can once again

observe a degradation in the drain current, which worsens with proton dose. However, this

degradation rate is not as severe as the passivated samples in Fig. 4.3, likely owing to the absence

of an enhanced scattering mechanism associated with the negative charge build-up in the oxides.

However, the saturation current for the unpassivated devices still declines post-irradiation, which

indicates another scattering mechanism whose rate increases with proton dose. This degradation

is further supported in Fig. 4.9, where the ID-VD was measured for ten MESFETs on each

sample. We can see that the percent degradation of ID,SAT approximately doubles with the

proton fluence. It is thus conclusive that the ionization as induced by the energetic protons has
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Figure 4.8: ID-VD measurements on the MESFETs of the pre/post irradiated (black/red line)
(a) Air:D1, exposed to 0.5×1014 protons/cm2, and (b) Air:D2, exposed to 1×1014 protons/cm2.
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Figure 4.9: ID,SAT decrease of MESFETs on pre/post-irradiated Air:D1 and Air:D2.

significant degradation effects on the electrical properties of H:diamond. However, to gain insight

on the exact mechanisms degrading these properties, we turn to Hall-effect measurements.

4.2.2 Hall-effect Measurements

Hall-effect devices were also fabricated on Air:D1 and D2. This gives us the means to extract

the hole mobility and sheet density. Moreover, we perform Hall-effect measurements from 300

to 70 K. The measurements were taken from RT to low temperatures, and back up to RT,

and negligible hysteresis was observed. As we shall see, this provides us with the information

necessary to infer the mechanisms responsible for this degradation.

Shown in Fig. 4.10(a-b) and (c-d) are the Hall-effect measurements for samples Air:D1 and D2,

respectively. Note the room temperature measurement, which is the first data point on each plot.
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Figure 4.10: Hall-effect measurements of pre/post irradiation (black/red data points) of (a,b)
sample Air:D1 and samples Air:D2 (a,b)
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Here we see a notable degradation of the mobility for both samples, from 60.5 to 45.4 cm2/(V-s)

for Air:D1, and from 53.2 to 32.7 cm2/(V-s) for Air:D2. There is thus a scattering mechanism

that is enhanced post-irradiation. At least two plausible mechanisms can explain this observation.

First, the ionization of the penetrating protons may impart enough energy to create vacancies

and interstitials throughout the diamond surface. Second, the ionization may impart enough

energy to dissociate the C-H dipoles. Both of these degradation mechanisms would create band

distortions which would, in turn, scatter the conducting holes and lower their mobility.

We believe that the first of these explanations (creation of lattice vacancies and interstitials)

is unlikely, given the electronic and nuclear stopping power functions for a 2 MeV proton in

diamond. Using SRIM, we can simulate both the ionization rate (e.g., Fig. 4.1), as well as the

vacancy production rate (in units vacancies per nm), for any charged ion and target material.

Near the surface, each 2 MeV proton produces approximately 1×10−4 vacancies/nm. That is, a

proton must penetrate through 10 micrometers before a single vacancy is produced. Fortunately,

an experimental study by Manfredotti et. al. supports this reasoning [91]. These authors also

exposed 2 MeV protons to single crystal diamond samples (which were purchased from the same

manufacturer that supplied the samples for this study). During and after proton exposure, Man-

fredotti et. al. performed luminescence measurements and found that the peak for the H3 center

(regarded as the center for vacancies and interstitials in diamond, and is commonly enhanced by

irradiation [92–94]) increases marginally after a fluence of 9×1014 cm−2. This is 9× the maxi-

mum fluence in this study. Moreover, these luminescence techniques collect light from a depth

of multiple microns. Since the induced lattice damage increases with the depth of the ion, this

means that the signal for the H3 center would be even weaker near the superficial regions where

the 2DHG exists. For this reason, it is doubtful that the lattice defects are the primary reason

behind the degraded mobility measured in samples Air:D1 and D2.

However, ionization of the surface may impart sufficient energy to dissociate the C-H bonds,

which we know are necessary for the formation of the 2DHG. Other studies on the irradiation of

H:diamond with neutrons [86], as well as gamma [95], show no evidence of degradation. This is

likely because these uncharged radiation species do not emit a trail of ionization energy as charged

particles do. There have been studies of keV-electrons dissociating the C-H bonds, however [96].

Moreover, the charged particle radiation effects on surfaces and interfaces have been studied

extensively for a wide variety of materials. For example, it is well established that the adhesion

of metal/ceramic interfaces increase significantly after irradiating with MeV ions [97, 98], which is

attributed to the interactions caused by ionization. C-H bonds have also been shown to dissociate

upon MeV irradiation in a multitude of hydrocarbon-rich materials [99]. In general, in multiple
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Figure 4.11: Schematic demonstrating the dissociation of C-H bonds resulting from proton ion-
ization. (a) Proton irradiation of H:diamond in the vacuum chamber, and (b) the induced 2DHG
after air exposure. Any dissociation of the C-H surface would degrade the 2DHG electrical
properties.

contexts involving MeV-ion irradiation, the ionization-induced desorption of surface molecules is

widely inferred to explain various phenomena [100, 101].

As we discussed in the previous chapter, we already hypothesized that long-range potential

fluctuations act as scattering centers, which may in turn arise from incomplete hydrogen ter-

mination. Along this line of reasoning, should the ionization induced by the protons dissociate

the C-H bonds, more scattering centers would be produced along the 2D hole well, which would

explain the degraded mobility and saturation current. This is shown schematically in Fig. 4.11.

With respect to the irradiation effects on the 2DHG sheet density, this is shown in Figs 4.10(b,d).

We see from both samples that the sheet density degrades. For the sample Air:D1, we observe

that the degradation is small, yet noticeable, from 4.86 to 4.06 ×1012 cm−2, which is a 16.5%

decrease. On the other hand, the sheet density degradation for Air:D2 is much more, from 4.46

to 1.45 ×1012 cm−2, which is a 67.0% decrease. The general trend here is that the 2DHG density

degrades with fluence, which is presumably caused by the dissociated C-H bonds. As discussed

in the previous chapter, surface orientations with higher C-H densities exhibit a higher 2DHG

density [56]. We can therefore infer that decreasing the effective C-H density by dissociating

the hydrogen would, in turn, degrade the 2DHG density. It is worth noting, however, that the

large drop in sheet density between samples Air:D1 and D2 is unexpected, given that the dose
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for Air:D2 is only double that of Air:D1. Since these are separate samples, there may be intri-

cacies of the surface that explain such a large drop. Alternatively, there may be a degradation

mechanism with a threshold between both fluences, which could only be interpolated with more

fluence data points between 0.5 and 1×1014 cm2.

4.2.3 Effective Medium Theory

As discussed in the previous chapter, the Hall-effect measurements as a function of temperature

exhibit three important behaviors of the 2DHG properties. First, the hole sheet density is rel-

atively constant across temperatures. Second, the hole mobility and conductivity are thermally

activated, starting from their highest value at RT and declining rapidly at low temperatures.

Third, the activation energy increases as the hole sheet density decreases. The transport prop-

erties of 2D carriers in distorted potential wells is a subject that has been studied in many

technologies (e.g., MOSFET inversion layers with defective or rough oxides). The Anderson

mobility edge and the Arnold long-range fluctuation model are two examples that describe the

nature of these potential wells [62, 102]. As discussed in the last chapter, the 2DHG in this work

follows the observations made by Arnold. In qualifying the conduction dynamics, Arnold treats

the carriers semiclassically as the percolation around, scattering from, and thermal emission over

random potential barriers.

With this in mind, the results of the proton-irradiated H:diamond raise an obvious question:

Are the average density and energy barrier heights of these “random potential barriers” along

the 2DHG channel being affected by the penetrating protons, and if so to what degree? We

can attempt to answer this question by invoking the effective medium theory (EMT). Using

EMT we define the average density of barriers as an insulating fraction ξ of the active region.

That is, ξ and (1-ξ) are the fraction of the mixed insulating and conductive regions, respectively.

