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Introduction

Diamond is a very special material with many interesting properties, which
continue to receive a lot of attention. Hydrogen-terminated diamond is very
attractive for devices based on surface electronics due to the presence of a highly
conductive p-type layer that is confined to the surface. A quasi two-dimensional
(2D) hole gas is created with a typical sheet resistance of 100k(2. Electrical
characterization of patterned surface structures is crucial to investigate device
applications of the hydrogen-terminated diamond surfaces.

The goal of the thesis is to pattern the hydrogen-terminated diamond sur-
faces and to characterize the electronic properties of the fabricated conductive
structures. We combine photolithography and local anodic oxidation, using
an atomic force microscope (AFM), in order to pattern hydrogen-terminated
diamond surfaces down to the nanometer scale. Local anodic oxidation (LAO),
which is induced by the tip of the AFM, is an effective way to modify the
electronic properties of various conductive surfaces with nanometer resolution
by the local creation of an oxide. Surface transport properties for surface
structural and electrical characterization, such as AFM, electrostatic force mi-
croscopy (EFM) and scanning tunneling microscopy (STM) are used. Valuable
information about local properties of the diamond films and fabricated struc-
tures was obtained at wide scale range down to atomic scale.

The thesis consists of four chapters. The first chapter is a general overview
of the material studied in this work. First, we analyze the structural properties
of bulk diamond and of its surface. Next, we consider the hydrogen terminated
diamond surface and its properties as a semiconductor material. Finally, we
discuss the specific properties of diamond and its industrial applications.

In the second chapter the experimental techniques used to modify and to

characterize the hydrogenated diamond samples are reviewed. The techniques
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used in this thesis for creating submicrometer structures on the conductive
diamond surface (photolithography and local modification with an atomic force
microscope) are considered in detail. The last section is devoted to describing
the technique used to study the electric transport properties of the created
patterns.

Chapter 3 presents the experimental results we have obtained using scan-
ning probe microscopy techniques. We have used STM in ultra-high vacuum as
an ideal tool for studying the properties of the hydrogenated diamond surface
at the atomic level. We have characterized the hydrogenated diamond surface
in order to optimize the preparation procedure of the samples suitable for large
and small scale lithography, and for creating submicrometer structures used for
further electrical characterization.

In the last chapter we describe the fabrication of conductive structures on
hydrogen terminated diamond surfaces. By combining photolithography and
local AFM modification submicrometer structures have been created. The
conductive properties of the obtained structures have been investigated using
EFM. Finally, electric transport measurements have been performed in order
to study the electronic properties of the created structures and 2D hole gas
characteristics at the diamond hydrogenated surface.



Chapter 1

Diamond from carbon to

semiconductor

1.1 Introduction

Diamonds were formed thousands of years ago deep in the earth, under huge
heat and pressure conditions. Then the volcanic eruptions brought the dia-
monds to the surface and scattered them along rivers. Apparently, the first

river bed diamonds were discovered in India, around 800 B.C.

Nowadays, diamond is not only a famous gemstone, but also a very promis-
ing 'wide band gap’ semiconductor that may one day rival silicon as the material
of choice for high power and high frequency electronics. The mechanical, op-
tical and electronic properties of diamond are in many respect outstanding.
Its thermal conductivity of 20 Wem ™ 'K~! at room temperature is the highest
known for any material, and many of its electronic properties (electric break-
down field, dielectric constant and saturation drift velocity) make it an ideal
semiconductor. The surfaces of diamond exhibits a number of features that are
unique among all semiconductors. The rarity of diamond largely prevents its
exploitation as a technical material. With the invention of synthetic diamond
growth techniques at high pressure and temperature (HPHT) in the 1950s, dia-
mond became available in large quantities and was used mainly for mechanical

applications. But it was the discovery of a chemical vapor deposition (CVD)
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4 Diamond from carbon to semiconductor

process in 1981 that laid the basis for diamond as a material for electronics.
The basic requirements for diamond electronics have now been met and
progress in growth, doping and characterization of diamond has provided the

tools for an efficient further development as a semiconductor.

1.2 Diamond as carbon

Carbon (C) is the sixth most common element in the universe. It is a very
special element because it plays an essential role in the chemistry of life. We
can find carbon in nature in three allotropic forms: amorphous, graphitic and
diamond. A fourth allotrope of carbon was produced in the late 60’s. It is
a transparent material and it is called “white carbon” [1]. Each allotropic
form has very different physical and chemical properties. E.g., graphite is soft,
opaque and electrically conducting, while diamond is hard, transparent and

electrically insulating. This makes carbon very special and fascinating.

1.2.1 The amorphous carbon structure

The amorphous structure is characterized by the absence of long range order.
In this structure there is no periodicity at long range, hence its symmetry is
broken, giving isotropic characteristics to the structure. However, there is a
short range order present, which can be seen in bond length, number of nearest
neighbor atoms and in the angle between two bonds. Because the atoms in
the amorphous structure are not bonded ideally, the energy of the amorphous
structure is higher than that of a pure crystal.

There are two specific forms of amorphous carbon that can appear. They

can be identified by their microscopic and macroscopic properties:

1. Diamond-like amorphous carbon (DLC), is characterized by a mean num-
ber of nearest neighbors z = 3.5 — 3.8, mean bond angle of 110 — 115°
and density of 2.9 — 3.5g/cm3. It is usually denoted by ta-C. Because of
the sp? fraction present within the amorphous matrix, it exhibits several
interesting properties: high mechanical hardness, infrared transparency
and chemical inertness. In the case of sp® rich ta-C, this amorphous
structure has the hardness and elastic modulus comparable to crystalline
diamond [2, 3].
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Figure 1.1: Graphene layers of the graphite structure

2. Graphite-like amorphous carbon, which is denoted by a-C, is character-
ized by a high percentage (= 70% — 98%) of sp® bonds. As a result it
has a mean number of nearest neighbors, z = 2.9 — 3.2, a bond angle of
around 120° and a density of 2.0 — 2.7g/cm3. This amorphous form of

carbon is soft, opaque and is mostly made of distorted sp? bonds [4].

1.2.2 The graphite structure

Graphite is an allotropic form of carbon consisting of layers of hexagonally
arranged carbon atoms (graphene layers) in a planar condensed ring system
(Fig. 1.1). The layers are stacked parallel to each other with three-dimensional
crystalline long-range order. The chemical bonds within the layers are covalent
with sp? hybridization (see Fig. 1.2). The layers are held together by weak
van der Waals forces. The bond between the atoms within a layer is stronger
than the bond of diamond, but the force between two layers of graphene is
weak. Therefore, layers can slip over each other, making it soft. Graphite is a
semimetal [5]. At absolute zero its valence band is filled, its conduction band
is empty, but the energy gap is zero. However, at higher temperatures there
are mobile electrons in its conduction band and mobile holes in its valence
band. These charge carriers are not responsible for its bonding, as in a metal,
but they are responsible for the semimetallic luster of graphite. The layered
structure of graphite allows electrons to move easily within the layers and this

permits graphite to conduct electricity and heat and also to absorb the light of
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3

Sp

3

Sp

Figure 1.2: sp? and sp® hybrid orbitals

all wavelengths (giving its black color).

In 2004, K. Novoselov and co-workers [6] developed techniques to separate
individual graphene flakes from graphite crystals. Since the first reports of ex-
periments on stand-alone, single layer graphene crystals, this remarkable two-
dimensional material has attracted great scientific interest. Graphene sheets
offer extraordinary electronic, thermal and mechanical properties and are ex-

pected to find a variety of applications.

1.2.3 The diamond structure

The crystal structure that diamond adopts is named after it. In the diamond
lattice (Fig. 1.3), each carbon atom has four valence electrons in the s and p
orbitals. The s orbital mixes with the three p orbitals (p,, py, and p,) forming
sp? hybridization (Fig. 1.2). The four valence electrons of the carbon are
equally distributed among the sp? orbitals, each orbital pointing to one of the
corners of a tetrahedron. This tetrahedral structure gives strength and stability
to the bonds. The diamond structure can be viewed as two interpenetrating
face-centered cubic (FCC) structures displaced by (1/4,1/4,1/4) ag, where ag is
the cubic lattice constant. For carbon diamond ag = 3.567 A [7]. The distance
between nearest neighbors is 1.545A. In the diamond structure all valence
electrons contribute to the covalent bond. Because the valence electrons are
not free to move through the crystal, diamond is a poor conductor with a band
gap of 5.48eV [8].
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Figure 1.3: The diamond structure

Diamond can also adopt a (2H) hexagonal crystal structure, called lons-
daleite. However, this polymorph, discovered in 1967 [9], is extremely rare in
nature.

1.2.4 Classification of diamond

The gemstone diamonds are classified according to “the four Cs”: cut, clarity,
color, and carat. The diamond samples can be classified according to their
content and type of nitrogen impurities. “Type I” diamonds contain a signifi-
cant amount of nitrogen impurities. This type represents the large majority of
all natural diamonds. “Type II” diamonds contain a very small amount of ni-
trogen impurities, which is not detectable by ultraviolet or infrared absorption
measurements. There are four types of natural diamond:

98% of natural diamond is Type Ia. It contains up to 0.1% nitrogen in small
aggregates or platelets that strongly absorb ultraviolet light below 320 nm. This
type of diamond has a thermal conductivity less than 9 W/(cmK) at 25°C and
its electrical resistivity is greater than 10'* Qm. The industrial synthetic dia-
mond is usually of Type Ib. It contains up to 0.2% nitrogen dispersed through-
out the crystal. That is why this type has a yellow color in case of low nitrogen
concentrations or shades of green for higher concentrations. Type Ila diamond

is almost free of nitrogen. It is colorless and has the best optical and thermal
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properties of all diamond types. This type transmits light at all wavelengths
longer than 225nm (except for some absorption in the 3 — 5 um region) and
has a thermal conductivity near 20 W/(cmK) at 25°C. Type IIb diamond is
also free of nitrogen, but contains small quantities of boron. Because of this it

has a blue color and p-type conductivity, with a resistivity of 0.1 — 100 Qm.

1.2.5 Properties and applications of diamond

Diamond is material that exhibits a large number of exceptional properties
(Table 1.1). As a result, it has a great potential for use in many industrial
and commercial applications. In the following we will describe some of the

applications where the properties of diamond play a key role.

Table 1.1: Properties of bulk diamond.

| Property \ Value [ Units [ Reference |
Hardness 10000 | kg/mm? [10]
Density 3.52 g/cm3 [10]
Thermal conductivity 2000 | W/(m-K) [10]
Dielectric constant 5.7 - [10]
Electronic bandgap (300 K) 5.45 eV [11]
Electron mobility (300 K) 2200 | cm?/(Vs) [10]
Hole mobility (300 K) 1600 | cm?/(V-s) [10]
Resistivity 10 — 106 Q/cm [10]

Diamond is an extremely hard material. This makes it an ideal candidate
for use in cutting tools for machining non-ferrous metals, plastics, chip-board
and composite materials. By coating CVD diamond directly onto the surface
of the tungsten carbide tool-pieces, one can obtain tools that have a longer life
and cut faster than the conventional cutting tools [12,13]. Furthermore, the
new composite metals used in aerospace and automobile industries (such as
Al/Si), being extremely difficult to shape with conventional materials, are very
good candidates for diamond-coated cutting tools.

When designing modern high power electronic devices one faces the problem
of overheating, due to the production of large amounts of heat in a small
area. For cooling these devices it is essential to be able to spread the heat
flux. This is done by placing a layer of high thermal conductivity between

the device and the cooling system, such as a fan or heat sink. Since diamond
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has a thermal conductivity (due to phonons) better than copper over a wide
temperature range and it has the advantage of being an electrical insulator, this
material can be used for a variety of thermal management applications. These
include submounts for integrated circuits [14], heat spreaders for high-power
laser diodes [15], or as a substrate material for multi-chip modules [16].

Due to its special optical properties, diamond is also used for optical appli-
cations. Conventional infrared materials, especially in the 8 —12 pm wavelength
range (such as ZnS, ZnSe and Ge), have the disadvantage of being brittle and
being easily damaged. On the contrary, diamond with its high transparency,
durability and resistance to thermal shock, is an excellent material for such
applications.

The surface acoustic wave (SAW) devices are electronic devices that can
use impure, thin polycrystalline CVD diamond. E.g., using a SAW filter one
can transform radio frequency electronic signals into mechanical vibrations,
and vice versa [17]. They are used in the communications industry, where
high frequency radio waves need to be generated by electronic circuits, and
subsequently broadcasted by a transmitter. The limiting factor in the SAW
devices is the maximum speed of propagating the signals through the device.
This depends mainly upon the speed of sound (the acoustic wave) along the
surface of the device material. For high-performance devices, a SAW material
which can operate at 10 GHz or higher frequencies is needed. Diamond is
therefore a good candidate.

Diamond can be also used in particle detectors for ultraviolet (UV) light and
high energy particles, such as alpha- and beta-particles or neutrons. Moreover,
diamond can be used as a replacement for Si to detect high energy particles
in the next generation of particle accelerators [18,19]. Since diamond has a
similar response to damage by X-rays and gamma-rays as the human tissue,
it can be also used for medical applications, e.g, as a dosimeter for radiation

exposure.

1.3 Diamond surface reconstructions and sur-

face states

The (100) and (111) surfaces are the two most important surfaces for diamond,

because they constitute the exposed crystal faces of polycrystalline CVD dia-
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mond films and can be selectively grown by CVD when process parameters are
controlled appropriately.

1.3.1 The diamond (100) surface

One of the most important crystallographic surfaces of CVD diamond is the
(100) surface. Quasi-heteroepitaxial diamond films with smooth (100) surfaces
can be deposited on silicon [20], silicon carbide [21] or iridium [22]. Moreover,
the homoepitaxial growth of diamond is much less susceptible to incorporation
of stacking faults or creation of twin crystals in case of the (100) surface when

compared to the (111) surface.

The clean diamond (100) 2 x 1 surface

The bulk terminated (100) surface has two dangling bonds per surface carbon
atom and because of this fact the (100) surface is unstable. The energy of the
clean surface is lowered by forming m-bonded dimers between nearest neigh-
bors [23]. The new surface exhibits two (2x1) reconstructed domains that are
rotated by 90° (Fig. 1.4-(a)). The surface dangling bonds couple to m-bonded
dimers and this induces a bonding-antibonding splitting between occupied and
unoccupied (dimer) m-orbitals. The dimers are arranged in rows, along the [011]
direction and interact with each other. This leads to a further weaker splitting
of the dimer orbitals, and finally the surface band structure with an occupied
band originating from the 7-(bonding) orbital and an empty band originat-
ing from the 7*-(antibonding) orbital is formed. Because of the rather large
distance of 2.52 A between the surface dimers, their mutual interaction, which
broadens the 7- and the 7*-bands, leaves a gap of 1.3eV between occupied
and unoccupied surface states. As a result, the surface is semiconducting [24].
The occupied and unoccupied surface states are placed energetically within the
valence band, they do not extend into the band gap of diamond. Therefore,
they are electronically inactive, since they are not able to exchange electrons or
holes with the diamond bulk. The surface band structure of the occupied sur-
face states of the diamond (100) surface was also measured by photoemission

spectroscopy [25] and found to be in good agreement with theory.
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Figure 1.4: Perspective views of the atomic geometries for:
(a) the clean (100) 2 x 1 reconstructed surface; (b) hydrogenated
(100) 2 x 1 reconstructed surface.

The hydrogen terminated diamond (100) 2 x 1:2H surface

Hydrogen is the most important adsorbate by which diamond surfaces can be
terminated and is the dominating species in the CVD growth process of dia-
mond. CVD diamond surfaces can be found in the hydrogen terminated state if
the deposition process is appropriately ended. However, in the case of diamond
hydrogen does not lead to a stabilization of the bulk terminated 1 x 1 structure
as in the case of other group IV semiconductors. It has been shown from total
energy calculation [26,27] that this is because of the steric repulsion of the
hydrogen atoms due to the tight diamond lattice, which prevent the complete
saturation of all surface dangling bonds. Consequently, in the case of diamond,
the surface atoms remain arranged in dimer rows and only the m-bond between
the dimer atoms is replaced by a covalent bond to one hydrogen at each surface
atom (Fig. 1.4-(b)). The change in bonding structure leads to the replacement
of the m and m*-states of the clean surface by bonding and antibonding states of
the carbon-hydrogen bonds. Moreover, the corresponding surface state bands
are shifted in energy further into the valence band and towards the conduc-
tion band, respectively. Density functional theory calculations [24] have found
that the occupied states are found more than 2eV below the valence band
maximum (VBM), while the unoccupied surfaces states are predicted between
3.3eV and 6.0eV above the VBM. The fact that the occupied surface states
are not present in the band gap of diamond (100) 2 x 1:2H is also confirmed
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a) b)

Figure 1.5: Perspective views of the atomic geometries for:
(a) Kethone (C=0) configuration; (b) Ether (C—0O—C) config-
uration

by photoemission spectroscopy [25].

The oxygen terminated diamond (100) 1 x 1:0 surface

Another important adsorbate termination of diamond surfaces is by oxygen.
Oxygen induces significantly different electron affinities and work functions
compared to hydrogen. It is often used to locally remove the high surface
conductivity (SC) of hydrogenated diamond. Being a divalent atom, oxygen
can saturate two surface dangling bonds simultaneously. Therefore, for a full
covalent termination of the surface only half the density of adsorbates atoms
than for hydrogen is required. In the case of oxygen atoms steric repulsion
does not hinder the stabilization of the bulk terminated 1 x 1 structure, found
experimentally by Reflection High Energy Electron Diffraction (RHEED) [28]
and by Low Energy Electron Diffraction (LEED) [29] measurements.

Two theoretical models have been proposed in order to explain the bonding
structure of the diamond (100) 1x1:0 surface. The first model, called ketone or
top side model (Fig. 1.5-(a)), assumes that one oxygen atom is double bonded
to each carbon surface atom. On the other hand, the ether or bridge side model
(Fig. 1.5-(b)) claims that the oxygen atoms connect adjacent surface carbon
atoms. The oxygen chemisorption energy obtained from total energy calcula-

tions is very similar for both models (8.57 vs. 8.43 per atom) [30]. However,
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the LEED I-V characteristics [29] and the electron affinity [31] fit clearly better
to the ether model. Moreover, photoemission spectroscopy reveals no occupied
surface states in the gap, but clearly one at about 3 eV below the Fermi level of
a boron doped type I1b single crystal. This experimental result fits better the
ether than the ketone model when compared to the density functional theory
calculations [28].

1.3.2 The diamond (111) surface

The (111) surface of diamond can be bulk terminated with either one or three
dangling bonds per surface atoms. The one dangling bond surface is the natural
cleavage plane of diamond, while the three dangling bond surface cannot be
prepared from volume crystals because of the high formation energy needed
for breaking three bonds. Although in one scanning tunneling microscopy
(STM) experiment it was observed that a 1 x 1 methyl saturated one dangling
bond surface (which is equivalent to a trihydride passivated three dangling
bond surface) may occur locally during heteroepitaxial growth or after plasma
hydrogenation [32], theoretical calculations have shown that the three dangling
bond surface should undergo characteristic reconstructions depending on the
degree of hydrogen coverage [33].

The clean diamond (111) 2 x 1 surface

Because the bulk terminated structure is not stable for the clean diamond (111)
surface, it undergoes a rather complicated 2 x 1 reconstruction (Fig. 1.6-(a)).
This reconstruction was first suggested in the case of Si (111) [34]. However,
in contrast to the Si (111) surface, in the case of diamond (111) the surface
atoms do not dimerise along the chains and also there is no buckling within
the surface and between the second layer atoms [35]. The reconstructed surface
has a lower symmetry compared to the bulk terminated one, only one reflection
plane is maintained.

The occupied surface states extend into the gap up to 0.4eV above the
VBM, but leave a gap of at least 0.5eV to the unoccupied surface states, in
contrast to the clean diamond (100) 2 x 1 surface. The occupied, donor-like
surface states of the perfect C(111) 2 x 1 surface are expected to create hole

depletion and a weak downward surface band bending or p-type bulk material.
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Figure 1.6: Perspective views of the atomic geometries for:
(a) the clean (111) 2 x 1 Pandey chain surface, where the top
two rows of C atoms form zig-zag chains; (b) hydrogenated (111)
1 x 1 surface without reconstruction.

The hydrogen terminated diamond (111) 1 x 1:H surface

The hydrogen termination of the surface dangling bonds stabilizes the diamond
(111) surface without any noticeable relaxation of the carbon atoms (Fig. 1.6-
(b)), in contrast to the (100) surface. Due to the formation of the covalent
carbon-hydrogen bonds, which have a length of 1.1 A, bonding states appear
inside the valence band at around 4 eV below the VBM. Photoemission exper-
iments show no occupied surface states within the gap in agreement with the
calculations. Regarding the unoccupied, acceptor-like surface states, theoreti-
cal calculations predict antibonding C-H bands between 3.6 and 6.0eV above
the VBM [35].

