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Introduction

The continuous developments in the production of synthetic diamond, achieved
during the twentieth century, have allowed the use of diamond as a material for
high technological application. In fact, the combination of its peculiar prop-
erties, such as high thermal conductivity, chemical inertness, optical trans-
parency (from UV to IR), high Young’s modulus, high support of electric field
before breakdown, corrosion resistance and biocompatibility, make diamond a
unique material, useful in a variety of different context (such as cutting tool
application[1], biosensors|2] and radiation dosimeters|3]).

Among the various properties, one of the most curious and controversial char-
acteristic is the p-type surface conductivity of diamond when it is terminated
in hydrogen and successively exposed to air. Actually, the hydrogen termina-
tion of diamond, i.e. the saturation of surface bonds with hydrogen atoms, is
relatively simple to obtain (it is, for example, a typical feature for synthetic
diamond produced with chemical vapour deposition techniques but it is also
realizable with specific techniques), as well as the exposure to air is simple and
intuitive, so that hydrogen-terminated diamond has been already used for a
wide variety of applications, such as, for example, as a p-type semiconducting
layer in the metal-semiconductor field effect transistors (MESFETs)[4, 5], for
solution-gate field effect transistors (SGFET) used as chemical sensors[6] and
in high power/high frequencies electronic devices|7|.

Historically, surface conductivity of diamond was discovered at the ends of
1980s but, since in the early years it has been treated as a mere curiosity, the
interpretation of this surface conductivity has requested long time and only
in 2000[8| it has been partially explained. The mechanism of conductivity
is based on two step, involving the negative electron affinity and the surface
transfer doping. Differently for other terminations, in fact, the saturation of

the surface dangling bonds with hydrogen induces the so-called negative elec-
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tron affinity, that is a particular condition in which the minimum of conduction
band lies above the vacuum level, favouring the electrons transfer that is then
realized by the surface transfer doping: when the lowest unoccupied orbitals of
an adsorbate specie lies near the maximum of the valence band of diamond the
electron transfer takes place; the successive rearrangement of diamond bands
leaves an hole accumulation layer at the surface.

Despite the mechanism of surface conductivity is reasonably clear, more dif-
ficulties have been encountered to individuate which molecules, or group of
molecules, are responsible of conduction: in this sense few attempts have been
done during the years but the conductive species are still unknown. There are
evidences that oxygen related species may have a significant role in conduction
but the absence in literature of an elemental analysis for the conductive sample
prevent any further consideration that can be useful in order to improve both
the stability of the adsorbate (conductive) layer and the overall performance
of the devices based on hydrogen-terminated diamond.

One critical point in the study of surface conductivity of hydrogenated dia-
mond and, consequently, in the individuation of the conductive species, can
be found in the poor effort done to correlate the macroscopic effects, such
as the variation of conducibility of diamond upon air exposure or in different
temperature/pressure conditions, and the microscopic effects, such as the ad-
sorption/desorption effects or variation in morphology: our approach in that
sense is to combine the two aspects, studying at the same time the macro-
scopic behaviour, using, in particular, resistance measurements, and the micro-
scopic behaviour, where electron spectroscopies such as the X-ray Photoemis-
sion spectroscopy (XPS) and the Electron Energy Loss Spectroscopy (EELS)
are particularly suited to the task, due to their well known surface sensitivity.
In this framework, we focused our attention on three main aspect that we

consider fundamental in the knowledge of hydrogen-terminated diamond:

e the study of sample preparation and how it can affect the surface mor-

phology, and conductive properties;
e the study of surface conductivity of samples and its homogeneity;

e the explanation of the role of oxygen in the conduction mechanism, done

through the elemental analysis of the surface.
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The work here presented is divided into four Chapters: in the first chapter
the main properties of diamond are highlighted, together with a more detailed
picture of the mechanism of surface conductivity for the hydrogen terminated
diamond; moreover, a detailed description of previous literature concerning
spectroscopic measurements is summarized: the works presented are at the
basis of our analysis.

Chapter Two is dedicated to the description of theoretical aspects of the spec-
troscopic technique used for this work of thesis, that are, as said, XPS and
EELS. Part of the chapter is dedicated to the description of the experimental
apparatuses used in this work.

In Chapter Three the effects of sample preparation on surface order are dis-
cussed in terms of the electron diffraction patterns, taken for different prepared
sample. The surface order is also discussed after an annealing of the sample,
that is the typical method used to desorb the airborne species from the surface.
Since in the investigation we used commercially available samples, the varia-
tion of their morphology, depending on the quality of the samples used, is then
discussed in terms of Atomic-Force Microscopy (AFM) images.

Lastly, the end of Chapter Three is dedicated to the conductive properties of
the sample used, investigated with resistance measurements as a function of
temperature and pressure and to evaluate the sample homogeneity, studied
with an innovative approach that combines resistance and spectroscopic mea-
surements.

Finally, Chapter Four is dedicated to the spectroscopic analysis we performed
on our hydrogen-terminated diamond, done with XPS measurements: with the
aim to get more information about the adsorbates species on diamond surface
and to highlight the role of oxygen in the conduction mechanism, the investiga-
tion involved diamond samples in different conductivity states and exposures
we will compare exposure to air and to atomic. The second part of the chapter
is dedicated to the investigation of C-H stretching mode, with the aim to get

more information about the effects of the annealing treatment.

It has to be noted that the contribution of the Ph.D. candidate in this work
of thesis concerned, together with the data analysis for the various measure-
ments showed in Chapter Three and Four, also the aspects regarding prepara-

tion (discussing and proposing improvement/modification in the preparation
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processes), resistance measurements (designing and implementing the four-
probe measurements setup and performing measurements) and spectroscopic
measurements (designing and implementing the line for introduction and dis-

sociation of oxygen and performing both XPS and EELS measurements).



chapter 1. Diamond and its properties

Diamond is known to be one of the most precious gemstone from long time:
its history began six thousands years ago, when first diamond crystals were
extracted from kimberlite in deposits located mainly in India. Today natural
diamonds are mined in several places all around the world but principally
Africa, South America and Australia.

In the last years diamond has come out of its usual field, jewelery, attracting the
attention of researchers because of its unique combination of chemical, physical
and mechanical properties, suitable for several application in different fields.
Although diamond is well known for its hardness (10* g cm™2, known also to
be the hardest material in the Mohs scale), there are also other interesting
properties|9] such as its high Young modulus, its low coefficient of friction, the
exceptional wear resistance (some of the most interesting properties of diamond
are presented in Table 1.1) and, moreover, its thermal conductivity, that is the
highest of any material known, reaching the value of 2200 W m~! K~ at room
temperature, five times better than copper, fifteen times better than silicon:
the combination of high thermal conductivity and hardness makes diamond

very suitable for cutting tool applications.

For what concern the structural characteristics, diamond is one of the
(metastable) allotropic form of carbon: carbon atoms are bonded in a tetra-
hedral sp® configuration where each bond form an angle of 109° with others,

arranged in a particular face-centered cubic crystal lattice (also known as dia-
111
4°4°4
3.567 A and can depend on impurities concentrations, isotope content[10] and

mond lattice) with a base at ( ). The lattice constant for diamond is ag =
also temperature.
Related to lattice constant, chemical bonds of carbon in diamonds are char-

acterized by a length of 1.57 A (small if compared with silicon’s bond length of
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Property Value
Lattice parameter 3.57 A
Mechanical hardness up to 10* g cm™2
Dielectric constant 5.7
Thermal conductivity 2200 Wm™! K}
Young Modulus 1143 Gpa
Bandgap 5.45 eV (indirect)
Work function 4.81 eV
Ionization energy 13 eV
Intrinsic electrical resistivity > 10° Q cm

Breakdown electric field
Electron mobility
Hole mobility

Optical trasmission

Atomic number

> 10" Vem™!
1800 cm? V—1 g1
1200 cm? V1 g1

220 < X\ <2500 nm;

A > 6000 nm
6

Table 1.1: Main characteristics of natural diamond [9].

Figure 1.1: The crystalline lattice of diamond.
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2.34 A) and a bond energy of 711 KJ mol™!; the atomic density is 1.76 x 10?3

atoms ¢cm 2, while diamond’s density is 3.52 g cm™:

these parameters are
responsible of the above mentioned thermal conductivity and hardness.
Moreover, diamond has interesting properties from the electronic point of view:
it is a so-called wide bandgap semiconductor and its bandgap is the wider
among all the semiconductors, being an (indirect) gap of 5.45 eV, as sketched
in Fig. 1.2: The valence bands in diamond have their maxima at the Gamma
point in the Brillouin zone, and the minimum in the first conduction band
at k = 0.76 A~! of the zone boundary in the (001) directions. Finally, the
spin-orbit splitting at the maximum of the valence band is particularly small,
about 12 meV/[1].

One of the consequences of the peculiar wide bandgap is the high support to

Figure 1.2: Band structure of diamond, as presented in [11].

the electric field before breakdown (typical values are around 10 MV em™!):
it was demonstrated that Schottky diodes based on diamond are capable of
operating at voltages in excess of 10 kV and at higher temperatures than
other semiconductor materials[9]. The combination of thermal and electronic
properties makes diamond also interesting for high power electronic device ap-
plications.

In order to complete the electronic properties, peculiar characteristics of dia-
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mond are the high resistivity (up to 10'®Qcm), high carrier mobility of 1800
em?V~1s™! for electrons and 1200 cm?V~1s™! for holes (but for single-crystal
synthetic diamond are reported electron and hole mobilities of about 4500
cm?V~1s7! and 3800 ¢cm?V~!s™!, respectively) and low dielectric constant of
5.7.

Finally, one does not forget the peculiar properties of diamond of chemical
inertness and bio-compatibility that, combined with its electronics properties

makes it a good candidate for electrochemical and biological applications|12].

For what concern the production of synthetic diamond, the typical meth-
ods used are two: the Hot Pressure Hot Temperature (HPHT) that, as the
name suggests, replicate the natural condition of diamond production: inside
a belt press, capable of producing pressure on the order of 10 GPa and temper-
atures above 2000°C, is inserted a pyrophyllite container in which graphite is
dissolved within molten nickel, cobalt or iron[13]. These metals have the dual
purpose of acting both as solvents for graphite and catalysts of the reaction,
accelerating the conversion into diamond.

The second method is the Chemical Vapor Deposition (CVD) in which dia-
mond is produced by the deposition of particular chemical species onto a solid
surface starting from a gas-phase in non-equilibrium just above the deposi-
tion substrate; the non-equilibrium is reached just by activating the species in
gas|14]. Different gas mixtures can be used to produce diamond but in case of
diamond production they typically include hydrogen: it is well-known, in fact,
that atomic hydrogen etches sp? graphitic carbon many times faster than sp?
diamond-like carbon, preventing the deposition of graphite by removing it and
favouring the diamond growth. Moreover, the highly reactive hydrogen atoms
are used to bond quickly any dangling bond in excess on the surface, leav-
ing the surface of CVD diamond uniformly terminated. The hydrogen surface
termination of diamond has non-secondary consequences that will be showed

later.

1.1 Classification of diamond

During the years great effort was made to classify diamond, using several exper-

imental techniques. First classification was made during 1930s, when colourless
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diamond was divided into two groups, on the basis of difference in transparency
in the UV (10-400nm) and infra-red (700nm-1000um): while one group of dia-
monds were opaque in UV region and absorbed strongly in the infra-red zone
the latter showed high transmittance in UV regions. The two groups were
respectively called Type I and Type II diamonds. Later it was discovered that
these differences were correlated with the presence of nitrogen impurities (ni-
trogen is one of the most present impurity in diamond).

Nowadays we have a more detailed classification of diamond (indipendent from
the natural or synthetic origin), that, depending on nitrogen impurities is clas-

sified into:

e Type I diamond: the Type I diamond has nitrogen impurities in con-
centration over 5 part per million (with typical concentration between
100 and 3000 ppm), enough to be detected by an infra-red spectrometer.
On the basis of how nitrogen is aggregated into the carbon lattice Type
I diamond can be subdivided into three more sub categories: The most
common configuration involves two nitrogen atoms adjacent each other
(Type TaA) diamond or rather four nitrogen atoms that symmetrically
surround a vacancy (Type IaB diamond). A third configuration (Type Ib
diamond) involves isolated single nitrogen atoms that have substituted
carbon atoms in the lattice; typically these impurities are called single

substitutional.

e Type II diamond: in this case the nitrogen impurities are up to 5
parts per million and, hard to recognize from infra-red spectra. Also
in this case there are two subcategories: while Type Ila diamond has
no other impurities recognizable (making these diamonds the purest of
pures), type IIb diamond has evident boron inclusion (the other typical
impurity in diamond) that are thought to be isolated single atoms that

replace carbon atoms.