Further, the average potential barrier height Eb defines the energy that holes must thermally

gain to “activate” and conduct through the insulating regions. The EMT expression for the

sheet conductivity in this mixed system is thus [62],

σ(T ) =
1

2
(1− 2ξ)) (σ1 − σ2(T )) +

[
1

4
(1− 2ξ)

2
(σ1 − σ2(T ))

2
+ σ1σ2(T )

]1/2
, (4.1)

where σ1 and σ2(T ) are the average conductivities of the metallic and insulating regions,

respectively. The activation behavior stems directly from σ2(T ), which is approximated as,
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Figure 4.12: Percolating holes along the 2D valence band well.

σ2(T ) = σ1exp (Eb/kbT ) , (4.2)

where kb is Boltzmann’s constant and T is temperature. Note that in reality, the barrier

heights along the potential well take on a Gaussian distribution, as opposed to a single value Eb,

as shown schematically in Fig. 4.12. We instead use Eq. (4.2) as an approximation and define

the average barrier value,

Eb = 〈EV,t − EF 〉,where EF ≥ EV,t (4.3)

where EV,t is the top of the barrier and EF is the Fermi energy. Therefore, we represent the

activation energy as a global average of the barrier heights.

Fig. 4.13(a) and (b) show two distinct Hall-effect devices on Air:D1. Likewise for Fig. 4.14

on Air:D2. The barrier height averages and insulation fractions are determined via fitting to

the experimental data points, as shown by the solid lines. These fitting values are presented in

Table 4.3: Effective Medium Theory parameters

Substrate (Device) Fluence
(cm−2)

Pre-Irrad.
Eb (meV)

Post-Irrad.
Eb (meV)

Pre-Irrad.
ξ

Post-Irrad.
ξ

Air:D1 (1) 0.5×1014 27 30 0.43 0.455
Air:D1 (2) 0.5×1014 23 30 0.42 0.465
Air:D2 (1) 1.0×1014 27 65 0.39 0.52
Air:D2 (2) 1.0×1014 29 45 0.40 0.48
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Figure 4.13: Sheet conductivity of sample Air:D1 pre/post irradiation (black/red data) for (a) De-
vice 1 and (b) Device 2. The function σ(T ) of Eq.(4.1) is fitted to the data points using parameters
presented in Table 4.3 for Air:D1.
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Figure 4.14: Sheet conductivity of sample Air:D2 pre/post irradiation (black/red data) for (a) De-
vice 1 and (b) Device 2. The function σ(T ) of Eq.(4.1) is fitted to the data points using parameters
presented in Table 4.3 for Air:D2.
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Table 4.3. For sample Air:D1, the activation energies for both samples increased moderately post-

irradiation. This is partially explained by an increase of the average barrier height, presumably

stemming from the surface effects from the proton ionization. For sample Air:D2, the activation

energies once again increase post-irradiation, but more significantly so. This barrier height

increase stems mostly from the drop in the hole sheet density, which, as discussed earlier, strongly

determines the activation behavior of the mobility (and therefore the conductivity). This cannot

be said about Air:D1, since the sheet density remains rather identical pre/post-irradiation. Thus,

we can infer that although the activation behavior is most sensitive to the hole sheet density, the

irradiated sample has some, though mild, impact on the average barrier height.

The insulation fraction ξ also appears to increase with irradiation. For sample Air:D1, both

devices increase moderately post-irradiation, and more-so in sample Air:D2. The average delta

of insulating fraction ∆ξ is 3.5% and 10.5% samples Air:D1 and D2, respectively. This degree of

impact is reasonable if we consider the C-atom density on the surface of (001)-2x1 reconstructed

diamond, which is 1.57×1015 cm−2 [56]. Thus, 3.5% and 10.5% of the surface layer corresponds

to 0.55×1014 and 1.65×1014 cm−2 surface atoms, respectively. These values are close to the

fluence levels, corresponding to ∼1 to 1.65 C-H atoms per penetrating proton. Therefore, to the

extent that dissociated C-H atoms are indeed a consequence of the irradiation, the degrading

ionization effects do not extend far from the proton’s track center. Under these assumptions, a

proton fluence on the order of 1015 cm−2 would dissociate the entire C-H surface. Fortunately,

the integral fluence of MeV-protons in low-Earth orbit (LEO) environments is on the order of

109 cm−2 for multi-year missions [103]. Thus, at least for LEO environments, it is unreasonable

to anticipate the degradation levels observed in this work.

It is worth noting that there are complicated interactions that are beyond the scope of the

approximations made hereto, including the screening of and tunneling through the insulating

barriers. For example, a small barrier may be screened effectively by the 2D hole gas, which would,

in effect, reduce the activation energy. Moreover, at low temperatures, where the Fermi energy

range is narrow and conduction over barriers is limited, holes may still tunnel through them,

which is especially important at low Fermi energies (i.e., low sheet densities). This tunneling

phenomenon discussed in more detail by Arnold [62].

4.3 Chapter Summary

In this chapter, we discussed the work of irradiating four single-crystal diamond samples, two

of which were passivated with Al2O3, and the other two left unpassivated. Several devices were
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fabricated and measured prior to irradiation, which include MISFETs, MISCAPs, MESFETs and

Hall-effect devices. The samples were irradiated with 2 MeV protons at two fluences, 0.5×1014

and 1×1014 cm−2. In order to decouple the degradation that is intrinsic to the H:diamond from

the degradation of the passivation layer, the characteristics of MESFETs and Hall-effect devices

of unpassivated H:diamond samples were exposed and measured.

It was determined that the Al2O3 were negatively charged post-irradiation, which conse-

quently degraded the hole mobility, but also increased the sheet density via electrostatic attrac-

tion. The net result was a substantial decrease in the drain saturation currents, and shifts in the

threshold and flatband voltages. It was also determined that the hole mobility and sheet density

drop on the unpassivated H:diamond samples. The net result was also a decrease in the drain

saturation current. Since MeV-protons exhibit negligible nuclear scattering, and deposit their

energy entirely via ionization, we suspect that the degraded hole mobility is caused via enhanced

scattering off insulating barrier centers throughout the 2D hole well. Effective medium theory was

used to infer the height of these barriers and the surface fraction that they occupy. Together, this

study provides a holistic understanding of the degradation mechanisms of all H:diamond devices,

passivated or not.

Although significant degradation was observed in H:diamond surfaces, we estimate that proton

fluences on the order of 1015 cm−2 are required to dissociate the entire C-H surface. Fortunately,

the integral fluence of MeV-protons in LEO environments is on the order of 109 cm−2 for multi-

year missions [103]. This difference is many orders of magnitude. Thus, H:diamond technology

remains promising for space environment applications, given that it is unreasonable to anticipate

degradation levels observed for 1014 cm−2 fluences. Moreover, 2DHGs are promising for low

temperature applications. For example, the ambitious endeavours by space agencies to explore

space environments (e.g., Europa) have drawn attraction toward electronics that can sustain low

temperatures [104]. On this front, 2DHGs channels are the most promising type of diamond-based

technologies, owing to their metallic nature (i.e., the sheet density is stable at low temperatures).

Bulk-doped diamond, on the other hand, suffers from carrier freeze-out of dopants [105].



Chapter 5

Radiation-Induced Annealing in

Wide Band-gap Materials

The resurgence of space exploration has called for electronic devices and materials capable of

withstanding irradiation-rich environments. High particle radiation induces several measurable

phenomena in semiconductor devices used in space-born systems. The first phenomenon is tran-

sient in nature, also known as a single event effect (SEE), which typically occurs when a radiation

species penetrates sensitive regions of a device. The second is via material degradation due to

long-term radiation exposure (e.g. total ionization dose), which slowly deteriorates the electrical

behavior of the device. These two phenomena can ultimately lead to catastrophic mission failure

due to device instability or unrecoverable damage.

Silicon carbide, in comparison to silicon, has shown impressive operational stability under high

temperature and radiation-rich environments [106]. But, in order to fully leverage the properties

of SiC, predicting its behavior under such extreme conditions is required – a feat that necessitates

a profound understanding of a device’s response to ion strikes. For example, it has been shown

that a penetrating ion induces transient lattice heating (i.e., thermal spikes), which may exceed

the melting/sublimation point of the host material [107]. This especially occurs during swift

heavy ion (SHI) radiation events, where inelastic interactions with the host material can locally

produce “hot electrons” with temperatures on the order of 104 K. Empirical data and models

have shown that such electron temperatures couple to the atomic system to produce exceedingly

high lattice temperatures [108]. This phenomenon alone is a cause for concern for operational

stability of electronics, as it can produce single event transients that irreversibly modify the

electrical properties [109].

