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ABSTRACT

Diamond transistors are promising as high-power and high-frequency devices having
higher efficiencies than conventional transistors. Diamond possesses superior electronic
properties, such as a high bandgap (5.47 eV), high breakdown voltage (>10 MV cm™),
high electron and hole mobilities [4500 and 3800 cm? V1 - s71, respectively], high electron
and hole saturation velocities (1.5 x 10" and 1.05 x 107 cm s, respectively), and high
thermal conductivity [22W cm™. K™], compared to conventional semiconductors.
Reportedly, the diamond field-effect transistors (FETS) have shown transition frequencies
(fr) of 45 and 70 GHz,maximum oscillation frequency (fmax) of 120 GHz,and
radiofrequency (RF) power densities of 2.1 and 3.8 W mm ™ at 1 GHz. A two-dimensional-
hole-gas (2DHG) surface channel forms on H-diamond by transfer doping from
adsorbates/dielectrics in contact with H-diamond surface. However, prior studies indicate
that charge transfer at the dielectric/ H-diamond interface could result in relatively low
mobility attributed to interface scattering from the transferred negative charge to acceptor

region.

H-terminated diamond exhibits a negative electron affinity (NEA) of -1.1 to -1.3 eV,
which is crucial to enable charge transfer doping. To overcome these limitations
modulation doping, that is, selective doping, that leads to spatial separation of the
MoOg acceptor layer from the hole channel on H-diamond has been proposed.
Molybdenum oxide (MoO3z) was used as dielectric as it has electron affinity of 5.9eV and
could align its conduction band minimum (CBM) below the valence band maximum

(VBM) of H-terminated diamond. The band alignment provides the driving potential for



charge transfer. Hafnium oxide (HfO2) was used as interfacial layer since it is a high-k
oxide insulator (~25), having large Eg (5.6 eV), high critical breakdown field, and high
thermal stability. This study presents photoemission measurements of the electronic band
alignments of the MoOs/HfO2/H-diamond layer structure to gain insight into the driving
potential for the negative charge transfer and the location of the negative charges near the
interface, in the HfO2 layer or in the MoOs layer. The diamond hole concentration,
mobility, and sheet resistance were characterized for MoO3/HfO2/H-Diamond with HfO;

layers of 0, 2 and 4 nm thickness.
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CHAPTER 1

INTRODUCTION

1.1 Diamond

The carbon allotrope diamond possesses a remarkable amalgamation of
properties, making it an ‘extreme ’ material, highly appealing for a wide range of
applications.! It possesses an extremely high thermal conductivity of up to 22 W/cm.K ,
while also being a bona fide electrical insulator in its intrinsic state due to a wide band gap
of 5.4 eV.2 3 This results in an elevated breakdown field, approximately 13 MV/cm
accompanied by substantial intrinsic carrier mobilities, with values recorded at 4500
cmz?/V-s for electrons and 3800 cm?/V s for holes, respectively.* Diamond has these unique
properties due to the structure of its crystalline lattice.> Every carbon atom forms four sp®-
hybridised atomic orbitals, which overlap with neighboring atoms, establishing sigma ()
bonds. This interaction leads to a compact C-C bond length of 0.154 nm and a robust bond
energy of 711 kJ/mol. These robust covalent bonds facilitate the effective dissipation of
heat through lattice vibrations, underlying diamond's exceptional intrinsic thermal
conductivity, despite its significant bandgap and electrical insulation® This rare blend of
high thermal conductivity and electrical resistance underscores diamond's distinctive

suitability for advanced, high-power electronic applications.

Diamond's intrinsic durability makes it superior in extreme conditions
relative to other materials. For example, in the 1970s, NASA utilized large-area natural
diamonds as observation windows in their Venus space probes, capitalizing on diamond's

resistance to the planet's highly corrosive atmosphere.’
1



Table 0.1: Comparison of Band Gap, electron mobility, relative dielectric constant,

critical field, and thermal conductivity for popular semiconductor materials.

Semiconductor | Band Gap | Electron | Relative | Critical Thermal
Material (ev) Mobility | Dielectric | Field | Conductivity
K Constant E. O:h
cm?/V-s € (kV/cm)

GaAs 1.42 8500 131 400 55
GaN 3.4 900 9 3000 110

Ge 0.66 3900 16 100 58

Si 1.12 1400 11.7 300 130

GaP 2.26 250 11.1 1000 110
SiC (6H, o) 3.0 330 9.66 2400 700
SiC (4H, o) 3.2 700 9.7 3180 700
Diamond 5.4 1945 5.7 5700 2000

As Shown in Table 0.1, diamond distinguishes itself as a potentially
superior semiconductor when compared to other materials like GaAs, GaN, Ge, Si, GaP,
SiC. This superiority can be attributed to a unique combination of its exceptional
properties, which are highly desirable in semiconductor applications, particularly for high-
frequency, high-power electronics. Here is a comparative analysis explaining why diamond

holds the potential to be the best semiconductor.



Mobility: Diamond exhibits high intrinsic carrier mobilities for both electrons and holes
(4500 cm?/V-s for electrons and 3800 cm?/V-s for holes, as mentioned earlier)*.While
materials like GaAs and GaN also have high electron mobilities, diamond's balanced

carrier mobility is beneficial for devices requiring both types of charge carriers.

Relative Dielectric Constant: Diamond has a relatively low dielectric constant, reducing
parasitic capacitance in electronic devices. This is particularly advantageous in high-
frequency applications where a low dielectric constant is essential for minimizing power

loss and signal delay.

Critical Field: Diamond has an exceptionally high breakdown field (around 13 MV/cm)?,
significantly surpassing that of Si, GaAs, and even SiC. This high breakdown field allows
for operation at much higher electric fields before the material becomes conductive,

enabling devices that can handle higher voltages and power densities.

Thermal Conductivity: Diamond possesses the highest known thermal conductivity (22
W/cm-K) among semiconductors. This property is crucial for heat dissipation, especially
in high-power devices, as it helps in maintaining operational stability and prolonging the

lifespan of electronic components.

Band Gap: With a wide band gap of 5.4 eV, diamond is an excellent electrical insulator
until a significant amount of energy is provided. This wide band gap is beneficial for high-
temperature and high-power applications, as it allows devices to operate at higher

temperatures and voltages without suffering from leakage currents.



Today, the emergence of synthetic diamond through high-temperature, high-pressure

(HPHT) or chemical-vapor deposition (CVD) methods has facilitated the creation of
materials with controllable properties. Owing to its distinctive intrinsic characteristics,
diamond has garnered considerable interest as a sturdy electronic material, particularly for

applications in high-frequency and high-power electronics.

Table 0.2: Comparison of figures-of-merit for diamond compared with other

semiconductors based on Baliga’s analysis 8 °*°

Si SiC | GaN | Diamond

Baliga FOM (g, 1, E3 .x) 1 440 | 2950 | 4.73x10°

Baliga High Frequency FOM (p.E2.,) | 1 58 237 | 1.2x10*

Various figures of merit (FOMs) serve as crucial tools for evaluating the
intrinsic potential of novel material systems across a spectrum of electronic applications(
Table 0.2) Among these, the Baliga Figure of Merit (Browm), along with its high-frequency
counterpart (BHrom) stands as a widely utilized metric.® The Browm is a ratio between the
square of the avalanche breakdown voltage (V3) and the specific on-state resistance for a
device (Ron, sp). In terms of elementary material properties, Browm is often expressed as:
g1 E3 o xwhere E, . is the critical electric breakdown field, p, is the electron mobility

and &, is the electric permittivity of the semiconductor.