About the 98% of natural diamond is Type I, while typically synthetic diamond

is type Ila; the entire classification of diamond is presented in Fig. 1.3.

1.2 Hydrogen termination in diamond: surface conductivity

As mentioned CVD diamond is naturally terminated with hydrogen, nonethe-

less the hydrogen termination gives peculiar properties to diamond.
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Figure 1.3: Modern classification of diamond, based on impurity presence.
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For what concern surface arrangement, taking into account the (100) surface
as an example, the hydrogen termination of diamond is characterized by single
bonds between carbon and hydrogen atoms (in bare surface, instead, dangling
bonds are saturated by forming double bonds between carbon atoms). From
the energetic point of view, and differently from the other termination of di-
amonds, one of the most peculiar feature of hydrogen terminated diamond is
the negative electron affinity (NEA), that describe the situation in which the
conduction band is above the vacuum level; thus, once promoted in the con-
duction band, electrons do not experience a potential barrier and are free to
leave the sample.

The NEA properties of the hydrogen-terminated diamond is crucial in the
explanation of the surface conductivity of diamond: first works reporting
the surface conductivity in diamond appeared in 1989 when Landstrass and
Ravi[15, 16] found an high conductivity for CVD diamond exposed to hydro-
gen plasma, ten orders of magnitude respect the intrinsic value (107° versus
10719 Q~tem™1). The conductivity was soon correlated with the hydrogen at
the surface or just below, in the subsurface region, with two different experi-
ments by Grot and Gildenblat in 1990 and in 1991[17, 18|: these experiments
in fact showed clearly that a mild annealing at 300°C in air or an oxidation
of the surface could remove this surface conductivity. These works pointed
also out the fact that hydrogen atoms might be implanted for several tens of
nanometers into the diamond: this observation is relevant in the interpretation
of spectroscopic measurements, shown below.

During the 1990s physical quantities related to the surface conductivity were
determined by Hall measurements, pointing out the temperature dependence:
sheet conductivity og of hydrogen-terminated diamond was measured to be of
the order of 107* to 1075 Q7! for different sample quality (single-crystal, poly-
cristalline and nanocrystalline) while the areal density of the p-type carriers
was found to range between 102 and 10'3 cm ™2 and to be hardly temperature
dependent between 400 and 120 K[19]. Despite of the great effort made to
measure these macroscopic quantities, the microscopic mechanism responsible
of the enhanced surface sensitivity of the hydrogen-terminated diamond was
still unclear.

In 1996 Shirafugi and Sugino|20|, combining XPS and Kelvin-probe measure-

ments suggested the idea of an electron transfer from diamond to surface
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acceptors-like surface state with a concomitant band bending at the surface and
the subsequent creation of a hole accumulation layer. It was initially assumed
that hydrogen itself would form particular, as yet unspecified, acceptor-like
defects|19], though the nature of these hydrogen induced acceptors could, not
be substantiated. Instead, Ri and colleagues demonstrated that the surface
conductivity depends sensitively on the kind of atmosphere in which the dia-
mond sample is kept|21, 22].

Finally, in 2000 Maier and colleagues provided the keystone experiment that
revealed the role of hydrogen termination and atmospheric condition and how
surface conductivity can be generated|8]. Maier placed a hydrogen-terminated
diamond sample (with a surface conductivity of 107*Q~!) sample in Ultra-
High Vacuum (UHV) conditions. One half of diamond was bombarded with
electrons in order to remove the hydrogen termination from that side. Then,
the two halves of sample were annealed: at this stage also the other half of
sample (still hydrogen-terminated) showed no conductance, with values below
1071°0~! and no variation until the sample was maintained in UHV conditions.
Once the sample was exposed to air the hydrogenated side of the sample rapidly
increased its conductance by four orders of magnitude in the first twenty min-
utes, reaching the saturation value of 2 x 107° Q! in three days. In the same
conditions, the non-hydrogenated side of the sample did not show any increase
in surface conductance (the comparison is sketched in Fig. 1.4). The conclu-
sion drawn by Maier and colleagues was that hydrogen termination of diamond
is a necessary but not sufficient condition to achieve the surface conductivity
and that airborne species adsorbed on the surface has a significant importance
in conduction.

To explain the mechanism of conduction Maier developed the so-called surface
transfer doping model: differently respect to the classical doping, in which
dopants are incorporated in the semiconductor lattice, the surface transfer
doping takes place when there is exchange of electrons between an intrinsic
semiconductor on the one side and an electron acceptor, placed at the other
side of the surface, which possesses unoccupied molecular orbitals. In partic-
ular, if the energetically lowest unoccupied orbital (LUMO) is close to the va-
lence band maximum (VBM) of the semiconductor, electrons will transfer from
the semiconductor to the surface acceptor. As a result negative charges will be

localized on the surface acceptors, leaving behind holes in the semiconductor
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Figure 1.4: Surface conductance of hydrogenated and non-hydrogenated diamond
in ultrahigh vacuum and during exposure to air, as riadapted from [8].
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valence band: the electrostatic potential estabilished by charge separation will
confine holes in perpendicular direction, letting them be free to move parallel
to surface. This physical charge separation leads to a space-charge layer with
associated upward band bending toward diamond surface; at thermodynamic
equilibrium the Fermi level of surface adsorbates will be aligned with the Fermi
energy of diamond, as presented in Fig. 1.5.

In principle, the surface adsorbate responsible of conductivity in diamond

(lassical doping

Surface transfer doping

................ Vacuum level
E[
UMO +1
\
. F
E A B C
T Lumo |]
©0o-Too -0000G E
[, 90 6@ -___%___-_________F_
A
D D E
HOMO o Y

Figure 1.5: Comparison between classical doping (on the left) and p-type surface
transfer doping (on the right), as proposed by Maier and colleagues[8] to explain

surface conductivity in hydrogen-terminated diamond.

can have any form, e.g. can be isolated molecules, solid adsorbates, solvated
species, with the only request to have LUMO (acceptor) level near the VBM of
diamond. This requirement can be translated in terms of electron affinity: the
electron affinity of diamond (1.3 eV) sets the lower limit for the electron affinity
of the adsorbated specie, Xqq4, t0 be 4.2 €V (xaa = E, — 1.3, where E, is the
energy gap) or higher. Electron affinities of common atmospheric molecules
(such ad Ng, Og, COq, HyO etc.) does not exceed 2.3 eV; for this reason Maier
suggested the presence of solvated ions species within a thin aqueous layer as
surface acceptors. Among various possibilities, the H3O" /H, redox couple was
proposed by Maier as the electron acceptor because of its chemical potential
when referred to the vacuum level, that matches the ionization energy of the
perfectly hydrogen-terminated diamond surface (4.2 eV). There is evidence,
however, that other redox couples might actually be active when these ideal
conditions are not met (such as O3/0y + OH7)[23]. Moreover, there are evi-
dences that oxygen of diamond seems to be very relevant in surface conduction,
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as proposed in two different works.

In Kubovic and Kasu’s work [24] the hydrogen-terminated diamond was first
kept in a Ny atmosphere and then exposed for one hour to several gases, in par-
ticular including high oxidant species such as O3, NO5y and SO,; the hole-sheet
concentration (p,) was measured during the exposition (as showed in Fig. 1.6).

While an exposition to main components of air does not change significantly

8x10" : :
{ N, igasexp.i N, atm. ——0,  1ppm
7x10" : —A—NO, 5ppm
1 —®—50, 5ppm
6x10" 1 ““'*iﬂ.__ PR
A . i —&—NO 5ppm
—~ co1pl3 b ;
= 5x107 I —-0, 100%
§ . + i —+—CO, 5ppm
or 4x1074 ’ —»—N,O 5ppm
o Ar 100%
31079 —— humid N,
2%x10" 1 =5 S sEEm w3 g
1x10"
T T T T

-60 0 60 120 180 240 300
t (min)

Figure 1.6: Change of hole sheet concentration during 1h exposure to different
gases[24]. Oxidant gases such as ozone, sulphur dioxide and nitrogen dioxide seems

to be more effective respect to the other gases.

(such as carbon dioxide) the hole sheet concentration values, which remained
stable around 1 x 10" cm ™2, the exposition to highly oxidizing species, such as
sulfur dioxide, nitrogen dioxide and in particular to ozone, seems to increase
several times (up to 7 x 10" ¢cm™2) the hole sheet concentration. This work
was then extended by H. Sato [25], measuring the time evolution of both hole-
sheet concentration and mobility for the specific O3 and NOy cases. In this
case, the hole sheet concentration was monitored during desorption in vacuum
after exposion of Ippm NOy and O3z. As can be seen in Fig. 1.7, after 240h
of desorption the slowly decreasing of p, for the two gases is almost the same,
clearly suggesting that remaining adsorbed species on diamond surface had to
be the same for both two gases and that the species should be composed of

oxygen, which is the unique common element. To explain this behaviour, Sato
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Figure 1.7: Evolution of hole sheet concentration during desorption, after expo-
sure to NO, and Os. After 240 h of desorption the behavior of ps is the same[25].

proposed an alternative mechanism of adsorption respect to Maier, with no
presence of a wetting layer (Fig. 1.8).

Taking as example NOy, molecules steal electrons from the diamond, so the
NOy molecules are negatively ionized while positive holes are left on the dia-
mond surface; thus the positive holes in diamond are spatially separated from
negatively-ionized NOy molecules. Soon, extra NOy molecules on the sur-
face start to migrate until the surface coverage of NOy; molecules on the H-
terminated surface reaches the monolayer coverage and the the adsorption of
NO; molecules stops. In this state, the time evolution of p, shows a saturating
behavior.

Regarding the desorption, Sato has been proposed that proceeds in two steps:
as mentioned before the similar behaviour in the hole sheet concentration for
both NO, and O3 suggests that O, molecules are the residual adsorbed species,
because it is the unique common element between the two gases. Sato pro-
posed that first step of the process could be the decomposition of NO, into
O, and Ny with the latter molecules that desorb into the vapour phase and
negatively ionized O, molecules are left on the H-terminated surface. Then
the second step is the slow desorption of Oy molecules from the surface due to
the recombination of the O, ions and the holes in the diamond, because the

recombination requires tunnelling of electrons from the O ions to the diamond
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lattice with a time scale of weeks, making this surface stable for weeks.

Both the possible presence of a wet layer, with the particular reaction proposed
by Maier and coworkers, and the role of oxygen in the mechanism of conduc-
tion in hydrogen-terminated diamond, as proposed by Sato and coworkers, still

remain unclear (and not fully verified), thus still under investigation.

1.3 Spectroscopic measurements on hydrogen-terminated di-

amond

A typical issue opened in the years of investigation on hydrogen-terminated
diamond is the poor effort made to combine measurements concerning macro-
scopic aspect, as the electric measurements do, and microscopic aspect on the
sample, well studied by spectroscopic analysis. These, although present in
literature, rarely come into contact with their macroscopic counterpart and
only in few cases electrical and spectroscopic measurements are performed
together[24]. We believe instead that the combination of the two type of mea-
surements can clarify the questions opened during these years of study on the
hydrogen-terminated diamond.
In this section we are going to discuss previous spectroscopic measurements
performed on hydrogen-terminated diamond, focusing mainly on three tech-
niques: Low Energy Electron Diffraction (LEED), X-Ray Photoemission Spec-
troscopy (XPS) and Electron Energy Loss Spectroscopy (EELS). These tech-
niques, in fact, give complementary information on the microscopic behaviour
of the samples. As said in the precedent section, hydrogen-terminated sur-
face and bare surface of diamond are characterized by different bond config-
uration. This, in principle does not affect LEED patterns taken for the two
termination: taking into account the (100) surfaces, in fact, the two termi-
nation are both characterized by a 2x1 reconstruction of the surface. In-
stead, oxygen-terminated (100) diamond surface are characterized by a 1x1
reconstruction|26| (the three LEED patterns are showed in Fig.1.9). Air expo-
sure of the hydrogen-terminated samples does not affect LEED patterns|27],
while roughness can be effective to induce different reconstruction|28].