65
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For SiC in particular, annealing and recrystallization is a much more reported phenomenon

for SHI exposure [110, 111]. Multiple studies have demonstrated SHI-induced annealing in SiC for

electronic energy depositions exceeding 10 keV/nm, and some as large as 33 keV/nm [110, 112].

Moreover, Zhang et al., reported a threshold value of 1.4 keV/nm, whereby defect annihilation in

SiC was observed [111]. This low threshold value (which the authors termed the “intermediate

regime” regime of ion types) is far more accessible to industrial accelerators and can be considered

an avenue to develop low-temperature annealing techniques.

On the other hand, catastrophic failure was observed in SiC diode devices under high reverse

biasing conditions [113–115], where it was predicted that high field conditions amplified the

thermal transient event, which cascaded into a permanently damaged device. Although the ion

species and field conditions considered in these references far exceed the conditions considered

in this work, it nonetheless stresses the need to explore this relationship further. Thus, we

expand upon the implications of ionization events near high fields (i.e., sensitive volumes), where

the average energy of ionized electrons is dramatically increased and consequently results in

enhanced phonon emission. Although the defect annihilation from ionization-induced heating

has been documented for SiC, there is limited work studying these events in the context of high

electric fields. This is particularly important for low-Z number ions, which are far more abundant

in radiation environments [116] and more accessible to industrial accelerators.

In this study, we use molecular dynamics (MD) to simulate thermal spike events in SiC, which

results in significant defect recovery. In particular, for the first time, we demonstrate how high

background field strengths common in wide bandgap materials can augment the energy deposition

of the radiation-induced thermal transient, and observe the degree to which defect recovery is

enhanced. In the next section, we examine how the thermal spike profiles are calculated. In

section 3, we discuss the Ensemble Monte Carlo (EMC) technique used to quantify the thermal

energy density with varying electric fields. In section 4, we detail the MD technique used to

determine its effects on defect recovery, and lastly we discuss our results in section 5 before the

concluding remarks.

The work of this chapter can also be found in our published work [117].
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5.1 Localized Thermal Transients Induced by Ionizing Par-

ticle Radiation

5.1.1 Thermal Spike Calculation

For decades, spatial profiles of thermal transients induced by single event effects have been

thoroughly investigated using the inelastic thermal spike model (ITSM) [118]. We use this model

herein, the results of which define the inputs of our EMC and MD methods that follow. The

ITSM is based on coupled cylindrical heat transport equations, each representing the spatial

and temporal evolution of the electron temperature, Te, and atomic temperature, Ta. The heat

transport equations are

Ce(Te)
∂Te
∂t

=
1

r

∂

∂r

[
rKe(Te)

∂Te
∂r

]
− g · (Te − Ta) +A(r, t) (5.1)

and

Ca(Ta)
∂Ta
∂t

=
1

r

∂

∂r

[
rKa(Ta)

∂Ta
∂r

]
+ g · (Te − Ta), (5.2)

where the parameters C and K are the heat capacity and thermal conductivity, respectively, r

is the radial distance from the track center, and t is time. The parameters Ka and Ca are a

function of temperature and extracted from Ref. [119]. The term g · (Te − Ta) is the electron-

phonon interaction term that defines the coupling between the two subsystems. The coupling

constant g was calculated from the relation g = DeCe/λ
2, where λ is the electron mean free

path and is deduced from the 3C-SiC band-gap ( ∼ 6 nm) [108]. The parameters De and Ce are

the electron diffusivity and specific heat, respectively, and are taken to be constant (Ce = 1 J

cm−3 K−1 and De = 2 cm2 s−1). This simplification is based on the premise that conductive

electrons in insulators behave like electrons in metals [108]. The initial energy distribution of the

electrons is A(r, t) is the source term (i.e. ion strike) defining the energy density deposited to the

electron subsystem. We calculate this function using TOPAS (TOol for PArticle Simulation), a

user-friendly software interface that is built on the GEANT4 Monte-Carlo toolkit [120], although

analytical approaches that accurately approximate MC methods are often used [108, 121].
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5.2 Enhanced Recovery-effect using Strong Electric Fields

5.2.1 Field-dependent Hot Electron Energy Dissipation

One main advantage of wide bandgap materials in electronic device design is their high breakdown

electric field, which is on the order of ∼ 1 MV/cm for 3C-SiC (and several fold higher for 4H-SiC

and GaN). Although these properties are advantageous for high power device applications, the

much higher electric fields enhance the sensitivity of the device and thus exacerbate any SEEs

that may occur when operating in radiation environments [113]. Specifically, in the event of

an ion strike, the center of a cylindrical volume around the particle track becomes saturated

with high-energy electrons, which subsequently relax by interacting inelastically with the lattice

(i.e., in the form of phonons). In this work, our proposition is that this heating phenomenon

is far more pronounced near field-sensitive volumes (e.g. Schottky interfaces at large biases, or

channel-drain regions in field-effect transistors), where the full relaxation of energetic electrons

is prolonged by the energy gain from an applied field. Although the ion strike alone can induce

sufficient heating to alter the crystal structure of the host material, such events can be far more

pronounced near field-sensitive volumes.

It is widely understood that “hot electrons” deposit most of their energy to the atomic

subsystem via electron-optical phonon scattering. In order to quantify the emission of optical

phonons as a function of background electric fields, the EMC method is employed, which uses

a well-documented algorithm described elsewhere [122, 123]. For this method, we assume that

the electric field is oriented along the 〈111〉 direction of the 3C-SiC crystal so that we ignore the

redistribution of carriers among equivalent band-structure valleys (as in Ref. [124]). This sim-

plification allows us to use a single equivalent non-parabolic valley in our calculations, expressed

by

E(1 + αE) =
~2k2

2mc
(5.3)

where α = 0.323 eV−1. The density-of-state mass md = 0.346m0 was used to determine scat-

tering rates and mc = 0.313m0 was used for the equations of motion. For our purposes, we

focus on the total energy deposited (in the form of optical phonons) as a function of background

electric field. The scattering mechanisms considered here are acoustic, polar-optical and two non-

polar optical interactions (zeroth-order and first-order). Due to the simulation times of interest
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here (< 5 ps) and high electron energies, the thermal energy deposition is defined by the emit-

ted optical phonons (defined by electron-optical phonon scattering events), which is comparably

much higher than the emitted acoustic phonons. Empirically, optical phonons couple to acoustic

phonons, which initiates heat transport [125]. However, this mechanism is ignored here since we

are primarily interested in the initial conditions of the ion strike event and the subsequent energy

deposited to the lattice (which is augmented by the electric field).