The oxygen terminated diamond (111) 2 x 1:0 surface

There are few results concerning the oxygen terminated surface reported so
far [36]. Oxygen can be chemisorbed on the clean as well as on the hydro-
gen terminated diamond (111) surface. However, the oxidation of a hydro-
genated surface is much easier than vice versa, i.e., the hydrogenation of an
oxidized surface [36]. Even at monolayer coverages oxygen does not cause the

de-reconstruction of the surface. In contrast to hydrogen, it keeps the 2 x 1 ge-
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Figure 1.7: Perspective views of the atomic geometries for:
(a) the clean (110) 1 x 1 surface without reconstruction; (b)
hydrogenated (110) 1 x 1 surface without reconstruction.

ometry of the clean surface. Although ultraviolet photoemission spectra show
no indication for donor-like surface states in the gap, clear surface resonances
can be found at 4.2 and 8.4eV below the VBM [36].

1.3.3 The diamond (110) surface

The bulk terminated (110) surface consists of zigzag chains of surface atoms.
Each atom carries one dangling bond and forms one back bond to a second

layer zigzag chain running parallel to the chain of surface atoms.

The clean diamond (110) 1 x 1 surface

The first two atomic layers of the bulk terminated (110) surface are very similar
to the 2 x 1 reconstructed (111) surface. The zigzag chains present in the
case of the (110) surface replace (Fig. 1.7-(a)) the Pandey chains of the 2 x 1
reconstructed (111) surface. Moreover, the interatomic distances between the
surface atoms are similar. Within a chain the nearest neighbor distance and
thus the separation between the surface dangling bonds is just the bond length
1.545 A of the diamond lattice.

Total energy calculations have shown that only a slight relaxation of the

surface occurs. This relaxation straightens the surface chains and reduces the
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distance between surface atoms by about 7%, which is almost the same values
as for diamond (111) 2 x 1 [37].

The hydrogen terminated diamond (110) 1 x 1:H surface

Although the hydrogen termination of the diamond (110) surface maintains
the 1 x 1 geometry [38], it reduces the relaxation of the clean surface signifi-
cantly (Fig. 1.7-(b)). The distance between surface atoms is reduced by 1.7%
when compared to the bulk-terminated structure. Band structure calculations
and photoemission did not find occupied (donor-like) surface states in the gap.
Similar to the case of the other diamond surfaces, hydrogen provides the pas-
sivation of the (110) surface for p-type bulk material, but leaves electronically

active surface states on n-type diamond.

1.4 Diamond as a semiconductor

The properties of the diamond surface are of fundamental importance for its
potential electronic applications. These properties depend on the kind of passi-
vation of the surface dangling bonds, which can be done either by chemisorbed
adsorbates or by the formation of mutual chemical bonds as a consequence of
surface reconstruction. Specific surface states in the gap of the semiconductor
are formed at the surface, depending on the kind of surface termination. They
have the capability of accommodating extra electrons or holes extracted from
the bulk of the material. As a result, we can distinguish two different kind of
surface states. On one hand, there are the surface states, which are capable
of capturing valence band holes, and are called donor-like. These states are
present in the case of an intrinsic bulk material. On the other hand, we have
the surface states which are normally unoccupied. They are electronically in-
active for p-type material, but can act as electron traps at the surface in n-type
devices. These surface states are called acceptor-like.

Another category of important electronic states within the band gap of a
semiconductor are the surface defects. They are in general not only localized
perpendicular to the surface, but also to a certain extent laterally. A typical
example of such a surface defect is the dangling bond which may exist as an

isolated species within the neighborhood of adsorbate-saturated surface bonds.
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A special feature of diamond is related to the charge carriers. The carriers
can not only be depleted in a subsurface region of p-doped diamond by the
presence of the surface, but also the opposite effect can be observed in the
case of hydrogen terminated surfaces: a hole accumulation layer. This hole

accumulation layer leads to a very pronounced surface conductivity.

1.4.1 Electron affinity

The diamond surfaces have the ability to show a negative electron affinity
(NEA) when appropriately terminated. The concept of electron affinity (EA),
which is caused by a polarization of surface bonds, and its dependence on the
surface properties can be easily mixed up with the phenomenon of surface band
bending (see next section), which appears due to an exchange of free charge
between states at the surface and a space charge layer extending into the bulk.

If we ignore the electron-electron interaction inside the semiconductor and
consider a semi-infinite semiconductor lattice together with a semi-infinite vac-
uum, we define the electron affinity as the energy separation between the lowest
unoccupied state with a delocalized wavefunction inside the solid, and the low-
est unoccupied state with a wavefunction delocalized inside the vacuum part
of the heterosystem. The eigenstate with the higher energy will have a delocal-
ized wavefunction both in vacuum and semiconductor. The eigenstate with the
lower energy will have a wavefunction exponentially decaying in one of the two
components. In the case of positive electron affinity (PEA) the state with the
lower energy corresponds to a state at the conduction band minimum (CBM)
with a wave function decaying exponentially into vacuum, while for the case
of negative electron affinity it corresponds to a free electron with zero kinetic
energy (i.e. the vacuum level) and a wave function exponentially decaying into
the semiconductor.

The appearance of an electrostatic dipole layer at the interface of the het-
erosystem vacuum/semiconductor will induce an additional step potential. One

can see from basic electrostatics that the energy step AFE of that potential is

AE =2 (1.1)
€0

where n, p, e and ¢y are the lateral density, the moment of the dipoles, the
elementary charge and the vacuum permeability, respectively. In first order

perturbation theory AF is identical to the change in electron affinity induced
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Figure 1.8: Surface band diagram illustrating the electron
affinity modification by the polarization of C—H surface bonds.

by the dipole layer. Therefore, the changes in the electron affinity are de-
termined by the electrostatic properties of the responsible surface dipoles. In
Fig. 1.8 one can see the change of the electron affinity by surface dipoles for
the case of hydrogen terminated surfaces. A systematic and quantitative study
of the relation between surface termination and electron affinity of diamond
surfaces can be done by combining work function measurements and the deter-
mination of the surface Fermi level position relative to the VBM and CBM in
the same UHV experiment. Using this technique the continuous transition in
electron affinity from a fully hydrogen terminated to a clean surface was mea-
sured for the diamond (111) surface [39] and the diamond (100) surface [31].
The same experiment was also performed starting from a fully oxygen termi-
nated (100) surface [31]. Finally, a gradual oxidation of a hydrogen terminated
homoepitaxial diamond (100) surface was studied by total photoelectron yield
spectroscopy [40]. The work function ® = Ey ¢ — Er was measured with
a Kelvin probe and the surface Fermi level position Er — Fy by photoemis-
sion. The electron affinity x could be readily calculated, knowing the band gap
energy Eo = 5.5eV of diamond, from the relation:

x=®+ (Er - Ev) - Eg (1.2)
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In the case of hydrogen terminated diamond (100) surface the electron affinity
was found to be —1.3eV and was almost identical with that of diamond (111)
1 x 1:H. For the fully oxygen terminated (100) 1 x 1:0 surface a PEA x =
+1.7eV was found . Theoretical calculations of the electron affinity of clean
as well as hydrogen and oxygen terminated (100) and (111) diamond surfaces
have been performed [41]. The theoretical results are in good agreement with

experiment, especially for the case of clean surfaces.

1.4.2 Band bending

The presence of defect states in the bulk material and surface states at the
edges promotes electron transfer. This leads to the formation of electric fields.
These electric fields can either help or prevent the electrons from approaching
the surface, in other words the energy bands are lowered or raised towards the
surface. This phenomenon is called band bending. Surface band bending occurs
as a result of hole depletion or due to the formation of a hole accumulation layer.
The first mechanism is important for boron doped diamond where surface states
or surface defects induce a downward band bending (Fig. 1.9). The second
mechanism is reflected in an upward surface band bending and is responsible

for the hydrogen related surface conductivity of diamond (see Sec. 1.4.3).

As we have seen, the electron affinity and the surface band bending are
two independent phenomena. FExchanging the terminating adsorbates (e.g.,
hydrogen by oxygen) without inducing or removing surface states or surface
defects in the gap results in a change in the electron affinity, while the band
bending profile and the surface Fermi level remain unchanged. On the other
hand, reducing or increasing the surface density of states in the gap without
changing the termination of the surface atoms causes a change in band bending,
while the electron affinity is not modified. However, since the change of surface
termination and the modification of the surface density of states are usually
both consequences of a surface preparation step, one can incorrectly conclude
that electron affinity and band bending are related to each other. Surface band
bending of diamond has important consequences for the electronic properties

of devices.
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Figure 1.9: The mechanism of band bending for boron doped

p-type diamond. (a) The Fermi energies (Er) of the bulk and
surface do not coincide, enabling hole transfer from the neutral
acceptor impurities (A%) to the occupied surface states (S9).
(b) The electric field, which appears during the charge transfer
(between the positively charged surface states (S™) and the neg-
atively charged acceptors (A7) from the bulk) causes downward
band bending towards the surface. The process continues until
Btk — povr,

1.4.3 The effect of hydrogen on the diamond surfaces

High surface conductivity was first observed on diamond samples in 1989 [42].
Already in that original work the appearance of this conductance was corre-
lated with a hydrogenation of the diamond surface. The SC has been detected
on both natural diamond treated by hydrogen plasma [43] and diamond films
obtained using the chemical vapor deposition (CVD) technique. The electrical
resistance near the surface region of diamond films has been observed to de-
crease by four orders of magnitude (from 10%Q to 10* Q) within ten minutes
of exposure of the sample to air, after its removal from the CVD chamber [44].

At room temperature the surface conductivity has been measured to be
of the order of 107% — 1072 Q=1 [45]. Hall effect measurements show that
the areal density of the charge carriers is around 1013 cm=2 [46,47] and does
not change significantly between 60 K and room temperature, but strongly de-
creases at higher and lower temperatures [48]. Also from Hall effect data,
the Hall mobility of these carriers varies slightly with temperature [49] and

typical values are in the range 10 — 30cm?V~'s~! [47]. A maximum Hall
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mobility of 70cm?V~!s~! has been reported for a lower carrier density of
1.2 x 1012cm~2 [50]. Because the measured mobilities are similar to those
found in boron-doped (i.e. p-type) diamond, it has been suggested that the
relevant carriers are the holes residing in an accumulation layer at the sur-
face [51]. The p-type surface conductivity was also confirmed by the Hall effect
measurements [52-54].

Interestingly, the surface conductivity is only observed on hydrogen-ter-
minated diamond surfaces [45] and disappears after the de-hydrogenation or
oxidation of the surface. Therefore, it is believed that the role of hydrogen is
critical in the formation of the hole accumulation layer [55]. There have been
several models proposed to explain this phenomenon. In the following we will
discuss two of these models, which are the most widely accepted: the formation
of shallow, hydrogen-related acceptor states [52] or the transfer doping model

based on a surface layer of adsorbate material [44,45,49, 56].

The shallow-acceptor model

This model assumes that the high conductivity is attributed to holes generated
by additional shallow-acceptor levels related with hydrogen incorporated in the
surface region [43]. The model was initially supported by the observed ideal
rectification properties of Al-Schottky contacts to the CVD diamond, which
indicates the existence of the depletion layer at the Al-diamond interface [57].

The depth distribution of the acceptors responsible for the hole accumu-
lation is controversial. It has been proposed that they are close to the sur-
face [49,51] or that they are distributed in layers extending up to 10nm into
the bulk diamond [57] and even that they could be present in a layer 30 nm be-
low the surface [58]. However, recent studies on Al-based Schottky contacts to
hydrogen terminated diamond have reported capacitance measurements that
are much too low to be compatible with such a model [47].

The transfer doping model

The transfer doping model, illustrated in Fig. 1.10, assumes the introduction
of some foreign species (adsorbates) onto the surface of a material. These
adsorbates, acting like dopants, can either add or extract electrons from the
substrate. The high p-type surface conductivity on diamond surface exposed to
air has also been attributed to this transfer doping mechanism [44,45, 49, 56].
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Figure 1.10: Schematic illustration of the transfer-doping
mechanism. (a) Before the electronic transfer, the Fermi level
(Er) of the adsorbate is lower than the one of diamond. (b)
After the electron transfer, the two Fermi levels are equal and a
hole accumulation layer is formed at the surface.

The surface Fermi level after charge equilibration has to be situated at or
even slightly below the VBM. As a consequence, the electron affinity of the
adsorbates acting as surface acceptors has a lower limit. This is because their
lowest unoccupied orbital has to be lower in energy than the Fermi level of the
diamond of surface. Considering an electron affinity of hydrogenated diamond

xpi = —1.3eV and a band gap energy of Eg = 5.5eV, from the relation
Xads = Eg + xDi (1.3)

the minimum electron affinity of the adsorbates equals 4.2eV. However, this
value can not be reached by any molecular atmospheric adsorbate. There-
fore, direct electron transfer from diamond into an atmospheric adsorbate is
impossible.

Instead, the thin water layer, which forms naturally on all surfaces exposed
to atmosphere, provides an electron system that can act as a surface acceptor
for diamond. As long as there are no empty states available in the energy range
of the VBM of diamond, the neutral species from the air are not able to act as
an electron acceptor. However, if by any ionization process, neutral adsorbates
from the air become positively charged, new acceptor states in the required
energy range provide an electron transfer from diamond to the ionic species.
Although the ionization process does not take place for free adsorbates, for

species dissolved in water the presence of ions is a typical situation. Therefore,
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protons, which are screened by water molecules (H3OT), are good candidates
to act as acceptors.

Although the situation present in this case, a thin water overlayer (or just
isolated water clusters) adsorbed at the diamond surface, is very different from
the situation of diamond in contact with an electrolyte of macroscopic dimen-
sions, the latter one can be used as a first approximation in order to describe
the fundamental processes involved. It is assumed that the electron exchange
from diamond to the water layer is governed by the reduction of protons to

molecular hydrogen [59]:
2H3O + 2e” Hg + QHQO7 (14)

where the electrons stem from the diamond valence band. The reaction is
driven by the difference in the chemical potential of the liquid phase p. and
that of diamond, Fr. Aslong as p. is below Er, electrons are being transferred
from diamond to the water layer and thereby reduce H3OT to Hy and H,O.
This is a self-limiting process since it leaves behind the positive space charge
of the holes in the diamond and uncompensated negative ions (for example
HCOg) as space charge in the wetting layer. Due to the electrostatic potential
the residual holes in the diamond accumulation layer, and thus the associated
surface space charge, lower Er with respect to p.. As shown in Fig. 1.11, at
equilibrium p. and Er become equal at the interface.

The stability of hydrogen termination of diamond surfaces is very differ-
ent in air and in vacuum (where it is stable up to 700°C) [60], a fact that is
attributed to the oxygen content of the air. Using a combination of photo-
electron yield spectroscopy, surface sensitive IR spectroscopy and conductivity
measurements the influence of surface hydrogenation and adsorbates on the SC
has been demonstrated [45]. By annealing the sample at 410°C in UHV the
SC decreased more than six orders of magnitude from 10~ Q~!. Then half
of the sample was masked in UHV and the surface termination by hydrogen
was removed from the unmasked half by electron beam desorption. The con-
ductance and the total photoelectron yield spectrum were measured on both
halves of the sample. It has been observed that in UHV SC is virtually removed
on both parts of the sample, i.e. also where the hydrogen termination is still
intact. After exposing the sample in air the hydrogenated half becomes again
conductive (reaching the initial value after 3 days), while for the irradiated

half SC remains below 1071 Q~1. In conclusion, hydrogen termination is not
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Figure 1.11: Schematic picture of the hydrogenated diamond

surface in contact with a wetting layer in air and after it is
introduced in vacuum. The lower part illustrates the evolution
of the band bending during the electron transfer process [45].

sufficient for establishing the SC, but it is necessary to have also some species
from the atmosphere involved.

The essential idea of the doping model described above is the charge ex-
change balance between hydrogenated diamond and an atmospheric electro-
chemical redox system. Moreover, very recent experiments [61] indicate that
electron exchange systematically occurs between diamond and the aqueous re-
dox couple

Oz +4H" 4+ 4e™ = 2H50, (1.5)

which results in the consumption or formation of oxygen. This charge transfer
is responsible for the SC.

1.5 Doping of diamond

Diamond is a semiconductor with a large gap between the conduction and va-

lence bands (5.5€eV). The large energy needed to promote one electron from the
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valence band into the conduction band makes diamond an electrical insulator
under normal conditions, with a resistivity of typically 10*® Qcm.

By incorporating other atoms having a different electronic configuration
into the diamond lattice, new energy levels in the band structure are obtained.
These new energy levels can eventually enable conduction. The atoms can be
included into the diamond lattice either during growth or afterwards (by ion
implantation or diffusion). However, one has to take care that the dopants
remain active after the incorporation into the diamond structure.

Diamond is a good candidate for high-power electronics applications that
can operate under extreme circumstances, such as high temperature and ra-
dioactive irradiation. Moreover, due to its large band gap, diamond is expected
to form deep ultraviolet (UV) light emitting devices with wavelength shorter
than 250 nm. For these applications, p- and n-type semiconducting diamonds
are needed.

1.5.1 p-type doping

By introducing a p-type dopant into the diamond lattice, discrete acceptor
energy levels above the valence band of diamond are formed. These energy
levels become accessible for electrons from the valence band. When an electron
from the valence band occupies one of these levels, delocalized positive holes
in the valence band are formed, and this way the conduction appears.

When boron is incorporated into diamond a (shallow) p-type semiconductor
with a donor level of 368.6 + 2.5 meV is created [62]. By adding small amounts
of B during the growth process boron doped diamond can be obtained. B atoms
have been incorporated into both (100) and (111) diamond surfaces.

If boron is added in small quantities in the gas-phase (< 500 ppm) the
quality of CVD diamond samples increases. Moreover, faster growth rates and
better crystal morphology are obtained. Intermediate B concentrations (1000—
5000 ppm) produce diamond with characteristics similar to pure carbon CVD
growth, but p-type. When high boron concentrations are used (> 4000 ppm)
crystallinity is lost and the quality of the sample becomes poor [63,64]. It has
been shown that boron may help in the migration of carbon species across a
growing diamond surface [65]. Other studies have pointed to the preferential
incorporation of boron in the (111) growth sectors [65-67]. The effects of the
boron incorporation on the CVD diamond crystallinity is highly dependent on
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the surface morphology [68,69].

Boron doped diamond is used for both passive and active electronic devices.
In passive electronic devices, highly boron-doped polycrystalline thin films are
used as high temperature and high pressure detectors [70]. More recently,
pn junctions were obtained by deposition of homoepitaxial films with a boron
concentration of 2-10'" cm ™3 and with a phosphorous content of 8108 cm ™3,
with thicknesses of about 1 and 2 um, respectively. [71]. Also, highly boron-
doped (> 10 em™3) polycrystalline films are used as electrodes for various
electrochemical reactions. In 2004, using a very high boron concentration of

2 -10%! em ™3, superconductive diamond has been obtained at 2.3K [72].

1.5.2 n-type doping

The n-type doping is a result of the inclusion of an atom that creates a donor
level into the diamond lattice. A first possibility would be to use nitrogen as a
n-type dopant for diamond, because N has one more electron than carbon. It
has been shown that nitrogen addition into the gas-phase mixtures improves
the quality of the diamond samples [73,74]. However, nitrogen provides a deep
donor level (1.9eV) below the conduction band, which prevents conductivity
at room temperature [75].

Sulphur has been suggested theoretically as a prime candidate for a shal-
low n-type donor [76], having growth mechanisms [77] and CVD gas-phase
chemistry [78] that are well known.

Phosphorus has been incorporated into the (111) surface of diamond as a
substitutional donor [79]. Although the as-grown films exhibit n-type prop-
erties, they also show poor carrier characteristics. The activation barrier of
about 0.6 eV [80-82] is deeper than theoretically predicted. Moreover, theoret-
ical studies predict that phosphorus is insoluble in bulk diamond [83]. However,
studies on the (111) surface reconstruction indicate that local near surface sol-
ubility is greatly enhanced [84]. The maximum doping concentration is about
5-10'cm™2. Over this concentration, hopping conductivity is observed at
room temperature (RT) as dominant carrier transport mechanism. Clear ther-
mal activation of the carriers has been observed for lower P-concentration films.
The activation energy was in this case 0.6eV [85,86]. A clear diode charac-
teristic has been observed from the pn junction formed with a P-doped n-type

diamond thin film grown on a B-doped p-type diamond thin film [71,87]. In
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2005, (001) oriented single crystalline P-doped films were grown [88], resulting
in a highly efficient UV-emitting pin-junction [89].