EELS measurements can complete LEED information because of its surface
sensitivity: actually we can divide the EELS measurements as such, where typ-

ical features studied are interband transition or plasmon losses, from the vibra-
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a) Hydrogenated (2x1) b) Reconstructed (2x1) c) Oxidized (1x1)

Figure 1.9: LEED pattern for (a) hydrogenated (b) reconstructed (c) oxidized
C(100) surface. Picture taken from[26].

tional contribute, typical studied with the so-called High Resolution Energy
Loss (HREELS). The Energy Loss spectrum of diamond has typical feature
(Fig.1.10) at 14 eV (due to an interband transition from valence to conduction
band|29]), at 23 (surface plasmon loss) and 33 eV (bulk plasmon loss)[29, 30].
In some cases a bump at 6.5 eV has been observed, and it has been related to
the w7* transition for samples that have graphitic residuals, while a structure

at 10 eV is typically associated to the presence of Oxygen on surface|30].

Energy Loss (eV)
60 40 20 0

T T T

e - single-crystal diamond

)l

1
480 50
Electron Energy (eV)

] 1 1

1
440 460

Figure 1.10: EELS spectrum for single crystal diamond. Typical plasmon struc-
tures of diamond at 23 and 33 eV are clarly visible. Picture riadapted from [30].
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More interesting, from the point of view of surface termination, is the loss
region between 0 and 5 eV (Fig. 1.11). In bare diamond samples this region is
characterized by the presence of a large feature, starting roughly at 2eV of en-
ergy loss, that has been related to a surface fully terminated with C=C dimers,
as the (100) surface is[26]. This feature is removed with hydrogen-termination
of the surface, thus the 0-5 ev loss region for the hydrogenated diamond sam-
ples is characterized by the presence of a gap. In some papers the presence of
dangling bond has been related to the presence of a background contribute in
the 0-5 eV region|30].

Even in the study of vibrational mode it is possible to find structures related

200 g

150 | |

100 |

Counts

50 |

Energy (eV)

Figure 1.11: Energy loss spectra for (a) hydrogenated (b) oxidized (c) recon-
structed C(100) surface in the 0-12¢V loss region[26].

to the surface termination. For the hydrogen-terminated samples, benchmark
features are located at 1220 ¢cm™'(0.302 V), with repetition at 2440(0.302)
and 3660(0.446) cm~!(eV), that have been attributed to a mix of §(C-H) and
v(C-C) lattice vibrations and their first and second overtones, while a fea-
ture at 2920(0.360) cm~!(eV) is attributed to v(C-H) stretching mode[31] (a
typical HREELS spectrum is presented in Fig.1.12); oxidation of the surface
can induce additional features at 970 (0.120), 1570(0.194), 1765(0.218) and
3540(0.438)cm~!(eV), attributed respectively to v(C-O-C) and §(O-H), to
quinone v(C=0) or v(C=C) mode, to the carbonyl stretch and to v(O-H)[26].
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Figure 1.12: typical HREELS spectrum for (100) surface of hydrogen terminated
diamond. Picture taken from [31].

In principle it is possible to determine the angle of C-H bond respect to
the surface but, as suggested by Thoms and Butler|31], studying the evolution
of intensity of elastic peak and of 1250, 2449 and 2920 cm~! loss peaks as a
function of collection angle in off-specular condition, within the frame of the
dipole approximation for the quasi-elastic scattering [32]. However, a signi-
ficative contribution of impact scattering, can affect the study of these losses,

even for smooth surfaces and, moreover, in specular condition.

Finally, the XPS technique has been devoted mainly on the study of Cls
core level for hydrogen-terminated sample. Historically, first measurements on
hydrogen-terminated diamond and relative deconvolution were performed on
(111) surface [33-35] and then on (100) surface[36]. In both the two surfaces
Cl1s core-level showed, in addition to the dominant bulk C 1s line, some tailing
toward higher binding energy, interpreted in different in different ways as one
or more separate components|33]. A resolutive experiment, able to explain
explain with more detail this bump at high binding energy, was performed by

Graupner and coworkers[37|. Using two different hydrogen-terminated sam-
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ples, characterized by different surface orientations (respectively, (100) and
the (111) orientation), Graupner studied samples using two different photon
energies, 305 and 325eV, in order to enhance bulk and surface behaviour, re-
spectively.

The samples were first studied after a hydrogen-plasma treatment and the de-
convolution of Cls spectra showed clearly the presence of two components: the
two components are called respectively Sy, and B in Fig. 1.13 and the shift
between the two components was different for the two surfaces: +0.5 eV for
the (100) and +0.7 eV for (111) surfaces;.

The contribution of S4 component relative to the total Cls emission increases

T T T I'l‘ll'l'l LI

hv=325 eV Diamond (100) hv=305 eV
T e =800°C

Intensity (arb. units)

.I | I T | L P I . ]

2 1 0 1 212 1 0 1 -2
Binding Energy rel. to  Binding Energy rel. to
Bulk Component (eV)  Bulk Component (eV)

Diamond (111)
Ty =800°C

hy=325 eV

Intensity (arb. units)

2 1 o -1 -2
Binding Energy rel. to
Bulk Component (V)

Figure 1.13: CIs photoemission spectra for (100) and (111) hydrogen-terminated
surfaces. Picture readapted from [37].

for surface sensitive measurements, proving the surface behaviour of this fea-
ture: Graupner and colleagues have attributed this surface component to the
to emission from adsorbed hydrocarbons, as confirmed by a mild annealing at
700°C where the S4 components disappeared (Fig.1.14).
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Figure 1.14: Cls photoemission spectra for (100) hydrogen-terminated surfaces
after a mild annealing at 700° C for 10 minutes. Spectrum is characterized by a
single (B) peak attributed to bulk carbon. Picture taken from [37].

Then, the samples were annealed at 1050° for 10 minutes: the relative
spectra is depicted in Fig. 1.15.

This time a component toward lower binding energy appeared (indicated as S¢

LI T T T T T T T T T T 1 T T L T T T
hv=325 eV Diamond (100} hv=305 eV hv=325 eV Diamond (111) hv=305 eV
T =1050°C T, =1050°C
2 B B z B
: :
]
s e <
z z
Z 3
c S @
O -
£ € £
1 1 ] 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 1 0 1 2 2 1 0 1 =2 2 1.0 44 2 2 1 0 1 -2
Binding Energy rel. to Bulk Component (eV) Binding Energy rel. to Bulk Component (eV)

Figure 1.15: C1s photoemission spectra for (100) and (111) hydrogen-terminated
surfaces after an annealing at 1050°C for 10 minutes. Spectra are characterized
by surface component (S¢) attribuited to hydrogen-free surface carbon. Picture
taken from [37].

in figure), shifted by -0.9eV for (100) surface and by -1.02eV for (111) surface.

Again, the increase in the ratio between the So and B components using the
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surface sensitive photelectrons confirms the surface nature of Sg, associated
to surface carbons which have lost hydrogen (bonded as monohydride) during
annealing.

Although the deconvolution performed by Graupner was accepted and used for
successive works (such as in 38, 39]), recently an alternative interpretation of

the Cls was proposed by Schenk and coworkers[40].
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Chemical Gaussian Relative

Component shift (eV)* FWHM (eV)° Assignment intensity®

B 0 031 +0.02 Bulk carbon 73.7%

B* +0.36 0.40 £ 0.05 Sub-surface 11.1%
carbon layers

CH —0.16 0,30 +0.02 Hydrogen 13.0%
terminated carbon

CH* +0.20 0,30 £0.02 Vibrational loss 2.2%
from CH bond

* Chemical shifts are calculated relative to the bulk component B, with a +0.05 eV uncertainty.
& Values for Gaussian FWHM are averages of the values used for fitting all datasets measured on §1 and 52
“ Determined relative to the total Cls intensity.

Figure 1.16: Cls spectra and its fit, as proposed by Schenk and coworkers[40].
Components used for the fit, their assignation and position respect to the bulk
peak are presented in the table below the picture.
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This deconvolution, presented in Fig.1.16, has the following assignation:
e B is the Bulk related peak;

e CH and CH* are peaks related to the surface carbon atoms bonded with
hydrogen atoms. CH peaks is located 0.15 eV towards lower binding
energies with respect to B peaks, while CH* takes into account energy
loss processes and is placed 0.20 eV from B peak towards higher binding

energies
e B* peaks is related to subsurface carbons

This different deconvolution of Cls peak and the relative assignation of the

peaks is related to some observation done by Schenk and coworkers:

Intensity difference (a.u)

-2 -1 0 1 2
Relative Binding Energy (eV)

Figure 1.17: Difference spectra between Cls core level acquired using photon
energy of 350 eV (surface sensitive) and 850 eV (bulk sensitive); the zero represents
the position of C1s maximum. Picture taken from [40].

1. from the subtraction of the Cls spectra taken in surface sensitive regime
(hr—350 eV) and bulk sensitive regime (hr—850 eV) they individuated
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three bumps (Fig.1.17, where the subtraction has been repeated as a
function of temperature): one of the three bumps was located near the
zero that represents the Cls peak maximum) and was attributed to bulk
carbon atoms. The two positive bumps, one located at higher and the
other at lower binding energies respect to zero, were attributed to surface

components;

2. they takes into account Pauling electronegativity for hydrogen (2.1) that
is lower than the Pauling electronegativity for carbon (2.5) which tipically

produces a chemical shifts toward lower binding energies;

3. the combination of initial and final state effects can justify the presence
of a subsurface components in the higher binding energy zone near the

bulk component.

Further analysis done as a function of temperature, moreover, confirm the
presence of a peak, related to surface carbon atoms not bonded with hydro-
gen, placed at 0.8 eV towards lower binding energies with respect to bulk peak.
Despite the two deconvolutions are done for hydrogen-terminated diamond in
both cases the sample was first annealed, giving poor information about air-
borne adsorbates contribution.

However, it is well known that when surface transfer doping is established the
effect of upward band bending is highlighted by a rigid energy shift of peaks
in the photoemission spectral25, 39, 41, 42|.

Moreover, the contribution of hydrogen in XPS analysis is limited, in both
cases, to the first layers of sample and no contribution from hydrogen as im-

purity in the sample has been observed.



chapter2. Experimental methods and
setup

In the following chapter we are going to highlight, initially, the basic concepts
of the electronic spectroscopies used for this work of thesis, that are the pho-
toelectron spectroscopy and the electron energy loss spectroscopy. Then, the
discussion will be moved on the experimental apparatuses used for prepara-
tion of samples and for spectroscopic and electrical characterization used for
this thesis work. Different systems have been used: hydrogenation and electric
measurements of diamonds films have been performed at the DiaTHEMA (Di-
amond, Thermal & Harsh Environment Materials & Applications) laboratory,
in the Istituto di Struttura della Materia (ISM) of the Consiglio Nazionale della
Ricerca (CNR), while the apparatus for spectroscopic measurements is situ-
ated in the LASEC (Laboratorio di Spettroscopie e Correlazione) laboratory
of Universita degli Studi Roma Tre.

2.1 Experimental methods

21.1 Photoemission spectroscopy

The quantity of molecules adsorbed on on a surface is a fundamental parameter
for this work; the sensibility of core level photoemission in determine differ-
ent atomic species and different bond configuration for the same species with
its nanometric sensibility allows this kind of calculation; for this reasons in
the following sections we first describe the basic theory of photoemission spec-
troscopy, highlighting its surface properties, and then we describe a model to
calculate the fraction of surface covered by adsorbates.

In its essential aspects|43], the photoemission consists in the emission of elec-

27
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trons from a surface when this is impinged by electromagnetic radiation. For
the energy conservation any photoemitted electron will have a kinetic energy
related to the photon energy and by the structural characteristic of the sample,
following the relation:

Ey =hv — Eg — ¢, (2.1)

where Ep is the energy of the electron in its initial state (the so-called binding
energy) and ¢ is the work function of the sample.

A rigorous approach to the study of phomoemission from solids requires a
quantum description of the process in which an electron, in a electronic occu-
pied state of the solid, is excited by the photon, escapes from solid and then
reaches the detector, all in a single step. However, the photoemission process
is typically divided in a less-accurate but more simpler three-step process, that

are:

1. optical excitation of an electron from an initial to a final electronic state,
still into the lattice;

2. propagation of excited electron to the solid surface;

3. emission of electron from solid to vacuum passing through the solid sur-

face.