5.2.2 Ensemble Monte Carlo Simulations

The EMC simulation begins by initializing the energy distribution of 10,000 particles (represent-

ing electrons) such that the energy per unit length matches the electronic stopping power Se,

with a radial distribution approximating A(r, t) from section 2. The total depth of the simulated

particles was 500 nm. In the case of 50 MeV O+ in 3C-SiC, the net energy of the simulated

particles is 1.60 keV/nm. During the EMC algorithm, a random number is drawn to determine

the time of free flight for each particle. At the end of the free flight, a scattering operation may

occur with a probability that is a function of the particle’s energy. The particle’s momentum

after scattering (Eq. 3) is determined via the conservation of energy, E′k = Ek − ~ωLO, which is

the inelastic scattering process that defines the deposited thermal energy. Note that due to the

stationary nature of an optical phonon, no dispersion is assumed. Thus, since heat transport is

ignored and unnecessary during these time frames, the position of each particle (after scattering)

is regarded as a quantum of the atomic thermal energy. The phonon energies have been set to

100 meV and 120 meV for nonpolar and polar-optical phonons, respectively [126]. The EMC

simulation is run for 3 ps (well after steady-state is reached), after which the total energy of the

emitted optical phonons is stored. Although phonon emission would continue past this simula-

tion time (assuming high Ez), the energy density decreases substantially as the particles diffuse

radially. The results are shown in Fig. 5.1 and Fig. 5.2. We observe in Fig. 5.2(a) that high

energy carriers will continue emitting optical phonons at time scales several-fold higher than a

typical energy relaxation time for hot electrons. By binning the system, we normalize using the

3C-SiC atomic density and plot the added thermal energy per atom (Fig. 5.2(b)). In other words,

Fig. 5.2(b) plots the difference between the thermal energy per atom at non-zero and zero Ez,

which can be expressed as 〈kBT 〉(Ez) − 〈kBT 〉(Ez = 0). This process is repeated for multiple

electric fields for 50 MeV O+ and 50 MeV Al+, the data of which is used in the MD simulations

that follow. The parameters used in our EMC simulation are presented in Table 5.1, and the

ions considered are presented in Table 5.2.
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Figure 5.1: Illustration of optical phonon scattering positions in a 3C-SiC crystal as simulated
by EMC. Images are snapshots at t = 3 ps. For contrast, only the phonons produced by 1% of
particles are shown.
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Figure 5.2: (a) Average electron energy at different electric fields, where t = 0 corresponds to the
moment of a 50 MeV O+ strike. (b) Added thermal energy per atom as a result of a non-zero
electric field at t = 3 ps (i.e. 〈kBT 〉(Ez)− 〈kBT 〉(Ez = 0))
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Table 5.1: EMC modeling parameters [126].

Parameter Value

Bandgap (eV) 2.3
Nonparabolicity factor (eV−1) 0.323
Density (g/cm3) 3.21
Acoustic deformation potential (eV) 16
Nonpolar optical phonon coupling:

Zeroth-order (108 eV/cm) 9
First-order (eV) 5.6

Nonpolar optical phonon energy (meV) 100
Polar optical phonon energy (meV) 120
Low-frequency dielectric constant 9.7
High-frequency dielectric constant 6.5

Table 5.2: Ion specifications. The electronic stopping power Se is calculated using SRIM [127].

O+ Al+

Ion Energy (MeV) 50 50
Ion Specific Energy (MeV/u) 3.12 1.85
Se (keV/nm) 1.60 4.0
Ta,max(r = 0) (K) 850 1400

5.3 Molecular Dynamics Modeling

The ITSM temperature distribution Ta,max(r), which is induced by the ion strike (as calculated

in section 2), is subsequently imported into our molecular dynamics simulations, which we em-

ploy using the Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [128].

The function Ta,max corresponds to the time when the thermal spike reaches its maximum tem-

perature. The Si and C interactions are modeled by the hybrid Gao-Weber (GW)/ZBL potential

[129], since it has previously been used to model defect annihilation [111, 130], recrystallization

[131], and recovery due to swift heavy ions [112]. Hence, this potential is expected to accurately

describe the damage production and recovery processes. The simulated 3C-SiC system was 36 ×

36 × 6 nm3 containing 768,000 atoms.

Prior to simulating the thermal spike event, defects were created by initializing the 3C-SiC

system with thousands of randomly generated Frenkel pairs (FPs). Upon the generation of FPs,

the system energy was minimized using a NPT ensemble for 100 ps, causing the generated defects

to migrate to metastable positions and to bring the system to room temperature. This process

was repeated until approximately 2% of the system was defective (by modifying the initial set

of displaced atoms). To prevent divergence, a varying timestep was used, with a minimum

/ maximum timestep of 0.1 fs / 1 fs, respectively. The defects were defined using a built-in
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Voronoi method in LAMMPS, where a polyhedral volume is defined around each atom in the

pristine 3C-SiC. Thus, one atom per Voronoi volume implies a pristine crystal. The simulator

identifies a vacancy if no atom is present in the volume, whereas an interstitial is identified if 2 or

more atoms are present. Incidentally, the thermal dissipation properties of the lattice is expected

to have a dependence on the lattice disorder. However, we ignore this dependence here since it

has been demonstrated to have little effect on the defect recovery behavior [112].

With the defective 3C-SiC in thermal equilibrium, a thermal spike event was subsequently

simulated. The system was defined to keep the number of atoms and volume constant while

controlling the temperature through a 2 nm-thick Berendsen thermostat in the x-y boundaries,

which acts as a thermal reservoir. The thermal spike was defined by binning the system into

multiple cylindrical volumes so that the atoms in each bin could be separately operated on.

The average kinetic energy of the atoms in each bin was defined such that the MD temperature

profile best fitted Ta,max(r) from the ITSM, as shown in Fig. 5.3 for the case of 50 MeV O+. The

temperature profile is approximately at its maximum within the first picosecond of simulation,

thus t = 0.8 ps was chosen for Fig. 5.3. To represent an increase in Ez, the EMC method was

used to extract the added thermal energy per atom (Fig. 5.2(b)). This profile was subsequently

used at the initialization of the MD simulation, where the kinetic energy of atoms inside the

cylindrical bins was increased in accordance to the calculations from EMC. The thermal spike

simulation was run for a total of 50 ps with a 0.2 fs timestep, after which the defect concentration

was characterized (extending the simulation time for longer periods did not noticeably affect the

lattice disorder). The result is plotted in Fig. 5.4 at t = 0.8 ps for up to 1000 kV/cm.

Although the GW potential has been demonstrated multiple times to model defect dynamics

in MD, it is critical to question how our results relate to the activation energies associated with

defect production and recovery. One study has demonstrated that close-range FP recombination

barriers in GW can range between 0.22 eV and 1.6 eV [130], which was regarded as relatively

low according to ab initio results from reference [132]. More generally, however, computational

and experimental values obtained for recombination barriers for both silicon and carbon FPs

vary, which is likely caused by inconsistent methods used in ab initio calculations [133]. For this

reason, we believe it is appropriate to simulate a thermal spike event using the environment-

dependent interatomic potential (EDIP), which exhibits activation energies higher than those of

GW, while accurately describing bulk properties and point defects of 3C-SiC [134]. However, a

detailed comparison between these two MD potentials is beyond the scope of this paper.
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Figure 5.3: MD thermal spike spatial visualization of 50 MeV O+ ion impact in a 3C-SiC crystal
for zero electric field (hence the profile matches the ITSM exactly). The MD temperature profile
is taken at t = 0.8 ps. The lighter-colored atoms correspond to higher kinetic energies. In (a)
atoms at room temperature kBT are made semi-transparent. The center region illustrates a
thermal spike event, with a temperature profile shown in (b).
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Figure 5.4: Thermal spike output of MD at t = 0.8 ps of a 3C-SiC crystal for a (a) 50 MeV O+
ion and a (b) 50 MeV Al+ ion.
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5.4 Defect Recovery Induced by Thermal Transients in

Disordered Systems

Two different ion species (50 MeV O+ and 50 MeV Al+) were considered in this work, which were

selected according to their relatively larger abundance and accessibility in radiation environments

[116, 135]. Analysis of the lattice disorder reveals significant defect recovery induced by the

thermal spike events. Fig. 5.5 shows the lattice disorder of the relaxed system after each event,

radially averaged around the center of the ion track. The relative disorder is calculated by

normalizing the number of defects over a given volume by the initial defect concentration. Hence,

the mean value of the radial distribution “Before Strike” is equal to unity. In the case of zero

electric field, lattice healing is observed for both ion species. In particular, the slight recovery

observed for O+ (1.60 keV/nm) is consistent with the data reported in [111], where a threshold

value for recovery was found to be 1.40 keV/nm. It is worth noting that the nature of defect

recovery is sensitive to the initial state of the defective lattice [136]. Thus, depending on the

initial concentration of Si and C defects, the recovery process may differ significantly.

More importantly, Fig. 5.5 and Fig. 5.6 show significant defect recovery as Ez increases.