Other species have been considered to act as n-type dopants, like Li or Na.
Although they looked theoretically promising as interstitial donors [90], no n-
type properties were experimentally observed [91,92]. Also, high-conductivity
n-type diamond was achieved by deuteration of particularly selected homo-
epitaxially grown (100) boron-doped diamond layers [93]. Deuterium diffusion
through the entire boron-doped layer leads to the passivation of the boron
acceptors and to the conversion from highly p-type to n-type conductivity due

to the formation of shallow donors.

1.6 Diamond/metal interfaces

Diamond is the only wide band gap representative of the elemental semicon-

ductors and its surface properties are of fundamental importance.

The interface between semiconductor and metals plays an essential role
in technological applications. This interface determines the properties of the
contacts. As a result, we can have two types of contacts: rectifying contacts (or
Schottky contacts) with finite barrier for charge transfer and ohmic contacts
with vanishing barrier for the transfer of charge. By choosing the right metal
deposited on hydrogenated diamond surfaces, one can obtain either Schottky
or ohmic contacts. In the case of a p-type semiconductor, the energy barrier
for charge transfer, also called the “Schottky barrier height” (SBH) is given by
the energy difference between the Fermi level and the maximum energy of the
valence band (VBM) at the interface.

If the semiconductor and the metal are separated from each other, the
common vacuum levels determine the band alignment [94], see Fig. 1.12. On
the other hand, when the semiconductor and the metal are joined a space
charge region, which extends into the semiconductor over tens to hundreds of
nanometers, is formed. This induces a surface charge layer at the metal surface.
As a result the two Fermi levels align (Fig. 1.12).

Within the Schottky limit [95] the SBH is the same as derived in the case

of the vacuum interface and is given by the work function ¢ of the metal and
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Figure 1.12: The formation of the Schottky barrier for p-type
semiconductor (see text for details).

the electron affinity x of the semiconductor:

SBH Er — EVBM(interface) (16)

= E;+x—¢, (1.7)

where Ey is the gap energy of the semiconductor. This approach assumes that
both surfaces remain unchanged when brought into contact. Therefore, no
modification of the initial surface dipole densities is present. The full contact
potential between metal and semiconductor drops over the semiconductor by
band bending. The electric field can not penetrate into the metal because of
the small screening length in metals [7].

An ohmic contact between the diamond surface and the metal can be ob-
tained by using a metal with a work function ¢ that cancels the first two terms
in Eq. 1.7, leading to a zero SBH. For the hydrogenated diamond surface,
which has an electronic affinity x = —1.3 eV the minimum work function is
¢ ~ 4.2 eV (E; = 548 eV). In other words, all metals with work functions
larger than 4.2 eV should exhibit ohmic contacts on p-type hydrogen terminated
diamond. A number of metals that fulfill this condition has been investigated

on hydrogenated diamond [96]. Surprisingly, it has been found that not all
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these metals obey this rule. The only metals which form ohmic contacts on
hydrogen terminated diamond are the noble metals (Pt, Au, Ag, Cu), while
the more reactive metals (Ni, Al, Sn) form Schottky barriers on hydrogenated
diamond surfaces, although their work functions are larger than 4.2eV. The
explanation for this fact is that noble metal deposition maintains the hydrogen
termination at the interface in contrast to the more reactive metals.

Another approach for obtaining ohmic contacts on hydrogenated diamond
is to reduce the barrier height by using carbide-forming metals such as Ti, Mo
and Ta as metal contacts. Although Ti shows higher resistivity on as-grown
(hydrogenated) surfaces, TiC formation after annealing reduces the contact
resistivity to almost the same value as in the case of Au contact without heat
treatment. The carbide formation on diamond leads to good ohmic contacts,
which can be explained using the defect formation model on the diamond side
of the interface [97].

A third approach depends on recombination in the depletion region of sur-
face defects induced by intentionally damaging the surface of diamond. Conse-
quently, simple metal-semiconductor field effect transistor (MESFETSs) devices
with enhancement and depletion operation have been fabricated from the thin
surface p-type layer, with the coexistence of Schottky and ohmic contacts on
the same surface [98-102].

1.7 Properties and applications of the diamond

surface

Although diamond is basically an insulating material, the control of conduc-
tivity allows for electronic applications. The feasibility of these applications is
based not only on the bulk properties but also on the unique surface properties
of diamond.

E.g., field effect transistors (FETS) have been fabricated by using p-type
semiconductor diamond obtained by boron doping [103]. However, the acceptor
level for boron, which is the only dopant available for practical use, is deep
(0.37eV) and therefore the density of activated carriers remains low. As a
result, the drain current and the operation frequency of conventional device
structures, such as metal-semiconductor field effect transistors (MESFETS)

and metal-insulator-semiconductor transistors (MISFETSs) using low doped p~
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channel, are restricted. In order to improve the properties of diamond devices,
different types of device structure have been proposed: p-i-p type FET [104—
106], delta-doped FET [107,108], and hydrogenated surface channel FET [102,
109]. Single hole transistors or FET have also been fabricated on undoped
H-terminated diamond surface using an electrolyte solution as a gate [110],
combining e-beam lithography and a plasma oxidation treatment [111] or by
local anodic oxidation process [112,113]. The latter process will be discussed

in detail in the next chapter.

However, the devices performance was much lower than expected from the

physical properties of diamond.

The first reason for that is the too low carrier density. Consequently, it
is impossible to realize transistor operation even in p-type diamond because
of the deep acceptor level of boron. Second, the control of channel carriers is
very poor. This is because of the high density of surface states on the diamond
surface when it is clean or oxidized. The third reason is the high Schottky
barrier height, more than 1eV. Because of this fact good ohmic contacts are

very difficult to form.

Polycrystalline CVD diamond could be used as an electron emitter in flat-
panel displays. The idea is based on the diamond property of ejecting electrons
from its surface when it is biased negatively in vacuum. Diamond has negative
electron affinity, in other words the barrier which electrons have to overcome to
escape from the surface is very small, maybe even negative [114]. In practice,
this means that devices based on the electron emission properties of diamond
could be low energy consuming, therefore very efficient. Using a positively
biased grid, the emitted electrons are accelerated towards a phosphorous screen,
which causes light to be emitted. Each emitting diamond crystal, or group of

crystals, would form a pixel on a flat-panel display screen.

The doped CVD diamond films can also be used for electrochemical ap-
plications, especially in harsh or corrosive environments. It has been shown
that conducting diamond electrodes, made of boron-doped CVD diamond films
have a very large potential window in water [115]. This is an advantage when
compared to other electrode materials, such as Pt, which dissociate water at
higher electrode potentials, resulting in the unwanted evolution of hydrogen
and oxygen. The hydrogen evolution rate is much slower when diamond-based

electrodes are used, implying much higher electrode potentials can be used.
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As a consequence the chemistry of redox couples can be studied, which would
otherwise be inaccessible [116]. Finally CVD diamond is a very promising ma-
terial for biosensor fabrication due to its chemical inertness and the ability to
make it electrical semiconducting that enables the connection with integrated
circuits [117,118].

In this thesis we have investigated the electronic properties of the hydro-
genated diamond surface by modifying its conductivity. We have developed
a method for creating submicrometer scale patterns used for fabricating the
electronic devices. We combine the photolithography technique using a double
layer positive photoresist, and the local anodic oxidation using a conductive
cantilever of AFM on undoped H-terminated diamond surface.






Chapter 2

Experimental techniques

2.1 Introduction

In this chapter we introduce the most important experimental techniques used
to fabricate and to study the H-terminated CVD diamond film. For the sample
growth, the microwave plasma enhanced chemical vapor deposition (MW PE
CVD) technique plays an important role and it is briefly described in the next
section. Then, an overview of the thin metal film deposition and the lithography
techniques used to pattern and to locally modify the sample are given. Finally,

the measuring techniques are described.

2.2 Sample preparation techniques

In order to create submicrometer patterning used for electronic applications on
hydrogenated diamond surface, the sample surface needs to be very flat and
perfectly hydrogenated. In order to achieve this a combination of techniques
is needed for sample growth, surface characterization, metal deposition and

lithographic patterning (photolithography and local anodic oxidation).

33
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2.2.1 Microwave (MW) Plasma Enhanced (PE) Chemical
Vapor Deposition (CVD)

Chemical vapor deposition (CVD) is a generic name for a group of processes
that involve depositing a solid material from a gaseous phase.

In 1953 it was proved that diamond showed homoepitaxial growth from
carbon-bearing gas under low pressure [119]. Fifteen years later, Derjaguin [120]
successfully synthesized diamond by the CVD method. The research in this
direction continued and in 1982 the hot filament CVD method was discov-
ered [121,122], followed by development of a microwave CVD method. This
method drew attention, as it was reproducible and able to produce crystals of
good quality [123].

Nowadays, the most used techniques are high pressure, high temperature
(HPHT) and chemical vapor deposition CVD. HPHT method is based on the
imitation of the natural circumstances under which natural diamond is formed.
The CVD method uses a small and simple device and it can be used for coating
in any form with polycrystalline diamond. The most common CVD techniques
are hot filament (HF)CVD and microwave (MW)CVD. Due to their advantages
like high growth rate, high quality, and large area deposition, the (MW)CVD
has become the most preferable deposition technique for electronic applications.

In Fig. 2.1 the complex chemical and physical processes, which occur dur-
ing diamond chemical vapor deposition, are illustrated. First, the process gases
mix in the chamber. Subsequently they diffuse towards the substrate surface.
On their way they pass through an activation region which provides energy to
the gaseous species. As a result, molecules fragment into reactive radicals and
atoms, ions and electrons are created, and the gas is heated up to tempera-
tures of a few thousand K. After the activation region these reactive fragments
continue to mix and undergo a complex set of chemical reactions until they
strike the substrate surface. Here, the species can either adsorb and react with
the surface, desorb again back into the gas phase, or diffuse in the vicinity of
the surface until an appropriate reaction site is found. If all required condi-
tions are fulfilled, the result of a surface reaction is the formation of diamond.
There have been several studies of the gas phase chemistry and it has been
shown [124] that independent of deposition system or gas mixture, diamond
grows when the gas composition was close to and just above the CO tie-line
(see Fig. 2.2). This implies that the diamond growth is independent of the
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Figure 2.1: Schematic of the physical and chemical processes
occurring in the CVD diamond growth

nature of the gas phase precursors. The gas phase chemistry is so rapid that it

simply brakes down the constituent gases to smaller and reactive components.

The essential component in the gas phase mixture is atomic hydrogen, which
drives the whole chemical system. In a plasma system H is created by electron
impact dissociation of Hs. The hydrogen plays an important role in several
processes. First, H keeps the sp® diamond lattice stable. Although the bulk
of diamond is fully sp® bonded, at the surface there are dangling bonds, which
needs to be terminated in some way in order to prevent cross-linkage and
subsequent reconstruction of the surface to graphite. This surface termination
is performed by hydrogen (or sometimes OH groups). Second, it is known that
atomic H etches graphitic sp? carbon many times faster than diamond-like sp®
carbon. This way, the H atoms serve during the growth to remove back to the
gas phase any graphitic clusters that may have formed on the surface, leaving
the diamond clusters behind. Third, H atoms break long-chained hydrocarbons
up into smaller pieces. As a result, the build-up of polymers or large ring
structures in the gas phase, which would inhibit diamond growth, is prevented.

Finally, H reacts with neutral species such as CHy to create reactive radicals
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Figure 2.2: Schematic drawing of the Bachmann triangle
C—H—0 diamond deposition phase diagram [124].

(such as CHj3), which can then attach to suitable surface sites.

Our samples were deposited and hydrogenated by the microwave plasma
enhanced chemical vapor deposition (MW PE CVD) technique in an ASTeX
PDS-17 reactor at the Institute for Materials Research (IMO) at the Hasselt
University, Belgium (Fig. 2.3). The conditions used for the sample growth and
the hydrogenation procedure will be described in detail in Sec. 3.2. Apart from
CVD samples, we have also used 2 x 2mm? samples grown by HPHT technique

from Element Six.

2.2.2 DC magnetron sputtering

In order to create the electronic devices on the CVD hydrogenated diamond
surface we need to prepare first the metal contacts (Ti/Au or Ti/Al). The
metal contacts are used as ohmic electrodes. Then, using optical lithography, a
micrometer lithographic pattern on the sample surface is created. The device
isolation is achieved by eliminating the surface conductive layer during exposure
of the surface with an Ar* ion beam, while a metal (usually Au) works as a
stopping mask for the Ar™ ions.

Although it is a very old technique, the sputtering process enables with the

advent of modern vacuum technology the deposition of thin films of very high
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Figure 2.3: Photo of the ASTeX PDS-17 reactor at the Insti-
tute for Materials Research (IMO), Hasselt University, Belgium.

quality.

In Fig. 2.4 a schematic drawing of our Microscience DC magnetron sputter-
ing chamber is shown. The sputter chamber has a base pressure of 5-10~8 mbar.
During deposition, the chamber is filled with a very low pressure atmosphere of
Ar gas (up to a partial pressure of 10~2 mbar), which is ionized, forming a glow
discharge plasma. Permanent magnets behind the electrode form a toroidal
field which confines the plasma in a ring close to the target. Positive Ar ions in
the plasma are pulled down towards the electrode by the applied voltage and
strike it with a kinetic energy of several hundreds eV. This powerful impact
removes material from the target. During this process secondary electrons are
also produced, causing further ionization of the Ar gas.

Because the ejection of the atom involves a cascade of collisions, only a small
fraction of the energy of the incident particle will reappear as the energy of the
sputtered atom. An important parameter is the sputtering yield S, defined as
the number of target atoms ejected per incident ion:

3aa. dmym; FE

=___ a7 _— 2.1
471'2 (ma + mi)Q U07 ( )

with m;, m, the mass of the target atom and of the incoming Ar atom, respec-
tively. « is a monoatomic function of m;/mg, Up is the surface binding energy
of the target and F is the energy of the ion (up to E = 1keV).
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Figure 2.4: Schematic diagram of the DC magnetron sputter-
ing chamber

The current, which is proportional to the sputter rate, is used as the sputter
parameter, while the voltage is adjusted automatically and keeps the current
at its set-point value. Therefore, the sputter parameters that influence the rate
of sputter deposition are the current, the partial Ar pressure and the height
of the sample above the target. By choosing carefully all these parameters
one can have a finer degree of control over film growth than is possible with
evaporation techniques. The deposition of Ti and Au film, which is discussed
in this thesis is done with a current of 50mA and 20 mA, respectively, in an Ar
pressure of 2 - 1072 mbar. The height of the sample above the target material
was set at approximately 3 cm.

2.3 Characterization of the homoepitaxial CVD

diamond surface

Scanning Probe Microscopy (SPM) includes a range of microscopy techniques,

which involves scanning a sharp tip across the sample surface while monitoring
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the tip-sample interaction to create a high-resolution image. The most widely
used techniques from the SPM family are atomic force microscopy (AFM) and
scanning tunneling microscopy (STM). However, many other SPM techniques
have been developed, providing information on differences in friction, adhe-
sion, elasticity, hardness, electric fields, magnetic fields, carrier concentration,
temperature distribution, spreading resistance, conductivity, etc.

In this thesis, the atomic structure, defects and surface reconstruction of the
hydrogenated diamond surface are analyzed with an ultra high vacuum (UHV)
STM technique. We also use the AFM in order to characterize the diamond
surface (morphology, roughness) and to visualize and locally modify the hydro-
genated pattern obtained by the photolithography technique. Additionally, for
the characterization of the electrical properties (surface potential, conductivity)

of the p-type layer we use the electrostatic force microscopy (EFM).

2.3.1 Scanning tunneling microscopy (STM)

Scanning Tunneling Microscopy (STM) is a technique that was invented in the
early eighties of the previous century [125,126]. This technique enables us to
image surfaces with atomic resolution [127]. The operational principle of an
STM is illustrated in Fig. 2.5. Using a tip, the microscope scans the sample
surface. The tip is moved in the z, y and z directions (with an accuracy
down to one percent of an angstrom) with the aid of a piezo-electric actuator
that shrinks, expands or bends, depending on the electrical potentials applied
to its electrodes. By applying a small voltage bias between tip and sample a
tunneling current appears. This is due to the fact that at a few atomic spacings
distance between the tip and the sample their electronic wavefunctions will
start to overlap and the electrons can tunnel through the vacuum barrier. The
tunneling current I is exponentially dependent on the distance s between tip
and sample and varies linearly with the applied bias V;. For small tunneling

voltages, the tunneling resistance R; is given by the following equation:

E_ﬁ%’slo
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where [g is the decay length for the wave function (of the order of 0.1 nm), A

R, =

2s
el (2.2)

the effective tunneling area (typically of the order of several nm?) and h/e? is
the quantum resistance. Because the tunneling current depends exponentially

on the tip-sample distance s, the increase of this separation by 0.1 nm implies
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Figure 2.5: Schematic drawing of an STM. When a bias volt-
age is applied to the sample, a tunneling current will flow. In
order to keep the tunneling current constant, a feedback circuit
continuously adjust the height of the tip as it is scanned over the
surface. This way, a topographic map of the surface is obtained.

a current decrease of one order of magnitude [128]. This makes the STM a very
sensitive instrument, with high spatial and vertical resolution.

The STM system operates in two different modes: constant current mode
and constant height mode.

In constant current mode a feedback circuit regulates the z position in order
to keep the current constant when the tip is moved in = and y directions. This
way, by recording the z coordinate as a function of x and y, a topographic
map of the surface is obtained. Since the tunneling current measures the over-
lap between wavefunctions, by STM one does not measure pure topography.
Instead, the electronic and topographic information is mixed in the resulting
image. The image that comes from the tip topography across the sample gives
a constant charge density surface. This means that contrast on the image is

due to variations in charge density. In the case of simple metals this is usually
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not so important, but in other cases (e.g. oxides) one should also take this fact
into account when interpreting atomic scale images. The dependence of the
tunneling current on the distance between the tip and the sample has a strong
influence on the resolution of the STM. Although the overall radius of the tip
may be relatively large, the local protrusion that is closest to the surface will
completely dominate the tunneling current. Therefore, STM images of flat sur-
faces have very good spatial resolution. However, when the surface is not flat,
the macroscopic size of the tip may become important, because it broadens the

high features in an image.

In constant height mode, the probe is scanned at a fixed height above the
sample without using a feedback loop. As a result, the voltages controlling the
z-movement are kept constant. While the tip is scanning at a fixed height, the
tunneling current is recorded and displayed on the computer screen.

Nowadays (UHV)STM is a standard analysis method for the study of sur-
faces. STM images provide a significant added value to other well-known vac-
uum analysis techniques. By using ultra-high vacuum one can achieve atomic-
resolution imaging of atomically clean surfaces, which would otherwise be con-
taminated immediately in air. Another advantage of (UHV)STM is the possi-
bility of studying the surfaces without changing (oxidizing) them.

Our measurements were performed with a commercially available STM
(Omicron NanoTechnology, see Fig. 2.6) which operates under ultra high vac-
uum (UHV) conditioins at a base pressure in the 10~!! mbar range and at low
temperatures (down to 4.5 K).

It is also possible to monitor the tunneling current as a a function of the
applied voltage, while keeping the tip at a fixed distance from the sample
surface at a particular location. This results in an I(V) curve from which the
local density of states (dI/dV) can be obtained. This technique is referred to as
scanning tunneling spectroscopy (STS) [129]. Additional to measuring the local
density of states of a sample at one particular location, STS can also perform
spatially resolved mapping. This way, it is possible to image simultaneously the
sample topography and to record I(V) curves at every location of the predefined
grid [130]. This technique is called current imaging tunneling spectroscopy and
allows to correlate differences in the surface electronic structure to the sample
morphology.

In the case of diamond the STM and STS techniques have been used to
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Figure 2.6: Photo of the commercially available STM system
(Omicron NanoTechnology) which was used for our measure-
ments.

determine the surface morphology and quality as well as the local surface elec-
tronic properties. E.g., atomically resolved STM pictures visualizing the 2 x 1
surface reconstruction of the (001) have been obtained [131-134]. A typical
STM image showing the surface reconstruction is shown in Fig. 2.7. Addi-
tionally, it was shown using STM that exposure to atomic hydrogen is able
to improve the surface reconstruction and etch away the amorphous regions,
providing the mechanism for the growth of smooth diamond (100) films [135].

2.3.2 Atomic force microscopy (AFM)

The atomic force microscope (AFM), or scanning force microscope (SFM) was
invented in 1986 by Binnig [136]. In Fig. 2.8 a schematic drawing of a typical
AFM setup is given. Nowadays, the AFM is an essential tool for measur-
ing surface topography on a scale from angstroms to 100 microns. The main
component of the AFM is the cantilever. A tip, positioned at the end of the
cantilever, is used to sense a force between the sample and tip. The tip is held
several nanometers above the surface and it is able to measure interactions of
the order of nN.