The three-step assumption permits to factorize the three contributes in the

determination of emitted electron current.

The optical excitation of an electron can be treated in terms of quan-
tum mechanics as a perturbation between the photon and the electronic cloud
of the solid. The total hamiltonian of the system is obtained by minimal
substitution|44] and it is:

H=Hy+H,, (2.2)
where
P2
is the unperturbed term and
eh
H =—1—A-V 2.4
v ch (2.4)

is the perturbation term caused by the radiation-matter interaction (A is the

potential vector).
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So the probability of a transition from a initial state |i, k) to a final state |f, k)
can be obtained in the time-dependent perturbation theory by the Fermi’s
Golden Rule: 5

Wis = M8 (B (k) = Ei(k) — hu) (2:5)

with

The § describes the energy conservation passing from the state E;(k) to the
state Er(k).
The electron current density for this step, for electrons with energy £ and

internal momentum (respect to the sample) can be described by the relation:

I'"(E, hw, k) Z |M |2 f(E)S(Ep(k) — Ei(k) — hw). (2.7)
fi

The main effect of the electrons propagation in the solid, the second step
described above, is the scattering of electrons with the atoms in the solids, with
the loss of any information about the electrons initial state. These scattered
electrons contributes to the secondary electrons background typically present
in the photoemission spectra. The propagation of electrons can be described by
the probability D(E, k) that electrons, moving to the surface do not experience

scattering events. This probability is proportional to the mean free path:
D(E, k) x A\(E, k). (2.8)

As can be seen in fig. 2.1, for typical photoemission energies the mean free
path is limited to few monolayers, that are roughly between 5 and 30 A. Thus,
the main effect is that the informations from a photoemission experiment are

limited in depth on the first layers of the solids, near to the surface.

As said, the transition of a photoelectron through the surface, can be
treated as the scattering of a Bloch electron wave from the surface-atom
potential with translational symmetry parallel (but not normal) to the sur-
face. Because of the 2D translational symmetry, the transmission of the elec-
tron through the surface into the vacuum requires conservation of its wave-

component parallel to the surface:

ﬁxt = k|| + G”, (2.9)
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Figure 2.1: Mean Free path of electrons. Picture taken from [45].

where k and k" are, respectively, the wave vector inside and outside the solid.
The factor of electron current relative of the third step can be described by

the transmission coefficient
T(E, k)é(k” + G” - k‘ﬁxt), (2.10)

where T'(E, k) is zero for electrons with k5" < 0.
Combining (2.7), (2.8) and (2.10) the photoelectron current escaping form the

solid can be written as:

[ (B ho, k§™) = 1™ (B; hw, k) D(B, k) T(E,k)d(ky + G — kf*).  (2.11)

21.2 Photoemission products

In order to understand correctly the features appearing in a photoemission
spectrum we recall again the expression for the probability Wy, of transition
from an initial state |i, k) = |i) to a final state |f, k) = |f): that the photon
wavelength is much larger with respect to the system dimensions, it is possible
to use the dipole approximation, in which e(® ™) ~ 1 and the transition matrix-
element can be expressed as a dipolar overlap integral between initial and final
state: 5

Wys oc 2| (FIr|i) 8 (B (k) — Ei(k) — Fw) (2.12)
The main issue, at this point, is to find the correct way to represent the

initial and final states: for example in an atom that have the form of the
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product of radial terms and spherical harmonics, so that ¢, ;. (r,0,¢) =
Ry (r)Y,m(0,¢), molecule often are approximated via a linear combination
of atomic orbitals (LCAQO) [44]; finally, in solids they are expressed in terms
of Bloch functions|46].

assuming a strong one-electron behavior for the photoemission process a con-
venient choice for the initial state results to be the product of k-th active
electron wave function ¢, and a N-1 electron residual due to the other passive

electrons, represented by ®F ,(N — 1):

i) = Clow)[Wir(N = 1)), (2.13)

where C' is an operator that antisymmetrizes properly the wave function. In
a similar way the final state can be represented as the product between the
wavefunction of the photoemitted electron, ¢ grin, and a N-1 electron residual
®% (N — 1), so that:

’f> = C‘¢k,Ekin>’w];,R(N - 1)> (2-14)

Assuming now that the photoemission process is quicker than the relaxation
time of residual electrons (assumption often called sudden approximation) the
matrix element can be decomposed into the product of a one-electron matrix
element (called the dipole term) and the overlap integral between N-1 electrons

residual wavefunctions in the initial and final states (the monopole term):

(fIrliy = (S, phinlr|G1) (VF (N = D[YE (N = 1)), (2.15)

At this stage it is possible to assume that the residual N-1 electrons are not
going to relax. This case is termed as frozen orbital, the natural framework
of the Koopmans’ theorem, based on the assumption that the one-electron or-
bitals in the initial state are the same of the final one; in other words that
the hamiltonian describing the system both in the initial and final states is
the same, implying the presence of a single core hole in the k-th sublevel. Be-
cause of the orthonormality of the residual wavefunctions V(N — 1) the matrix
element is reduced to the dipole electron term. The expected photoemission
spectrum in this case is characterized by a single peak, called Koopmans’ or
adiabatic peak.

For a more detailed description relaxation effect of the ionic residuals after the

photoemission have to be included. In this case the Hamiltonian describing the
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initial state is no more the one describing the final state too. Such behavior
is due to the reorganization of the N-1 remaining electrons, with a consequent
change in the electron potential, after the electron ejection via photoemission.
In that case the initial ionic residual wavefunction can be projected on more
than one final (N-1)-state, giving access to the so-called satellite structures
(also called shake-up, shake-off, ore correlation peaks, depending on their na-

ture) beside the adiabatic peak.

2.1.3 Chemical shift

The investigation of molecules or solids could be not focused in absolute binding
energy of a core level, but in the change in binding energy between two different
chemical forms of the same atom. This energy difference is called chemical
shift.

To explain chemical shift we will discuss the simple case presented byin [47]
of the lithium 1s core level in metal and in lithium oxide, shown in fig.2.2.

As represented in figure, in metallic lithium the 2s electrons form a band, so

Li-metal
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Figure 2.2: schematic drawing of electron configuration for metallic lithium and
lithium oxide and relative PES spectra. Picture taken from [47].

their wavefunction are located only partially at the site of a particular lithium
atom. On the contrary in lithium oxide the 2s electron of lithium are totally
donated to the 2p shell of oxygen, so in this case 2s electron of lithium have

no part of its wavefunction near the lithium atom. Formally this situation can
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be interpreted in simple way in terms of different coulomb interaction as done
in the charge-potential model [48]: in this model the ionization energy E; of a
particular level in a atom depends on the potential generated by the electrons
in the valence band and electrons of the surrounding atoms, so that E; can be

described with the relation:
qi . .
E; = EY + kq; —, 2.16
P kgt ) r G7) (2.16)

where E? is the reference binding energy (in absence of chemical shift), kg; is
the contribution of valence band electrons and g;/r;; represents the potential
generated by the surrounding atoms. In this picture we are describing the
atom as a sphere surrounded by a kg; charge distributed over a radius r, due
to valence band electrons: the potential inside the sphere is kqi/r, and any
charge variation Ag; will induce a potential variation in the sphere, that will
be reflected also in the deepest electronic levels. For example, if the number
of electrons increases then Ag; < 0 and there will be a decreasing in the
binding energy; instead, taking in account the average radius, if r, is increased
(maintaining ¢; fixed) then the quantity Ag;/r, will decrease.

Taking into account this framework in lithium oxide the 1s electrons feel a
stronger Coulomb interaction than in metallic lithium; at the same time the 1s
electrons of metallic lithium are also screened through the 2s valence electrons.
The result is that the binding energy of Lils level is larger in lithium oxide (and,
in fact is 55.6 eV[49])than in metallic lithium (55.0 eV[50]), and a chemical shift
will be observable.

214 Adsorbate coverage estimation

We now describe a model to calculate the fractional adsorbate coverage; this
method was first described by C.S. Fadley in[43].

We consider now a photoemission event: the photoelectron peak intensity dNy
(i.e the number of photoemitted electrons) produced after a transition from
the subshell k£ and originating from the volume dxdydz can be written as a

product of different terms, including:
e the x-ray flux I;

e the number of atoms (or molecules) in the elemental volume, given by
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p(x,y, z)dxdydz, with p(z,y, z) density of atoms(molecules) in the sam-
ple;

d
e the differential cross section for k subshell %;

e the solid angle acceptance of electron analyzer Q( Fj;,, k) that also defines

the effective specimen area Ag;
e the probability of no-loss escape from the solid T'( Ey;p, k);
e the instrumental detection efficiency Do(Ejin);

notice that the solid angle acceptance of electron analyzer €2, the probability
of no-loss escape from the solid T" and the instrumental detection efficiency D
all depends by the kinetic energy of the escaped electron. Taking into account

all these terms the differential intensity can be written as:

do
ANy = Top(,y, 2) 7 U Brin )T (Bpin, W) Do(Brin),  (2.17)

or, for uniform-density but bounded, specimen:

—l

Ae(Ekin)

do
ANy, = Iop(z,y, z)d—QkQ(Ekm, k) exp {

} Do(Bi),  (218)
where [ is the path length to escape from the sample and A.(FEy;,) is the
inelastic mean free path (IMFP).

With simple assumptions it is easy to integrate eq.(2.18) for a number of cases:
considering, in fact, an atomically flat sample and neglecting any effect of
single-crystal anisotropies in emission and elastic electron scattering effects,
assuming an emission angle 6 with respect to the sample surface, it is possible
to integrate the precedent relation over the sample volume, that in the limit

of semi-infinite sample, can be expressed as:

dO’k

Ny = IOQO(Ek)Ao(Ek)Do(Ek)Pm

A, (2.19)

where FEy;, = E}.

Equation 2.19, however, describes a general case of a photoemission from a
clean sample and does not take in account the presence of molecules adsorbed
on the sample surface: they can be represented as a non-attenuating layer,

because of the negligible thickness, with a fractional monolayer coverage; the
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signal of the electrons related to molecules from the overlayer will then generate
the peak [, that can be described by the relation:

N(0) = [OQO(EZ)AO(EZ)DO(EZ)s’%(sin 6)"", (2.20)

and so the overlayer/substrate ratio can be expressed as:

Ni(0) s Qo(E1) Ao (E1) Do(E1)(doy /dS2)d (2.21)
Nk(g) S QQ(Ek)Ao(Ek)Do(Ek)(dO’k/dQ)(Ae sin 9)7 ’

with
e s’ is the mean surface density of atoms in which peak [ originates;
e s is the mean surface density of substrate atoms;
e s’/s is the fractional monolayer coverage;
e d is the mean separation between layers in the substrate.

Thus, inverting the relation it is possible to determine the portion of sample
covered by adsorbates:
s Ni(0) Qo(Ex)Ao(Ex)Do(Ey)(doy/dY)(Ae sin )

STNG) T WE)AE)DE)dejdyd 2P

2.1.5 Electron energy loss spectroscopy

At the basis of electron energy loss spectroscopy (EELS) there are elastic and
inelastic electron scattering events used to obtain information on symmetry
and geometric arrangement (by elastic process) and on excitation quanta (by
inelastic process) of the system investigated so, in simple terms, an energy loss
experiment consists to impinge electrons coming from a properly collimated a
monochromatized beam on a solid and then study how they interact with it.
The energy range of electron beam spans from few meV to KeV, depending
on what are the excitations of interest (such as molecular vibration, plasmon,
interband or core transition, as presented in Fig.2.3). For these energies, the
mean free path of electrons is limited to few Angstroms: this feature gives to
EELS a strong surface behaviour.

Characteristic of inelastic scattering process is the conservation of energy and,
if the sample has crystalline order, conservation of the parallel component of
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Figure 2.3: Qualitative overview of the major excitation mechanisms which can
contribute to an electron energy loss spectrum over a wide loss energy range.
Picture taken from [45].

momentum respect to the surface (up to a reciprocal lattice vector G). So
if w and ¢ are respectively frequency and momentum of the excitation in the
material, the difference between initial and final energy and momentum for the

electron are:

E; — E; = hw, (2.23)
ki — ki) =k + Gy, (2.24)

but for extrapolate more information about excitation properties and nature

a more detailed description is needed.