For instance, in the case of O+, Ez ∼ 1000 kV/cm decreases the final disorder by 33%, as

shown in Fig. 5.6(a). This field is approximately at the breakdown level of 3C-SiC, and several

MV/cm below the breakdown field of other SiC polytypes. The lattice disorder continues to

decrease with Ez, although the silicon defect recovery appears to converge (Fig. 5.6(b)). Indeed,

the concentration of carbon defects are known to be significantly greater than silicon, which is

explained in part by the lower vacancy/interstitial energy barriers [130, 137]. This explains the

difference in the fractional contribution of disorder for each element, as shown in Fig. 5.6(b).

However, a thermal spike simulation using the EDIP potential yields a significant difference

in the defect recovery effect, as also shown in Fig. 5.6(a). For an identical thermal spike profile,

negligible defect recovery is observed after a 50 MeV O+ strike when using EDIP. However,

when presuming Ez ∼ 1000 kV/cm, the defect recovery effect is observed, although the magni-

tude is about 20% lower when compared to the Gao-Weber potential. This difference is likely

attributed to the higher activation energies associated with the EDIP potential, as reported in

[134]. We stress, however, that a dedicated study on the differences between these potentials for

this application is needed and encouraged (e.g. [137]).

It is worth noting that the initial charge distribution as defined by A(r, t) in section 2 is a

close reflection of rate of Coulomb scattering. For example, the electrons at the center of the

ion track (where ne ∼ 1023 cm−3) exhibit greater Coulomb scattering than the electrons in the
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Figure 5.5: Relative disorder of SiC system at thermal equilibrium (t = 50 ps) for a (a) 50 MeV
O+ ion and a (b) 50 MeV Al+ ion. The black line represents the disorder of the defective lattice
before the ion strike. The colored lines represent the disorder of the lattice at increasing Ez.
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Figure 5.6: Relative disorder of 3C-SiC lattice at thermal equilibrium after thermal spike at in-
creasing Ez. (a) A∼ 33% decrease in lattice disorder is observed as Ez increases to∼ 1000 kV/cm.
The EDIP potential [134], on the other hand, exhibits a ∼ 10% decrease over the same field range.
(b) The contributions of disorder for carbon and silicon. The disorder was averaged over a 10
nm radius cylindrical volume around the ion path.
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periphery of the ion track (where ne � 1021 cm−3). Each elastic collision inhibits the energy

that electrons could otherwise gain ballistically. Thus, it follows that drifting carriers gain more

energy at the peripheries of the excited region. This can be consequential for ion strikes that

deposit energy over larger volumes (as evidenced by the velocity effect [138]), where Coulomb

scattering can be comparably much less.

These results show us that lighter ions (Se < 5 keV/nm) are sufficient to induce defect recovery

up to about ∼ 8 nm from the track center. This translates to a modest ion fluence on the order of

1012 cm−2 if one wishes to anneal large sample regions. Previous work has demonstrated defect

recovery in 3C-SiC, which include annealing induced by heavy and highly energetic ions (e.g.,

Pb ions of 33 keV/nm [112]) to much lighter and less energetic ions (e.g., 1.4 keV/nm [111]).

Here we reiterate this phenomenon while demonstrating that, by increasing the average electron

energy via an applied field bias, this recovery effect can be enhanced.

5.5 Chapter Summary

Localized heating as a consequence of radiation-induced ionization has been studied for decades,

with implications that vary widely across different host materials. For 3C-SiC in particular,

defect recovery resulting from heavy ion irradiation has consistently been reported. Here we

report that this phenomenon can amplify in the presence of high background fields, which is a

direct consequence of the high steady-state electron energy. We also hypothesize that this higher

field response is more pronounced in regions with lower carrier densities, such as in ionized regions

from high-velocity ions (which deposit energy over larger volumes). This work can be insightful

for SiC-based applications, such as for fuel coating and structural components in nuclear reactors,

or for SiC-based electronics operating in radiation-rich environments. Future work is needed to

experimentally demonstrate the simulated results of this work.



Chapter 6

Conclusions and Future Work

6.1 Thesis Summary

In this thesis, we discussed the potential of diamond-based electronics for harsh environment

applications. The demand to probe harsh environments will escalate in the years to come, and

with it the need for electronics to sustain those conditions. Looking forward, the reliability

of electronics for harsh environments becomes more feasible, so long as we fervently progress

in the R&D space and optimize the performance of WBG-based devices. This latter point is

what a portion of this thesis was dedicated to accomplishing: by understanding the conduction

limitations of hydrogen-terminated diamond, we pave the way toward the realization of robust

diamond-based electronics.

We began this thesis by overviews the merits and potential of diamond as a platform for

electronics. This included its fundamental material properties which are superior to its WBG

counterparts, most notably its thermal conductivity. In Chapter 2, we discussed the difficulties

of doping and the promise behind hydrogen-terminated diamond surface in detail. We also

overviewed the hole transport properties, including a theoretical formulation of the mobility which

was used to fit to the experimental Hall-effect measurements. The background information was

concluded by a discussion on irradiated materials, including the TID effects, atomic displacement

events, and thermal-spikes induced by swift heavy ions.

In Chapter 3, we discussed the fabrication process of devices on diamond substrates. Extensive

Hall measurements were taken at temperatures ranging from 25 K to 700 K, and a theoretical

model was used to understand the mobility-limiting mechanisms. A multi-band treatment of the

HH, LH, and SO band was included using a Schrödinger/Poisson solver. We determined that the

80
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Hall-effect measurements at low-to-intermediate temperatures suggest that long-range potential

fluctuations exist for a wide range of ρ2D, which contributes to the “ceiling” observed for the

hole mobilities at low sheet densities. These fluctuations may arise both from charged surface

acceptors and disorder related to the C-H surface. The nature of this disorder is a subject

that remains to be studied. Moreover, IV and CV measurements were taken on MISFETs,

MESFETs, and MISCAPs, in order to analyze the FET behavior. A reasonable ON/OFF ratio

and subthreshold slope was observed. Using CV measurements, it was determined that negatively

fixed charge exists in the oxide, and that a small density of traps become positively-charged near

the interface as the gate bias is swept, thus producing a small clockwise hysteresis behavior.

Although these are promising FET characteristics, improvements must be made in increasing the

saturation drain currents, which underscore the significance of maximizing the 2DHG mobility.

We reinforced our understanding of the mobility limiting mechanisms in Chapter 4, where

we irradiated four single-crystal diamond samples, two of which were passivated with Al2O3,

and the other two left unpassivated. The samples were irradiated with 2 MeV protons at two

fluences, 0.5×1014 and 1×1014 cm−2. In order to decouple the degradation that is intrinsic to

the H:diamond from the degradation of the passivation layer, the characteristics of MESFETs

and Hall-effect devices of unpassivated H:diamond samples were also exposed and measured. It

was determined that the Al2O3 were negatively charged post-irradiation, which consequently

degraded the hole mobility, but also increased the sheet density via electrostatic attraction.

The net result was a substantial decrease in the drain saturation currents, and shifts in the

threshold and flatband voltages. It was also determined that the hole mobility and sheet density

drop on the unpassivated H:diamond samples. The net result was also a decrease in the drain

saturation current. Since MeV-protons exhibit negligible nuclear scattering, and deposit their

energy entirely via ionization, we suspect that the degraded hole mobility is caused via enhanced

scattering off insulating barrier centers throughout the 2D hole well. Effective medium theory

was used to infer the height of these barriers and the surface fraction that they occupy. By

irradiating both Al2O3/H:diamond and Air-doped/H:diamond substrates, this study provided a

holistic understanding of the degradation mechanisms of all H:diamond devices, passivated or

not.

Lastly, in Chapter 5, we overviewed an instance where particle irradiation of materials is

beneficial. For 3C-SiC, the recovery of defects resulting from swift heavy ion irradiation has

consistently been reported. In this Chapter, however, we report that this annealing phenomenon

can be amplified in the presence of high background fields, which is a direct consequence of the

high steady-state electron energy. We also hypothesize that this higher field response is more
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pronounced in regions with lower carrier densities, such as in ionized regions from high-velocity

ions (which deposit energy over larger volumes). In general, this work can be insightful for

any application in need of localized annealing solutions. For example, SiC applications include

fuel coating and structural components in nuclear reactors, as well as electronics operating in

radiation-rich environments. Future work is needed to experimentally demonstrate the simulated

results presented in this chapter.