The AFM can record the force felt by the tip when brought close to and/or
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Figure 2.7: UHV STM image of diamond (100) (2 x 1):H
surface exposed to atomic hydrogen acquired using a sample
bias of 1.5V [135]
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Figure 2.8: Schematic overview of a typical atomic force mi-
croscope (AFM).
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Figure 2.9: Interaction force as a function of distance (tip-to-
sample separation).

indented into the sample surface and then pulled away. The force is measured
as a function of the deflection of the tip on the cantilever. There are two main
contributions to the measured force. The first contribution consists of polariza-
tion forces and the second contribution consists of quantum-mechanical forces,
which give rise to covalent bonding and to repulsive exchange interactions. Us-
ing this technique, both attractive and repulsive forces between the tip and
the sample surface can be measured. At small distances between the tip and
the sample the force is repulsive, it drops to zero around 0.3nm and than be-
comes attractive. The phenomenological Lennard-Jones potential combines the
attractive and repulsive potentials:

U(r) = 4U, [(U)u = (0)6] . (2:3)

r T

In Fig. 2.9 the dependence of the interaction force on the tip to sample distance
is shown. When the tip is scanned across the surface, the tip deflection will be
the result of a change in topography. Therefore, by measuring this deflection,
the topography can be obtained (constant height mode). This method works
only for surfaces with limited corrugation. Another possibility is the constant

force mode. In this case the force between tip and sample is always kept
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constant by adjusting the height of the tip. This can be done by changing the
z-voltage, which is applied to the piezo and moves the sample up and down.
Plotting this voltage during the scan provides the topography of the sample.

There are three distance regimes: the contact regime (C-AFM), where the
tip is touching the surface and the force is repulsive (typically, 107N < F <
10792 N), the non-contact regime (NC-AFM) and intermittent-contact (I-AFM).

The C-AFM regime has the disadvantage that the tip can be easily dam-
aged when working with (very) hard samples. Moreover, the samples can be
mechanically or chemically modified.

In the NC-AFM regime the cantilever is oscillating in the attractive regime
(due to the attractive van der Waals force). The tip is very close to the surface
of the sample (a few nanometers), but it does not touch the sample, hence
“non-contact”. The forces between the tip and sample are quite low, on the
order of pN (10 x 10712 N). This regime is based on measuring changes to the
resonant frequency or amplitude of the cantilever.

The third method, I-AFM, is a combination of the first two regimes. It is
also known as the “tapping mode” or the “intermittent contact mode”. The
cantilever oscillates closer to the sample than in the NC-AFM mode. Part of
the oscillation extends into the repulsive regime, hence the tip intermittently
touches (or “taps”) the surface. Using I-AFM, the lateral forces, which are
present in the C-AFM mode, are eliminated. Therefore in the I-AFM mode
the lateral resolution is much improved. This fact can be clearly seen for poorly

adsorbed specimens on a substrate surface.

We use the AFM for the CVD diamond surface characterization. Using
contact AFM mode was not possible in this case because it involves contin-
uous surface-tip contact, which leads to parasitic adhesive and shear forces
between the tip and the diamond film surfaces. Besides, the AFM tip becomes
practically unusable after a few scans over the diamond film surface due to
an “abrasive” effect. The surface-tip contact is absent in non-contact mode,
but spatial resolution is restricted by the surface-tip separation. These prob-
lems were avoided using the “tapping mode”, in which surface-tip contact is
intermittent. Also, tapping parameters were optimized to avoid the switching
effects observed in Ref. [137], by checking the correspondence with the contact
AFM images.

The AFM can also be used for characterizing other properties of the sur-
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Figure 2.10: Comparison between variation of the force given
by Eq. (2.3) (black solid curve) and the electrostatic force (red
dashed curve) for a spherical Si tip and a diamond surface. Tip
radius and bias voltage are 100 A and 2V, respectively.

face such as elasticity and friction and to measure electrical properties (by
electrostatic force microscopy) and magnetic properties (by magnetic force mi-
croscopy).

In order to distinguish the electrostatic force from the van der Waals at-
traction, one can rely on the different distance dependence of these forces: the
different dependence is illustrated in Fig. 2.10. At larger distance the van der
Waals force drops to zero much more rapidly than the electrical force. As one
can see from the graph at a distance of 4 nm the electrical force is 200 pN, while
the van der Waals force is 40 pN. Moreover, the AFM technique can be used
as a local probe to modify the surface. This will be discussed in more detail in
Section 2.4.

2.3.3 Electrostatic force microscopy (EFM)

The Electrostatic Force Microscope is a modified AFM, where the conductive
cantilever is connected to an independently controlled bias voltage. The bias

voltage is used to create an electrostatic field between the tip and the substrate.
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The EFM can simultaneously measure the morphology of the surface and the
electrostatic force as a function of position. Using a nanoscale proximal probe
gives the ability to measure both topographic and electrostatic information
with nanometer lateral resolution. Because of its high resolution capability the
EFM is a powerful tool for characterizing electronic properties at the nanometer

scale.

The contact potential difference

The total electrostatic field near the surface of a sample is the result of many
different effects. One of the most significant contributions is from the contact
potential difference (CPD). A CPD appears when crystalline objects are placed
in the vicinity of each other so that they form a junction. This potential dif-
ference results from the equilibrium of both the temperature and the chemical
potential throughout the junction [138].

The presence of defects near the surface of a metal or semiconductor lead
to the formation of areas with a net charge [7]. This net charge produces an
electric potential, V4., just outside of the solid’s surface. As a result, in order
to escape the metal, an electron must have a certain amount of energy. The
energy required to bring the electron from its highest occupied energy state
(the Fermi level) to a position just outside of the metal’s surface is equal to the
difference between the Fermi energy and the electrostatic potential energy:

Evac = _evvac (24)

This energy is defined as the work function ¢ of the metal.

When crystalline solids are connected together so that the transfer of elec-
trons is possible, the electrons will reach thermal and diffusive equilibrium.
Therefore, the temperature and Fermi level (chemical potential) of the solids
become uniform throughout the junction [138]. By a transfer of charge from
one solid to the other, the two Fermi levels are aligned. This charge creates
an electrostatic field between the surfaces of the junction. The potential dif-
ference that now exists across the junction is referred to as the CPD. Since the
magnitude of the work function is constant and independent of the position of
the Fermi level, the CPD can be described as a difference between the work
functions of the two solids.

For instance, let us consider the case of two different metal electrodes with
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Figure 2.11: Energy band diagram of two metal electrodes
(a) before and (b) after an electrical connection is made between
them.

different work functions, ¢, and Fermi levels, Er. The initial energy levels of

the electrodes prior to the formation of the junction are (Fig. 2.11(a)):

¢1 = Eyq. — Ep, (2.5)

vac

and
¢o = E2,. — E%. (2.6)

vac

A contact potential difference (CPD) appears when the two metals are con-
nected together in a way that allows the electrons in the metals to reach thermal
equilibrium [139] (Fig. 2.11(b)). In order to bring the electrons into equilib-
rium, some charge will flow from one metal into the other. As a result, each
electrode has a net surface charge. This charge causes the Fermi levels in each
metal electrode to shift until they coincide: EL = E%. The net transferred
charge resides on the surface of the electrodes and creates an electrostatic po-
tential difference AVeopp between them.

When an electron is removed from the Fermi level of one electrode (with
work function ¢!) and placed into the other one (with work function ¢?) at the

same Fermi level, the required work W is:
W =¢' — ¢° (2.7)

In order to conserve the system energy, the work done by moving the electron
across the potential difference, —eAVepp and the difference between the work

functions must be equal:

—eAVepp = ¢ — ¢°. (2.8)
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Therefore, by measuring the CPD one can determine the difference in the work
functions of the metal electrodes.

In addition to the electric field produced by thermodynamic equilibrium,
regions of trapped charge could also exist on the surface of the electrodes. The
trapped charge will create its own electrostatic fields. In this case, the overall
net field between the electrodes will be a superposition of the electric fields
produced by the different charge densities. However, the trapped charge can
be treated as a modification of the work functions of the electrodes, allowing
the CPD to be expressed as a difference in work functions.

A device used to measure the CPD is referred to as a Kelvin probe [140]. The
Kelvin probe technique is based on measuring the potential difference between
a sample with an unknown work function and a reference electrode that has a
known work function. This technique has proven to be a very valuable tool for
probing the work functions of metals and semiconductors [141-144].

Similar to the macroscopic Kelvin probe method, one of the variants of
EFM, which is known as a Kelvin probe microscope (KPM), balances the po-
tential difference that exists between a sample and a conducting AFM tip using

an applied bias voltage.

Operational Principles

There are two different types of measurements that an AFM can perform in
EFM mode. The first one maps electrostatic forces on the surface of the sample,
and the second (which is known as Kelvin probe microscopy) images the surface
potential of the sample using Kelvin probe method. The first method measures
the changes in the internal electric field of a sample by monitoring the force on
the scanning tip. The surface potential method measures the surface voltage
on the sample by adjusting the voltage on the tip. The voltage applied to the
cantilever is adjusted in such a way that a constant oscillation amplitude or
deflection is maintained.

In order to understand how an EFM works, let us consider a conducting
cantilever tip with radius ~ 20nm at a distance of about 10 — 100 nm from the
sample. The tip is vibrating with a frequency w, near its resonance frequency
wo (Fig. 2.12). By connecting the cantilever to a controlled bias voltage, one
can modify the tip-sample potential difference. A force detector located behind

the cantilever detects the electrostatic force created by the modification of the
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Figure 2.12: Schematic drawing of an EFM

tip-sample potential difference, as well as additional surface forces. The total
force acting on the tip-cantilever system has at least three contributions: the
mechanical force due to the piezovibrator, the van der Waals force and the
electrostatic force [145]:

1dC
Fio1(z0,t) = k(z — 20) sinw,t — Fyaw — §d—AV2, (2.9)
z

where zg is the equilibrium separation distance between the sample and sub-
strate and the third term represents the component of the electrostatic force
that the EFM measures. There may also be a Coulomb force due to the in-
teraction of the tip’s trapped charge with its image (Fjmnage). Hence, the total

force acting on the tip can be written as [145]:

Fiot(z0,t) = k(z — 20) sinw,t — Fyaw — Fimage — %%sz. (2.10)
There are well established techniques which measure the % term in Eq. 2.10
[146-148]. We know that the electrostatic force probe monitors the component
of the force due to the capacitance gradient of the tip-sample system. In order
to eliminate the electrostatic force acting on the tip, a bias voltage is placed
on the tip to modify the AV that exist between the tip and the sample. This

bias voltage is a combination of a DC offset voltage (V4;p) and AC modulation
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voltage driven at wy. The contact potential difference between the tip and the
sample becomes:

AV = Vigmpie(@,y) — Viip + Vaesinwit), (2.11)

where Vigmpie(,y) is the potential of the surface and V. is the amplitude of
the dither voltage. Note that Viumpie is composed from the term corresponding
to the tip-sample work-function difference (@sampie — Prip)/e and the voltage
V(x,y) within the sample which can be induced on the sample surface, for
example, by current flow from an external source, (see below). As a result, the

force due to capacitance gradient of the tip-sample system can be written as:

1 1
dC \\,» __1dC

2
2 dz _55 (‘éample(xay) - V;tzp)

Vi
+2 (Vsampie (2, y) — Viip) Vae sinwit + 5 (1 —cos2wit)|. (2.12)

The easiest and simplest way of performing electrostatic surface measure-
ments is to keep the voltage applied to the tip, V;p, constant. By scanning the
surface with this constant voltage we can obtain the electrostatic force and to-
pography as a function of position. The maps obtained in this way display the
relative changes in the electrostatic force due to the varying surface potential
of the sample. The electrostatic force measured in this type of EFM imaging is
a combination of interactions of the tip and cantilever with the substrate. The
nanometer-size variations in the EFM image are due to the local interaction
of the surface with the tip. This is because the dimensions of the cantilever
are several orders of magnitude larger than the actual tip and therefore, the
electrostatic force acting on the cantilever results from the interactions with a
large area of the substrate, masking any nanometer-sized variations in the sur-
face potential. The relative polarity of the surface potential is determined by
monitoring the phase of the w; component. In this way one can obtain informa-
tion on the polarity of charge densities on the surface of the sample [148-151].
One has to be aware of the fact that this method of recording the electrostatic
potential variation cannot provide an accurate measure of the surface potential.

In order to achieve a more reliable map of the potential of the surface, a
controlled modification of the electrostatic force acting on the tip is required
(similar to the Kelvin probe). This is done by a feedback circuit which mea-

sures the magnitude of the electrostatic force and actively modifies the tip bias
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voltage Vi, in such a way that the amplitude of the w; component is zero.
One can then record Vi;, as a function of position and in this way the map
of the actual Viampie(2,y) can be obtained. However, in this method the lat-
eral resolution is reduced. This is because of the large area interaction of the
cantilever with the substrate. The electrostatic force acting on the cantilever
can dominate the forces experienced by the tip. When the feedback system
eliminates the w; component, the applied voltage will mostly be the measured
potential of a large area of the sample’s surface.

It is possible, using these methods, to perform simultaneous measurements
of both the surface topography and the electrostatic force. This way one can
correlate the surface potential with topography [152].

One can also perform EFM using the two pass technique. The first scan is
performed to obtain the topography by scanning the tip near the surface, in
the region where the van der Waals forces are dominant, as it is done in non
contact AFM. Before the second scan, the system lifts the tip and increases the
tip-sample distance in order to place the tip in the region where electrostatic
forces are dominant. The tip is then biased and scanned without feedback,
along the topography line obtained from the first scan. During the second scan
tip-sample distance is maintained constant. The topography line is the line of
constant van der Waals force, i.e., the van der Waals forces applied to the tip
during the second scan are constant. Therefore, the only source of the signal
change is the change in the electrostatic force. As a result, a topography free
EFM signal can be obtained from the second scan.

Another method to produce a higher resolution measurement of the surface
potential is the EFM-phase mode [153]. Analytical calculations and experimen-
tal results have shown that EFM-phase mode can achieve improved resolution
by measuring the force gradient induced phase shift, which is a function of
the local surface potential. The phase shift is related to the surface potential
indirectly, therefore quantification of the EFM-phase measurement is needed.
During an EFM measurement, the main scan records the surface topographical
data in an intermittent contact (tapping) mode [154]. Then the tip is lifted,
kept at a fixed height above the surface, and biased with respect to the sample.
At distance z from the sample, the tip experiences an electrostatic force:

1dC

F(z) = §E(AV)2, (2.13)

where C' is the capacitance between the probe and the sample, and AV is the
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potential difference between the tip and the sample.

During the interleave scan, the tip is mechanically driven in oscillation and
the tip’s resonant frequency and the phase shift due to the electrostatic force
gradient dF'/dz are measured. For small force gradients, the resonant frequency

and phase shift are respectively [155]:

_ _wodF

Aw = 5k 4o (2.14)
_ . (QdF

A¢p = arcsin (k ) (2.15)

where k is the spring constant and @ is the quality factor of the cantilever.
In parallel with the conventional topography image the EFM electronics also
record the phase shift. From Eq.( 2.13) we can infer that

dF(z) 1d%*C 9
=-———(A 2.1
and therefore the phase shift can be written as:
2
A¢ = — arcsin (icclizg(AV)z) (2.17)

In other words, the phase or frequency shift is a function of the potential
difference AV between the tip and the sample, and the resolution of the EFM-
phase method is determined by the lateral distribution of d>C'/dz2. This phase
shift will always be negative, because d?C/dz? is positive. The electrostatic
force between the tip and surface is attractive because dC/dz is negative. In
order to calibrate quantitatively the EFM-phase measurement one has to relate
the phase shift directly to the local surface potential. Moreover, the calibration
has to be performed on a flat sample with known surface potential.

It has been shown that the EFM can be used for the accurate detection
of the electrostatic forces and therefore is a sensitive tool for imaging surface
dielectric properties and for potentiometry [156]. A very convenient method to
measure the tip sample capacitance is to apply an ac voltage at a frequency
w1 to the tip and using an interferometer to detect the induced oscillations.
The tip sample distance z is fixed by a feedback loop and can be adjusted by
changing the set point which determines the oscillation amplitude at the res-
onant frequency wg. This way, the stability of the experiment is increased as
well. By choosing the frequency of the bias voltage wy to be at a cantilever res-

onance, the induced oscillation amplitude is increased and this way very small
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capacitance changes can be detected. The sensitivity is comparable to that
of a scanning capacitance microscope [157] with enhanced resolution. In the
case of both ac and dc detection the signal depends only on the part of capac-
itance that varies with the tip sample distance. However, the ac method has
the advantage that it can simultaneously provide measurements of capacitance
and topography. This method can also be used to map the spatial variation
of voltage on a sample. A similar potentiometry has been performed with the
tunneling microscope [158], but it is then limited to samples with conductive

path exposed in order to allow the tunneling current to flow.

Lateral EFM measurements

The standard EFM can be adapted to perform lateral electrical measurements
rather than the sample work function distribution ¢sgmple (2, y). A device usu-
ally containing two electrodes is used [159,160]. One contact is grounded while
the other one is biased with V., as shown in Figure 2.13. Hence, a voltage
distribution V(z,y) is produced due to current flow on the sample surface,
in addition to the sample work function distribution ¢sampie(2,y) (in standard
EFM). An ac voltage V.. is applied to a conductive tip. The tip is then scanned
across the sample surface, while the variations of the local electrostatic interac-
tions between the current-carrying sample and tip are recorded. The changing
of first harmonic component (the term proportional to sin(wit) in Eq. (2.12))
of the electrostatic force is proportional to both Vg and Vigmpie (%, y) — Viip-
Here

Viampte(,) = 220 Z 000y () (2.18)

is the local dc voltage applied between the tip and the sample. The tip then
acts as a local voltmeter. Local changes in this voltage distribution can then
be correlated to local conductivity differences. Using this mode of operation of
the EFM set-up, it becomes possible to simultaneously map the topography,
the voltage distribution V' (x, y) over a current-carrying film, as well as the work
function distribution of the film, allowing to directly compare morphological
structure and local electrical properties

The surface potential difference between an H-terminated surface and a
locally oxidized diamond surface produced by an atomic force probe has been
investigated using Kelvin probe force microscopy [161,162]. It has been shown

that the potential of the H-terminated diamond surface is 0.1V higher than
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Figure 2.13: Set-up for the lateral EFM measurements on
current-carrying conductive film.

substrate

that of the oxidized diamond surface. The surface potential difference can be
interpreted in terms of the positions of the vacuum level, the Fermi level, and
the conduction and valence band edges, when negative electron affinity and
p-type surface conduction are assumed for the H-terminated diamond surface.

For our work the results of the locally oxidized (highly resistive) and hy-
drogenated (conductive) diamond regions were obtained with a modified com-
mercial AFM system (Autoprobe M5, Veeco Instruments, see Fig. 2.14), which
operates in contact AFM and in dynamic (non-contact) modes and allows us to
perform local anodization under controlled humidity conditions as well as imag-
ing of topography and surface potential [163]. Also, EFM was used to map the
voltage distribution of a current-carrying H-terminated diamond surface [164].
Finally, the EFM method was also very useful to probe the contact resistance
and to locate interruptions in the conductivity of devices that are fabricated

on an H-terminated diamond film surface by lithographic patterning.

2.4 The lithographic patterning techniques

I3

The word lithography is derived from Greek and literally means “writing on
stone”. This process was used for the first time in 1796 by Aloys Senefelder
on the Bavarian limestone (which is still considered the best material for art
printing). Nowadays, this word is used in a much broader sense, describing all
kinds of processes that involve the reproduction of a pattern onto another

surface. For patterning a surface (and eventually create devices) one uses
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Figure 2.14: Photo of the modified commercial AFM system
(Autoprobe M5, Veeco Instruments), which was used for our
EFM measurements. The sample is grounded, while a negative
bias is applied to the tip.

an exposure tool, mask and resist [165-167]. The process of fabricating very
small structures, of order of hundreds of nanometers, is generally referred to as
nanolithography.

2.4.1 Optical lithography

Optical lithography is the main patterning technique used in the industrial pro-
duction of semiconductor devices. It is a lithographic process that uses visible
or ultraviolet light to create a pattern image on the surface of a wafer coated
with a photo sensitive material, called photoresist. For protecting the areas
of the photoresist layer that should not get exposed to light, patterned masks
are used. These masks are usually made of glass or chromium. The exposure
to light and the development of the photoresist in a developer solution after-
wards determines which areas of the wafer are exposed for material deposition
or removal. There are two types of photoresist materials: negative and positive
photoresists.

Negative photoresists are polymers combined with a photosensitive com-
pound. During exposure the photosensitive compound absorbs optical energy
and converts it into chemical energy. The chemical energy is used to initiate

a polymer linking reaction. This reaction causes cross-linking of the polymer
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molecules. The cross-linked polymer has a higher molecular weight and be-
comes insoluble in the developer solution. When introduced in the developer
solution only the unexposed areas are removed. However, in the development
process the whole resist mass swells by absorbing developer solvent. This is a
drawback of using a negative photoresist, since it limits the resolution.