Brom’s cubic dependence on E,, discriminates in favor of high

breakdown-field materials such as diamond. However, variations in E,, and p,with



temperature and impurity concentration make this advantage more controversial.l!
Additionally , Brom assumes power losses are due to dissipation during a device’s on-state
operation, from current flow through the device’s network of resistances. Hence, Browm is
more valid to low frequency operation where conduction losses are dominant. The BHrom
modifies this assumption by including the impact of switching losses due to the charging
and discharging of the input capacitance resulting in an expression of power loss inversely
proportional to p.EZ2,,y, i.e. with a quadratic (and not cubic) dependence on E ... Baliga’s
figures presented in Table 2 are adjusted to a relative scale, with silicon assigned a nominal
value of 1. As shown in Table 0.2 intrinsic (or unintentionally doped) diamond outstrips

other established wide-bandgap semiconductors.

Nevertheless, such comparative analyses based on figures of merit
should be regarded as indicative assessments of a material's potential, relying solely on its
intrinsic characteristics. For instance, devices fabricated from diamond have not yet
achieved carrier mobilities that mirror those predicted by intrinsic material properties,
underscoring the challenges encountered in the nascent stages of diamond semiconductor
development. These challenges are inherent to the material's system; notably, the strong c-
bonding among carbon atoms in the diamond lattice renders substitutional doping a

formidable task.

In contrast, surface transfer doping emerges as a viable alternative,
circumventing the intrinsic barriers posed by traditional doping methods and unlocking the
semiconducting potential of diamond. Although the detailed mechanisms of surface

transfer doping remain under active investigation, substantial experimental progress over



the past decade has markedly deepened our comprehension of this unique characteristic of
diamond. This advancement holds promise for leveraging diamond's exceptional properties
in semiconductor applications, highlighting the dynamic evolution of our understanding

and utilization of this material.

1.2 Challenges in developing mature doping process

Diamond, valued for its superior properties, has been extensively explored
for electronic device applications. To exploit diamond's full potential, doping is essential
to introduce a high and stable density of mobile charge carriers. However, developing a
mature doping process for diamond has been challenging. Similar to other wide-bandgap
semiconductors, achieving shallow donors and deep-level acceptors in diamond through
impurity doping, with activation energies suitable for room-temperature operation, is
particularly challenging. Boron has been the preferred impurity for achieving p-type
doping in diamond, despite its considerable activation energy of 0.37 eV.'2 However, the
relatively high ionization energy of boron in diamond often leads to degenerate doping
levels, rendering the material semi-metallic and facilitating variable range hopping

conduction.®

In high-quality, intrinsic, or lightly boron-doped diamond, researchers
have observed hole mobilities (un) around 2200 cm2/V-s.> However, in boron-doped
diamond, mobility (un) significantly diminishes with rising dopant concentrations or
temperatures. At higher temperatures, the reduction in mobility is chiefly attributed to
phonon-scattering mechanisms. 14, ¥> Near room temperature, acoustic phonon scattering

predominantly leads to a decrease in mobility, roughly following a T trend between 300



and 350 K. Above 400 K, pn sharply declines following a T2 to T-3% trajectory, due to
the influence of additional optical phonon scattering.**>!" Additionally, neutral impurity
scattering plays a notable role in highly boron-doped diamond, where the deep-level
ionization energy of boron results in holes being localized at the acceptor level, maintaining
most impurities in a neutral state.!” This degradation of hole mobility with increased carrier
concentration and elevated temperatures detracts from the suitability of boron-doped
diamond as a substrate for high-temperature electronic applications. lon-implantation, a
high-energy boron doping technique, often leads to significant lattice damage in diamond,
compromising substrate quality and hindering device fabrication.*® To circumvent this,
boron incorporation typically occurs during growth. However, heavy boron doping in this
phase can adversely affect growth rates and result in soot formation. Achieving a balance
between high boron concentration (>10%° c¢cm™) and preserving the desired crystalline

structure remains a substantial challenge.*®

1.3 Hydrogen Termination on Diamond
In 1989, Landstrass and Ravi first reported the low electrical resistivity of H-terminated
chemical vapor deposition (CVD) diamond surfaces with a surface conductivity of 108-Q

L em?, without any form of intentional impurity doping. %

Surface conductivity observed in H-terminated diamond, exhibiting sheet resistances
ranging from 10° to 10* Q/sq, is attributed to p-type carriers. These carriers have a sheet
hole concentration of approximately 103 /cm? and demonstrate hole mobilities between 10
and 100 cm#V-s. To account for this p-type surface conductivity, multiple theoretical

models have been explored. These include the passivation of deep levels by subsurface



hydrogen, creating a more conducive surface environment, and the generation of shallow
acceptor states due to hydrogen incorporation within the lattice, both of which significantly
influence the electronic structure of the surface.?® 2122 Additional models consider surface
oxidation by adsorbed molecules, which alters the surface electronic states, and a charge
transfer redox reaction within an adsorbed water layer, suggesting an interaction between
the diamond surface and environmental factors?>?*. Another perspective is offered by the
spontaneous polarization model, which posits an inherent polarization at the surface
influencing conductivity. 2Among these, the electrochemical surface transfer doping
model has gained prominence and is currently regarded as the most accurate in explaining
the observed conductivity. This model effectively combines the understanding of surface
chemistry with electronic properties, offering a comprehensive explanation of the

conductivity mechanisms in H-terminated diamond.?6,?’

1.4 Diamond FETS

The development of Hydrogen-terminated diamond Field-Effect
Transistors (H-diamond FETS) represents one of the most prominent applications of
surface transfer doping in diamond technology. The two-dimensional hole gas (2DHG)
formed by the transfer-doped H-diamond surface is ideally suited for creating planar
electronic devices. This approach was first successfully demonstrated by Kawarada et al.
in 1994, marking a significant milestone in the use of diamond-based materials for
electronic device fabrication.?® Figure 0.1 depicts an exemplary 3-terminal FET device by
Kawarada et al., featuring a Chemical VVapor Deposition (CVD) grown H-diamond (100)
substrate. This substrate undergoes transfer doping through air exposure and is equipped

with an Aluminum gate contact and Gold source and drain ohmic contacts. The hydrogen
8



termination of the diamond surface not only enables the surface transfer doping process
but also significantly diminishes the interface state density. This reduction allows for an
unpinned surface that is responsive to the metal work-function, enhancing the device's

overall performance.

Figure 0.1 Illustration of a 3-terminal hydrogen-terminated diamond-based field effect
transistor device, consisting of a source, drain and gate. Notable dimensions are
represented, such as gate length (Lg), gate-source separation (Lgs) and gate-drain

separation (Lgd). Reprinted from Crawford, et. al.?®

Figure 0.1 illustration of a 3-terminal hydrogen-terminated diamond-based field effect
transistor device, consisting of a source, drain and gate. Notable dimensions are
represented, such as gate length (Lg), gate-source separation (Lgs) and gate-drain separation
(Lga). Figure 0.1 is adapted from Crawford, et. al.?® By selecting metals with appropriate

work functions, both Schottky and ohmic contacts can be effectively formed on the



resulting 2DHG in H-diamond FETSs. This process involves using metals with low and high
work functions for Schottky and ohmic contacts, respectively, and does not require thermal
treatment for implementation. In this device configuration, with a gate length of 10 pm
operating in enhancement mode, performance metrics included a maximum drain current
of 1.6 mA/mm and an extrinsic transconductance reaching up to 200uS/mm.?® This
groundbreaking work confirmed the feasibility of utilizing transfer-doped H-diamond in
surface-bound electronics, showcasing its potential in the field. Since its initial
demonstration, advancements in H-diamond FET design, particularly through reducing
gate length (Lg), have markedly enhanced device performance. Shorter Lg boosts the cut-
off frequency (fr) and maximum oscillation frequency (fmax), while a smaller overall
source-drain distance (Lgs + Lg + Lgd) reduces the on-resistance (Ron). Conversely, a longer
Lga enhances off-state breakdown voltage by diminishing electric field concentration near
gate and drain contacts. Additionally, a larger Lg can substantially improve off-state
performance and power handling. Achieving low resistance contacts to the 2DHG in H-
diamond is vital for high-performance FETSs, especially influencing the Ron in current flow
between source and drain. Contrary to FET devices that utilize Schottky-based gate
contacts, where a low work-function metal directly contacts the H-diamond surface,
significant efforts have been made in developing Metal-Oxide-Semiconductor FET
(MOSFET) H-diamond devices. These devices integrate various dielectric materials
beneath the gate metal, aiming to enhance the breakdown voltage potential and minimize

current leakage through the gate contact.