6.2 Future Work

Recommendations for future work are as follows:

• A highly controlled design of experiment of the hydrogen-terminated surface. The objective

should be to obtain as uniform of a C-H dipole surface as possible. Moreover, a study

on the spatial variation of the negatively-charged acceptors is worthwhile, as that would

also produce valence band ripples. Characterization methods such as Raman and Fourier

transform infrared spectroscopy can be utilized to measure the C-H vibrational mode signal

as an indicator for the “completeness” of the hydrogen termination. However, the C-H

signal would likely be too weak on smooth diamond surfaces, but this can be addressed by

including a diamond powder in this analysis, as it will increase the probed surface area and

produce a resolvable signal during spectroscopic measurements.

Figure 6.1: Schematic and band diagram of an H:diamond structure with a spacer layer. By
separating the 2DHG from the compensating negative charge (thus increasing d from Eq. (A.6)),
the hole mobility can be boosted significantly.
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• The deposition of an ultra thin, high-quality “spacer” layer in between the oxide and the

H:diamond would separate the 2DHG and the compensating oxide charge, thus increase d

from Eq. (A.6) and substantially reducing the type-(i) SI scattering rate. A schematic and

band diagram of this is shown in Fig. 6.1. One promising candidate is the deposition of

hexagonal boron nitride onto (111)-oriented diamond, as done in Ref. [139]. It is important

to ensure that the spacer layer has negligible acceptor levels and is high quality.

• Surface analysis studies such as transmission electron microscopy (TEM) of the H:diamond

surface can add insight to the mobility-limitations of the 2DHG. It has been shown, for

example, that sub-surface defects can be generating during the polishing process of the

diamond surfaces (which is a typical manufacturing step after diamond synthesis) [140, 141].

TEM and other characterization methods can be used to study the quality of the atomic

structure where the 2DHG exists.

• For the devices produced in this work, as well as the architectures recommended above, a

thorough stress test is recommended. This includes Hall-effect and FET measurements at

very high temperatures to observe oxidation effects. It was shown in Fig. 3.3, for exam-

ple, that the 2DHG sheet density remained stable at temperatures just above 400◦C for

Al2O3/H:diamond Hall-effect devices.

• To build on the work presented in Chapter 5, experimental studies demonstrating the

irradiation-induced healing and its dependence on applied electric fields is needed for val-

idation. Moreover, it remains to be studied the high-energy irradiation effects on other

defective semiconductor materials, and if any irradiation conditions can induce the anneal-

ing effects as observed in silicon carbide.



Appendix A

Formulation of Mobility Model

A.1 Poisson/Schrödinger solver

A.1.1 Multi-band treatment of 2DHG

Determining the average hole relaxation time requires calculating the Fermi level with respect to

the valence band maximum (VBM), which is unique to each valence band and confined subbands.

Moreover, since the scattering matrix elements are usually functions of effective masses, the

calculated relaxation times will also be unique to each band. Therefore, in this calculation, three

single-band effective mass Schrödinger equations are solved and coupled to the Poisson equation.

This is performed for each of the heavy hole, light hole, and split-off valence bands (herein

denoted by HH, LH, and SO). This calculation was performed using a Schrödinger/Poisson solver

(nextnano3 software) [142], as it has been used in some of the prior works for the same 2DHG

H:diamond technology [143, 144]. To induce a confined accumulation of holes at the surface, a

negative interface sheet density was imposed as a boundary condition at the surface. At a given

temperature, the negative charge density was modulated until the hole density matched the

sheet density extracted from Hall-effect measurements. Finally, a Neumman boundary condition

(∂ϕ/∂z = 0) was set at 500 nm from the surface.

Once at the desired conditions, the Fermi levels for each band were extracted, given by

EF,j` = EV BM
j` − EF , (A.1)

where EV BM
j` is the VBM of band j (HH, LH, and SO) and subband ` (1, 2, and 3), and EF is

84
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the global Fermi level. The confined hole wave functions out-of-plane ψj`(z) are used for the scat-

tering matrix element calculations. Further, since the relative hole occupation ρj`2D ∝ |ψj`(z)|2,

we can justify simplifying our calculations by ignoring higher subbands with a low occupation

number. Given the p-like orbital degeneracy of the valence bands, the occupation of holes is dom-

inated by the ground state for each band j, even for very high sheet densities. For this reason,

only the first subband (` = 1) of each band j is considered for our calculations [Fig. A.1(a)].

Together with the respective effective masses, this data establishes the starting point for the

calculation of the hole relaxation times.

A.1.2 Effective masses

The mobility of any crystal structure is in large part influenced by the effective masses of the

majority carriers, which therefore ties the diamond band structure into this analysis. As with

any semiconductor, the behavior of holes are dictated by the two-fold degenerate HH and LH

bands, as well as the SO band separated by ∆Eso, located at the Γ point in the E(k) dispersion
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Figure A.1: (a) Ground state energy (` = 1) of HH, LH, and SO bands at the diamond surface,
where the reference energy is the Fermi level at 0 eV. Superimposed are the hole probability
densities for each band. (b) Constant energy surface on a k plane of the diamond HH and LH
bands. The solid black lines are calculated using the Luttinger parameters by Naka et al. [145].
The dashed red lines are a parabolic approximation using the angle-averaged masses.
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Valence Band Angle-averaged [001] direction

Heavy hole, j=HH 0.667 0.540
Light hole, j=LH 0.260 0.288
Split-off, j=SO 0.375 0.375

Table A.1: Effective masses used for our calculations. Values are in free-electron mass units [145].

diagram. Typical examples of ∆Eso are 44 and 28 meV for Si and Ge, respectively. Diamond is

unusual in this regard, with ∆Eso ≈ 6 meV [146]. This implies that the hole occupation in the

SO band is more probable, hence the importance of the multi-band treatment in our calculations.

With the exception of holes in the SO band, it is typical that the hole dispersion be highly

anisotropic due to warping of the constant energy surfaces of the HH and LH bands. Via

the k · p perturbation scheme, this dispersion can be analytically expressed as E(k)HH,LH =

Ak2 ± [B2k4 + C2(k2xk
2
y + k2yk

2
z + k2zk

2
x)1/2, where k = 〈kx, ky, kz〉 is the wave vector, and the

constants A, B, and C are functions of the Luttinger parameters determined experimentally [147].

For our calculations, only the most recent literature of experimental hole effective masses

is considered. In one study, Y. Takahide et al. measured a range of effective masses through

Shubnikov-de Haas oscillations on hydrogen-terminated surfaces for magnetic fields perpendic-

ular to (111) plane. The oscillation peaks corresponded to effective masses which the authors

grouped into two separate ranges: m∗/m0 = 0.17 − 0.36 and 0.57 − 0.78 [148]. These ranges

reasonably encapsulate the masses reported a year prior by Naka et al. using cyclotron resonance

experiments [145]. The latter study provides the most recently obtained Luttinger parameters of

γ1 = 2.67, γ2 = −0.403, and γ3 = 0.680, which in turn yield 2.67, −0.8, and 1.9049 for constants

A, B, and C, respectively. Cross-sections of the constant energy surfaces for HH and LH bands

are plotted in Fig. A.1(b) about the Γ point. This plot shows that, although warping of the

valence bands is visible, it is reasonable for our purposes to treat dispersion as parabolic (i.e.,

E(k) = ~2k2/(2m∗)). Thus, using the data by N. Naka, we use the angle-averaged hole masses

for the in-plane effective masses in our scattering model. For the out-of-plane calculations per-

formed by the Schrödinger/Poisson solver, the [001] effective masses are used. These masses are

listed in Table A.1.
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A.2 Relaxation time expressions

A.2.1 Surface Impurity Scattering

A major consequence of the charge transfer phenomenon is that the 2DHG is compensated by

negatively charged acceptor states, which can be provided by air-adsorbates or oxide films. The

sheet separation of the hole gas and negative compensating charge is on the order of angstroms.