As described by Ibach and Mills in [32], two are the way of interactions
of electrons with the atoms and molecules: they, oscillating, produce a small-
angle scattering given by the oscillation of electrical dipole momentum (for
this reason called dipole scattering). This small-angle scattering distribution
is overlapped with a large-angle distribution of inelastically scattered electron;
this last regime is called the impact scattering and needs a fully microscopical
description of interaction between electrons and substrate.

A complete analysis of electron scattering needs both two scattering contributes
but practically the two regimes are typically described separately. Moreover,
it has been demonstrated that in certain cases (e.g. in specular conditions) the
contribute of impact scattering is negligible.

For this reason we restrict the discussion to the dipole scattering: suppose
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to have a scattering event between an electron and a small molecule without
taking in account any surface or crystalline structure. The position of each
nucleus is R; = R§0) + 1u;, where Rl(o) is the equilibrium position and u; the
vibrational motion around that position. If the electron interacts with the

molecule by a 2-body potential we have:
V(x)=) Vix-Ry). (2.25)
l

Using the first Born approximation (i.e. neglecting multiple scattering terms)
the matrix element of a scattering event of an electron with wave vector k;
into a final state ky is described by:

V(k) / d7”“" %V (x), (2.26)

where V is the volume and k = k; — k¢ is the exchanged momentum. Using

the (2.25), equation (2.26) can be rewritten as

V(k) =) Vi(k)e™R (2.27)

where Vi (k) = [ 61379” Vi(x) e®* is the Fourier transform of single potential.
Now we are going to consider only the first order contribution of potential

V(k) in nuclear displacement u;, that is

VOK) =i 3 Vi (k) e* Bk . (2.28)
l

At this stage we impose the dipole approximation: in regime of small scattering
angles, i.e. when the condition |k|dy < 1 is verified, where dj is the size of
molecules (or, in case of electronic transition, the spatial extension of the

kR

orbital involved) the exponential e can be set to the unity. Moreover we

consider the limit for |k| — 0 for which we have:

Zl€2
lim Vj(k) = 4n——— 2.29
dim Vi(k) = =5, (2.29)
with Z; that is the net charge surrounding the 1-th nucleus. Finally we have:
: ok
lim V"V (k) = i > e Zny
l

|k|—=0

(2.30)
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where p = ) ;e Zju, represents the oscillating part of electric dipole of the
molecule. In principle, with is picture is possible to describe not only vibra-
tional motion of molecules, but any other excitation of the system, for example
electronic transitions, where p is given by e(t¢f|z]t);), and it is possible to cast
the dipole scattering formula in language sufficiently general that the result
may be applied to inelastic scattering by fluctuations in the electronic degrees
of freedom, as well as the vibrational modes.

In this sense, following the description done by Ibach, Evans and Mills in their
works [32, 51, 52|, near specular reflection (i.e. with an angle less than hw/2E,
where w is the frequency of the excitation and Fj is the initial energy of the
electron impinging on the sample), the probability amplitude for a scattering

event highlights four ways of interaction:

e the electron can approach the surface and then, at some point in the
vacuum above the crystal, it may scatter from the fluctuating electric

field without ever striking the crystal surface;

e the inelastic scattering of the electron may be preceded or followed by

an elastic event;

e finally, the inelastic scattering of the electron takes place between two

elastic scattering events.

It is possible to demonstrate that the events in which the inelastic scattering
precedes or follows an elastic event are dominant with respect to the other
events and that the elastic reflection carries the major amount of exchanged
momentum, so that little deviations from specular reflection correspond to
little wave vector exchanged in the inelastic process, provided that hAw is suffi-
ciently smaller than the primary electron energy. Same conclusions have been
obtained by Saldin by calculations on ionization of inner shell [53|, suggesting
that in reflection geometry the inelastic collision is always followed by an elas-
tic scattering. Finally this result has been also been verified experimentally on
graphite by Ruocco et al. [54] and by Tacobucci and coworkers[55]. In this con-
text, the cross section carried out by Ibach and Mills by quantum calculation
is equivalent, except for a Bose occupation factor n(hw)+1, to the results of
dielectric classic theory presented by Liith [45, section 4.6, because both the
description start with the hypothesis that scattering is caused by long-range
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potential set by the sample, due to polarization caused by the field of incoming
and outgoing electrons. So the cross section for an electron with velocity v,
exchanged energy hw and exchanged momentum k is proportional to:

d*c . m2e*| R|? vk { —1 } (2.31)
d(hw)dY ~ 2m3htcos @ 2] 2 ew)+1) '
(o) [UﬁkﬁJr (w=vy-Ky) ] )

It is possible to recognize three factors: the first presents some constants, such
as electron mass and charge, the surface reflectivity R and the emission angle 6,
the second is a kinematic factor containing velocity and exchanged momentum
components and, finally, the third one is the so-called surface loss function.
Note that in the limit of small-angle scattering the momentum dependence is
neglected: this means that in specular reflection EELS measurements probes
the optical dielectric function, giving the possibility of a direct comparison
with optical absorption spectra.
Finally, the surface loss function can be rewritten in terms of real and imaginary
part of dielectric function:

Im {_—1} _ e2(w) , (2.32)

e(w)+1 [e1(w) + 1)° + e2(w)?

And it is easy to see that is peaked (and so will be the EELS cross section) in

correspondence of £2(w) maxima, like it happens for optical absorption spec-
tra, but with the advantages to explore a larger portion of reciprocal space
(not being limited by the small momentum of the photons), with an higher

sensitivity of low adsorbate coverages.

2.2 Experimental setup

221 Hydrogenation chamber

The chamber devoted to hydrogenation was originally produced by AsteX and
is pumped by a combination of rotative and turbomolecular pump so as to
obtain a base pressure of 10~7 mbar, in order to minimize any possible con-
tamination.

The chamber has a cylindrical shape and it is attached to a microwave gen-
erator (2.6 GHz) via a rectangular wave-guide (equipped with three stubs for
the control of the reflected power) with a mode converter. Plasma is gener-

ated above a substrate (as depicted in Fig. 2.4) where the samples are placed
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manually; the distance between the position of the substrate holder and the
microwave-transparent quartz window is adjustable (in order to optimize the
cylindrical resonant cavity geometry), differently from sample position on the
treatment plane, that is adjustable only before the pump system is activated.
The substrate table can be heated inductively and in this work it has been
used for temperature up to 750°C. The hydrogen gas is admitted to the reac-
tor via stainless steel canulas and its flow rates is adjusted with controllable
mass flow meters: an MKS gas rate control unit is used with the possibility
of controlling and using various gas systems, though for this work we used it

only for hydrogen.

Figure 2.4: Hydrogenation of diamond sample by exposure to hydrogen plasma.

2.2.2 Electrical measurements chamber

Electrical measurements has been performed in the VIEC (Vacuum and Tem-

perature Electronic Characterization) chamber (depicted in Fig. 2.5): sample
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was mounted onto a floating copper block while two molybdenum clips ensured
electrical contact and, at the same time, they fixed the sample in place on the
holder. Copper block was mounted on the upper face of a boron nitride block
(that provided electric - but not thermal- insulation) and heated by a tantalum
filament inserted in this block. All this structures lied on a Macor block, that
provided both electrical and thermal insulation of the whole upper structure.
Heating is controlled by two thermocouples inside the boron nitride block and
on the top of sample holder; upper limit for temperature is 600°C.

The entire heating system is mounted on a five degrees of freedom manipulator
since the same setup is used to perform photocurrent emission measurements.
VTEC chamber is also equipped with two stages dedicated to thermionic and
PETE (photo-enhanced thermoionic emission) measurements.

The chamber is maintained in vacuum (the base pressure is 10~ "mbar) by a
combination of a scroll and a turbomolecular pump: in this case the vacuum
avoids any molecules adsorption on our sample during the resistance measure-
ments; it is therefore possible to perform resistance measurements on both

covered and adsorbate-free samples.

Figure 2.5: On the left: VTEC (Vacuum and Temperature Electronic Charac-
terization) chamber; on the right: detail of the heating system used for electrical

measurements.

223 Resistance pattern

Besides the two systems (the apparatus for hydrogenation and the setup for

resistance as a function of temperature and pressure) we showed before, we
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expressly developed for this work a setup for four-probe resistance measure-
ments (in Van der Pauw configuration) able to perform measurements as a
function of position on the sample (in order to obtain a resistance pattern on
the sample).

The four-probe setup (presented in Fig.2.6) was mounted on a micrometrically
controlled handling system with three degree of freedom (x,y,z). The probes
are spaced by a distance of Imm from each other: two probes were connected
to a current generator, the latter ones to a voltmeter. Both the voltmeter and
the current generator was controlled remotely with a calculator: for this pur-
pose we specifically developed a control program (written in LabVIEW) able

at the same time to acquire data.

view from
behind

DNy

1 sample
g P Instrument control

and data acquisition

s [
meter
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Figure 2.6: Reproduction of the scattering plane in LASEC experimental cham-

ber, with the arrangement of various sources and analyzers.

224 Two- versus Four-point measurements

The four-point probe is commonly used to measure resistance on semiconduc-
tor samples. Despite two-point probe measurements can appear simpler to be
implemented and performed, conversely the data interpretation is more com-
plicated with respect to the four-point probe method, that does not need any

calibration standard and does not depend on the probe-semiconductor con-
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tact resistance. In the case of two-point measurements, in fact, the contact
serves both for current and voltage probe and the total resistance Ry, given

by measurements is describable with the relation[56]:
Ry = R+ 2R, + 2R, (2.33)

where R is the resistance of the measured sample, R, is the wire and probe
resistance and R, is the contact resistance. All the three components are tem-
perature dependent. For a non-degenerate semiconductor, R is a decreasing
function of temperature as well as the contact resistance R, (e.g. [57]). Con-
versely, being the wires and probes usually made of metals, R,, is an increasing
function of temperature.

Then, in order to avoid any unwanted contribution with no calibration of the
measurement system, the four-probe method is the typical alternative. It works
separating the current and the voltage paths by using two probes for current
injection and other two probes for voltage measurements, as schematized in
Fig. 2.7: in this way, though R, and R, are still present on voltage path, the
high input impedance of voltmeter makes negligible the current flowing trough
them as well as the related voltage drops, resulting in the measurement only
of the sample resistance.

Different disposition of the four probes can be used but the typical setup

Ry
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Figure 2.7: Two-terminal(a) and four-terminal(b) resistance measurement ar-
rangements. Picture readapted from[56].

involves a linear or square-shaped (the so-called Van der Pauw configuration)
arrangement of the probes. Once known the probe geometry, the sheet re-

sistance of the material can be derived directly from the measured resistance
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Rypt. For example, both for linear and for Van der Pauw configurations, if the
measurement geometry satisfies the conditions of a distance among the probes
far larger than the conductive sheet thickness of the material under test and a
probe distance smaller than the lateral size of the sample, the sheet resistance
Rp is equal to:

Ry = n—R4pt, (2.34)

and, if the conductive sheet thickness d of the material is known, also the

resistivity can be derived from

In hydrogenated diamond substrates, the conductive sheet thickness reported

Two-probes resistance calibration

15 T T

y = 126.37 * x(-0.74354)

/R
2pt  4pt

Temperature (°C)

Figure 2.8: Calibration of two-probes measurements setup. The resistance of a
diamond sample has been measured with both two-probe and four-probe setups, as
a function of temperature. From the measurements we extrapolated a calibration

curve.

in literature ranges from few to tens of nanometers [19, 21, 58| and the lateral
size is quite larger than the probing distance. Although the conditions of a

thin and conductive film larger than the probing distance are respected, in the
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following we will not derive the resistivity values because we have not got an
accurate experimental evaluation of the hole conductive depth.

Since the resistance measurements has been conducted with both two- and
four-probes setups, we performed a calibration of two-probes setup in order to
maintain the compatibility of the two sets of measurements. The calibration
has been performed as a function of temperature: for the same diamond sam-
ple we conducted both two-probes and four-probes measurements at the same
distance (Imm) between the probes, for temperatures up to 250°C, that is
the recommended maximum value achievable by the four-probes setup. From
the evolution of the ratio between the measurements performed with the two-
probes setup (Rgyt) and the measurements performed with the four-probes
setup (Ryy) as a function of temperature we then extrapolated a phenomeno-
logical calibration curve, shown in Fig. 2.8. The curve has been used to de-
termine the 2R.+2Ry, value and thus to correct the two-probes measurements
that will be showed in the following chapters. Indeed, with the phenomeno-
logical approach shown we can introduce some further aspects regarding the
calibration and the evolution of the three resistance values: even at high tem-
peratures R,, is on the order of few to tens of ohms and therefore it is negligible
respect to the other resistance values: the resistance measured by the two-probe
setup can be attributed only to R, and R.