10



1.5 Surface Conductivity of Diamond with Metal Oxides

To enhance the stability of surface conductivity in H-terminated diamond, a variety
of solid encapsulation materials have been investigated, with metal oxides emerging as the
most effective. Certain transition metal oxides (TMQOs) have shown exceptional efficacy
as transfer dopants for H-diamond, attributed to their high electron affinity (EA). TMOs
possessing an EA greater than 4.3 eV, such as MoOs, V20s, and WOs, are particularly
effective, as their conduction band minimum (CBM) is positioned below the valence band
maximum (VBM) of H-terminated diamond. This alignment facilitates enhanced carrier
concentrations in the diamond's two-dimensional hole gas (2DHG), a phenomenon first
reported by Russell et al. in 2013 with the application of molybdenum trioxide (MoOs),

which increases the 2DHG carrier concentration by an order of magnitude *

The underlying band bending mechanism, which accounts for the formation of
the 2DHG in the presence of high EA materials, is depicted in Fig. 8. This mechanism
involves the CBM of the surface electron acceptor being lower than the VBM of H-
diamond, leading to upward band bending as the Fermi levels equilibrate, and
consequently, the creation of a 2DHG beneath the diamond surface. It is therefore expected
that carrier concentration may scale with the relative magnitude of the surface acceptors’
Electron Affinity Driven by the relative electron affinity of the surface acceptor layer,
thermodynamically favorable charge transfer to the surface material results in upward band
bending. The same band bending was reported on MoO3 induced transfer doping of H-

diamond, with carrier densities up to ~1 x 10*%/ cm? driven by the large EA of MoO3 %

11
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Figure 0.2 ( Modified from Crawford, et. al.?*®) Energy Band Diagram Depicting 2D
Hole Gas Generation in Hydrogen-Terminated Diamond via High Electron Affinity

Material Contact.

Several other studies involving vanadium pentoxide (V20s)% , tungsten
trioxide (WQs3)*2, rhenium trioxide (ReO3)®!, niobium pentoxide (Nb20s)*? and chromium
trioxide (CrOs)* were performed. Some of the lowest sheet resistances reported have been
demonstrated by MoOs, V20s and WO3 with carrier densities in excess of 1 x 10%/ cm?,31:32,
Transition Metal Oxides (TMOs) consequently emerge as a superior electron acceptor
solution over molecular species like Cso or NO2, owing to their enhanced stability over a
broad temperature spectrum and their ability to produce consistently high carrier
concentrations. This performance advantage is attributed to TMOs being solid materials

with properties that can be precisely controlled.

But, the utilization of high electron affinity materials as acceptor layers
introduces a challenge where the hole mobility diminishes as the hole concentration
increases. This reduction in mobility is attributed to the nature of charge transfer doping,

where the ion density is not evenly dispersed within the oxide but instead accumulates in a

12



layer adjacent to the hole accumulation layer in the diamond. Such an accumulation of ions
near the hole accumulation layer leads to increased Coulomb scattering, adversely affecting

the mobility of holes.

The degree of ionized impurity scattering, a pivotal consideration in this
context, is correlated with the density of ionized impurities. Specifically, in charge transfer
doping scenarios, the ion density within the adsorbate layer mirrors the hole sheet
concentration in the diamond. Consequently, an elevation in the hole sheet concentration
invariably results in diminished hole mobility, primarily due to the enhanced ionized
impurity scattering. Moreover, this scattering mechanism, induced by ions in the adsorbate
layer, significantly curtails the performance of electronic devices that rely on the surface

conductivity of H-terminated diamond.

Moreover, Enhancing the thermal and chemical stability of diamond's
surface conductivity is crucial for electronic device applications. Advancements in
developing novel passivation layers are necessary to either stabilize existing adsorbates or

provide effective alternatives.

In previous studies, gate dielectric materials used in the fabrication of hydrogen-terminated
diamond-based field effect transistor devices were reported for Al,03%42°, SiNx%¢, Y,03%,

V20522 Si0,% HfO,*° LaBe*° and MoOs*

Device performance is significantly influenced by the dielectric properties, with the band
gap and dielectric constant being paramount. The band gap is essential for the confinement
of carriers within the diamond, whereas the dielectric constant influences the distribution

of the electric field across the dielectric layer. Table 0.3 summarizes the band gaps,

13



dielectric constants, and band offsets of dielectrics commonly utilized on H-terminated

diamond, providing a comprehensive overview essential for device optimization.

Table 0.3 Band Gap (Ey), dielectric constant (K), Conduction Band Offset (CBO), and
Valence Band Offset (VBO) measured for dielectrics on H-Terminated Diamond.

Modified from Yang, et. al.*?

MoOs3 | V205 | ZnO | ZrO TiOy | HfO> LaAlO3 | SiO | Al>O3
2
Eg 2.8 2.3 34 5.6 3.2 5.6 6.7 91 | 7.2
CBO |-5.9 -5.65 |-3.85]|-2.2 -49 |-25(23) |-2.8 15 |-1.2
VBO | 3.8 2.45 1.75 | 2.3 2.6 3.3(26) |40 21 |29
K 18 20 8 25 80 25 30 39 |9

Among the dielectric layers listed before for H-diamond MOSFETS,
Aluminum Oxide (Al-0s) stands out as the most thoroughly investigated and favored
dielectric layer. Its application as both a gate dielectric and a channel passivation layer has
markedly improved device performance and stability. A notable achievement includes
attaining the highest drain current of 1.35 A/mm in an H-diamond FET, facilitated by a
400 nm gate length and Al.Os passivation post-NO: exposure. “*However, despite these
advancements, Al>Os's high defect density and relatively low dielectric constant (9) have
been points of concern. Yu Yang et al. have demonstrated that Al:Os serves as an
exceptional interfacial layer, enhancing FET mobility by an order of magnitude.® Yet, for
the commercial viability of Diamond FETS, there are significant challenges to overcome.
On the other hand, Hafnium Oxide, though less explored, is recognized for its lower defect

density* %, high dielectric constant*®,%’, and a bandgap*®*° that rivals deposited AlOs,
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presenting a promising alternative for future research and development in Diamond FET

technology.

Liu et al the deposited HfO> films using TALD technique at low
temperature. The electrical properties of the ALD-HfO2/H-diamond MOS diodes with the
RTA treatment were investigated. The current density, J, of the MOS diode after annealing
at 300 °C was as small as 10" A/cm? at the gate bias of -5.0 V. *° Hence, the novelty of this

research make it more challenging to comprehend.

In their pioneering work, Liu et al. deposited HfO: films on H-terminated diamond using
the Thermal Atomic Layer Deposition (TALD) technique at low temperatures. This study
delved into the electrical properties of ALD-HfO./H-diamond Metal-Oxide-
Semiconductor (MOS) diodes, particularly after undergoing Rapid Thermal Annealing
(RTA) treatment. Remarkably, the current density (J )of the MOS diode post-annealing at

300°C was measured to be as low as 10® A/cm? at the gate bias of -5.0 V

HHOHHHOH H
&E&&H&E'

Diamond

Figure 0.3 Structure of H-Terminated Substrate/ HfO> interfacial layer/ MoO3

acceptor layer
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The author aims to refine the fabrication process for the structure depicted
in Figure 0.3 In the subsequent sections, we will delve into the fabrication challenges and
the characterization techniques pertinent to this structure, providing a comprehensive

overview of the optimization efforts undertaken.