Thus, the induced Coulombic forces perturb the 2D potential well, which significantly degrades

the hole mobility. Such 2D carrier channels in other material stacks, such as the 2DEG in

remotely-doped AlGaAs/GaAs heterostructures, are relatively distant from the charged donors,

which allows for electron mobilities as high as 104 cm2/(V·s). However, even for these struc-

tures, the mobility can be limited by these remote impurities, especially at low temperatures.

Hence, this scattering mechanism has been modeled for 2D carriers, and is adopted herein [149].

Moreover, disorder related to the C-H dipoles (such as incomplete hydrogen termination [38, 61],

non-homogeneous acceptor distribution [67], and variation in surface reconstruction [24], the

existence of oxygen-related catalysts [65], etc.) may interfere with the conductivity of holes.

Together with the negatively charged acceptor states, these field-inducing phenomena distort the

band structure and thus act as scattering centers which dominate at low sheet densities. We will

unravel this further in the discussion and results section. Here we denote the scattering by the

negatively charged surface acceptors as type (i), and the scattering induced by the C-H disorder

as type (ii). The matrix element is expressed as

Msi(q) =

∫ ∞
0

|ψ(z)|2 dz
∫
V (r, z)exp(iq · r)d2r,

=

∫ ∞
0

|ψ(z)|2 V(q, z)dz, (A.2)

where V(q, z) is the Fourier transform of the potential form of a charged impurity. Following

Ref. [149], properly taking charged screening into account gives us

V(q, z) =
Ze2

2ε0ε(q)

exp(−q(z + |d|))
q

, (A.3)

where Z is the electronic charge number and ε(q) is the dielectric constant defined by
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ε(q) = εs

(
1 +

qTFF (q)

q

)
. (A.4)

Here, screening is treated via the 2D Thomas-Fermi wave vector qTF = m∗dose
2/(2πε0εs~2) ,

and F (q) is a form factor defined by

F (q) =

∫
dz

∫
dz′|ψ(z)|2|ψ(z′)|2exp (−q|z − z′|) . (A.5)

With the wave functions (confined along z) and the wave vectors treated parabolically in

two-dimensions, the scattering rate can be expressed as

1

τ
(i),(ii)
si

=
(Z2Nsi)

(i),(ii)m∗dos
2π~3k3

(
e2

2ε0εs

)2 ∫ ∞
0

dz |ψ(z)|2

×
∫ 2k

0

exp(−2q(z + |d|))
(q + F (q)qTF )2

q2dq√
1− (q/2k)2

, (A.6)

where (Z2Nsi)
(i) and (Z2Nsi)

(ii) are the fitting parameters for SI scattering of types (i) and

(ii), respectively. Throughout the text, Z is absorbed into the fitting parameter for type (ii)

scattering since the nature of the induced fields is uncertain. Thus we define N (ii)
si = (Z2Nsi)

(ii).

For type (i) scattering, however, each ionized surface acceptor is presumed to have a charge of

unity. Thus we set (Z2Nsi)
(i) = N

(i)
si .

A.2.2 Surface Roughness Scattering

Roughness in the form of spatial fluctuations at the H:diamond surface may be induced via

diamond growth, exposure to hydrogen plasma, or during the fabrication process. Hence, the

fluctuations produce localized potentials randomly distributed along the plane, which act as

scattering centers for holes. If the fluctuations are on the order of carrier wavelengths, then

scattering can be significant. We denote the average out-of-plane fluctuations as ∆ (i.e., root-

mean-squared (RMS) roughness height) and the average in-plane separation of these fluctuations

as Λ (i.e., correlation length). These roughness variables are expressed by a Gaussian distribution

as 〈∆(r)∆(r′)〉 = ∆2exp
[
(r− r′)2/Λ2

]
. The formalism by Ando et al. [150] is adopted here for

H:diamond, which expresses the scattering matrix element as
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|Msr(q)|2 =
e4ρ22D

4ε2
π∆2Λ2

L2
exp

(
−q2Λ2

4

)
, (A.7)

where the Fourier transform of the r-Gaussian distribution 〈|∆(q)|2〉 was used for the matrix

element. Here we presume that the sheet hole density ρ2D is the only form of charge and ignore

other variants (e.g., space charge density). With the substitution of Eq. (A.7) into the 2D

transport lifetime expression and integrating over the wave vector plane, the final form is

1

τsr
=
πm∗dos∆

2Λ2e4ρ22D
~3(ε0ε(q))2

exp

(
−q

2Λ2

4

)
, (A.8)

Note from Eq. (A.8) that the scattering rate increases with the square of ρ2D, and may thus

be insignificant at low sheet densities.

A.2.3 Non-polar Optical Phonon Scattering

Scattering of carriers by phonons dominate at high temperatures, which is an intrinsic phe-

nomenon in all materials. Thus, hole-phonon interactions are dependent on the physical param-

eters of the material, such as the effective mass, material density, and (in the case of carriers

confined to a 2D plane) the z-plane probability density of the 2DHG. It is for this reason that

in the limit of higher temperatures, carrier-phonon interactions are the insurmountable limiting

factor of carrier mobilities. In this section, we define the relaxation time for holes interactions

with non-polar optical phonon (NOP), which exhibits a steep slope with respect to temperature.

This scattering matrix is commonly defined as the product of the deformation potential

Dop and the optical phonon displacement vector uop, expressed as |Mi(q)| = Dop · uop. The

displacement vector, derived in Ref. [151], yields the scattering matrix

|Mnop(q)|2 =
D2

op~
2ρL3ω0

×
(
n(ω0) +

1

2
± 1

2

)
, (A.9)

where ρ is the material density of diamond, n(ω0) is the phonon occupation factor, and ~ω0

is the NOP energy, which is assumed to be dispersion-less and thus independent of q. Due to

confinement along the z-direction, carriers are restricted along the r plane, while phonons are

treated in three dimensions (q2 + q2z). Hence, the three-dimensional form of Eq. (2.10) is used

and quantized along the qz direction. The final expression yields
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1

τnop
=

∫
|I(qz)|2dqz ·

m∗dosD
2
nop

4πρ~2ω0
×
(
n0(ω0) +

1

2
± 1

2

)
Θ(Ek ∓ ~ω0), (A.10)

where the overlap integral is defined by |I(qz)| =
∫
|ψ(z)|2 exp(iqzz)dz, and Θ(x) is the step

function which is unity when x ≥ 0 and zero otherwise. Here we also recognized that the

integration over δ[Ek′ − Ek]/(2π)2 is the definition of the 2D density of states m∗dos/π~2.

We note that, in reality, the momentum transitions may be sufficient to scatter between the

HH, LH, and SO bands. In our calculations, such inter-valence band scattering is not explicitly

differentiated between intra-band scattering. Instead, the coupling strength associated with intra-

and inter-valence band scattering is expressed by the coupling constant Dnop, as it is impractical

to independently distinguish between them when fitting to experiments.

A.2.4 Acoustic Phonons

At low to intermediate temperatures, acoustic phonons are the most dominant species of electron-

phonon scattering. As with NOP scattering, the potential Dac and the acoustic phonon displace-

ment vector uap define the scattering matrix as

|Map(q)|2 =
q2D2

ap~
2ρL3ωq

×
(
n(ωq) +

1

2
± 1

2

)
,

=
D2

apkBT

2ρL3v2s
, (A.11)

where vs is the longitudinal sound velocity. Here we invoked the equipartition theorem, where

~ωq � kBT , therefore the phonon occupation number n(ωq) = 1/(exp(~ωq/kBT )− 1)) � 1.