On the other hand, positive resists are resists that become more soluble
in the developer when exposed to light, forming positive images of the mask
patterns on the wafer. The positive resist consists of three compounds: a pho-
tosensitive compound, a base resin, and an organic solvent. Prior to exposure,
the photosensitive compound is insoluble in the developer solution. During ex-
posure, the photosensitive compound absorbs radiation in the exposed pattern
areas. As a result it changes its chemical structure, and becomes soluble in the
developer solution. After development, the exposed areas are removed.

The steps in the transfer of patterns from a masks are the following: the
wafer is held on a vacuum spindle, and about 1 cm? of liquid resist is applied to
the center of the wafer. The wafer is then rapidly accelerated up to a constant
rotational speed, which is maintained for about 30s. The thickness of the

resulting resist film, [, is given by

(viscosity)(percent solid content inresist)

I ~ (2.19)

(spin speed)1/2
Spin speed is generally between 1000 rpm and 10000 rpm to give a uniform
film of about 0.2 pum to 1pum thick. This procedure can also be applied to
multilayer resist systems. After the spinning step, the wafer is given a pre-
exposure backing (between 80°C and 150°C). This step is done in order to
remove the solvent from the photoresist film and to improve resist adhesion
to the wafer. Then the wafer is aligned with respect to the mask aligner and
the resist is exposed to UV light. The exposed resist is then dissolved in the
developer. Finally, the resist is stripped using solvent or plasma oxidation,
leaving behind an insulator image (or pattern) that is the same as the opaque
image on the mask. For the negative photoresist the procedures described
are also applicable, except that the unexposed areas are removed. The final
insulator image is the reverse of the opaque image on the mask.

A related pattern transfer process is the lift-off technique presented in
Fig 2.15. Also in this case a positive resist is used. The film is deposited

over the resist and the substrate. Then, portions of the film on the resist
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Figure 2.15: The main steps of the lift-off process for pattern
transfer.

are removed by selectively dissolving the resist layer in an appropriate etch-
ing liquid. This way the overlaying film is lifted off and removed. The lift-off
technique is capable of high resolution and is very used for discrete devices,
like high-power MESFETSs. The minimum feature that can be printed with an
optical lithography system is given by the Rayleigh equation:

kA

Winin = NA (2.20)

where k; is a dimensionless scaling parameter, A is the exposure wavelength and
N A is the numerical aperture. In order to pattern devices with smaller feature
sizes, photoresist exposure wavelengths have to be reduced and/or numerical
apertures needs to be increased. The smallest line patterns, which have been
created until now have a width of 29.9 nm and were obtained by IBM in 2006
using deep-ultraviolet (A = 193 nm) optical lithography [168].
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2.4.2 Scanning probe lithography

Scanning probe lithography (SPL) refers to an area of research in which na-
nometer-scale patterning is achieved using a scanning tunneling microscope
(STM) or an atomic force microscope (AFM). One way of patterning the sam-
ple is mechanically, by scratching or local heating with a sharp tip. However,
a more elegant method uses the tip to oxidize the material in a specific pat-
tern. This can be achieved with an AFM. In this section we will discuss the
most relevant scanning probe microscopy (SPM) based lithographic patterning

techniques.

Chemomechanical patterning

As we have already mentioned above, one can pattern a sample by exerting
mechanical forces on its surface using the AFM tip. However, this method of
modifying the surface is not used very much nowadays. This is because the
of the poor reproducibility and tip degradation. When scratching the sample
the tip is irreversible damaged (blunted). Nevertheless, this approach of pat-
terning the surfaces has been revisited and reapplied [169-172]. The reason for
this comes from the fact that, on one hand, state-of-the-art AFM technology
allows the modulation of forces with nN accuracy. On the other hand, using
soft layers such as self-assembled alkyl thiol monolayers as sacrificial layers al-
lows material removal without tip degradation. Usually mechanical removal is
accompanied by the deposition of selected molecules that form covalent bonds

with the exposed surface, named chemomechanical patterning.

Dip-pen nanolithography

The dip-pen nanolithography (DPN) process was discovered and developed for
nanopatterning purposes by Mirkin et al. [173,174]. It enables flexible direct
deposition of nanoscale materials onto a substrate. By coating an atomic force
microscope tip with special types of molecules (“inks”), one is able to deposit

well defined lines of the ink in a manner similar to a traditional ink pen.

Field evaporation

Field evaporation is the process whereby atoms are ionized and ejected from
a surface due to the action of a high electric field [175]. It is based on the
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fact that in a sufficiently large electrical field (~ 10'° V/m) and a perturbed
potential transport of atoms can occur. A perturbed potential is obtained when
the tip is brought sufficiently close to a conductive surface. As a result either

“mounds” or “pits” are created on the surface.

Parallel processing

The parallel probe approach was successfully applied to surface modification
for data storage, using arrays of piezoresistive cantilevers [176-178], or for bio-
logical applications using parallel arrays of optical probe devices [179]. Another
example is the patterning of a silicon substrate on the centimeter scale by using
an array of 50 high-speed probes to perform parallel local oxidation. Never-
theless, strong limitations, including the pattern uniformity and reliability of a
large number of probes, represent the main weaknesses for this kind of multi-
probe lithography.

2.4.3 Local anodic oxidation of the surface

Using AFM lithography and electrically conductive tips one can create features
on the target surface. The process is based on anodic oxidation. Due to
atmospheric humidity, an ambient layer of water exists on the surface of the
substrate, which provides the oxygen species necessary for oxidation. Because
of the small distance between the tip and the sample (around 5nm) a water
meniscus is formed. A bias voltage applied to the tip generates a strong electric
field of the order of 10° V/m, which causes hydroxide-ion diffusion and drives
hydroxide ions from the water meniscus to the surface.

Evidence that the generated electric field plays an important role in this
process is given by the dependence of the tip-induced oxidation on tip bias. The
fact that water from the ambient is necessary for the oxidation has been inter-
preted [180] as an indication that the process is analogous to electrochemical
anodization.

In Fig. 2.16 the oxidation process using an AFM is schematically drawn.
When the tip is in contact with the conductive surface and a voltage V is
applied between the tip and the sample, the voltage across the oxide (V) is
not the same as the applied voltage (V). This is because a small part of the

voltage will be across the water layer between the tip and the sample (Viyater)-
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Water layer—_
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Figure 2.16: Schematic draw of the local anodic oxidation
process of a thin electrically conducting film M. When the con-
ducting film is sufficiently thin, the oxide reaches the insulating
substrate and two separated conductive regions are obtained.

The applied voltage is a sum of three voltages:
V= V;&ip + Vwater + Voxa (221)

where Vi, is the voltage across the tip.

This method was applied for the first time on silicon at the beginning of the
90’s of the previous century by Dagata et al. [181]. In this work they modified a
hydrogen-passivated silicon surface by the application of a bias voltage between
an STM tip and the surface. This way surface oxide features were generated.

Subsequently, a slightly different approach, using an AFM with a negatively
biased conducting tip (with respect to the sample), was successfully applied
to induce oxidation [182-185]. The shape of the oxide pattern depends on a
series of parameters, including the writing voltage, the tunneling current, the
relative air humidity, tip material and the sample doping concentration and
type. The effect of all these parameters can be explained in terms of a field
induced process. Understanding the influence of these parameters, one can
optimize the process in order to achieve the highest resolution [186]. Applying
this method insulating oxide lines as narrow as 10nm can be produced [184],
which enabled the fabrication of nanoelectronic devices [112,187-196].

On H-terminated diamond surface the results of local anodic oxidation us-
ing an AFM, vary between inscribed patterns (creation of pits) and elevated
patterns (creation of bumps by oxide formation). Tachiki et al. obtained oxide
patterns that stick out of the diamond surface [197]. Rezek et al. obtained pat-

terns with a depth of about 3 nm in the diamond surface by removing thin non-
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Figure 2.17: The mechanism of anodic oxidation on the dia-
mond surface.

diamond layers from the surface [137]. During the oxidation process of the H-
terminated diamond surface the OH™ ions from the water present between the
tip and the surface are attracted near the anode, and effectively oxidized with
presence of holes (positive charges), as shown in Fig. 2.17. However, the real
chemical composition of the surface is yet unknown. The (100) H-terminated
diamond surface exhibits 2 x 1:H structure, while the insulating region changes
into a 1 x 1 structure and the monohydride dimers disappear [112,198]. The
AFM modification technique of the hydrogen-terminated diamond surface has
been used for the fabrication of various nanoscale devices. For example, in-
plane-gated field effect transistors (FETs) and single-hole transistors (SHTS)
have been fabricated. For the in-plane-gated FETs, local oxidation has been
used to fabricate the gate separation (insulating) area. For SHTS, the same
technique has been used to fabricate both gate separation and narrow tunneling
junctions [111-113]. An AFM topographic image of a single-hole transistor is
shown in Fig. 2.18. The conducting channel between the source and drain is an
H-terminated region (the dark area) and is adjacent to the oxidized insulating
region (the bright protruding region). The size of the isolated H-terminated

region is 70 x 80nm?.

In our work for modifying the hydrogen-terminated diamond surface we
combine photolithography using a double layer positive photoresist and atomic

force microscopy based patterning techniques. This recently developed ap-
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Figure 2.18: AFM image of diamond single-hole transis-
tor [112]. Bright and dark regions represent locally oxidized
(O-terminated) and H-terminated regions, respectively.

proach [199], has been successfully applied for obtaining patterns with tens of
nanometer linewidth [200,201]. The details of the patterning conditions will
be given in Chapter 4.

2.5 Low-temperature transport properties

Our transport properties measurements have been done in a 4He-flow cryostat
using the van der Pauw method [202]. This method, based on the Hall and
magnetoresistance effects, is particulary useful for measurements of materials
that are not easily fabricated into long, uniform bar shapes, as usually required
for reliable transport property measurements. In the van der Pauw method,
the thickness of the sample has to be much smaller than the width and length
of the sample. In order to reduce the errors, it is preferable that the sample
is symmetric. For this kind of measurements one uses a thin-plate sample
containing four very small ohmic contacts placed preferably at the corners of
the plate. Using this method, properties of the material like sheet resistance,
resistivity, sheet carrier density and mobility of the majority carriers can be
obtained. Moreover, the doping type of the material can be determined. For
determining both the sheet density ns and the mobility u, a combination of
Hall and resistivity measurements is needed.

The basic physical principle underlying the Hall effect is the Lorentz force.
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When the electrons move along a direction perpendicular to an applied mag-
netic field, they experience a force acting perpendicular to both the magnetic
field and the particle’s direction of motion. Consequently, the path of the elec-
trons is curved so that moving charges accumulate on one face of the material.
This leaves equal and opposite charges exposed on the other face, where there
is a lack of mobile charges. The separation of charge results in the Hall voltage,
a potential drop across the two sides of the sample. This transverse voltage is
the Hall voltage Vi, which is given by

IB

VH:Wu

(2.22)
where I is the current, B is the magnetic field, d is the sample thickness, ¢
is the elementary charge and n is the bulk density of the carrier electrons.
Sometimes it is more convenient to use the sheet density (ns = nd) instead of
the bulk density. To measure the Hall voltage V, a current I is fed through the
opposing pair of contacts 1 and 3 and the Hall voltage (Vg = Va4) is measured
across the remaining pair of contacts 2 and 4, as shown in Fig. 2.19. Once
the Hall voltage Vy is acquired, the sheet carrier density ng can be calculated
from (2.22):

1B

= —. 2.23
q|VH]| (2.23)

ns
Therefore, by measuring the Hall voltage Vi and from the known values of
I, B, and ¢, one can determine the sheet density ns of charge carriers in
semiconductors. The Hall coefficient is defined as:

Viud
Ry = T5° (2.24)
and will change its sign, if the sign of the carriers is changed. The sheet resis-
tance Rg of the material can be determined using the van der Pauw resistivity
measurement technique. There are two characteristic resistances R4 and Rp,
associated with the corresponding terminals, as illustrate in Fig. 2.20. To ob-
tain the two characteristic resistances, one applies a dc current Iy between
contact 1 and contact 2 and measures the voltage V3 from contact 4 to con-
tact 3. In the next step one applies the current I»3 between contact 2 and

contact 3, while measuring the voltage V4 from contact 1 to contact 4. R4
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Figure 2.19: Schematic picture of a van der Pauw configura-
tion used for the determination of the Hall voltage Vi .

Ry = Via/ Ly

Figure 2.20: Schematic picture of a van der Pauw configu-
ration used in the determination of the two characteristic resis-
tances R4 and Rp.
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and Rp are calculated using the following expressions:

Ra= E, (2.25)
112

Rp = @ (2.26)
-[23

These characteristic resistances are related to the sheet resistance Rg through

the van der Pauw equation
e "Fs +e "Fs =1. (2.27)

This equation can be solved numerically in order to find Rg. The bulk electrical
resistivity p can be calculated using: p = Rgd. Since sheet resistance involves
both sheet density and mobility, one can determine the Hall mobility from the

equation
V|
- 2.2
I RoIB (2.28)
1
= . 2.29
qnsRs (2.29)

When the conducting layer thickness d is known, it is possible to determine the
bulk resistivity (p = Rgd) and the bulk density (n = ng/d).

There are a few practical aspects which must be considered when carrying
out Hall and resistivity measurements. First, the ohmic contacts need to be
of good quality, the temperature has to be uniform in order to avoid thermo-
magnetic effects and the environment used has to be dark for minimizing the
photoconductive and photovoltaic effects. Second, the sample must be uni-
form and its lateral dimensions must be very large compared to the size of the
contacts and the sample thickness. Finally, the sample temperature, magnetic
field intensity, electrical current, and voltage must be accurately measured.

Conductivity and Hall measurements have been performed on CVD hydro-
gen-terminated diamond. The sign of the Hall coefficient (R ) in H-terminated
sample is positive, indicating p-type conduction of the sample, in other words
holes dominate the transport properties. The typical value for the sheet con-
ductivity at room temperature was in the range 1073 — 1075 1/Q [48, 54, 57]
and it decreases with decreasing temperature. At lower temperatures the tem-
perature dependence disappears as expected for the conduction of carriers in
extended states of a 2D inversion layer [203,204]. The sheet density varies
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2 at low

between 1012 — 10 cm™2 at room temperature and 10° — 10 ecm™
temperatures (around 10K). It decreases with activation energy ranging from
23 meV for monocrystalline CVD diamond to 0.5 meV for homoepitaxial and
natural diamond type Ila, below a critical temperature (7. = 7T0K). Above
this temperature the sheet density is approximately constant [204] or it is in-
dependent of the temperature, as expected for 2D transport in extended states
in the absence of localization [203].

At room temperature the Hall mobility is in the range 30 — 400 cm?/Vs. It
has an exponential temperature dependence in the high-temperature regime,
with activation energy increasing with decreasing carrier concentration. At
low temperature and very high carrier concentration, an almost constant Hall
mobility and conductivity is observed [203]. On the contrary, Nebel et al [204]
observed a decrease of the mobilities with decreasing temperature below 70 K,
following a T3/2 law, which indicates scattering at ionized impurities. Below
70K a strong increase in mobility is detected.

The magnetoresistance of the heteroepitaxial and polycrystalline diamond
films was studied using different device structures with a magnetic field rang-
ing from 0 to 5T. The magnetoresistance changes as a function of magnetic
field were more pronounced, and the effects in the heteroepitaxial diamond
films were larger than in the case of polycrystalline films [205]. The magne-
toresistance of the films at 500 K can still be observed at 5T, indicating the
possibility of a high temperature-operating Hall device application for CVD
diamond [206].

The van der Pauw method and a 4He-flow cryostat, which will be described
in detail in the next section, were used in order to characterize the electronic

transport properties of the submicrometer conductive structure.

2.5.1 Cryogenic set-up for DC magnetic fields

All transport measurements in dc magnetic field have been performed using
a 4He-flow cryostat (Oxford Instruments) covering a temperature range from
1.4K to 320K and magnetic fields between —12T and +127T. The cryostat
consists of a vapor shielded dewar, equipped with a variable temperature inset
and a superconducting solenoid. A schematic drawing of the setup is presented
in Fig. 2.21. The outer vacuum chamber (3) thermally shields the helium reser-

voir from the surroundings (7). This chamber contains multilayered aluminized
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Figure 2.21: Schematic diagram of a cryostat [207] and a
zoom photo of the holder with the sample before the insertion

into cryostat.
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mylar foil to reduce the radiation heat load on the helium reservoir. Inside the
reservoir several radiation shields are placed in order to reduce the radiation
from the top side of the cryostat. At the bottom of the helium reservoir a
superconducting magnet (4) made of NbsSn is located. It consists of different
connected coils and produces a vertical magnetic field up to 12 T, which is very
homogeneous in the center of the magnet. Relatively large currents (up to
90 A) are produced using an Oxford Instruments PS120 power supply. These
currents are needed to generate the magnetic field. The magnet can be brought
into the persistent mode at constant field. This is done by short circuiting the
magnet with a superconducting wire, so that the field is maintained even when
the power supply is switched off. In this mode a stable magnetic field can be
kept for many hours and in this way the heat load from the current leads is
much reduced. The sample rod (10) contains a sample holder (6) with a tem-
perature sensor and a heater. It is placed in the variable temperature insert
or VTT (9), which consists of a long vertical tube inside the cryostat. The
tube is isolated from the helium reservoir by the inner vacuum chamber (8).
The orientation of the sample relative to the magnetic field can be changed by
rotating the sample holder.

Liquid helium can be brought into contact with a heat exchanger (5) at the
bottom of the VTT | where it evaporates. This is done through a needle valve
(2). Two Oxford Instrument ITC4 temperature controllers control separately
the heat exchanger and the sample holder at the bottom of the VTI. By con-
trolling the gas flow and the heater output, any temperature between 1.5 K and
320K can be reached and stabilized. Even in magnetic fields of 12T, the error

on the temperature sensor is less than 0.1 K for the whole temperature range.






Chapter 3

Growth and
characterization of CVD
hydrogenated diamond

surfaces

3.1 Introduction

Diamond is a wide band gap semiconductor with electronic properties that
can vary from insulating (intrinsic) to conductive, using boron (p-type) or
phosphorous (n-type) doping. Additionally, a high surface conductivity has
been detected on hydrogen terminated diamond surfaces [42]. The hydrogen
termination can be obtained by exposing diamond to a hydrogen plasma at
500 — 850°C. The CH dipoles which appear at the surface induce a negative
electron affinity [39]. Due to the out-diffusion of electrons into an adsorbate
layer of atmospheric species a hole accumulation in the valence band is gener-
ated, giving rise to high p-type conductivity [45]. In contrast to high conduc-
tivity of the hydrogenated diamond surface, the surface terminated by oxygen
is strongly resistive. Consequently, by controlling the surface termination, in-

plane electronic devices can be realized.

71
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In this chapter we characterize the CVD (100) 2x 1:H diamond surface using
SPM techniques. First, we present the atomic scale resolution of the hydro-
genated diamond surface using an UHV STM technique in order to prove the
diamond structure and the good quality of our CVD diamond films. The topog-
raphy of the surfaces was achieved using an atomic force microscope (AFM).
This was done in order to characterize the surface and to optimize the param-
eters used in the growth process. Finally, the surface conducting properties

were measured using the EFM technique.

3.2 Sample growth conditions

CVD diamond films used in this thesis are grown at the Institute for Material
Research (IMO) Hasselt or by Element Six company. The CVD films from IMO
were grown using the microwave plasma enhanced chemical vapor deposition
technique (MWPE-CVD) on (100) Ib orientated HPHT diamond substrates
from Sumitomo Electric Ltd., having a misorientation angle less than one de-
gree. Substrates are cleaned and oxidized before the growth using a mixture
of sulphuric acid and potassium nitrite at 300°C for 30 min. The sample is
placed in the vacuum chamber that is pumped down to a vacuum of about
6 - 1072 Torr. First, a hydrogen plasma is created at around 700°C — 850 °C,
at a pressure of 60 Torr — 180 Torr, using a power of 500 W — 750 W and a
hydrogen flow of 500 sccm. After 5 min the methane is added into the plasma
to grow diamond epitaxial layers. This growth is carried out for a few minutes
or hours after which the flow of methane is stopped and only the hydrogen
plasma is used for another 5min. After the growth, the diamond surface is
oxidized chemically by using the same mixture as described above in order to
remove all surface contaminants on the diamond surface. Then, the sample
is put back into the deposition chamber and the hydrogenation treatment is
carried out in a pure hydrogen plasma. For this hydrogenation treatment, a
plasma at a substrate temperature of 700 °C — 750 °C is creating and a pressure
between 50 Torr — 75 Torr. A microwave power of 3000 W and a hydrogen flow
of 1000 sccm is used and the plasma is kept on for about 30s after the pressure
stabilization (which takes about 2 min) [208]. An overview of the hydrogen ter-
minated diamond samples grown by IMO is given in Table 3.1. Typical growth
rate of the CVD diamond film was around 1 gum/h, which allows to estimate the
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Table 3.1: Overview of the growth conditions of the CVD
films grown at IMO.