16



Chapter 2

EXPERIMENTS

1.6  Substrate selection

A range of commercially obtained CVD-grown diamonds were utilized for
distinct variations of the process. Initially, procedures involving both thermal ALD and
Plasma Enhanced ALD for Hafnium oxide deposition employed optical grade 5x5 mm?
type lla CVD single crystalline undoped diamond (100) substrates, procured from EDP.
However, charging shifts encountered during X-ray Photoelectron Spectroscopy (XPS)

analysis necessitated a reconsideration of substrate choice.

To counteract the charging issues, the selection shifted to highly boron-doped
polycrystalline 10x10 mm?2 type Ila diamond (100) substrates, sourced from Element Six
(E6). While these highly doped substrates effectively mitigated the charging effects, they
introduced a challenge: their bulk conductivity masked subtle variations in hole mobility,
sheet concentration, and charge carrier dynamics. In essence, the overall conductivity

obscured the localized surface charge transfer effects that were crucial for the study.

In the concluding series of experiments, the focus was placed on low boron-doped 5x5
mm?2 type Ila CVD single crystalline undoped diamond (100) substrates also sourced from
Element Six (E6). These substrates struck a balance, providing sufficient conductivity to
prevent charging while preserving the visibility of nuanced changes in surface charge
dynamics. The boron-doped epitaxial layer on these substrates was precisely engineered
in a plasma CVD system with components from iPlas Corp., ensuring meticulous control

over the doping level and the integrity of the diamond surface.
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This strategic selection of substrates was crucial for delving into the effects
of Hafnium oxide as an interfacial layer in diamond semiconductor research, a field where
such studies are still in their infancy. Selecting the optimal substrate was crucial, evolving
from intrinsic to high, and then to low boron-doped substrates to fine-tune the balance.
Despite thorough planning, pinpointing the exact impact of the Hafnium oxide layer
remained a complex challenge, reflecting the intricate nature of this new interface. It
highlights the necessity for ongoing, innovative exploration in this promising yet

challenging field.

Subsequent processing steps for all samples were consistent, and the procedure
for the Chemical Vapor Deposition (CVD) type lla (100) substrates, sourced from EDP
Corporation, will be detailed in the following paragraphs. This approach ensures
uniformity across all samples and allows for a clear, methodical presentation of the

experimental process.

1.7 Hydrogen Termination

Hydrogen termination was performed on CVD type lla (100) substrates
sourced from EDP corporation. The plates were specified as 5x5x0.3mm with (100)
orientation and 2.5°+0.5° miscut. A hot wet-chemical clean was performed which included
a boil in an acid mixture (H2SO4 /H202 /H20, 3:1:1) at 220 °C for 15 min and an HF
treatment for 5 min. After each step, the plates were rinsed with DI water and after the final

step dried with nitrogen gas.

A 0.5-inch diameter molybdenum disk was used as a sample holder, the

assembly was loaded into the CVD reactor, and the chamber evacuated to a pressure in the
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low 10-8 Torr. The plasma-assisted chemical vapor deposition system (PECVD) was
solely used for the growth of intrinsic diamond and thus presented a clean processing
ambient. The PECVD system utilized an ASTeX 5250 reactor and was equipped with a
custom built, water-cooled sample stage. A 1.8kW MKS microwave source was used for
plasma ignition whereas an auto-tuner adjusted the reflected microwave power. Gas flow
was controlled by mass flow controllers (MFC's), and the pressure measured via a Baratron
capacitance gauge. The base pressure was achieved by a turbomolecular pump backed by
a roots pump. For processing an Edwards iQDP40 positive displacement pump was used.
All pumping was oil free to avoid contamination from back streaming vapors. After the
base pressure was achieved by the turbo-pump, the chamber was flushed with research

grade hydrogen for 10min.

To ignite the hydrogen plasma, a gas flow of 400sccm was established,
and the pressure was increased to 5 Torr. A stable discharge was established at an initial
microwave power of 180W. For the actual hydrogen passivation, the pressure was then
increased to 60-65Torr, and the microwave power adjusted to about 1100W. The
temperature of the substrate was acquired by a dual-wavelength (2.1/2.4um) Wiliamson
Pro DW-24-40-C-FOV optical pyrometer where the circular field-of-view region was
focused on the sample surface. Reactor pressure and microwave power were adjusted to
achieve a substrate temperature of 800-850°C. The sample/sample holder assembly utilized
plasma focusing where selective heating of the substrate was achieved as shown in Figure
0.1 This approach allowed a clean processing ambience as no hot spots in the chamber
were established from where thermal desorption processes could contaminate the

passivation process. The hydrogen passivation was then performed for 10min. To maintain
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the hydrogen passivated surface a progressive cool-down was performed where the surface
temperature dropped to <475°C within 7sec. After the cool-down the reactor was vented

with argon gas and the samples removed.

Figure 0.1 View into the PECVD reactor during hydrogen passivation with selective

heating of the square diamond plate (Picture credit: Franz Koeck)

1.8 Boron Epitaxial Growth

For the last set of samples (type lla CVD single crystalline undoped diamond (100)
substrates) Boron-doped diamond films were grown by microwave (2.54 GHz) plasma
enhanced CVD in a stainless steel, high-flow reactor. Diamond deposition was preceded
by substrate cleaning using H. plasma excited with 1200 W microwave power for 5 min at
a substrate temperature of 850 °C. Chamber pressure was maintained at 15 Torr throughout
deposition with a CHs (99.999% purity, Matheson) flow rate of 4.0 standard cubic
centimeters per minute (sccm), and Hz (99.999% purity, Matheson) flow rate of 396 sccm.
A boron concentration of ~5 x 10%" cm™ resulted from residual boron in the deposition

chamber, originating from trimethyl boron gas mixture in Hz (3% by volume, Airgas)
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1.9 ALD Processes

1.9.1 Plasma Enhanced Atomic Layer Deposition (PE-ALD)
Hafnium oxide (HfO.) films were deposited using a remote Plasma Enhanced
Atomic Layer Deposition (PEALD) technique for last 3 sets of substrates (intrinsic EDP

SCD (100), Highly boron doped PCD, and low boron doped E6 SCD substrate.

Tetrakis[(EthylMethyl)Amido]Hafhium[(EtMe)N]sHf, commonly referred
to as TEMAH, served as the metal precursor, with oxygen plasma acting as the oxidant
precursor. The metal precursor was stored in a stainless-steel bubbler, encased in a heating
jacket. This arrangement maintained the precursor at a constant 75°C, ensuring sufficient
vapor pressure for the vapors to be efficiently delivered to the bypass valve via a vapor-
drawn mechanism. Argon, employed as the carrier gas, facilitated the transport of the metal
precursors to the deposition chamber. Simultaneously, oxygen plasma was generated by a
radiofrequency (rf) source, delivering 30 W at 13.56 MHz, and was directed through a
helical copper coil wrapped around a quartz tube, approximately 32 mm in diameter,
positioned roughly 10 inches above the substrate. This setup ensured the efficient
generation and delivery of the highly reactive oxygen species necessary for the ALD

process.

Preceding the deposition process, the substrates were subjected to an annealing step at
300°C for 10 minutes. This step was crucial for eliminating adsorbed atmospheric

impurities.

To provide a comprehensive understanding of the deposition process, the Table 0.1 below
delineates the specific gas flow rates and pulse durations for the gases involved:
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Table 0.1 Gas flow rates and pulse durations for the ALD growth of hafnium oxide

Flow Rate (sccm) Pulse time (sec)
Argon (Ar) 40 1
Oxygen (O2) 35 10
Nitrogen (N2) 40 50

The specific flow rates and pulse timings for Argon, Oxygen, and are
precisely calibrated to optimize the deposition process, ensuring precision and uniformity
in the film growth. Each component of the gas flow and pulse timing plays a crucial role
in the ALD process: Argon flow rate of 40 sccm ensures a steady and controlled delivery
of the precursor, preventing any excessive or insufficient supply that could lead to uneven
film growth. The short pulse time of 1 second is sufficient to introduce the precursor into

the chamber without causing oversaturation.