Hence we can say that n(ωq) ≈ n(ωq) + 1 ≈ kBT/~ωq. We also treat the acoustic dispersion

relation as linear, i.e. ωq ≈ vsq. Treating the integration similarly as in Eqs. (A.9)–(A.10) yields

1

τap
=

∫
|I(qz)|2dqz ·

m∗doskBTD
2
ap

π~3ρv2s
. (A.12)



Appendix B

H:diamond Fabrication Process

Below is the H:diamond fabrication runsheet. This sheet is followed by an identical sheet with

comments associated with each fabrication step. A database with this runsheet is available on

Stanford’s SNF website at: https://snfexfab.stanford.edu/snf/projects-processes/runsheets

91
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H:diamond FABRICATION RUNSHEET

Name Step# Process Time Tool Recipe
Spin/
Expose
Process

0

0.1 Clean sample 6 min wbsolv Acetone/IPA
0.2 Spin LOL2000 40 sec Headway3 6000 RPM
0.3 Post-spin bake 5 min Hot plate 170 degC
0.4 Spin SPR3612 60 sec Headway3 8000 RPM
0.5 Post-spin bake 60 sec Hot plate 90 degC
0.6 Exposure - Heidelberg2 Uploaded Layout
0.7 Post-bake 60 sec Hot plate 115 degC
0.8 Develop 35-40 sec wbdev MF26A
0.9 Rinse 30 sec wbdev DI water
0.1 Inspect - Microscope -

Mask1
(Bond
Pads)

1

1.1 Spin resists/Expose - - -
1.2 O-plasma 90 sec Technics/Samco 100W
1.3 Metal evaporation - AJA 5/20/20nm Ti/Pt/Au
1.4 Lift off contacts 2 hours wbsolv 1165 remover
1.5 Rinse 2 min wbsolv Acetone/IPA

Mask2
(Ohmic
Contacts)

2

2.1 Spin resists/Expose - - -
2.2 Metal evaporation - AJA 80nm Au
2.3 Lift off contacts 2 hours wbsolv 1165 remover
2.4 Rinse clean 2 min wbsolv Acetone/IPA

Mask3
(Isolation
regions)

3

3.1 Spin resists/Expose - - -
3.2 O-plasma 90 sec Technics/Samco 100W
3.3 Lift off 3612 2 hours wbsolv 1165 remover
3.4 Rinse clean 2 min wbsolv Acetone/IPA

ALD 4
4.1 Rinse clean 2 min wbsolv Acetone/IPA
4.2 Season ALD chamber - Fiji2 Thermal Al2O3, 250C
4.3 Deposition ∼90 min Fiji2 Thermal Al2O3, 250C
4.4 Inspect - Microscope -
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Mask4
(Gate
Contacts)

5

5.1 Spin resists/Expose - - -
5.2 Metal evaporation - AJA 50/20 nm Ti/Pt
5.3 Lift off contacts 2 hours wbsolv 1165 remover
5.4 Rinse clean 2 min wbsolv Acetone/IPA

Mask5
(Open
Contacts)

6

6.1 Spin resist/Expose - - -
6.2 Etch oxide 90 sec wbflexcorr 20:1 BOE
6.3 Rinse clean 60 sec wbflexcorr DI water
6.4 Strip resist 1 hour wbsolv Acetone
6.5 Rinse clean 60 sec wbsolv IPA
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RUNSHEET COMMENTS

Name Step# Process Comment
Spinning/
Expose
Process

0

0.1 Clean sample
5min Acetone, 1min IPA.
Sonication is optional

0.2 Spin LOL2000
Ramp rate 3000 RPM/sec.
Use pipets.

0.3 Post-spin bake Use carrier wafer for handling

0.4 Spin SPR3612
Ramp rate 4000 RPM/sec.
Use pipets

0.5 Post-spin bake Use carrier wafer for handling
0.6 Exposure 70 power/-2 defocus
0.7 Post-bake Use carrier wafer for handling

0.8 Develop

Place sample on top of wipes,
and get a good grip with tweezers.
Agitate sample well in the MF26A.
Don’t let go of sample.

0.9 Rinse
Agitate sample well in the
water. Dry well with N2 gun.

0.10 Inspect
This is where you determine if
the spin-exposure process went
well or dire.

Mask1
(Bond
Pads)

1

1.1 Spin resists/Expose Complete step 0

1.2 O-plasma
Ensure sample is dry, use
hot plate if necessary.

1.3 Metal evaporation Max deposition rate 1 Ang/sec

1.4 Lift off contacts

Submerge into 1165 for 10 min,
remove and quickly spray with
acetone to remove metal, and
resubmerge in 1165 for ∼2 hours.

1.5 Rinse 1 min acetone, 1 min IPA

Mask2
(Ohmic
Contacts)

2

2.1 Spin resists/Expose Complete step 0
2.2 Metal evaporation Max deposition rate 1 Ang/sec

2.3 Lift off contacts

Submerge into 1165 for 10 min,
remove and quickly spray with
acetone to remove metal, and
resubmerge in 1165 for ∼2 hours.

2.4 Rinse clean 1 min acetone, 1 min IPA
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Mask3
(Isolation
regions)

3

3.1 Spin resists/Expose
Complete step 0, INVERT
layout during Heidelberg
exposure

3.2 O-plasma
Ensure sample is dry, use hot
plate if necessary.

3.3 Lift off 3612

Submerge into 1165 for 10 min,
remove and quickly spray with
acetone, and resubmerge in 1165
for ∼2 hours.

3.4 Rinse clean 1 min acetone, 1 min IPA

ALD 4
4.1 Rinse clean 1 min acetone, 1 min IPA

4.2 Season ALD chamber
50-75 cycle seasoning of
chamber

4.3 Deposition
1200 sec wait time. Deposit
200-250 cycles (∼20-25nm)

4.4 Inspect Surface should have a yellow hue.

Mask4
(Gate
Contacts)

5

5.1 Spin resists/Expose Complete step 0
5.2 Metal evaporation Max deposition rate 1 Ang/sec

5.3 Lift off contacts

Submerge into 1165 for 10
min, remove and quickly
spray with acetone to remove
metal, and resubmerge in 1165
for ∼1 hours.

5.4 Rinse clean 1 min acetone, 1 min IPA

Mask5
(Open
Contacts)

6

6.1 Spin resist/Expose
Complete step 0, skip steps
0.2 and 0.3

6.2 Etch oxide
Ensure that you have a good
grip on your sample.

6.3 Rinse clean
6.4 Strip resist
6.5 Rinse clean



Appendix C

Codes

The raw and processed data required to reproduce the ensemble monte carlo and molecular

dynamics results are available to download from doi:10.17632/wj2cy3kvy4.1.
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[121] M. Waligórski, R. Hamm, and R. Katz, “The radial distribution of dose around the path of

a heavy ion in liquid water,” International Journal of Radiation Applications and Instru-

mentation. Part D. Nuclear Tracks and Radiation Measurements, vol. 11, no. 6, pp. 309 –

319, 1986.

[122] M. Lundstrom, “Fundamentals of carrier transport, 2nd ed.,” Cambridge University Press,

Cambridge, 2000.

[123] D. Vasileska and S. M. Goodnick, “Computational electronics,” Synthesis Lectures Comput.

Electromagn., pp. 139 – 175, 2005.

[124] K. Tsukioka, D. Vasileska, and D. Ferry Physica B: Condensed Matter, vol. 185, pp. 466–

470, 1993.

[125] E. Pop, S. Sinha, and K. E. Goodson, “Heat generation and transport in nanometer-scale

transistors,” Proceedings of the IEEE, vol. 94, pp. 1587–1601, Aug 2006.

[126] H.-E. Nilsson, U. Englund, M. Hjelm, E. Bellotti, and K. Brennan, “Full band monte carlo

study of high field transport in cubic phase silicon carbide,” Journal of Applied Physics,

vol. 93, pp. 3389–3394, 2003.

[127] J. F. Ziegler, M. Ziegler, and J. Biersack, “Srim – the stopping and range of ions in

matter (2010),” Nuclear Instruments and Methods in Physics Research Section B: Beam

Interactions with Materials and Atoms, vol. 268, pp. 1818 – 1823, 2010. 19th International

Conference on Ion Beam Analysis.

[128] S. Plimpton, “Fast parallel algorithms for short-range molecular dynamics,” Journal of

Computational Physics, vol. 117, pp. 1 – 19, 1995.

[129] F. Gao and W. J. Weber, “Empirical potential approach for defect properties in 3C-SiC,”

Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with

Materials and Atoms, vol. 191, pp. 504 – 508, 2002.



BIBLIOGRAPHY 110

[130] F. Gao and W. J. Weber, “Recovery of close frenkel pairs produced by low energy recoils

in sic,” Journal of Applied Physics, vol. 94, no. 7, pp. 4348–4356, 2003.
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