Sample | Power | Pressure Ho CHy T Time
(W) (Torr) | (scem) | (sccm) | (°C) | (h)
IMOa 1550 180 500 15 | 750 5
IMOb 650 180 500 15 | 750 5
IMOc 750 180 470 47 750 5
IMOd 750 180 470 14 750 5
IMO1 560 180 470 25 | 700 4
IMO2 500 65 500 0.3 | 800 5
IMO3 500 62 500 0.4 | 800 5
IMO4 700 180 495 15 720 6
IMO5 750 180 480 25 730 10

thickness from the growth time. The samples from Element Six are produced
by a CVD process from an energized mixture of hydrogen and carbon gases
and they are called monodites MCC.

3.3 STM characterization

Scanning Tunneling Microscopy is used for clean characterization of the surface
with the highest possible atomic resolution. The technique is used not only for
morphologic characterization, but also for local electronic properties of the
surface.

Our measurements were performed with a commercially available STM
(Omicron). The STM operates under ultra high vacuum (UHV) conditions
at a base pressure in the 107! mbar range and at low temperatures (down
to 4.5K). The UHV is required for stable imaging and for a cleaner environ-
ment in comparison to the measurements performed in air, where the surface
is contaminated immediately. UHV-STM gives also the ability of studying the
surfaces without inducing any oxidation.

Before starting the measurements the 2 x 2 x 0.5 mm?® CVD diamond sam-
ple (IMO1 from Table 3.1) was annealed in situ at 450°C for a few hours.
As a result of using a mixture of Ho/Oy (1% of oxygen) during the hydro-
genation procedure, the sample remains conductive even after the annealing

process [208]. In order to achieve maximum stability and reproducibility, the
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Figure 3.1: STM topography of the hydrogenated diamond
C(100) — (2 x 1):H surface (Upias = 1.2V, I; = 0.3nA, T =
300 K).

measurements can be performed at either liquid nitrogen (Tsample >~ 78K) or
liquid helium (Tgample =~ 4.5 K) temperature. Both mechanically cut and pre-
formed PtIr (10% Ir) tips were used. STM topographic imaging (400 x 400
data points) of CVD hydrogenated diamond surface was performed in constant

current mode.

Fig. 3.1 shows 25 x 25nm? UHV STM image of an homoepitaxial diamond
(100) film grown as described above after exposure to atomic hydrogen for 1
min, at a 750°C. A 2 x 1 surface reconstruction is observed. It is known that
the diamond (100) — (2 x 1) surface exposed to atomic hydrogen is monohydrate
terminated [209], and is denoted as diamond (100) — (2 x 1):H. The terraces
observed in the image consist of atomic planes with dimers rows rotated in the
zy plane by 90° relative to the dimer rows in the adjacent planes, indicating a
two domain (2 x 1) dimer reconstruction. Two different types of terrace steps
are observed, marked S4 and Sp. Single atomic steps that consist of dimer
rows parallel to the step edge are S 4 steps, and single atomic steps that consist
of dimer rows that are perpendicular to the step edge are Sp steps. A bright
circular structure having a diameter of approximately 2.5nm is observed in
Fig. 3.2, similar to the one observed in Ref. [135]. It is supposed that the
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Figure 3.2: 10 x 10nm® zoom image of the film shown in
Fig. 3.1 showing an etch pit with a bright structure inside.

bright structures are etched by products or groups of hydrogen atoms because

the structures disappear after the sample is heated to 1000 °C.

A 4 x 4nm? zoom image (Fig. 3.3(a)) shows that the distance between the
bright lines (A ~ 5.0 A) corresponds well to the distance (5.04 A) between the
C—C dimer rows of the 2 x 1 reconstructed diamond surface. The bright beam-
shape features within the bright lines, separated by 2.5 A (see Fig. 3.3(b)), were
attributed to single CH—CH dimers [134].

We have also performed I(V) measurements, using a set point of 0.33nA
and a bias voltage of +1 V. The pronounced asymmetric behavior observed in
Fig. 3.4 suggests the presence of a Schottky contact between the metallic tip
and the semiconducting CVD diamond [210]. The asymmetry is attributed to
the surface band bending. At positive voltage a band gap of 0.6V is visible,
which indicates that the Fermi level is pinned near the valence band. However,
both asymmetric and symmetric tunneling characteristic have been reported
at different locations of the same sample [211-213]. Although this might be
explained by inhomogeneities of the hydrogenated diamond surfaces, further

investigations are needed to fully clarify this problem.

In conclusion, the STM images, which clearly reveal atomic resolution,

demonstrate that our CVD diamond samples have good quality, comparable
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Figure 3.3: (a) UHV STM zoom image of a different area of
the film. The bright lines on the topography indicate the C—C
dimer rows; (b) Line profile between two CH—CH dimers.

with the one used in Ref. [133]. The absence of defects on most of areas and

of the electrically active impurities makes the samples suitable for nanometer-
scale device applications.

3.4 AFM characterization

In order to be used for electronic applications the diamond films produced by
CVD technique must have flat surfaces. This kind of samples can be obtained
only by careful growth process or by polishing techniques.

First we characterize the samples on large scale. This is done because the
CVD diamond samples may have defects that are visible even with an optical
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Figure 3.4: I-V characteristic of the hydrogenated diamond
sample after UHV anneal at 400 °C for 1 hour (Upies = 1V,
I=0.33nA).

microscope. Such defects can be seen in Fig. 3.5. From the optical microscope
images we can select the areas which are defect-free and subsequently we can
proceed with the small scale surface characterization. For this we use an atomic
force microscope device Autoprobe M5 (Veeco Instruments). We performed
AFM surface characterization of CVD diamond sample which were grown at
different conditions (different microwave power, or different methane concen-
tration). The effects of mechanical polishing and the hydrogen plasma etching
processes were also investigated. The surface roughness analysis was done in
tapping-mode using a commercial silicon AFM tip (Veeco) with a spring con-
stant of 2.0 N/m, a nominal apex radius of 20nm and a resonance frequency
of 190 — 320 kHz. Typical scan areas were 40 x 40 pm?, 10 x 10 pm? and
5x 5 pm?. Surface roughness (Root-Mean-Square (RMS) roughness R, and
Peak-to-Valley (P-V) roughness R,,) values were obtained from a complete
image, using the standard roughness definitions (see Table 3.2). In order to
analyze the roughness of a thin film, we have identified specific regions that
are defects free. For some samples, repeated scans were taken from different
regions of the sample. Larger scan areas (up to 80 x 80 um?) were performed
in order to find defect-free regions and to characterize the sample topography.

The effect of microwave power in the growth process of CVD diamond is

illustrated in Figs. 3.6—3.7, where the difference in roughness can be observed.
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Figure 3.5: An optical microscopy view of the sample surface
(100 x 100 um?), revealing pyramidal features.

Table 3.2: Peak-to-valley roughness R,,, root-mean-square
roughness (R,), the average roughness ((R)) and the scan size
of the AFM studied samples.

Sample | Rpy (nm) | Ry (nm) | (R) (nm) | Scan size (um?) |
Fig. 3.6(a) 293.0 29.3 23.3 40x40
Fig. 3.6(b) 38.1 2.3 1.5 10x10
Fig. 3.7(a) 287.5 6.8 3.9 3030
Fig. 3.7(b) 30.1 2.5 2.0 10x10
Fig. 3.8(a) 40.6 2.3 1.8 10x10
Fig. 3.8(b) 1339.5 187.0 139.0 10x10
Fig. 3.9(a) 64.0 9.7 7.2 10x10
Fig. 3.9(b) 43.3 1.5 0.8 10x10
Fig. 3.10(a) 3.2 0.4 0.3 10x10
Fig. 3.10(b 52.7 2.8 2.2 10x10
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Figure 3.6: 40 x 40 um? (a) and 10 x 10 um? (b) topographic
images of the sample grown at 1550 W(IMOa).

The homoepitaxial films grown at high microwave power are smooth on a small
scale (10 gm — 5 pm), but on the other hand show largest peak-to-valley rough-
ness on 40 um — 30 pm scale. The films grown at low microwave power clearly

exhibit a granular structure.

We characterized also the effect of the CH, concentration used in the grow-
ing process. For a very high concentration (10%) the sample are less rough and
they show a granular structure. For the samples with low methane concentra-
tion (1 — 3%) the AFM images reveal a pronounced topography (crystalline
features) visible also with the optical microscope (see Fig. 3.5), which are in
fact all “pyramidal deep” with height up to 500nm on a larger scale (10 um?
to 80 um?), especially near the defects (see Fig. 3.8). The substrate tempera-
ture was the same for all the samples (around 750 °C — 800 °C), which is the
optimum for the CVD diamond growth. Therefore, we can conclude that the
quality of the diamond films deteriorates with increasing methane concentra-

tion and decreasing microwave power.

Fig. 3.9 shows an 40 x 40 um? AFM image of a polycrystalline diamond
film (sample IMOa from Table 3.1) before and after the mechanical polishing
process, which is done using fine diamond powder. The surface morphology
of the resulting film is changed dramatically. The roughness is reduced by
approximately 80% compared with the original film. The polished samples
have not only different roughness, but also a different texture: some crossed
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Figure 3.7: 30 x 30 um? (a) and 10 x 10 um? (b) topographic
images of the sample grown at 650 W. (IMODb)
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Figure 3.8: 10 x 10 um? topographic images of the sample
grown using 10% of CH4 (IMOc) (a) and 3% of CHs (IMOd)
(b).
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Figure 3.9: 10 x 10 um? topographic images of the sample
IMOa before (a) and after (b) mechanical polishing.

scratches features are present.

We have also studied the influence of the duration of hydrogen plasma
treatment on the surface roughness. It has been shown that the effect of the
plasma etching strongly depends on the initial conditions of the surface [214].
In the case of an (almost) atomically flat diamond sample, a long hydrogenation
time leads to an increase of surface roughness. On the other hand, on initially
rough samples the etching seems to provide a smoother surface, with smaller
roughness [215,216]. For a hydrogenation time of 1 min, the average roughness
of the sample is 2.5A on 10 um scale. After the exposure to the H plasma
(Fig. 3.10(b)) for 10 min, the roughness increased up to 22.1 A on the same
scale. Therefore, in our case, the roughness increases with the time of the
hydrogenation process.

In order to create lithographic structures suitable for electronic device ap-
plications, we combine photolithography and local anodic oxidation techniques.
For this we need flat samples (on large scale), which at the same time have to be
perfectly hydrogenated. We have seen that samples grown at low plasma power
and high methane concentration are suitable for large scale photolithography
but not for small scale AFM lithography (Fig. 3.7 and Fig. 3.8(a)), while sam-
ples grown at high plasma power and low methane concentrations are suitable
for AFM lithography but not for photolithography (Fig. 3.6 and Fig. 3.8(b)).
Therefore, the optimal samples are either the ones that are polished or the
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Figure 3.10: 10 x 10 um? topographic images of the sample
IMOa hydrogenated for 1 min (a) and 10 min (b).

samples grown using a microwave power of ~ 750 W and low methane con-
centration. Additionally, a short time hydrogenation is needed to avoid the
roughness of the surface caused by H plasma etching.

3.5 EFM characterization

With the aim of better understanding the surface conducting properties of the
hydrogen-terminated (H-terminated) diamond surface we relied on measure-
ments with electrostatic force microscopy (EFM) [156]. The EFM instrument
permits simultaneous measurement of the topography and of the local distri-
bution of the electrostatic potential difference between tip and sample. EFM
therefore provides the possibility to detect local variations of the surface po-
tential (SP), which corresponds to the work function for a metallic surface.
EFM maps of the voltage distribution of a current-carrying surface layer
clearly reveal conductive and insulating regions, while the SP images (obtained
at zero current) are only indirectly related to the distribution of the conductive
properties. In contrast to the SP imaging, the EFM mapping of a current-
carrying surface layer is rather insensitive to surface contamination or adsor-
bates. It should be noted, however, that certain adsorbates can influence the

conductivity of the surface [217], and consequently affect the distribution of
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the current. We show that highly conductive H-terminated diamond surface
layers behave as diffusive conductors with a well-defined value of the sheet
resistance. On the other hand, we find that conductive as well as insulating
regions coexist for not perfectly H-terminated diamond surfaces with poor elec-
tric conductivity. A similar coexistence of metallic and insulating regions was
recently introduced in a model based on long-range potential fluctuations at
the H-terminated diamond surface [203].

In order to create a sufficiently large lateral electrical field for the high
performance EFM measurements in the presence of a current flow, two narrowly
spaced electrodes have to be fabricated on top of the hydrogenated diamond
films. This is done by sputtering of Ti/Al bilayers (50 nm) through an optical-
lithography mask with a separation between the electrodes of 100 ym. After
annealing at 600 °C in Ar atmosphere, the Ti/Al bilayers provide reliable ohmic

contact to the hydrogenated diamond surface layer.

After hydrogenation, followed by the contact fabrication, most of the sam-
ples (for instance IMO2 from Table 3.1) show relatively high conductivity (sheet
resistance R ranges from 20k/0 to 100kQ2/00). Some of the samples were
poorly conductive (IMO3 from Table 3.1), their resistance being of the order of
1MQ/0, although the same hydrogenation procedure was used. The consider-
able scatter in the conductivity of similarly hydrogenated samples has been re-
ported by several groups, using all kinds of hydrogenation procedures [54,218].
It is noteworthy that the surface roughness of the poorly conductive samples
is typically larger than the roughness of highly conductive samples. A similar
effect was observed for polished CVD diamond films, where these films showed
higher conductivity values than unpolished, rougher films [219,220]. Never-
theless, the underlying mechanism remains unknown. We have studied poorly

conductive samples as well as samples with a relatively high conductivity by
EFM.

The EFM measurements on the contacted H-terminated diamond film sam-
ples are performed with a commercial AFM system. The AFM operates in
the non-contact mode with the cantilever oscillating near its resonant fre-
quency (wres/2m ~ 90kHz) at a fixed height (10 nm — 40 nm) above the sample
(Fig. 3.11). A dc voltage V., modulated at low frequency Q /27 with amplitude
Vin is applied between the electrodes. An ac voltage with amplitude V. and
frequency w/27 is applied to the conductive AFM tip, a Pt/Ir coated Ultra-
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Figure 3.11: Set-up for the EFM measurements on current-
carrying H-terminated diamond film surfaces, which includes
harmonic detection of the phase shift (¢) variations of the AFM
cantilever oscillations at the frequency /27 of that is used to
modulate the current flowing across the diamond film sample
between the two Ti/Al electrodes. The double lock-in setup
allows one to separate the current-induced voltage distribution
V(x,y) from the surface potential distribution Vs(z,y).

lever (Veeco Instruments) with a spring constant of 3.2N/m. The AFM tip is
then scanned over the H-terminated diamond sample surface, while the local
electrostatic interaction between the current-carrying sample and tip, which
reflects the surface current distribution, is detected in two different ways.

In a first approach (Fig. 3.11, signal output from the lock-in amplifier at
frequency w/2m), which is similar to conventional EFM [221], we rely on har-
monic detection of the amplitude of the AFM cantilever oscillations caused by
the ac-modulated (at frequency w/2m ranging between 3kHz and 9kHz) local
voltage between the AFM tip and the sample surface. The changing harmonic
component of the electrostatic force is proportional to V,. as well as to V — V.
Here, V is the local dc voltage between the AFM tip and the sample, while
Vs is the SP of the sample. In Fig. 3.11 the AFM tip therefore acts as a lo-
cal voltmeter. The EFM signal is converted into a potential (in Volts) using
the results of a standard EFM calibration procedure with the AFM tip posi-
tioned above the electrode (see Fig. 3.11). The applied dc voltage V. is in the
range 0 — 10V (V,, = 0 in the first approach), while V,. = 2V. Using this
EFM mode, it becomes possible to map the topography as well as the voltage
distribution (V' — Vj)(z,y) on the sample surface, which contains the voltage
V(z,y) induced by current flow through the H-terminated diamond film and



3.5 EFM characterization 85

the component Vi(z,y) corresponding to the SP distribution of the film. The
SP distribution Vi(x,y) can be mapped separately in the absence of a transport
current (V. = 0), allowing us to directly compare morphological structure and
local electrical properties on a relatively large scale ranging between 40 ym and
80 pm.

In a second approach, we use a double lock-in detection (Fig. 3.11), signal
output from the lock-in at frequency Q/27) and measure the harmonic compo-
nent of the variations of the phase shift of the cantilever oscillations caused by
the current-induced local voltage between the AFM tip and the sample surface.
The current that flows across the diamond film sample between the electrodes
is modulated at low frequency /27 = 177 Hz. This approach allows us to sep-
arate the current-induced voltage distribution V' (z,y) from the SP distribution
Vs(z,y) and decrease the influence of surface topography on the results of our
measurements. According to [153,222] the phase shift is proportional to the

electrostatic force gradient that can be written as

V(F)o ~ C"z2) Ve [Vslz,y) —
— V(z,y)- (1+msin(Qt)) ] - sin(wt) (3.1)

where C”(2) is the second derivative of the capacitance of the tip-sample sys-
tem, which depends on the tip-sample distance z, and m = V,,/Vy. is the
modulation coefficient (0 < m < 1). Relying on Eq. 3.1 we are able to do bet-
ter measurements of the current-induced voltage distribution V(x,y) because
the electrostatic force gradient component varying proportional to sin(t) is
less susceptible to the SP, parasitic surface charges and height variations on
the sample surface. Moreover, an EFM-phase method, which is used in this
second approach, provides improved spatial resolution when compared to con-
ventional EFM [153,222]. We have first used standard EFM (see Fig. 3.11,
signal output from the lock-in at frequency w/27) to visualize the electrical
voltage distribution in highly conductive (R < 100k/00) current-carrying H-
terminated diamond films as well as in current carrying H-terminated diamond
films with poor conductivity (R ~ 2 MQ/0), as illustrated by the two examples
in Fig. 3.12. The gray-scale contrast gradient from the left side to the right side
of the EFM image in Fig. 3.12(a) for the highly conductive film clearly demon-
strates the electrical potential drop due to the resistive properties of the H-

terminated diamond film. The corresponding lateral voltage profile is shown in
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Figure 3.12: 60 x 60 um? EFM images of the current-carrying
H-terminated diamond film surface (Vg = 10V) for a highly
conductive (R ~ 47kQ/0) — IMO2 (a) and a poorly conductive
(R ~ 2MQ/0) — IMO3 (c) sample. The linear voltage drop
indicates that the highly conductive layer behaves as a spatially
homogeneous, diffusive conductor (b). On average, the voltage
continues to drop uniformly along the poorly conductive film,
but pronounced fluctuations of V' are present at micrometer scale

(d).

Fig. 3.12(b). The EFM signal V(z) drops uniformly along the film. According
to Fig. 3.12(b) the average voltage drop is 0.10£0.02 V over 1 um (V. = 10V).
The linear voltage drop in highly conductive H-terminated diamond surface
layers indicates that these layers behave as diffusive conductors with a well-
defined value of the sheet resistance. Figure 3.12(c) shows an EFM image of
a current-carrying H-terminated diamond film sample with poor conductivity
(R =~ 2MQ/0). While the average EFM signal continues to drop uniformly
along the film (Fig. 3.12(d)), pronounced fluctuations of V' (x) are present at
micrometer scale, which cannot be attributed to topographical features. In
Fig. 3.13 we show AFM topography and EFM images of the current-carrying
H-terminated diamond film sample with poor conductivity (R ~ 2MQ/0).
In contrast to the highly conductive diamond film samples, the EFM image
(Fig. 3.13(b)) of the poorly conductive sample acquired at Vg. = V,;, = 0, and
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Figure 3.13: 10 x 10 um? topographic AFM image of the
poorly conductive sample IMO3 (a). Corresponding EFM im-
ages of the film surface without any current flow (V. = 0) (b),
and of the current-carrying film surface (c¢). Electrical potential
profiles along the three lines (A, B and C) indicated in (c) are
shown in (d).

using harmonic detection of the EFM signal component related to the frequency
w/2m, clearly reveals regions with different SP. According to [223] brighter areas
are areas with a lower SP. This can be attributed to a higher negative electron
affinity. Consequently, the regions with a brighter contrast may be consid-
ered as the H-terminated areas. However, we cannot exclude the presence of
some surface contamination or trapped electrostatic charges that modify the
SP distribution. Such a modification is unlikely in our experiments due to two
reasons. First, the observed average SP difference of 150 + 50 mV between
the brighter and the darker regions is in agreement with the SP difference be-
tween H-terminated and oxygen terminated (O-terminated) areas reported in
Ref. [161]. An additional argument is that the topographic image (Fig. 3.13(a))

does not reveal any features that are correlated with the observed SP distri-
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bution (EFM image shown in Fig. 3.13(b)) and may be attributed to surface
contamination. Relying on our sample preparation procedure (see above) we
expect that contrary to the H-terminated bright regions darker regions corre-
spond to O-terminated areas. Consequently, the observation of the grain-like
structure of the SP distribution is consistent with our hypothesis of a partially

hydrogenated surface consisting of H- and O-terminated domains.