Oxygen flow rate of 35 sccm is optimized to supply an adequate amount of
oxygen for the reaction, ensuring complete and uniform oxidation without excess that could
lead to unwanted reactions or byproducts. The longer pulse time of 10 seconds for oxygen
allows for thorough interaction between the oxygen plasma and the metal precursor on the
substrate's surface. This ensures complete and uniform formation of the HfO: film across

the substrate.

Nitrogen is utilized as a purging gas in this ALD process. The flow rate of 40 sccm and
relatively long pulse time of 50 seconds ensures that the chamber is thoroughly purged,
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preventing any cross-contamination between cycles. This is crucial for maintaining the

purity and uniformity of the HfO- films.

1.9.2 Thermal Atomic Layer Deposition (TALD)

Deposition of Hafnium oxide (HfO.) films with thicknesses of 2 nm, 4
nm, and 8 nm was carried out at Arizona State University's Nano-fab facility using the
Cambridge Savannah Thermal Atomic Layer Deposition system. Hydrogen-terminated
single-crystal diamond (SCD) substrates were pre-annealed at 300 °C to remove surface
adsorbates, ensuring a clean surface for the subsequent deposition process. The growth rate
was maintained at 0.9 nm per cycle, employing water (H20) as the oxidizing agent, in
contrast to the Oz plasma used in Plasma Enhanced ALD processes. The deposition itself
was conducted at 180 °C. The precise measurement of film thickness was achieved using

in-situ Woollam ellipsometry, based on Cauchy’s model.

1.10 Hydrogen Plasma Treatment to regenerate surface charge and heal HfO2 film
Upon the completion of Hafnium oxide (HfO:) deposition, the
substrate surface underwent a hydrogen plasma post-deposition treatment for 15 minutes
at an approximate temperature of 350°C, which was monitored using a pyrometer to ensure
thermal stability. The chamber pressure during this phase was regulated to 100 mTorr, with
a hydrogen gas flow maintained at 20 sccm. This flow was carefully controlled by a throttle
valve positioned in front of the turbo pump, ensuring a consistent and controlled
environment for the treatment. The parameters for the hydrogen plasma treatment were
finely tuned to achieve a dual objective: the regeneration of the hydrogen termination (H-

Termination) on the diamond surface while simultaneously safeguarding the Hafnium
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oxide layer against any potential etching or surface deformation. Following this treatment,
the substrate was allowed to cool down gradually within a hydrogen atmosphere. This
controlled cooling process was designed to prevent any inadvertent oxidation of the
surface, thus preserving the quality and functionality of both the diamond substrate and the

newly formed HfO: layer.

1.11 Molybdenum metal deposition using E-Beam

Molybdenum metal deposition was carried out in an electron-gun evaporation
vacuum chamber, with a base pressure of 6x10° Torr monitored by a cold cathode gauge.
The vacuum was maintained in a chamber with a turbomolecular pump, backed by an
Adixen rotary oil pump, with final UHV pressure achieved via a CTI cryopump. The
chamber utilizes water-cooled walls such that outgassing from the chamber surfaces due
to thermal radiation generated by the tungsten electron gun filament and heated crucible is
mitigated, achieving a high purity deposition with minimal incorporation of gaseous
impurities. The metal evaporate source utilizes Molybdenum pellets of 99.999% purity,
placed in a tungsten crucible within a 3kW electron beam evaporator from Thermionics.
The electron gun voltage during the metal deposition was fixed at 6.41 kV, with a target
deposition current of 70 mA. Throughout the deposition, the deposition rate was monitored

with a Scion quartz crystal monitor (QCM) to ensure a stable evaporation rate.

The deposition procedure began with a preconditioning step of the metal
crucible to remove adsorbates and initiate the power ramp, during which the beam current
was held at 10 mA for 2 minutes. The beam current was then increased linearly at a rate of

10 mA/minute to 70 mA. Upon reaching 70 mA, the current was maintained for an
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additional 3 minutes, during which a constant deposition rate of 0.035 A/s was verified via
the QCM, before opening the sample shutters to begin the deposition. The deposition
extended over 3 minutes, for a total molybdenum thickness of 0.4 nm, after which both the
crucible and sample shutters were closed. 0.4 nm of molybdenum metal thickness was
chosen to allow for a complete oxidation of the metal layer after oxygen plasma in the
subsequent processing step. Following the deposition, both the sample and crucible were
allowed to cool in the chamber for a total of 10 minutes, after which the pressure reached

1.9x10° Torr.

1.12 Oxygen plasma treatment to oxidize Mo to MoOs

After Mo deposition the substrates were again transferred to a remote
plasma enhanced atomic layer deposition (PEALD) system to undergo the oxygen plasma
process. The desired MoOs (+6) oxidation state was achieved through a controlled oxygen
plasma treatment, applied for 5 minutes at ambient temperature with an oxygen flow rate
of 30 sccm. The RF power was judiciously set to 30 W, carefully chosen to prevent high-
intensity plasma from causing over-oxidation of the dielectric layers. The chamber was
maintained at an oxygen pressure of 100 mTorr with the assistance of a throttle valve

located near the turbo pump to ensure a stable and uniform plasma environment.

1.13 Photoemission Spectroscopy

The hole accumulation layer and the band bending of the diamond surface
region was further corroborated using the binding energy of the core levels and Valence
Band Minimum ( VBM). The in situ XPS and UPS measurements were performed after

each process step to measure the valence band offsets. This XPS/ UPS system has a base
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pressure of 2 x 1072 Torr. The XPS portion consists of monochromated Al K, with a
photon energy of 1486.7 ev and a narrow bandwidth of 0.2 eV. All core level spectra were

recorded with a 0.05 eV step and peak positions were resolved with a 0.05 ev curve fitting.

For UPS, a high intensity UV source optimized for He I and He Il radiation, at 21.2 Ev and
40.82 eV respectively were used. The UPS system utilized a helium discharge lamp and
quartz-crystal monochromator in order to selectively illuminate the sample using He-lla
(40.81 eV) radiation and remove the spectral convolution contributions from other helium
plasma excitations, primarily He-IIf & He-IIy in the high kinetic energy regions and He-
lo. & He-IB in the low kinetic energy regions. The discharge pressure just outside the
plasma region during the measurements was determined using a capacitance manometer as
2.20 *10°! Torr, with a discharge current and voltage of 100 mA and 1 KV, respectively.
The discharge conditions within the helium plasma typically dictate the fractional
photocurrent intensity ratio of Helium | to Helium 1l excitations, where a low plasma
pressure increases the ratio of He-Il to He-1 excitations at the cost of the total available
discharge species. These discharge conditions for fixed electrical parameters are optically
visible within the plasma as a characteristically “peach” (He-I dominant) or “lilac” (He-II
dominant) color. The He-lla radiation incident on the sample after passing through the
monochromator is maximized using a gold sample, which results in a “peach” plasma
discharge condition for this experimental setup. Other typical (non-monochromated) UPS
systems rely primarily on He-la excitations for Secondary Electron Cut Off (SECO)
measurements related to the sample work function, and He-lloo excitations for

measurements of the valence band occupation. Precise measurements of the valence band
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occupation in a He-11 dominant plasma are made difficult due to the contribution of the
He-11B line (48.37 €V) ~8 eV higher than the primary excitation. This results in a relatively
high intensity near and even above the Fermi level, which renders the determination of the
valence band maximum difficult. Additionally, other systems would require an alteration
of the plasma conditions in order to maximize the intensity of either He-lI or He-ll
excitations, with lower pressures favoring He-11 intensity maximization to Both the valence
band occupation and secondary electron cutoff could each be precisely determined for the
samples without altering the experimental conditions within the helium plasma discharge
source. The stability of the plasma discharge conditions between the two measurements
reduced the He-1la photocurrent variation. The experimental setup solves these issues with
the use of the crystalline quartz monochromator to eliminate nearly all intensity from the
plasma other than the selected wavelength. The radiation generated via helium gas (UPS
or the aluminum anode (XPS) is monochromated through either the XPS or UPS
monochromator and impinges on the analyzed sample. The generated photoelectrons are
collected and focused through a 0.8 mm analyzer slit via an electrostatic lens stack, after
which the kinetic energy intensity distribution is analyzed via a hemispherical kinetic
energy analyzer by sequentially selecting particular incident electron kinetic energies
inside the analyzer and changing the Kinetic energy to a fixed “pass energy” through the
hemisphere of 10 eV for UPS, and 100 eV for XPS, resulting in an analyzer resolution of

30 meV for UPS and 0.3 eV for XPS.
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1.14 Hall Measurements.