Fig. 2.9 shows the extrapolated values of contact resistance as a function of
temperature: with respect to the typical evolution shown for doped semicon-
ductors [57], where it decreases when temperature increases, we observed the
opposite behaviour in the temperature range studied. The trend can be easily
explained. Differently from doped semiconductors, hydrogen-terminated dia-
mond operated with the transfer doping effect performed by the adsorbates.
Airborne species, in fact, desorb upon increasing temperature: this leads to an
increasingly intrinsic semiconductor, thus altering the contact resistance and
its behaviour as a function of temperature.

For the same reason R is hardly temperature dependent and, regarding Fig.
2.8, the particular evolution shown for Ry, and Ry, ratio shown (that is es-
sentially a function of R./R+1), demonstrates how R is dominant for high

temperatures respect to R..
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Figure 2.9: Evolution of contact resistance (Rc) as a function of temperature.
Differently for high doped semiconductors[57] the contact resistance increases as
temperature increases: we attributed this behaviour to the change in diamond

doping that may alter contact resistance.
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2.25 Apparatus for electron spectroscopies

The apparatus for spectroscopic measurements is structured into two Ultra-
High Vacuum (UHV) chambers in communications. The chambers are devoted
to different purpose: one chamber (the preparation chamber) is equipped with
a oxygen dissociation system (described in detail later), a MassTorr quadrupole
spectrometer and a LEED apparatus. The chamber is also equipped for the
introduction of sample in UHV conditions.

The other chamber is devoted to perform measurements (and thus we refer to
it as the measurements chamber) and it is equipped with a Alk, source, an He
lamp (not used in this work), an electron gun and a hemispherical analyzer.
Regarding the equipment used, the X-Ray source is a Omicron XMR 1000
source in which photons are produced bombarding an aluminium anode with
electrons produced by a cathode filament and accelerated toward the anode
over a potential of 15 kV. The X-Ray produced are the monochromatized and
focused onto the sample with quartz mirrors.

The electron gun is a custom source expressly realized to perform spectroscopic
measurements. Electrons are produced by thermoionic emission, selected in
energy by a 33mm hemispherical section (similar to the one used for electron
detection) and then focused on sample by a three-cylindrical electrodes system.
Beam energy used in all experiments is around 100 eV with typical electron
current incident on the sample between 30 and 70 pA.

Finally, the electron analyzer consists in three parts:

e a cylindrical electrode that is used as a transport system for the electrons

coming from the sample;

e a hemispherical element with a radius of 66mm, opportunely polarized,
able to select the electrons as a function of their energy. During the
energy scans the hemispherical element has been used in constant Pass
Energy mode, in order to have a fixed resolution for each spectrum.
Values of Pass Energy tipically used in the various experiments are 2 eV
for EELS (achieving a total resolution of 80 meV) and 20-40 eV for XPS
(total resolution around 0.35 and 0.45 meV, respectively);

e a Micro-Channel Plate, that acts as a detector for the electrons selected

in energy.



Chapter 2. Experimental methods and setup 48

For further information of the working details about the three elements and
how the pass energy and the radius of the hemispherical element influence the

energy resolution we refer to the specific literature[59, 60].

The two chamber are maintained at a base pressure of 107!° mbar and
characterized to have a separated pump system (shown in Fig. 2.10), so that
the chambers can be separated with a gate valve and maintained in UHV con-

dition independently. Diamond samples are placed on a molybdenum sample
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Figure 2.10: Schematic of pump system for the experimental chamber used to

perform spectroscopic measurements.

holder and are maintained in position with a tantalum mask on which we have
grown a gold layer of 200nm: the mask, prepared in this way, has the advan-
tage to act as a charge refiller for diamond when we performed photoemission
in insulating conditions.

The sample holder is placed on a manipulator with five degrees of freedom
(x,y,z, polar and azimuthal angle) able to move the sample from one chamber
to the other. The principal displacement (i.e. the motion from one chamber
to another) occurs along the x axis. The sample is transportable along a path
of 600 mm, the position can be controlled remotely and is determined with an
uncertainty of 0.01 mm. The position of the sample along the y and z axes

can be determined with two rotating rules perpendicular to each other and to
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the manipulator; they allow movements of 25 mm with an uncertainty of 0.005
mm. For what concern angular movements, the displacement on azimuthal
angle is done manually and sample movement is possible, from the position
of in which the sample is placed parallel to x axis, for angles ranging from
-100 ° to +100°, with an uncertainty of 0.36°. The polar angle, on the other
hand, is controlled remotely by calculator. The allowed rotation is 360° with
uncertainty of 0.1°.

Finally, the manipulator is equipped with a heating system that allows to heat

the samples up to temperatures of 700°C.

22,6 Oxygen production

For the production on atomic oxygen we expressly designed and realized a ded-
icated line able to introduce in chamber molecular oxygen and to dissociate
into atomic oxygen by thermal activation; the line is sketched in Fig. 2.11.
Starting from a tank the molecular oxygen is introduced in the preparation
chamber in a controlled way, using a leak valve; notice that during this oper-
ations the preparation chamber is separated from the measure chamber with
a gate valve, in order to limit the quantity of oxygen used. To exclude the
contamination of the gas in chamber, prior to start dissociation, we controlled
gas composition with the quadrupole mass spectrometer.

The molecular oxygen is then dissociated into atomic oxygen using a hot tung-
sten filament in order to induce thermal dissociation: during this operation
filament is placed at about 10 cm from the hydrogen-terminated sample.
Indeed, one of the main issue of using a filament to dissociate oxygen is, as
reported in literature|61, 62|, the possible presence of oxide species on the
sample surface. Actually, we monitored with XPS spectroscopy the presence
of oxide species both after the preliminary tests and after exposure to samples:
we found the oxide contents to be below the detection limit in both cases.
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Figure 2.11: Schematic of the oxygen line used to perform controlled exposure

on sample. The line was specifically realized for this work.



chapter 3. Sample preparation,
morphology and conductive
properties

In this chapter we are going to show the investigations performed on hydrogen-
terminated diamond samples regarding sample preparation, morphology and

conductive properties. The chapter is divided as follows:

e First we introduce the main characteristics of the various sample used

and the measurements performed on;

e Then, we discuss the differences in surface morphology for the sample

used, investigated comparing AFM measurements;

e Then, we discuss the sample preparation that has been studied by com-
paring electron diffraction patterns taken for different prepared sample

and in different phase of conductivity for the same sample;

e Finally, the attention will be moved on the resistance measurements we

performed on samples.

3.1 Sample characteristics

For this work of thesis we used commercial available samples, produced by Ele-
ment Six. Although all the samples used are ascribable to Type Ila diamonds,
according to the classification proposed in Par. 1.1, samples are further divided
into two different families, that, following the Element Six notation, are called
respectively Standard and Electronic grade. Main differences between grades
are described in table 3.1.

51
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A number of samples were used to perform different measurements (all the

Standard Grade | Electronic Grade
Single /Pol
ingle/Poly Single crystal Single crystal
crystal
Lateral
arera 4.6 x 4.6 mm? 4.6 x 4.6 mm?
size
Thickness 500pum 500pm
Crystallographic
(rysrariogtapi {100} {100}
Orientation of Surfaces
Surface
< 10 nm < 5 nm
roughness
Nit
' rogerf < 1 ppm < 5 ppb
concentration
Boron
. < 0.05 ppm < 1 ppb
concentration
RT Elect
eerrons 1714 em?V-1s~L | 2145 em?V-ls !
Mobility
RT Hol
oles 2064 cm2V—ls~! | 2430 cm2V-ls!
Mobility
Elect
COROns 0.96 x 107 em/s | 0.98 x 107 cm/s
saturation velocity
Hol
TS 141 x 107 em/s | 154 x 107 em/s
saturation velocity

Table 3.1: Main differences between Standard and Electronic grade diamond
samples.

combination used and measurements performed are summarized in table 3.2):
samples are identified by a combination of letters and numbers. The letters in-
dicate the different sample used and in particular the letter A and C identifies
two Electronic Grade samples, while the letter B identifies a standard grade
sample; the number associated instead indicates how many cycles of hydro-
genation the samples have undergone, then with the number one we identify
one hydrogenation (and cleaning) treatment, with the number two we iden-

tify samples that have undergone two cycles of hydrogenation and so on an so
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forth. Not all the measurements performed on every sample will be showed:
this chapter (and the next one, dedicated to spectroscopic analysis) will be
a compendium of the principal observation taken during the investigation of

these sample.

Sample Al A2 B1 B2 B3 Ci1 C2
Type EG EG SG SG SG EG EG
Preparation Cold Cold Cold Cold Hot Hot Hot
Electrical Measurements v v v
Resistance Mapping v v
AFM v v v
LEED v v
Spectroscopic Analysis v v v v v v v

Table 3.2: Summary of the sample used in this work and measures performed

on.

3.2 Differences in morphology between Electronic and Stan-

dard Grade samples

As explained in the last section we worked with different commercial available
sample, that are known to have different declared characteristics. In partic-
ular, samples indicated as Electronic Grade diamond are characterized by a
lower roughness (< 5nm) respect to the sample indicated as Standard Grade
sample (< 10nm). We investigated the differences in roughness and in surface
morphology for the two sample types using AFM. The images, together with
the sample height evolution, are presented in Fig.3.1: as can be seen from
the figure Electronic Grade samples are characterized by the absence of any
particular structure; variations in height are limited and the sample studied
showed a roughness even better than declared (=1 nm).

Standard Grade sample instead is characterized by a pattern of square-shaped
structures, with a size of 5x5 ym and a height of 70-80 nm. Over these struc-

tures the roughness is =5 nm, even in this case better than declared.
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Figure 3.1: 25x25 um* AFM image for an Electronic Grade (upper) and for a
Standard Grade (lower) sample and their respective height evolution along the cut
indicated in the image. Both samples have been studied in the conductive (from
air) state.
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3.3 Electron diffraction patterns and sample preparation

Although the most used technique to hydrogenate diamond sample surface is
the exposure to hydrogen plasma, several parameters can be varied during the
treatment, including sample temperature, pressure and flow of hydrogen, and
the microwave generator power. In particular we focused our attention on the
sample temperature during the plasma hydrogenation. We take into account
two opposite methods for sample preparation: the two methods, performed
on the same sample, both started cleaning the surface with a boiling 1:1:1
solution of HNO3, HySO4 and HClOy, in order to remove any unknown con-
taminant on the diamond surface and leaving the surface uniformly oxygen
terminated. Then, the sample was exposed to hydrogen plasma: in one case
(the “cold” preparation) it was not heated, in the other case (the “hot” prepa-
ration) the sample was heated up to 700°C. For hydrogen plasma we used the
same working parameters in the two treatments: with a pressure of 40 mbar,
and a microwave generator power of 1.2 kW, we exposed the sample for one
hour. The two preparation have been studied with LEED and both showed
a 2x1-1x2 reconstruction (an example of typical LEED pattern is shown in
Fig. 3.2). The 2x1 reconstruction of the (100) surface is typical for hydrogen-
terminated sample, differently from oxygen-terminated samples that have a
1x1 reconstruction|26, 28, 63-65|; the double reconstruction, i.e. the presence
of a 2x1-1x2 pattern, can be related to the presence of multiple domains that
were already seen studying CVD diamond[66].

Moreover, the two treatments have been compared on the basis of diffrac-
tion spectra, shown in Fig. 3.3. Referring to the pattern obtained, they are
both characterized by more intense peaks at £2.43 A~! and +4.93 A~! and
less intense peak at +1.23 A~ and 43.68 A~! (although in the case of cold
prepared sample are hardly recognizable). Regarding peak positions, the two
patterns are compatible with the 2x1 reconstruction of diamond surface (peak
positions for the hot prepared sample and the parallel exchanged momentum
for (100) reconstructed surface are compared in table 3.3).