Figure 3.13(c) shows the EFM image of the current-carrying poorly con-
ductive film (V. = V,,, = 5V), which was acquired using the double lock-in
setup (see Fig. 3.11). To obtain the EFM image shown in Fig. 3.13(c), we
have relied on harmonic detection of the phase shift variations of the cantilever
oscillations at frequency /27, i.e. the modulation frequency of the current
that flows across the diamond film sample. As discussed above, this allows us
to map the current-induced voltage distribution V' (z,y) on the sample surface.
The cross-sections of the EFM data labeled by the dashed lines A, B and C
in Fig. 3.13(c) are shown in Fig. 3.13(d) and clearly reveal a non-uniform dis-
tribution V'(z,y). The voltage profiles across the regions corresponding to the
brighter contrast in the EFM images show a different behavior for lines A, B
and C. The profiles for lines A and B have a smaller drop of voltage along the
direction of the cross-sections. On the other hand, the voltage profile along the
line C reveals on average a pronounced drop from the right to the left. We at-
tribute this difference to the current flow along the cross-sections: The current
flow along cross-section C collects the current flow along cross-sections A and
B. These observations provide another confirmation of our interpretation that
the regions with a brighter contrast in Fig. 3.13(b) are the H-terminated and
consequently conductive areas. Our analysis of other cross-sections of the EFM
data confirms that the current preferentially flows along the brighter regions. It
therefore looks reasonable to assume that the current flow on the H-terminated
surface is obstructed by the darker regions that can be related to insulating

O-terminated domains.

The spatial resolution for detecting a local drop of the current-induced
voltage, which is achieved in our double lock-in EFM method, can be inferred
from the results shown in Fig. 3.13(d). If the lateral resolution is taken to
be equal to the full width at half-maximum height of the smallest protrusion
that can still be observed in the voltage profile plots, a value of 50 — 70 nm is

obtained.
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3.6 Summary

We have used the UHV STM technique for studying the atomic structure of
steps and defects on the H-terminated CVD diamond (100) 2 x 1 surface. Sub-
sequently, an AFM has been used for the surface topography, in order to choose
the most suitable sample for large and small scale lithography, and for creating
submicrometer structures on the surface (see Chapter 4). Using these tech-
niques, we have characterized several samples, grown at different conditions.
The surface analysis enabled us to choose the samples suitable for the electro-
nics device applications.

On the other hand, we have shown in this chapter that EFM is a valu-
able technique to characterize the surface conductivity of current-carrying H-
terminated diamond films. Our method of harmonic detection of the EFM
signal caused by the ac-modulated current flowing on the sample surface al-
lows us to clearly separate the influence of changes in the surface conductivity
from variations of the SP and of the sample topography. For highly conduc-
tive H-terminated diamond surface layers, the linear voltage drop indicates
that these layers behave as diffusive conductors with a well-defined value of
the sheet resistance that is constant for the whole surface. For H-terminated
diamond surfaces with poor electric conductivity, we observe the coexistence of
conductive as well as insulating regions. Our results support a simple physical
picture that is based on current flow obstructed by insulating regions. The
conductivity decreases when the fraction of the surface occupied by insulating

regions increases.






Chapter 4

Fabrication and
characterization of
conductive structures on
H-terminated diamond

surfaces

4.1 Introduction

In this chapter we present the two lithographic processes which we have used
in order to create micrometer and sub-micrometer structures on H-terminated
diamond surfaces. These structures can be used in electronic device applica-
tions. First, the large scale lithography with the creation of the pattern on
H-terminated diamond surface. Then the small scale local anodization lithog-
raphy is presented. Finally, combining these two techniques, we obtain con-
ductive sub-micrometer structures, which are analyzed by EFM and then used

for electric transport measurements.

91
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4.2 Fabrication of the micrometer lithographic

structure

In order to create patterned structures on the hydrogen-terminated diamond
surface, we combine the photolithography technique (described below) and the
local anodic oxidation process. These structures, which form Hall crosses, will
be characterized by EFM and will be used for transport properties studies. For

a) b) ©)

d) e) f)

g h) )

Diamond H-diamond Gold Resist

Figure 4.1: Schematic illustration of the process followed for
creating the structures on H-terminated diamond surface (see
text).

this we use a 2 x 2mm? hydrogen terminated diamond sample, as schemati-
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Figure 4.2: I-V characteristic of Ti/Au ohmic contacts after
annealing at 450°C for 20 min.

cally depicted in Fig. 4.1(b). First we deposited the Ti/Au contacts, separated
by 1mm from each other, (100 nm/50 nm) using a DC magnetron sputtering
(Fig. 4.1(c)). The vacuum chamber used for deposition has a base pressure of
5-10~% mbar and a large DC voltage (~ 1kV) is applied between the anode
with the substrate and the cathode containing the source material (target).
The Ti underlayer improves the adhesion of the Au with the hydrogenated dia-
mond surface. In order to prepare good and stable ohmic contacts, the sample
is then annealed at ~ 450°C for 20 min. In this way a titanium carbide (TiC)
layer with thickness of several nanometers is formed [97,224]. This carbide
formation correlates well with observation of ohmic I-V behavior (Fig. 4.2). In
order to prepare the structures, a double layer positive resist was spin-coated
on the hydrogenated diamond surface (Fig. 4.1(d)). The bottom layer was a
non-photoresist material (LOL-2000) which dissolves in photoresist developer
in a controlled way. The thickness of about 200 nm is obtained at 3000 rpm spin
speed. After spinning, the resist layer is baked out on a hot plate for 5 minutes
at 140°C. The next step is to spin the normal photoresist layer (S 1813) at
4000 rpm for 1.3 um thickness and bake it at 110°C for 2 minutes. Afterwards,
the resist layers are illuminated through a pattern mask for 25s using an ul-
traviolet (UV) Karl Siiss illuminator, followed by the immersion of the sample
in the developer (MF319) for 30s and clean with distilled water (Fig. 4.1(e)).
The sample is then introduced in the DC magnetron sputtering for the Au

deposition (Fig. 4.1(f)). We used the Au as a mask for the hydrogenated layer.
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Figure 4.3: Optical microscope image of the Au structure
created on the hydrogen terminated diamond surface.

In order to remove the photoresist we used the N-methyl-2-pyrrolidine (NMP)
(Remover 1165) (Fig. 4.1(g)). An optical microscope image of the structure at
this stage is shown in Fig. 4.3. The removal of the hydrogenated layer from the
surface can be achieved by exposing the surface to ArT ions [113]. However,
that method has two disadvantages. First, (part of) Au is simultaneously re-
moved. Secondly, the Ar+ bombardment can cause the graphitization of the
diamond surface [225], as can be observed in our STM image in Fig. 4.4. How-
ever, the elimination of the conductive hydrogenated surface layer can also be
achieved by the exposure of the sample to an oxygen plasma. We have em-
ployed the latter method and kept the sample in the oxygen plasma for 30s
(Fig. 4.1(h)). In the final step we partially etched the Au structure in the
central part of the sample (Fig. 4.1(i)), using a potassium iodide (KI) solu-
tion [113]. The resulting feature in the middle part of the sample is a cross
formed by hydrogen-terminated lines of 10 yum width and 150 ym long.

4.3 Submicrometer scale lithography on H-ter-

minated surface using AFM

AFM can be used not only to characterize but also to modify electronic as well
as structural properties of hydrogenated diamond surfaces on a microscopic

level. Electrically insulating patterns are formed on hydrogenated diamond
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Figure 4.4: 12 x 12nm? STM image of the diamond sample
IMOT1 from Table 3.1 (a) and 1 x 1 nm? zoom image (b) showing
the graphene flakes present on the diamond surface after Ar™
treatment.

surfaces by applying negative bias voltages on the AFM cantilever which scans
the surface. Formation of the patterns is attributed to anodic oxidation, which
is a well-established process on silicon [192], but its mechanism on diamond
still needs to be elucidated.

Our AFM instrument is a modified commercial AFM system Autoprobe
M5 (Veeco Instruments), which can operate in both contact AFM and dynamic
modes and allows us to perform local anodization under controlled humidity
conditions as well as imaging of topography and work function or surface po-
tential (SP). The modes of operation of our AFM can be easily switched during
the experiment. The setup for AFM local anodization is shown in (Fig. 4.5(a)).
An adjustable voltage source, which consists of a battery, a switch of polarity
and potentiometer, is connected through a resistor (1 M£) to the electrodes of
a patterned conductive structure microfabricated on a sample surface. This
battery-powered circuit is perfectly decoupled from other parts of the AFM
measurement circuit in order to avoid any parasitic currents which can dis-
turb the local anodization process. A preamplifier OA is used to measure “in
situ” the current flow through the tip-sample surface contact in a wide current

range (1pA — 100nA) during the anodization process. The output signal of
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AFM cantilever

current monitor

Figure 4.5: (a) Schematic drawing of our modified atomic
force microscope. (b) Current image obtained after the local an-
odization process. The darker region corresponds to the treated
area, which has lower conductivity.

the preamplifier is used to acquire the “current” images during the anodization
process as well as the conductivity maps of the locally modified sample surface
or structure. An example of such a conductivity map is shown in Fig. 4.5(b).
This image was acquired at a small bias voltage which is considerably lower
than it is required, and demonstrates the result of local anodization over the
square area of 9 x 9 um?. The treated area has considerably lower conductivity
which corresponds to the darker square region in Fig. 4.5(b).

We built a setup to control the relative humidity of air near the sample.
The AFM unit was placed in a hermetically sealed box which was ventilated
with controllably water-saturated air in order to adjust humidity. The relative
humidity was measured by the probe placed near the sample.

The diamond surface is locally oxidized using an AFM operating in contact
mode. We apply a negative voltage to the conductive AFM tip in air at con-
trolled humidity (65% — 70%). The voltage applied to the silicon tip is varied
between —6V and —15V. Topographic images of the AFM-modified regions
were obtained in contact-AFM as well as in tapping AFM modes. Tapping

parameters were optimized to avoid the switching effects observed in [137], by
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Figure 4.6: (a) Topographic image of a CVD diamond surface
after AFM modification, obtained in tapping mode (see text).
(b) EFM surface potential image of the hydrogen-terminated
and locally modified diamond surface. The vertical scale (black
to white) is 200mV. (c) Line profile for the patterns displayed
in (a).

checking the correspondence with the contact AFM images.

Figure 4.6(a) shows the topographic image of a locally modified 1 x 1 ym?
square area on a hydrogenated homoepitaxial CVD diamond surface (sample
IMO4 from Table 3.1). For the upper square we applied a negative voltage of
—10V, while for the bottom square a voltage of —15V was used. From the line
profile in (Fig. 4.6(c)) we infer that the upper square sticks out of the surface,
while the bottom square is scribed into the diamond surface.

We investigated in more detail the influence of the applied voltage on the
height (depth) of the patterns. The elevated patterns are obtained for negative
voltages lower than —10V, and the inscribed ones are obtained at voltages
larger than —12 V. The results are plotted in Fig. 4.7. Each point of the graph
is obtained by averaging over about 100 line profiles. The height of the features
that stick out of the surface (3 —8nm) does not depend on the applied voltage,
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Figure 4.7: Voltage dependence of the height (depth) of the
patterns created by the conductive AFM tip on a hydrogen-
terminated diamond surface.

in agreement with previous observations [226]. On the other hand, the pat-
terns that appear as pits have a tendency to become deeper for larger absolute
values of the AFM tip voltage. Further investigation is needed in order to fully
understand this behavior. For the elevated patterns we observe a higher ele-
vation than can be expected as the result of replacement of hydrogen atoms by
oxygen atoms, similar to the situation described in Ref. [197]. This can be ex-
plained by the difference in adsorbate thickness since a hydrogenated diamond
surface is hydrophobic and an oxidized diamond surface is hydrophilic [197].
The mechanism causing the inscribed patterns is not completely clear. These
patterns may be obtained either through mechanical scratching or by some
kind of electrochemical process. Recently, Rezek et al. reported on the re-
moval of a non-diamond surface layer by contact AFM [223]. Of course, we can
not exclude this possibility as a simple explanation for the AFM tip induced
scribing. However, unlike in Ref. [223] we do not observe any surface modifi-
cation by contact AFM imaging even when the AFM tip is pressed against the
surface with a force of about 300 nN during scanning. A non-diamond layer
may be present due to the specific growth conditions of the CVD film. Our
results reveal that both types of patterns can be observed for samples that
are prepared at different growth conditions, including at elevated microwave
frequency plasma power. We note that our monitoring of the dc current during
the AFM modification process in both cases reveals a relatively stable (same

order of magnitude) current flow (~ 10nA). This observation supports an elec-
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Figure 4.8: Three-dimensional submicrometer structure on a
diamond surface (IMO4 from Table 3.1) created by local AFM
modification.

trochemical origin for both AFM modification processes. Thermally activated
reactions similar to the ones reported in Ref. [227] and Ref. [228] can promote
the electrochemical processes. Simulations of the temperature distribution in
the AFM tip-sample contact region [228] show that the local current induces
a heating effect of several hundreds of degrees. Provided that the current pro-
duces such a significant heating, local thermal oxidation followed by removal
of the soft products resulting from the oxidation upon scanning becomes pos-
sible. The depth increase at higher bias voltage supports this simple physical
picture. Clearly, further investigation is needed to understand the observed
surface modification, in particular the unusual case of scribing with a sensitive
soft silicon AFM tip into an extremely rigid diamond surface.

The ability of creating both elevated and inscribed patterns on the same
surface provides the possibility to fabricate various three-dimensional features
at submicrometer scale. Figure 4.8 shows the patterns we have obtained on

a diamond surface by applying a voltage of —8V for the elevated lines and
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—12V for the inscribed ones. The humidity was stabilized within the range
65% — 68%. Relying on this approach, nanofabrication of electronic devices
on a hydrogen-terminated diamond surface can be achieved. Furthermore, the
EFM system is used for analysis of the results of the local anodization process.

In Fig. 4.6(b) the EFM image of the area corresponding to the area in
Fig. 4.6(a) is shown. One can clearly see the difference in surface potential
between the hydrogen-terminated surface and the AFM modified area. Both
square features (Fig. 4.6(a)) reveal an SP that is lower than for the non-treated
hydrogen-terminated surface. The average SP difference is 150 + 50 mV for
the elevated square feature and 100 £ 50 mV for the inscribed square feature.
These values are in agreement with the surface potential difference between
hydrogenated and AFM oxidized areas reported in Ref. [161].

4.4 EFM characterization of the submicrome-

ter structure

We have performed EFM measurements in order to characterize the conduc-
tivity of the hydrogenated patterned structure, which was obtained using the
photolithography technique described in the previous section. For these mea-
surements we have used the sample labeled IMO5 in Table 3.1. In Fig. 4.9
an EFM image of a fragment of the patterned line structure is shown. One
can see that the line structure has a different surface potential compared to
the oxidized diamond surface. The SP difference is around 150 mV, which is
in agreement with the surface potential difference between hydrogenated and
AFM-oxidized areas reported in Ref. [161].

Then, we have used EFM to visualize the electrical voltage distribution in
the current-carrying H-terminated structure (see Fig. 4.10-a). One can see a
gray-scale contrast gradient from the top side to the bottom side of the line.
This is the result of the voltage drop due to the resistive properties of the H-
terminated diamond film. The linear voltage drop in H-terminated diamond
structure (Fig. 4.10-b) indicates that this layer behaves as a diffusive conduc-
tor with a defined value of the sheet resistance. This measurement is also a
proof that the created structure is highly conductive, while the rest of the sam-
ple is insulating. Therefore, the structures obtained by our photolithography

technique can be used further for transport properties measurements.
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Figure 4.9: 50 x 50 um? EFM image of the conductive line
structure on the H-terminated diamond surface obtained by pho-
tolithography (Vg. = 0).

In order to interrupt the conductive line structure we have locally oxidized
it using an AFM operating in contact mode, by applying a negative voltage
of —10V to the tip at 50% air humidity. The AFM tip was scanned along
the line perpendicular to the structure. The scan range was about 20 um?,
which is two times larger than the width of the line. In this way we were able
to interrupt the conductive line (Fig. 4.11-(a)). From the voltage profile in
Fig. 4.11-(b) one can clearly see that the current does not flow anymore through
the patterned line after the interruption by AFM oxidation. The width of the
insulating region obtained by AFM oxidation can be evaluated as 0.3 um.
This demonstrates that using our AFM based local oxidation technique, we
are able to create submicrometer insulating line structures on the conductive
H-terminated diamond surface. On the other hand EFM could be a very useful
tool for identifying the interruptions present in the electronic devices.

In Fig. 4.12 the EFM image of the locally modified line from Fig. 4.11-(a)
without any current flow is shown. The difference in surface potential between
the hydrogen-terminated structure and the AFM modified area is clearly vis-
ible. This image reveals a higher SP for the hydrogen terminated structure
than for the locally modified area.

We have seen in this section that EFM is a useful technique to characterize
the surface conductivity of current carrying H-terminated diamond line. The

linear drop of the potential in highly conductive H-terminated diamond struc-
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Figure 4.10: 20 x 20 um? EFM image of the current-carrying
line structure microfabricated on the H-terminated diamond sur-
face (Vae = 1V) (a) and the corresponding voltage profile along
the line structure (b).

ture indicates that the line behaves as diffusive conductors with a well defined
value of the sheet resistance. Additionally, the highly conductive H-terminated
diamond line reveals a uniform SP distribution.

Our EFM method is also very useful to probe the contact resistance and
to locate interruptions in the conductivity of devices that are fabricated on an
H-terminated diamond film surface by lithographic patterning (see Sec. 4.4).

4.5 Electrical transport properties of
hydrogenated diamond surface
The combination of surface hydrogen termination and the presence of surface

adsorbates produces the accumulation of holes in a surface channel [45,229],

where carrier concentrations up to 5- 103 cm~2 have been reported [54]. Thin
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Figure 4.11: 20 x 20 um? EFM image of the current carrying
(Vae = 1V) locally oxidized line structure using an AFM tip
(a) and the corresponding voltage profile along the line structure

(b).

Figure 4.12: 40 x 40 um? EFM image of the conductive line
after the interruption, without any current flow (Vg = 0),
which maps surface potential. The bright region corresponds

to H-terminated, while the darker region corresponds to O-
terminated area.
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conducting layers, in which the motion of the charge carriers (the holes in the
case of the H-terminated diamond surface) is restricted to two spatial dimen-
sions, are referred to as two-dimensional (2D) electron (or hole) gases. Because
of the strong electric fields perpendicular to the surface, the holes are expected
to form a 2D channel in the close vicinity of the H-terminated diamond surface.
Therefore, the presence of charged surface adsorbates and structural defects is
expected to play an important role for the transport and scattering of holes
in the surface channel. Moreover, a laterally inhomogeneous hydrogen ter-
mination of the diamond surface should have a similar effect as the surface
adsorbates. As a result, important surface potential fluctuations are expected
and might even lead to charge carrier localization which is a property of disor-
dered systems. By performing Hall effect experiments it has been shown that
at temperatures above 70 K the hole density is almost constant, while the hole
mobility increases by two orders of magnitude [48]. In the temperature interval
70K < T < 200K the mobility is exponentially activated with an activation
energy of 22meV, while at higher temperatures it follows a T%/2 power law [48].

Nebel et al. [54] have shown that the mobility of holes exhibits a minimum
around a critical temperature between 20 K and 70 K, increasing towards higher
temperatures and even more strongly towards lower temperatures. The sheet
hole density depends weakly on temperature above the critical temperature,
while below this temperature carriers freeze out [54]. On the other hand, Gar-
rido et al. [203] found no critical temperature for mobility or sheet hole density:
the mobility increases with temperature in the interval 30 K — 300 K, while the
sheet hole density remains almost constant. The mobility and conductivity are
exponentially activated with almost identical activation energies.

At low temperatures the experimental results [203] are in agreement with
the theoretical prediction for thermally activated electrical conduction via vari-
able range hopping. This particular regime of conduction was first considered
by Mott [230]. At sufficiently low temperatures, where the thermal energy is
not sufficient to excite electrons from the spatially localized to the spatially
extended states, the dominant conductance mechanism will be thermally acti-
vated tunneling between localized states (variable-range hopping), which results
in a temperature dependence of the conductivity that for a 2D system is [231]:

o=o0p- e (To/T)*/? (4.1)

where og is only weakly dependent on temperature. This is Mott’s famous
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T—1/3 law for variable range hopping in a 2D system.