In this study, the Hall effect measurements were conducted using a Van
der Pauw setup, where the four-point probes are strategically positioned at the corners of a
square-shaped sample. This setup enables the determination of sheet resistance by inducing
a current along one side of the sample while measuring the voltage across the opposite side.
The resistance is calculated using Ohm's law, and, with the assumption of a uniform sample

surface, the sheet resistance (Rs) is estimated by the formula:

__ @R
57 2

Equation 0.1

Where R is the average resistance obtained from the four edges of the sample.

R can be further calculated as: R = % Equation 0.2

V is the measured voltage, and I is the current flowing through the sample.

To further analyze the sheet carrier concentration (ns) and mobility (), a
current is directed diagonally across the sample. An external magnetic field, perpendicular
to the current, is applied, and the resultant Hall voltage (|VH|) is measured across the
alternate diagonal. The Hall voltage is accurately determined by reversing the magnetic

field and current directions and then averaging the outcomes.

These measurements were performed using an Ecopia HMS-3000 Hall
Measurement System , equipped with a precise constant current source ranging from 1 nA
to 100 mA. Samples were affixed on a spring clip board with four gold-plated tips, as
illustrated in Figure 0.2, and positioned within a 0.55 T permanent magnet with a 26 mm

pole gap, ensuring accurate measurement at room temperature. To ensure the validity of
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the Van der Pauw method, ohmic contact integrity was confirmed via I-V measurements,

providing a reliable basis for evaluating the electrical properties of diamond samples.

This methodical approach to Hall effect measurements not only yields
essential parameters like sheet resistance, carrier density, and mobility but also offers
insights into the intrinsic electrical characteristics of the diamond samples under
investigation, contributing to a deeper understanding of their potential for electronic

applications.

ECOPIRA

SPCB-001

Figure 0.2 Photograph of a 5x5 mm2 diamond mounted on Ecopia HMS-3000clip

board for sheet resistance and Hall effect measurement.
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CHAPTER 3

RESULTS

2.1 Photoelectron spectroscopy (PES) characterization:

In the initial experiments, intrinsic diamond samples with MoOs as
the acceptor layer were prepared with varying HfO: interfacial layers (0, 2 nm, 4 nm, 8
nm), deposited via thermal ALD. Typically, HfO. from thermal ALD exhibits significant
leakage currents due to trap-assisted tunneling, impacting its dielectric properties.*® 4° For
C 1s, the peak at ~284.1 eV aligns with the sp?-hybridized carbon typical of diamond's
conductive state while shifts towards higher binding energies (~285 eV) suggest downward

band bending ( Figure 2.1), likely due to C-O bonds and trapped defects.

C*: Non conductive State
c (1 S) ¢+ ¢ | C:Conductive State

C/HfO2 (8nm)/Mo03

Intensity (a.u)

C/HfO3 (4nm)/Mo0O3

C/HfO2 (2nm)/MoO3

— T T T+ T T T T
292 290 288 286 284 282 280 278
Binding Energy (eV)

Figure 2.1 : XPS scan for C 1s core after HfO2/ MoOs deposition for 2nm, 4nm and

8nm Hafnium oxide interfaces deposited by Thermal ALD.
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As hafnium interfacial thickness increases the C 1s core levels
shifted towards lower binding energy, that is the substrate became more conducive as
interfacial layer thickness increased This could be due to reduced influence of interface
defects and better charge impurity screening in thicker HfO: layers, thereby improving
carrier mobility. The exact mechanisms underlying these observations are complex and
may depend on various processing conditions and material properties, necessitating further

detailed analysis to fully understand these trends.

In the second experiment series, Plasma Enhanced ALD was
employed to deposit HfO: films on intrinsic single-crystalline diamond substrates. The
substrates experienced charging during XPS measurements, which impeded analysis of the
photoemission results. This contrasts with the non-charging behavior after Thermal ALD
deposition, suggesting a link between the deposition method and substrate charging.
During XPS, photoelectrons are ejected, leaving behind positive charges. The high-quality,
low-defect HfO: layer produced by Plasma ALD lacks conductive defects, leading to
charge accumulation and substrate charging during XPS. Conversely, the Thermal ALD
HfO: layer, with a higher defect density, likely allows charge dissipation through defect-
induced pathways, mitigating charging effects. These observations underscore the complex
dynamics between deposition techniques, film quality, and substrate interaction affecting

electronic properties.

In the third and fourth experiment series, substrates of highly boron-
doped polycrystalline diamond (with a charge concentration of 102°/ cm?) from E6 and

medium boron-doped epitaxial layers on single-crystal diamond (SCD) substrates (with a
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charge concentration of 1018/ cm?) from E6 were utilized. Both sets exhibited similar
trends in Photoemission Spectroscopy measurements. On the hydrogen-terminated
diamond surfaces, the C 1s core level was consistently observed at 284.1 eV, indicating
effective surface passivation by hydrogen atoms.( Figure 2.2) This passivation plays a
crucial role in reducing dangling bonds and surface states, thereby mitigating carrier

trapping and recombination.

For optimal device performance, it is essential that these H-terminated
surfaces remain free from adsorbates that could adversely affect their electrical properties.
The absence of an O 1s peak in the spectra corroborates the lack of C-O bonds and
adsorbates, affirming the surface purity. (Figure 2.3) Additionally, Ultraviolet
Photoelectron Spectroscopy (UPS) using He Il radiation revealed the Valence Band
Maximum (VBM) of the H-terminated diamond at 0.3 eV ( Figure 2.6 ), further confirming
the p-type nature of the surface. This comprehensive characterization underscores the

substrates' suitability for high-performance electronic applications.

Figure 2.2, Figure 2.3, Figure 2.4 present the core-level spectra of C
1s, O 1s, and Hf 4f, respectively, captured at various stages of the fabrication process. The
sequential processes are delineated as follows: (i) Hydrogen termination, (ii) Hafnium
oxide Atomic Layer Deposition (ALD), (iii) Hydrogen plasma treatment, and (iv)
Molybdenum trioxide (MoOs) deposition. Additionally, Figure 2.5 specifically illustrates
the Mo 3d core levels post the electron-beam (E-Beam) deposition of Mo and the

subsequent oxidation process converting Mo to MoOs
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Figure 2.2 : XPS scan for C 1s core levels after each process
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Figure 2.3: XPS scan for O 1s core levels after each process

33



—— After MoO3 Deposition
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Figure 2.4: XPS scan for Hf 4f core levels after each process
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Figure 2.5: XPS scan for Mo 3d core levels

After deposition of ~2nm HfO», Hf 4f peaks were observed at 17.9 and 16.2ev

respectively (Figure 2.4) , the peaks shifted by around 2 eV from original anticipated Hf