Although the two preparation treatments both showed the 2x 1 reconstruction
it is also evident from the diffraction pattern that in the case of hot prepared
sample the signal /noise ratio is higher than in the case of cold prepared sam-

ple: the pattern for the hot prepared sample did not show the characteristic
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LEED: B3 sample - annealed
Ekin=100eV Ewn=68eV

Ekin= 60eV Exn=48eV

Figure 3.2: LEED pattern for B3 conductive (i.e. from air) sample. The patterns
have been taken at different energies. A 2x 1-1x 2 pattern can be noticed, revealing
the presence of multiple domains on the surface. LEED patterns have been taken

on non-conductive (i.e. annealed) sample.
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Figure 3.3: Electron diffraction pattern obtained for two different hydrogen-
plasma treatment. Upper image: H-plasma treatment with no sample heating;
lower image: H-plasma treatment with sample heated up to 700°C. The orange
lines correspond to the values of the exchanged momentum for the (100) recon-
structed surface of diamond. The pattern have been taken with a 100 eV electron

source on conductive (i.e. exposed to air) sample.
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Peak Exch:fmg.( 1r(1)1(;))ment.
5 or
Position (A1) reconstr. surf. (A=1)
+1.22 1.24
+£2.43 2.49
+£3.68 3.73
+4.93 4.99

Table 3.3: Comparison between peak location and the calculated parallel ex-

changed momentum for (100) diamond reconstructed surface.

background presented by the pattern for the cold prepared sample while the
peak intensities appeared higher; for the hot prepared sample we found also
that the diffraction peaks appeared narrower (taking into account the peak at
0A~1 we found a FWHM of 0.22A! for the hot prepared sample and 0.30A !
for the cold prepared sample). We have interpreted these differences in diffrac-
tion pattern as a better long range order in the case of hot preparation than
in the case of cold preparation.

The attention was then moved on the difference in patterns for the conductive
and non-conductive sample: the non-conductive sample was obtained by an-
nealing the surface at 450°C for one hour, in order to remove any conductive
adsorbate: this temperature have been chosen because it is high enough to re-
move adsorbates using short time; nonetheless temperature must be under the
desorption temperature of hydrogen that, from previous observations|37| starts
at 700°C. The patterns for conductive and non-conductive case are shown in
Fig. 3.4. Again, the studied sample is the same for both cases and it was pre-
pared with the hot treatment: main difference between the two patterns is that
pattern for the non-conductive case appears better defined, with a signal /noise
ratio (i.e. the peak intensity respect to the background) that is improved if
compared to the pattern taken from conductive case, while the 2x1 reconstruc-
tion remains unchanged, confirming that the temperature used for annealing
is not enough to induce hydrogen desorbment from sample surface.

The improvement on the signal /noise ratio found in the pattern, as concluded
in the comparison between hot and cold preparation, can be interpreted in

terms of better long range order that an annealing of the sample, with removal
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of airborne adsorbates and the reorganization of the surface, can induce.

At this stage we can also exclude any degradation of the sample under elec-
tron bombardment: this can be related to the current density of the electron
gun (on the order of 107" A mm™2) which can be not high enough to induce

desorption of hydrogen from sample.

] Electron diffraction pattern for B3 sample
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Figure 3.4: Electron diffraction pattern obtained for conductive and non-
conductive sample, prepared with sample heated up to 700°C. The pattern have

been taken with a 100 eV electron source.

3.4 Electric measurements

In this section we are going to show resistance measurement performed on
hydrogenated sample. These measurements have been performed by using the
two-probe measurements system, which provides the possibility to perform
measurements as a function of pressure and temperature, as we have seen

in section 2.2.2. The test shown was performed on an electronic grade sample
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prepared with the hot preparation: the particular experimental system used to

measure the samples provided the possibility to study three distinct conditions:

e Initially it was possible to study the samples as a function of chamber

pressure, starting from atmospheric pressure towards base pressure of
chamber (1075 mbar);

e then we studied the evolution of resistance as a function of sample tem-
perature up to 600°C. The low pressure in chamber prevented the im-
mediate molecular adsorption on sample surface, allowing us to compare

the behaviour of conductive and non-conductive (adsorbate free) sample;

e finally, in the last step we studied the resistance evolution during restor-
ing the atmospheric conditions.

All the three measurement steps are shown in Fig. 3.5.
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Figure 3.5: Two point-probe resistance measured for the Electronic grade sample.
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e From atmospheric pressure to 10~% mbar:
The resistance evolution for an electronic grade sample is shown in de-
tail in Fig. 3.6. It is interesting notice that the increasing of resistance
accelerated both when the pre-vacuum system and the turbomolecular
pump are turned on.

In this phase the resistance increased by two order of magnitude respect

C2 sample - Resistance and Pressure as a function of temperature
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Figure 3.6: Two point-probe resistance measured for the Electronic grade sample.
In this phase the resistance is measured as a function of chamber pressure, from
atmospheric conditions to 10~ %mbar.

to the sample values measured in atmospheric condition. We believe that
the increasing of resistance can be explained as follows: at atmospheric
pressure airborne species continuously adsorb and desorb from the hy-
drogenated surface. The decreasing of the pressure due to the pump
system alters this equilibrium, so that the number of desorbed species
will be higher than the number of adsorbed species, causing an increase
of the resistance.

This increase is observable until the base pressure of the chamber is
reached; at that point a new equilibrium situation will prevail; the num-

ber of active species, present as residual gases in the chamber, will be
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less than at atmospheric pressure and, consequently, the resistance will
be higher.

e Resistance measurements as a function of temperature:

After the base pressure in the chamber was reached we performed resis-
tance measurements as a function of temperature, as mentioned, up to
600°C. Tt can be noticed from Fig. 3.7, in which this phase is shown in
detail, that is possible to distinguish two behaviours: initially, and up
to about 500°C, resistance increases as temperature increases (behaviour
compatible with progressive desorption of atmospheric molecules); re-
sistance increasing is about 3 orders of magnitude respect to the room
temperature value.

Then, beyond 500°C, resistance progressively decreases while tempera-
ture increases, falling below 10° Q: the nature of this observation will be
discussed later.

C2 sample - Resistance and Temperature as a function of time
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Figure 3.7: Two point-probe resistance measured for the electronic grade sample.
In this phase the resistance is measured as a function of chamber temperature, from
room temperature to 600°C.
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e Restoring atmospheric condition:

Once the sample was exposed again to air, its resistance keeled over
almost instantly, decreasing down to 10° Q (seven orders of magnitude
lower than non-conductive value) in about 2000 seconds (or about 30
minutes) before returning to initial values after approximately 14 hours,
with a total difference between conductive and non-conductive state of
eight orders of magnitude, greater than the one observed by Maier in his
work|8].

C2 sample - air exposure

Resistance (Ohm)

————— ——————————————— ———————
0 50000 100000 150000 200000 250000
time (s)

Figure 3.8: Two point-probe resistance measured for the electronic grade sample.

In this phase the resistance is measured while the sample is exposed to air.

The resistance measurements were similarly performed on a standard grade
sample and are presented in Fig. 3.9.

Starting from a value of about 10° Q, one order of magnitude higher respect to
the electron grade sample, the general behaviour of resistance appears similar
if compared with the electronic grade case. Indeed, some variations are observ-
able: the resistance difference between conductive and non-conductive sample
(i.e. sample annealed at at temperature of 600°) appeared less pronounced: in
this case the difference measured is about seven orders of magnitude (with the
resistance value, for the non-conductive case , of about 10 Q).

Different is also the resistance behaviour once the atmospheric condition are

restored: if in the case of electronic grade sample are necessary 2000s (about
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half an hour) to return to the initial value for resistance, in this case, after
two hour the resistance is still two orders of magnitude higher than the initial

value.

For what concern resistance measurements as a function of temperature we

Resistance measurements: B3 sample
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Figure 3.9: Two point-probe resistance measured for the standard grade sample.

observe, as in the case of electronic sample, a double behaviour: up to 500°C
the resistance showed an increasing as a function of temperature (even in this
case correlated to the progressive desorption of active molecules). Beyond
500°C the resistance started to decrease, and the decreasing is even higher
respect to the electronic grade case: while the resistance of electronic grade
sample decrease from 10°  to 10° €, in the case of standard grade sample,
although starting again from a resistance value of about 10 €, the resistance
finally reached a value of about 108 €.

This behaviour, for both electronic and standard grade samples, can be ex-
plained as follows: while initially (i.e. at lower temperature) surface resistance
is dominant, the progressive increasing of temperature causes not only the pro-

gressive desorption of adsorbates, but also the concomitant decreasing of bulk
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resistance, typical for semiconductors, that beyond 500°C becomes dominant.
Since the bulk resistance scales as exp{—FE1/KT}, where E4 is the activation
energy, it is then possible to estimate E4 studying how the resistance varies as
a function of temperature. An attempt in that sense was performed for both
electronic and standard grade samples, and it is shown in Fig. 3.10.

For both samples the resistance is characterized by two activation energies,
though different in values depending on the sample: the fits performed on
electronic grade sample gives the values of 0.21 eV and 0.7 eV, while, for the
standard grade sample, the activation energies found are 0.15eV and 2.5 eV.
For what concern activation energies of 0.15 and 0.21eV found for the two
samples, both can be correlated to the presence of defects, introducing shallow
levels|3|; a similar consideration has been carried out for the activation energy
of 0.7eV |67]; finally, the activation energy of 2.5 eV can be correlated to an
energy state in the middle of the band gap, or to the activation energy for
vacancies in type IIb diamond|68]. In all cases, however, further analysis are

needed in order to obtain the correct estimation for the activation energies.
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Figure 3.10: Estimation of activation energy for the electronic grade (upper
image) and for the standard grade (lower image) samples, from the evolution of

resistance as a function of 1/T. Both samples shows two activation energies.
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3.5 EELS measurements

Once the electrical tests were performed we made further investigation focusing
on sample homogeneity, in terms of hydrogen surface terminations, performed
using electron energy loss spectroscopy. A typical investigation started prob-
ing the sample as function of the position with electron gun and acquiring the
elastically scattered electron in specular configuration, in a kind of electron re-
flectivity measurement: the idea is that zones terminated differently (or with
different amount of adsorbates) will have different reflectivity, as in Fig. 3.11
is reported.

From the pattern presented, related to a non-conductive (and so adsorbate-
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Figure 3.11: Left image: electron reflectivity pattern, taken by impinging electron
on sample surface and acquiring only the elastically scattered electrons. Right
image: a detail of a reflectivity scan where is possible to recognize two reflectivity
zone of the sample; the taken scan is the one highlighted in red in the upper image.
The pattern has been taken on a conductive (i.e. exposed to air) sample.

free) sample, it is possible to recognize two zones of reflectivity on the sample:
the high reflectivity zone has about twice the counts of the area with low re-
flectivity.

A similar investigation has been performed, on the same sample, using the
four-probe resistance method, and it is reported in Fig. 3.12.

Emphasizing that is the first time that spectroscopic and resistance pattern
are measured on the same sample, we found that, similar to the electron re-
flectivity pattern, in the resistance pattern is possible to recognize two zones:
the difference between the zone with higher and the zone with lower resistance

is roughly of one order of magnitude.
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Figure 3.12: Resistance pattern obtained with four-probe measurements as a

function of position on sample.

Since the orientation of the sample is the same for the two patterns shown
in Figs. 3.11 and 3.12, it is possible to notice a correspondence between the
number of electron reflected and the value of resistance: the more the electron
reflected, the higher the resistance measured.

To explain why the sample is characterized by zones with different electron
reflectivity and to understand why these zones showed also different resistance
values we then performed EELS measurements; the spectra are presented in
Fig. 3.13.

The spectra presented in figure show similar behaviour in the 5-50 eV loss
region where, as already described in chapter I, are present typical feature of
diamond, located at 14, 23 and 33 eV. These feature are related, respectively,
to a transition from valence to conduction band [29], and to surface and bulk
plasmons|26, 29, 30, 69, 70].

The main differences in the presented spectra, instead, are located in the 0-5
eV loss region: the spectrum taken in the lower reflective side of the sample is
in fact characterized by the presence of a gap in this region, gap that is lost in
the spectrum relative in the higher reflective side of the sample.

As remarked in chapter one, the 0-5 eV loss region represent a benchmark

for the surface termination of diamond. Previous literature[26| showed, in
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EELS spectra on C2 sample - Annealed
Spectra comparison between low and high reflectance sides
89} E=100.7 eV;

7 Ep, =208V —s— Low reflectance side

—— High reflectance side

Energy Loss (eV)

Figure 3.13: Electron energy loss spectra taken on different zones of the sample,
characterized by different electron reflectivity. The spectra have been taken with
a source of 100.7 €V and a pass energy of 2 eV.

fact, that Energy Loss of well-hydrogenated spectra are characterized by the
presence of a gap, in this region, while spectra taken for bare surface is char-
acterized by the presence of a large feature (and so no gap is present). By
the comparison of spectra shown in Fig. 3.13 and literature we can conclude
that spectra taken in the lower reflective side are more similar to the spectra
presented in literature for the well hydrogenated surface respect to the spectra
taken in the higher reflective zone, that are more similar to the spectra for
bare surface, although we are not able to resolve surface state.