It is very important to note that concepts such as the Mott variable range
hopping can be verified experimentally only for samples with strong, exponen-
tially localized electron states, i.e., for samples that are well into the insulating
regime. Less disordered samples with higher carrier concentration need to be
treated as metallic samples with “weakly localized” electron states, i.e., the lo-
calization effects can be described in terms of a weak perturbation starting from
a pure metallic state [232,233]. The weak localization is to be distinguished
from strong localization, often also referred to as Anderson localization [234],
which is the absence of diffusion of electron waves in a sufficiently disordered

medium.

The origin of the weak localization can be linked to the diffusive charac-
ter of the electronic motion, which results from the frequent, random elastic
scattering at impurities and defects. Quantum-mechanically there occurs a con-
structive interference between electron waves that are backscattered around a
closed path in the clock-wise and counter-clockwise direction. Due to the fact
that the two interfering waves follow the same path, but in reversed time order,
the phase difference is always equal to zero. Consequently, the interference is
always constructive and survives in samples with macroscopic dimensions. At
higher temperatures, the interference processes are limited by inelastic scat-
tering: the size of the backscattered electron paths is limited by the inelastic
diffusion length that is determined by inelastic scattering at phonons and at
other electrons. The weak localization therefore results in an increase of the re-
sistance with decreasing temperature. Since the backscattering effects become
more pronounced for samples with reduced dimensionality, the weak localiza-
tion effects are more easily observable for lower dimensionality. For D = 2 the
sheet resistance increases logarithmically with decreasing temperature. The
logarithmic divergence will become more pronounced by the increased Coulomb
repulsion between the charge carriers, which is enhanced by the diffusive elec-

tron motion.

A clear, unique signature of the weak localization is the appearance of
an anomalous negative magnetoresistance that appears at relatively low mag-
netic fields and results from the breaking of the time-reversal symmetry by a
magnetic field perpendicular to the 2D system [232,235]. The perpendicular

magnetic field gives rise to additional phase shifts of the interfering electron
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waves (Aharonov-Bohm effect), resulting in a destruction of the weak localiza-
tion. A parallel field has a much smaller influence on the interference processes,
resulting in a pronounced anisotropy of the negative magnetoresistance.

Obviously, in our case it has no sense to study localization effects in the 2D
hole gas for the samples with very high sheet resistance. Our EFM measure-
ments, which have been discussed in the previous chapter, clearly reveal that
the conduction process becomes strongly inhomogeneous on larger length scales.
We therefore limit our analysis of the electrical transport properties to the
samples with sheet resistance around 10k /0]. However, for D = 2 the transi-
tion between weak and strong localization occurs for a sheet resistance around
30k2/0O. Because our homogeneous samples with diffusive charge transport
are very close to this transition, we can only perform a qualitative analysis of
our experimental results. At higher temperatures an analysis in terms of weak
localization appears to be more appropriate, while at low temperatures, where
the sheet resistance can become considerably higher than 30k/0J, an analysis
in terms of strong localization appears to be more appropriate.

Below we present and discuss the experimental results for the temperature
dependence of the resistance, the magnetoresistance and the Hall effect for a
selection of samples with a sheet resistance that is around 10k2/0 at room
temperature. This will provide direct information on the use of the 2D hole

gas for device applications.

Plain hydrogenated CVD diamond layers

The following measurements were performed on two different samples: a ho-
moepitaxial single crystal CVD diamond grown at IMO (IMO2) and a single
crystal CVD diamond (MCC) supplied by the Element Six company. The sam-
ples are glued to the sample holder (see Fig. 2.21) and the electrical contacts are
made by ultrasonic wire bonding with 30 ym diameter aluminium wires. Four-
point resistance measurements are performed with a nanovoltmeter (Hewlett
Packard 34420A) and a programmable current source (Keithley 220). The
measured voltage is averaged over both positive and negative polarities of the
injected current in order to eliminate thermal or offset voltages when using the
nanovoltmeter. Typically a current between 10 A and 100 pA is used. We have
performed resistance and magnetoresistance measurements on both samples,

and Hall effect measurements on the MCC sample in a vacuum of 10~% mbar.
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For the Hall measurements we applied magnetic fields between 1T and 10T.
The measurements were performed in a cryostat where the temperature could
be varied between 1.5 K and 300 K without breaking the vacuum. Using the
van der Pauw method and the two configurations depicted in Fig. 2.20, we have

determined the sheet resistance Ry from the equation:

_ 7T(RA+RB)

- 4.2
R 21n2 (4.2)

The sheet resistance has a room temperature value of about 6k /O] for IMO2
and 10kQ/0O for the MCC sample and increases with decreasing temperature.
The increase is weaker at high temperatures and becomes much more pro-
nounced at low temperatures (Fig. 4.13). The insets of Fig. 4.13 show the
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Figure 4.13: Sheet resistance of the H-terminated diamond
sample plotted as a function of temperature: (a) Sample IMO2
from IMO; (b) Sample MCC from Element Six. Insets: The
same data plotted as a function of the logarithm of temperature.

sheet resistance dependence as a function of the logarithm of temperature. The
variation of the sheet resistance is consistent with a logarithmic divergence. As
discussed above, such a divergence of the resistance is typical of a 2D disordered
conductor and indicates weak localization of the charge carriers [236,237].
Since our samples are close to the transition towards strong localization, we
also try to interpret our results in terms of strong localization and therefore
also analyze the temperature dependence of the 2D sheet conductivity o of the
hydrogenated diamond samples. As can be seen in Fig. 4.14, o, varies between
2-107% and 2- 107 Q! for IMO2 and between 10~%and 10~* Q! for MCC.
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When plotting the logarithm of the conductivity as a function of 1/T', we ob-
serve a saturation of the conductivity at lower temperatures, indicating that
a simple analysis in terms of exponential activation of the conduction process
fails. On the other hand, for higher temperatures (> 90K) the temperature
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Figure 4.14: Temperature dependence of the conductivity:
(a) The sample IMO2 from IMO; (b) The sample MCC from
Element Six.

dependence of the conductivity seems to agree with a thermally activated be-
havior that is consistent with strong localization. The activation energies are
13.1meV (IMO2) and 11.3meV (MCC) at higher temperatures, while at lower
temperatures the conductivity is exponentially activated with an activation en-
ergy of 3.3meV (IMO2) and 2.7meV (MCC). From Fig. 4.14 we conclude that
an analysis in terms of strong localization does not make too much sense. First,
the barriers for the thermally activated transport become smaller at lower tem-
peratures, while the opposite behavior is expected. Second, the fitted barrier
heights are comparable to the available thermal energy kpT, while the thermal
energy needs to be much smaller than the barrier height for a reliable analysis.

Using the configuration shown in Fig. 2.19 we have measured the Hall volt-
age for the MCC sample at seven different temperatures: 1.6 K, 4.5K, 14.5K,
25K, 60K, 120K and 240 K. The measurements are performed with constant
current / = 10 uA and in a magnetic field applied perpendicular to the plane of
the sample. From these measurements we can then calculate the sheet carrier
density and the Hall mobility for our sample using Eqgs. 2.23 and 2.29, respec-
tively. From Fig. 4.15 we find that the sheet carrier density increases by one

order of magnitude at high temperatures (up to 3-10'2 cm~2), and appears to
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Figure 4.15: Sheet carrier density inferred from Hall effect

measurements at different temperatures. The applied current
was I = 10 uA and the magnetic field B = 10T was applied
perpendicular to the plane of the sample.

be exponentially activated with an activation energy of 2.9 meV. At lower tem-
peratures the carrier density tends to saturate. Knowing the carrier density, we
can calculate the Hall coefficient using Eq. 2.24. A positive Hall coefficient is
obtained, confirming that holes are indeed dominating the electrical transport
properties. Again, we note that an analysis in terms of exponentially activated
transport is not relevant in view of the too small barrier heights.

The Hall mobility is between 200 and 600 cm?/Vs™! (Fig. 4.16) and above
10K the logarithm of the hall mobility scales with T—/3 (inset of Fig. 4.16),
a dependence that in principle is consistent with Mott variable range hopping
for D = 2 [231]. We should, however, consider the agreement with Mott’s
prediction rather as accidental. Indeed, variable range hopping is expected
only for samples with strong localization and should become more dominant
at lower temperatures.

The disorder in our 2D hole gas can be related to lateral inhomogeneities
at the nanometer scale of the hydrogen termination of the diamond surface as
well as the presence of charged surface adsorbates and structural defects [203].
Electrical transport at the hydrogen terminated diamond surface may then be
described in terms of the models for localization of holes moving in a system
with potential fluctuations associated with the microscopic inhomogeneities.

Indeed, in our EFM images (Fig. 4.10) we do not observe any fluctuations of the
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Figure 4.16: Temperature dependence of the hole mobility
calculated from Hall experiments in a magnetic field B = 10T
and using a current of I = 10 pA. Inset picture: temperature de-
pendence of the hole mobility plotted versus 77/ (T > 10K).

SP down to about 70 nm, i.e., the spatial resolution of our EFM measurements.
SP fluctuations should therefore occur on a smaller (nanometer) scale.

As indicated above, magnetoresistance (MR) measurements present a unique
method to detect the presence of 2D localization effects in disordered metallic
systems. A magnetic field B should destroy the interference of the backscat-
tered charge carrier waves and result in a decrease of the resistance (negative
MR) at relatively low fields.

We have performed MR measurements for the IMO2 sample as well as
for the MCC sample. The magnetic field has been applied in two directions:
parallel and perpendicular to the plane of the sample. The measurements
were performed at a constant temperature of 10 K while applying a current
of 10 uA. A pronounced anisotropy is clearly observed when comparing the
results of the two measurements in Figs. 4.17-4.18. The anisotropy of the MR
clearly confirms the 2D character of the electrical transport properties: the
orbital motion of the holes is strongly affected by a magnetic field perpendicular
to the 2D layer, while the orbital motion remains unaffected for a magnetic
field parallel to the 2D hole gas layer. The positive MR that appears at very
high fields and dominates the MR for a parallel field can be related to the

disorder enhanced Coulomb repulsion between charge carriers and results from
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the Zeeman splitting of the spin-up and spin-down charge carriers. The positive
MR is also present for a perpendicular field, but in that case only results in
a saturation of the MR at very high fields due to the competition with the
negative MR resulting from the localization effect.
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Figure 4.17: The magnetoresistance data obtained at 10 K for
a magnetic field oriented parallel to the IMO2 sample (a) and
perpendicular to the plane of the IMO2 sample (b).
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Figure 4.18: The magnetoresistance data obtained at 10 K for
a magnetic field oriented parallel to the MCC sample (a) and
perpendicular to the plane of the MCC sample (b).

Patterned structures

Furthermore, we have patterned the MCC sample as described in Sec. 4.2 and

we have performed EFM and resistance measurements before and after local
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Figure 4.19: 40 x 40 yum? EFM image of the conductive cross
structure patterned on the H-terminated surface by photolithog-
raphy technique (V4. = 0).

AFM modification. Fig. 4.19 shows the work function image of the conduc-
tive cross created on the sample. It can be seen that the cross structure has
a different surface potential compared to the diamond surface. According to
Ref [161], the brighter cross correspond to the H- terminated surface, while
the darker areas correspond to the O-terminated surface. The SP difference
is around 150mV, similar to what we observed before on the patterned line
(Section 4.4). In the next step we have applied a DC current (Vg = 2V)
in order to visualize the electrical voltage distribution in the current-carrying
H-terminated structure (Fig. 4.20). It can be seen that the current flows only
along the bright lines, which represent the conductive H-terminated areas. The
resistive properties of the H-terminated diamond film structure can be observed
from the voltage drop seen in the voltage profile (Fig. 4.20-b). The linear volt-
age drop is an indication that the H-terminated structure behaves as diffusive
conductors with a well defined value of the sheet resistance.

Using an AFM operating in contact mode, we have locally oxidized the
conductive cross. We have applied a negative voltage of —14V to the tip at
65% air humidity. In this way we have created a 8 x 8 um? square in the middle
of the cross. From the work function image (Fig. 4.21) we can see that this
locally modified square region has an identical work function to the oxidized
areas of the sample.

In order to characterize the local electric properties of the AFM-modified

structure we switch our advanced AFM setup to EFM mode of operation. By
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Figure 4.20: (a) 40 x 40 yum® EFM image of the current-
carrying structure patterned on H-terminated diamond surface
(Vae = 2V). The arrow indicates the direction of the applied
current; (b) The voltage profile corresponding to the line drawn

in (a).

Figure 4.21: 40 x 40 yum? EFM image of the cross structure
after the AFM modification (Vg = 0).
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applying again a DC voltage of 2 V between two adjacent lines forming the cross
structure (other two lines are not connected), we can visualize the electrical
voltage distribution in the AFM-modified structure (Fig. 4.22). Similar to the
situation before the AFM modification, the voltage drops linearly along the
direction of the current flow (line B in Fig. 4.22-¢), while along a direction
where the cross sectional area of the conductive layer is smaller (line A) the
drop of potential is higher (Fig. 4.22-b). Other parts of the cross structure
remain correspondingly equipotential because no current is flowing through
the corresponding conductive lines. Based on our EFM characterization of the
modified structure we can conclude that after modification an essential part of
the total structure resistance is concentrated in the constriction created by the
AFM-anodization process. This provides a nice possibility to investigate the
electrical transport properties of nanometer size conductive regions fabricated
on the H-terminated surface and compare these transport properties to the
properties of micrometer size regions.

Figure 4.23 shows plots of the temperature dependence of the resistance of
the H-terminated cross structure before the AFM modification and after the
AFM modification. As it can be seen from Fig. 4.23, the resistance increases
by more than 1MQ after the AFM modification (which is more than 100%)
and it also reveals a more pronounced temperature dependence especially at
lower temperatures. Note that in general the variations of the resistance with
temperature for both cases are similar and behave typically for a 2D disordered
conductor. The difference in temperature dependencies can be explained by the
fact that for a smaller region the localization effects manifest themselves much
more strongly because of the reduced system size while keeping the disorder
fixed.

The sub-micrometer conductive structure we have obtained, by combining
photolithography and AFM local modification, can be used in electronic device

applications.

4.6 Summary

We have succeeded to locally modify the hydrogenated surface of the CVD-
grown diamond films using a conductive AFM tip. By varying the voltage, both

elevated and carved patterns could be obtained and “in situ” characterized by
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Figure 4.22: (a) 40 x 40 yum? EFM image of the current-
carrying H-terminated diamond structure after the AFM mod-
ification (Vg = 2V). The arrow indicates the direction of the
applied current; (b) The voltage profile corresponding to the
lines A and B drawn in (a).
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Figure 4.23: Temperature dependence of the resistance of the
structure prepared by patterning the hydrogen surface in form
of the cross: (a) before the AFM modification and (b) after the

AFM modification.
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EFM. From the EFM images a different work function could be inferred for the
modified structures when compared to the hydrogenated surface. Combining
the photolithography and the plasma oxidation techniques, we were able to
create conductive structures on the CVD diamond surface. With the conductive
AFM tip we are able to create sub-micrometer scale structures on the hydrogen-
terminated layer. The conductive properties of the obtained structure were
investigated by using EFM. In this way we could see that the structure has
a different work function than the oxygen plasma treated areas and we could
confirm that the obtained H-terminated structure is conductive. We have used
EFM to visualize the electrical voltage distribution in the current-carrying H-
terminated structure. The linear voltage drop in the H-terminated diamond
narrow-line structure indicates that this layer behaves as a diffusive conductor
with a well defined value of the sheet resistance. We demonstrate that our EFM
method is very useful to locate interruptions in the conductivity of devices
that are fabricated on an H-terminated diamond film surface by lithographic
patterning.

Electrical transport measurements were performed in order to study the
electronic properties of the created structure. Electrical transport of the H-
terminated diamond surface structures is analyzed qualitatively. Our analysis
is based on the models for localization of holes moving in a disordered system
with potential fluctuations associated with nanometer scale inhomogeneities of
the hydrogen termination of the diamond surface as well as with the presence
of charged surface adsorbates and structural defects.

The temperature variation of the sheet resistance is consistent with a loga-
rithmic divergence, which is typical of a 2D disordered conductor and indicates
weak localization of the charge carriers. The magnetoresistance curves ob-
tained at different orientations of the magnetic field reveal a strong anisotropy.
The anisotropy of the magnetoresistance clearly confirms the 2D character of
the electrical transport properties: the orbital motion of the holes is strongly
affected by a magnetic field perpendicular to the 2D hole gas layer, while the
orbital motion remains unaffected for a magnetic field parallel to the 2D hole
gas layer. The positive MR, which appears at very high fields and dominates
the magnetoresistance for a parallel field, can be related to the disorder en-
hanced Coulomb repulsion between the charge carriers and results from the

Zeeman splitting of the spin-up and spin-down charge carriers.



Conclusions

In CVD diamond, an electrically insulator, a highly conductive surface layer
with quasi-two dimensional (2D) hole gas characteristics can be obtained by
hydrogen termination. Electrical properties of this conductive layer can be
controlled by changing surface hydrogen termination to oxygen termination.
Although the properties of diamond conductive surface layers have been used
in different prototype devices such as Schottky diodes and field-effect transis-
tors, the mechanism behind the surface conductivity is far from being fully
understood. To investigate the potential device applications of the diamond
surface local electrical characterization and modification are crucial. The aim of
the present thesis is the nanoscale characterization and modification of the elec-
tronic properties of hydrogen terminated diamond surfaces. In order to pattern
hydrogen-terminated (H-terminated) diamond surfaces down to the nanome-
ter scale we combine photolithography and local anodic oxidation, using an
atomic force microscope (AFM). Another goal of the thesis was to investigate
the transport properties of the holes in conductive channels at the surface of
the hydrogenated diamond surface.

The films were prepared by chemical vapor deposition (CVD). We have
characterized the hydrogenated diamond surface in order to optimize the prepa-
ration procedure of the samples suitable for large and small scale lithography,
and for creating submicrometer structures used for further electrical characteri-
zation. We performed AFM surface characterization of CVD diamond samples,
that were grown at different conditions. The growth parameters and hydro-
genation process time were optimized in order to satisfy the requirements of
the lithographic processing on both micrometer and nanometer scale. The ef-
fects of mechanical polishing and the hydrogen plasma etching on the surface

roughness were also investigated. We used scanning tunneling microscopy in
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ultra-high vacuum as a suitable tool for studying the properties of the CVD
diamond surface at the atomic level. The direct observation of a (2 x 1) surface
reconstruction due to dimerization evidenced the high quality of the crystalline

surface layer.

We discussed the fabrication of the conductive structures on the H-ter-
minated diamond surface. We succeeded to locally modify the hydrogenated
surface of diamond films with a conductive AFM tip. By varying the voltage,
which is applied to the tip, both elevated and inscribed patterns can be obtained
and “in situ” characterized by electrical force microscopy (EFM). From the
EFM images a different work function can be inferred for the parts of the
surface that have been modified when compared to the hydrogenated surface.
For the elevated features there is no voltage dependence of the “AFM writing”
process, while for the inscribed features a weak voltage dependence is observed.
This dependence can be explained by the fact that a higher voltage induces a
higher local temperature, making easier the removal of the non-diamond layer
formed during the electrochemical oxidation process. With the conductive
AFM tip we are able to create three-dimensional structures with lateral size
in the submicrometer regime. This opens the possibility for nanofabrication
of electronic devices by local anodic oxidation, of the H-terminated diamond
surface, and also tune the vertical dimension by varying the depth or height of

the created features.

The EFM was adapted to characterize the surface conductivity of current
carrying H-terminated diamond films. The almost linear drop of the voltage for
a highly conductive layer indicates that such layers behave as diffusive conduc-
tors with a well defined value of the sheet resistance. On hydrogen-terminated
diamond surfaces with poor electrical conductivity we observe obstruction of
the current flow in particular regions. The coexisting conductive and insulat-
ing regions are characterized by a different surface potential. Our EFM based
local electrical measurements, which have been developed for current-carrying
hydrogen-terminated diamond films, can also be used to identify local inter-
ruptions in the conductivity of diamond film devices fabricated by lithographic
patterning. By combining two techniques, i.e. large scale standard photolithog-
raphy and AFM local anodic oxidation we obtain conductive sub-micrometer
structures, which are analyzed by AFM and EFM and then used for the electric

transport measurements. Photolithographic patterning of the hydrogenated
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CVD diamond has been achieved using a double layer resist method. Using
this method, patterns with lateral dimensions as small as 1 um were obtained.

Detailed electrical transport measurements as a function of temperature and
magnetic field, before and after local modification (anodization) with AFM of
photolithographically patterned diamond films were performed. The observed
variation of the resistance with temperature is consistent with the logarithmic
divergence of the sheet resistance, which is typical of a 2D disordered conductor
and corresponds to weak localizations of charge carriers. We were able to verify
the quasi 2D behavior by measuring the pronounced anisotropy of the magne-
toresistance at liquid helium temperatures, and to attribute this anisotropy to
2D weak electron localization.
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