34



metallic peaks, indicating that a thin HfO film was fabricated on the diamond. However,
the C 1s peak shifted to a higher binding energy of 284.6 eV ( Figure 2.2 ) indicating a
transition from upward band bending to downward band bending and a reduction of surface
accumulation density. The FWHM of C 1s peak increased from 0.9 eV to 1.4 eV indicating
the peak broadening and incorporation of some defects. In Figure 2.3, broadening of the O
1s peak was observed. The higher binding energy of the O 1s core level indicates the
formation of C-O bonds, and the O 1s peak at 529 eV indicates the oxygen rich state of
Hafnium oxide. After Hydrogen plasma, (Figure 2.2) the C 1s binding energy was restored
back to the same level as the conductive diamond surface, while the FWHM was C 1s also
reducing to 0.8 ev. In Figure 2.4, Hf 4f peaks shifted by 1.6 ev indicating that the hydrogen
plasma not only restored the hole accumulation layer in diamond, but also healed the
defects in the dielectric resulting in negatively charged layer at the interface. The
negatively charged interfacial layer, which is directly adjacent to the diamond hole
accumulation layer, would increase the Coulomb scattering of the holes, limiting the hole
mobility. After MoOs deposition, the Hf core levels shifted back to lower binding energy
by 0.8 ev (Figure 2.4) , indicating a reduced density of charges near the diamond surface.
This can be explained by the formation of a dipole near the MoO3s/ HfO, interface
transferring negative charges from Diamond/ Hafnium interface to the Hafnium Oxide/
MoOs interface. This resulted in reduced Coulomb scattering. The C 1s core level position
shifted by 0.1 ev (Figure 2.2) towards lower binding after MoO3 deposition energy relative
to H-Terminated conductive diamond confirming the increased conductivity and upward

band bending.
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Figure 2.6 : UPS Scans Post-Process Steps for VBM Determination
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Figure 2.7 : UPS Scans Post-Process Steps for WF Determination

The Valence Band Maximum (VBM) is determined by extrapolating the low
binding energy cutoff to intersect with a linear fit of the background noise above the Fermi

level, as demonstrated in Figure 2.6. This intersection point is interpreted as the VBM. For
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hydrogen-terminated diamond, which exhibits a Negative Electron Affinity (NEA), the
vacuum level resides below the Conduction Band Minimum (CBM). The electron affinity

(y) is calculated as the difference between the CBM and the vacuum energy (Evac).

The Work Function (®) is deduced by subtracting the binding energy associated
with the He II a line (40.8 eV) from the energy at the base of the linear fit of the high
binding energy cutoff, as evident from Figure 2.7. Using this method, the VBM and Work
Function for H Terminated Diamond were found to be 0.3 eV and 4 eV, respectively. The

electron affinity can be further calculated using the formula

2=@®+ (Er-Epm)-Eg * Equation 2.1
For our measurements:

x=4ev+03ev—54ev=-11lev

This NEA value of H-Terminated Diamond, as determined by UPS, aligns with findings

reported by Takeuchi et al. in 2005 %', confirming the consistency of the methodology.

CBM
E_ =1.1ev
E=5.4ev ey
Es
__________ vbm=0.3 ev
VBEM

Figure 2.8 : Band Schematic of Hydrogen Terminated Diamond
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After PE-ALD of Hafnium , the work function of Hafnium oxide was found to be 5.9
ev (Figure 2.7) which is similar to MoOs work function. The large work function of HfO;
can be attributed to oxygen vacancies and defects. The hydrogen plasma process heals the
defects, and the work function is reduced to 4.8 eV. The band gaps for these materials are
as follows: 5.6 eV for HfO, 8% and 2.8 eV for MoOs %1%, The calculated electron

affinities are 2.5 eV and 5.9 eV for HfO. and MoO:s respectively using equation 3.1

Post Hafnium oxide deposition, the VBM for HfO. was observed at 1.9 eV, highlighting
HfO.’s passivation properties. Following H- Plasma treatment, the VBM shifted to 3.6 eV,
indicating the plasma’s role in diminishing HfO. defects and enhancing its passivation
effect. Finally, after MoOs deposition, the Valence Band Minimum was observed at 3 eV,

suggesting MoOs’s CBM is positioned at or below the VBM of the H-terminated diamond.

2.2 Hall electrical characterization

The electrical properties of the semiconductor interfaces were quantitatively assessed using

a Hall measurement system. The key parameters investigated included sheet concentration
(ng), hole mobility (x), and sheet resistance (Rs). These properties are interrelated and

crucial in evaluating the performance of the semiconductor interfaces.

The sheet concentration g was determined using the Hall Effect Equation 2.2:°3

ng = where Ry is the Hall coefficient and e is the elementary charge.

e.RKy

Hole mobility (), was calculated using Brooks- Herring and Conwell- Weisskopf
approximations as described by Equation 2.3 >
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where k is the Boltzmann constant, q is the electron charge, €, is the relative permittivity,

m”™ is the effective mass, and f is the screening factor.

The Coulomb scattering mechanism results in a carrier mobility that is inversely
proportional to the density of charged scattering centers. Finally, sheet resistance (Rs) was

measured directly and is defined by Equation 2.4:

1
ug (ng t)

Rs =  tis the thickness of the material, and (ng t) is the sheet concentration.*

Table 4.1 summarizes the change of sheet concentration, hole mobility and sheet resistance
of H-Terminated Diamond with MoO3 as acceptor layer and HfO> as an interface layer.
For the sample without HfO,, the surface conductivity of diamond was achieved with
MoOs as acceptor layer, which was reported by Yang et al 2022.% Yang et al noted that
after MoO3z deposition and oxidation, the sheet resistance increased to 6.9 kQ/ sq and
remained under 10 kQ/ sq but the hole mobility decreased from 18.4 cm?/ V-s to 8.9 cm?/
V-s. For the samples with 2nm and 4 nm HfO interfacial layer deposited by Thermal ALD
the sheet resistance increased by an order of magnitude and the hole mobility reduced as
well. For the samples with 8 nm HfO> interfacial layer deposited by Thermal ALD, the
sheet resistance increased slightly, and hole mobility remained similar. The hole mobility
doubled for the samples with 2 nm HfO: interfacial layer deposited by PEALD. The change
in sheet resistance, hole concentration and hole mobility for the different structures with

processes are plotted in Fig 4.10, and the hole concentration, mobility of different
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structures are compared in Fig 4.11

Table 2.1 Hall measurement sheet resistance, carrier concentration and carrier

mobility of diamond surfaces using MoOs as acceptor layer with 2, 4 and 8 nm HfO-

interfacial layers.

Sample Process Sheet Carrier Carrier
resistance Concentration/ | Mobility
kQ) cm? cm?/ V-s
0 nm HfO, H-Terminated 1.8 L 9x10M 184
Surface
Interfacial layer
After MoOs dep. 6.9 1x10M 8.9
2 nm thermal H-Terminated 356 6.5x1012 2.7
ALD grown Surface
HfO; Interfacial | After HfO2/ MoO3; | 3470 9.0x10! 2
layer deposition
4 nm thermal H-Terminated 146 8.4x102 5.1
ALD grown Surface
HfO, Interfacial | After HfO./ MoOs | 871 1.5x10% 4.7
layer deposition
8 nm thermal H-Terminated 20 1x1013 31
ALD grown Surface
HfO; Interfacial | After HfO2/ MoOs | 31 6.3x1012 32
layer deposition
2 nm Plasma H-Terminated 110 7.1E11 80
ALD grown Surface
HfO, Interfacial | After HfFO2/ MoO3 | 710 5.5E10 160
layer position
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CHAPTER 4

DISCUSSION

3.1 Band alignment of H-Terminated diamond/ HfO2 / MoOs

The VBO (AEy) of the interface can be deduced using the method presented by Walldrop,

Kraut and Grant shown in the equation:>®*’
(AEv) = (EcL-EV)c - (EcL-EV)Hroz - AEcL

Here Ec. signifies the binding energy of the XPS core level, Ey represents the valence
band maximum (VBM); AEc. is defined as the binding energy difference between the core
level of diamond and HfO, measured at the interface ( ESES — EEL4T): (EcL-Ev) is the
energy difference between respective binding energy of core levels and their VBM. The
measured value of (EcL-EV)nro2 was 264.7 eV and (EcL-Ev)c was 283.9 eV. The HfO:
layer's VBM was noted to be 3.6 eV below the Fermi level, and the H-terminated diamond's
VBM was 0.3 eV below the Fermi level. Utilizing this data, the VBO between HfO. and
diamond was calculated as 3.3 eV. Additional, band bending of 1.6 eV measured using
XPS can be attributed to defect concentrations or interstitial oxygen atoms in the HfO:

layer, introduced during oxygen plasma processing.
For the diamond and MoO:s interface, the VBO was calculated similarly:

(AEv) = (EcL-EV)c - (EcL-EV)Mmoos - AEcL
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The (EcL-EV)moo3 value was determined to be 229.7 eV and AEc. was calculated as 51.4

eV. The VBO between MoO3 and diamond was determined to be 2.8 eV.

Ec ¢ | 0.7ev

5.4 av

b & o

Ev Diamend [= g
G «G 2.8 ev

33ev
33ev | @ 0.8 w" MoO;
16 ev: lnter;ace HfO:
Interface F
Diamond/ MoO, Diamond/HfO, Diamond/HfO,/ MoO,

Figure 3.1 The Band Diagram of diamond / MoOz and diamond / HfO2/ MoO3 before

and after MoOz deposition

The band diagrams of diamond/ HfOz and diamond / HfO. / MoOs are shown in Fig. 4.1.
The charge at the H-terminated diamond and HfO2 is represented by a decrease of the
interface band shift. After HfO2 deposition, the VBM of diamond is clearly separated from
CBM of HfO2 thus showing the passivation property of HfO> to separate the charges. After
MoOs3 is deposited on HfO, the Hf 4f core level is shifted towards lower binding energy.
The distribution of negative charges has changed and a fraction of negative charges
originally close to diamond transferred into the MoOs. This observation is consistent with

the goal of displacing the charge from the interface.

3.2 Tunneling and understanding the physics behind the charge transfer.

In the semiconductor structure comprised of H-Terminated Diamond, HfO2, and MoOs,

charge transfer and tunneling are profoundly influenced by the unique electronic properties
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of these materials. The H-Terminated Diamond, characterized by a Negative Electron
Affinity (NEA) of 1.1 eV and a bandgap of 5.4 eV, establishes a foundational electronic
landscape for this interface. The HfO: and MoO:s layers, with electron affinities of 2.5 eV
and 5.9 eV, and bandgaps of 5.6 eV “® %6 and 2.8 eV®!, 52 respectively, further modulate
this landscape. Given the work functions—4 eV for diamond, 4.8 ¢V for HfO-, and 5.9 eV
for MoOs—the formation of dipoles at the interfaces introduces distinct electric fields,

influencing band alignment and charge dynamics.

The dipole at the HfO»/diamond interface, pointing towards the diamond, facilitates hole
accumulation in the H-Terminated Diamond. This arrangement, along with the diamond's
NEA, creates a favorable condition for tunneling holes through the HfO: layer, despite its
wide bandgap. The electric field resulting from this dipole orientation aids in maintaining
the holes at the diamond surface, while also potentially reducing scattering effects caused
by interface charges or defects. On the other hand, at the HfO-/MoO:s interface, the dipole's
orientation, from MoOs towards HfO:, aligns with MoOs’s higher work function. This
creates a potential barrier that electrons in the MoOs must overcome to tunnel through the
HfO: layer. The combination of the MoOs bandgap, electron affinity, and the dipole-
induced electric field shapes the electron transfer from MoOs to the diamond, mediated by
the HfO: layer. The band alignment and dipole effects at this interface are critical in
preventing direct recombination of electrons and holes, thus enhancing the charge

separation essential for efficient device operation.

The charge transfer in this multilayer semiconductor structure is a delicate interplay of

material-specific properties, including work functions, bandgaps, and electron affinities,
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along with the resultant electric fields and dipoles at the interfaces. The understanding and
manipulation of these phenomena are pivotal in achieving desired electronic characteristics

and enhancing the performance of devices utilizing this unique material assembly.

3.3 Understanding Electrical Measurements
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Figure 3.2 Change in sheet resistance, hole concentration and hole mobility with

processes for diamond/ MoO3 with 2,4, 8 nm HfO2 interfacial layers deposited by TALD
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processes for diamond/ MoO3 with 2 nm HfO2 interfacial layers deposited by PEALD
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Figure 3.4 Hole concentration and mobility comparison of different structures

In Figure 3.2 and Figure 3.3, The contrast in the electronic properties of the interfaces with
HfO: layers of the same thickness (2 nm) deposited by Thermal ALD (TALD) and Plasma
Enhanced ALD (PEALD) can be attributed to the differences in the deposition processes
and the resulting film characteristics. These differences, along with the varying thicknesses

in the TALD process, can significantly impact carrier mobility.
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In TALD, the growth of the HfO: layer results in films with higher defect densities,
especially at lower thicknesses like 2 nm.*34% 58 These defects function as scattering

centers or traps, adversely affecting carrier mobility and increasing sheet resistance.

As the thickness increases (4 nm and 8 nm), the density of interface states and traps that
directly influence the diamond surface decreases. °° This results in improved screening and
a reduction in the scattering or trapping of carriers, leading to the observed increase in

mobility and stabilization of sheet resistance relatively.

PEALD, with its use of plasma, tends to produce denser and more uniform films, even at
lower thicknesses like 2 nm.*, 8 The enhanced quality of the 2 nm HfO- layer deposited
by PEALD provided better dielectric screening and reduced the impact of surface states or
traps. This results in a significant improvement in carrier mobility, as observed in Figure

3.3 and Figure 3.4

Additionally, the plasma process alters interface chemistry in a way that is more conducive
to carrier transport compared to TALD, further enhancing mobility. The increase in sheet

resistance can be attributed to the large dielectric constant (25) of Hafnium oxide*, 6%,
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CHAPTER S

CONCLUSION:

In this study, a surface conductive layer was established on hydrogen-terminated diamond
utilizing Hafnium Oxide (HfO:) as a modulation doping layer and Molybdenum Trioxide
(Mo0:s) as the surface acceptor layer. Valence Band Offsets (VBO) were identified as 3.3
eV for the HfO»/H-Terminated Diamond interface and 2.8 eV for MoOs/H-Terminated
Diamond, providing a conducive environment for charge transfer due to the advantageous

band alignment.

Diamond's sheet resistance, hole concentration, and mobility for configurations involving
MoOs/H-diamond with HfO: interfacial layers of 2, 4, and 8 nm thicknesses applied
through Thermal Atomic Layer Deposition (TALD), alongside a 2 nm thickness deposited
by Plasma Enhanced Atomic Layer Deposition (PEALD) were characterized. This
methodical incorporation of dual oxides enabled the modulation of hole mobility and
concentration by adjusting the thickness of the HfO: interfacial layer. Importantly, the
insertion of an interfacial layer via PEALD markedly improved the mobility within the
hole accumulation layer which we attribute to a reduction of interface scattering,
underscoring the superior interfacial layer quality achieved through PEALD compared to

TALD. However, the 8 nm layer deposited by TALD demonstrated notable performance.

The findings indicated that overall sheet resistance across varying HfO: interlayer
thicknesses decreased with an increase in layer thickness yet remained higher compared to
the MoOs/Diamond interface lacking an interfacial layer. This underscores that charges at

the HfO»/H-diamond interface continue to impede mobility.
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Enhancements in the HfO./H-diamond interface, informed by comprehensive structural
and chemical analyses along with Hall measurements, are anticipated to significantly
influence interface mobility. Furthermore, the promising results from the recent application
of a 2 nm HfO: layer via PEALD highlight the potential for further exploration of the same
dielectric material with 4 nm and 8 nm interfaces. This in-depth examination aims to
advance the understanding of how dielectric materials can optimize the functionality of H-

diamond electronic devices.
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