This means that with energy loss spectra we are revealing the presence of zones

on the sample that are not well hydrogenated or, even, bare.

Summarizing, we compared the electron reflectivity pattern and the resis-
tance pattern: we found that the zones of the sample characterized by lower
reflectivity were also characterized by lower resistance; the distribution of these
zones was not random but follows a precise gradient (as can be seen in Figs.
3.11 and 3.12).

To justify the differences seen in the electron reflectivity pattern we performed

EELS measurements both in the zones of lower and higher reflectivity: by the
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comparison of spectra we found that the zones characterized by lower electron
reflectivity were also the zones of the sample better hydrogenated (it is then
reasonable that zones characterized to be less reflective showed also lower resis-
tance: hydrogenation is a necessary requirement for the surface conduction).

A possible explanation about the non-uniform hydrogenation of sample can
be related to the sample placement (done manually) during the hydrogenation
treatment and the relative position respect to hydrogen plasma. It is possi-
ble that sample may not be symmetrically placed under the hydrogen plasma;
if it occurs the zones of the samples closer to hydrogen plasma have more
chance to be hydrogenated in a better way respect to the further away: this
leaves open questions on reliability and reproducibility of samples, but, at the
same time, we have proposed a powerful technique to verify hydrogen surface

homogeneity.



chapter 4 Spectroscopic analysis

This chapter is dedicated to the spectroscopic analysis we performed on hy-

drogenated diamond samples. The chapter is divided as follows:

e First we are going to show X-ray photoemission (XPS) measurements:
the investigation involved different conductivity states and different ex-

posures (i.e. to air and to atomic oxygen);

e Then we will move our attention to the investigation of C-H stretching

mode, done by Energy Loss (EELS) measurements.

As shown in table 3.2, spectroscopic analysis has been performed on different
samples, prepared in different ways: as in the case of the measurements shown
in Chapter 3 we will not discuss all the spectra taken for all samples but we
will highlight the principal observations taken during the investigation of these

samples.

4.1 XPS measurements

In this section we are going to show measurements performed by X-Ray Pho-
toemission Spectroscopy. As said in the introduction of the chapter we per-
formed measurements for different conductivity states: initially we will discuss
the data taken for a non-conductive sample, i.e. the sample that has been
annealed in order to remove any adsorbate responsible of surface conductivity;
the deconvolution of the main core level peaks will be also discussed.

Then, the analysis of XPS spectra will be extended to the air-exposed (con-
ductive) surface and we will compare between the non conductive (annealed)
and the non conductive (air exposed) cases. In the last section we will focus on
the oxygen-exposed surface, pointing out the differences between the oxygen

and the air exposure.

70
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411 The non-conductive case and spectra deconvolution

In the non-conductive case the active adsorbates, responsible of conduction
on diamond surface, are removed by annealing the sample for one hour at a
temperature of 450 °C.

The analysis of core level spectra starts from the individuation of the principal
signals (and so the principal elements) on the diamond surface. This is typ-

ically made by a survey like the one presented in Fig. 4.1. From the survey
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Figure 4.1: XPS survey on a hydrogen-terminated diamond sample. It is possible
to recognize photoemission peaks related to Cls core level (at a binding energy of
about 286 €V) and Ols core level (about 530 eV). Spectra have been taken with
a Al source (1486.7 €V) and a pass Energy of 40 V. The resolution is 450meV.

presented it is possible to identify some structures; the most intense are the
C1s core level (at a binding energy of about 286 ¢V), the Ols core level (530eV)
while other visible structures are located at 318 and 350 eV, that are assigned
to C plasmons|28, 71|, and a small bump at 978 eV that we assigned to oxygen
KVV Auger.

The presence of oxygen in the spectrum after the annealing treatment was un-
expected: the annealing treatment was in fact devoted to remove any adsorbed

molecules (in principle the main reasonable source of oxygen in the spectrum)
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from the surface. Three are the possible causes that can explain the observa-
tion of oxygen: (a) the oxygen is still physisorbed on the surface; (b) oxygen is
strongly bonded (i.e. chemisorbed) on diamond surface; (¢) Oxygen is present
as impurity in the diamond lattice.

We can exclude the case (a) because further annealing treatments (even at
higher temperatures) are not effective to decrease the oxygen amount.
Further analysis of spectra, done as a function of collection angle and presented
below in section 4.1.2 convinced us of the surface origin of oxygen, excluding
the possibility that it is present as impurities in the lattice.

At this stage it is then possible to estimate the fraction of the surface covered
by oxygen. Using the Fadley model, presented in Par. 2.1.4, considering an
inelastic mean free path of 19 A[?Q], the Ols peak as overlayer signal and Cls
peak as substrate signal, we calculate a fraction of 334+3% of diamond surface
covered by oxygen.

We now move the discussion on Cls and Ols core level spectra, seen in de-
tail: the Cls lineshape is structureless, but a bump is distinguishable towards
higher binding energy (like earlier Cls spectra for hydrogen-terminated di-
amond showed [37]) while the Ols lineshape is characterized by an almost
symmetrical structure with a FWHM of 1.5 eV. The two spectra are presented
in Figs. 4.2 and 4.3.
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Figure 4.2: (ls core level for the non-conductive sample. The spectrum has
been taken with a Al source and a pass energy of 20 eV. The resolution is 350

meV.
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Figure 4.3: Ols core level for the non-conductive sample. The spectrum has
been taken with a Al,,, source and a pass energy of 20 eV. The resolution is 350

meV.
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It is clear now that, in order to obtain more significant information from
the two core levels, a deconvolution of the lineshapes is needed.
The deconvolution of Cls core level has been done by taking into account previ-
ous literature on matter. Previous deconvolution of Cls spectra for hydrogen-
terminated diamond, as described in Par. 1.3, presents two variants: in the
model proposed by Graupner and coworkers|37], near to the bulk component,
a surface component related to hydrogen is shifted by 0.5 eV towards higher
binding energies; in the second model, proposed by Schenk and coworkers [40],
near to the bulk component, a peak related to the subsurface carbon layer is
present, shifted by 0.36 eV towards higher binding energies respect to the bulk
component. In this case the component related to hydrogen termination of
the surface is shifted, respect to bulk component, by 0.16 eV towards lower
binding energy but with our setup we are unable to resolve it. Moreover,
previous deconvolutions does not take into account the possible presence of
chemisorbed oxygen on diamond surface; in our case, instead, we forcedly in-
troduced oxygen-related component in the fit, relying on previous XPS works
on oxygen-terminated diamond|73, 74].
The deconvolution has been done by using Voigt profiles (for which we used a
fixed Lorentzian width of 0.15 €V, as done in previous cases [37, 40, 73, 75])
and a Shirley background; the peak assignment is the following:

e C, peak is correlated to bulk carbon in sp® configuration;

e (. peak is assigned to surface carbon not bonded with hydrogen and
defects; as seen in [37] the peak is shifted by -0.9 eV with respect to the

bulk component;

e Cp; and Cpy are related to carbon bonded to oxygen in different ways:
Co1 is related to single bonded carbon (i.e. C-O, C-OH) and it is shifted
by 1.2 eV respect to the bulk component while the Cpy peak is related
to double bonded carbon (i.e. C=0 or O-C-O) and is shifted by 2.5 eV

respect to the bulk components.
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Figure 4.4: Final deconvolution of Cls core level spectra. The peak are so
assigned: C, is relative to bulk component, C. is due to surface carbon not bonded
with hydrogen and defects, Cy has been assigned to carbon bonded with hydrogen
both in the surface and in the subsurface region (the details of assignment can
be found in text) Co; and Co, are due to oxygen-bonded carbon (the respective

bonds are shown in the insight on the right).

Fit component | Posit.(eV) Ampl. GW LW
Cy 285.9 0.18 0.59 0.15
Cy 286.4 0.89 0.69 0.15
C. 285 0.20 0.92 0.15
Cor 287.2 0.14 1.00 0.15
Coo 288.4 0.01 0.66 0.15

Table 4.1: Fit values of Cls core level spectra for the annealed sample. For
every component the position in energy, the amplitude, the gaussian (GW) and
the lorentzian (LW) parameter are shown. The lorentzian parameter was fixed at
0.15 eV according to ref.[37].
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A separate discussion is needed for the peak location and relative assign-
ment of the Cy component indicated in Fig. 4.4: in order to assign this
component to and hydrogen component as proposed by Graupner or to sur-
face carbon as proposed by Schenk we tested the two models to fit Cls core

level with the following method:

1. A component of the fit has been moved in the higher binding energy zone
respect to the bulk component with a shift in the range between 0.3 and
1 eV, with a step of 0.05 eV;

2. for each step we calculate:

e the coverage related to this (unassigned) component. For the esti-
mation we used the Fadley model proposed in Par. 2.1.4, in which
we use the unassigned component in the Cls spectra as overlayer
signal and the C, component as substrate signal; we refer to this as

H-related coverage;

e the oxygen coverage. For the estimation we used again the Fadley
model, in which we use the sum of oxygen-related component in the
Cls spectra as overlayer signal and the C, component as substrate

signal; we refer to this as O-related coverage;

3. the results have been compared on the basis of chi-squared (x?) test value,
the oxygen estimated coverage (remembering that from the comparison
of Ols and Cls peaks we found a fraction of diamond surface covered
by oxygen of 334+3%) and the coverage estimated by the Cy component:
depending on the model, we expect different values of coverage; for the
model proposed by Graupner and coworkers, we in fact expect a coverage
that has to be around 70%, considering that hydrogen is located only
in the surface region and that a portion of the sample is covered by
oxygen; differently for the model proposed by Schenk and coworkers we
expect a coverage around 100% because of the subsurface nature of the

assignment.

The results are presented in table 4.2, where the y? value is shown in the re-

duced form.
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Shift (eV) x? H coverage (%) | O coverage (%) estimc.) fiz\r::r(i)gli )
0.300 1.101 443+46 36+4 3343
0.360 1.123 337+35 34+4
0.400 1.130 284+29 33+4
0.450 1.137 229+23 3243
0.500 1.150 189419 3143
0.550 1.177 145+15 30+3
0.600 1.231 115412 2943
0.650 1.334 91+9 28+3
0.700 1.505 74+8 31£3
0.750 1.707 7248 2543
0.800 05+6 2443
0.850 4946 2243
0.900 45+5 2143

Table 4.2: In table is represented the energy shift value between the bulk compo-
nent in the fit (Cy) and the unassigned Cy; component; for every value a chi-squared
value, coverage of unassigned component and oxygen coverage by O-related com-
ponents in Cls have been calculated. For comparison, we also estimated oxygen
coverage using Ols signal.

As can be seen from the table, the x? value remains acceptably low in the in
0.3-0.6 eV shift region: in this region, however, the estimated coverage results
always over the monolayer coverage and it increases if the shift between C; and
Cpg is reduced: this does not indicate which of the two models is better than
the other and, moreover, estimated coverages for the unassigned component
appear to be incompatible with expected values for both proposed model.
There are different ways to interpret this observation: one way is to consider
that Cy peaks may contain a contribute from other structures: in some cases,
in fact, a peak correlated to surface carbon bonded with OH has been used in
the deconvolution of Cls peak|76-78]. This case is discussed in Appendix A:
the introduction of another peak does not seem to be fully justified.

More promising, instead, is the explanation suggested by a consideration: ac-

tually, the two models do not takes into account the possibility that hydro-
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genation of the surface with aggressive techniques (as plasma exposure is) may
leave hydrogen atoms not only on the surface of the sample but even deeper,
inside the first layers of the diamond lattice.

To support this hypothesis we performed Montecarlo simulation of the hy-
drogen plasma exposure of diamond surface: we described the exposure as
collisions of hydrogen particles accelerated by an (equivalent) potential dif-
ference respect to sample surface, in order to evaluate the penetration depth
of hydrogen ions. Since hydrogen atoms, in principle, impinge on the surface
randomly, we take into account two extreme plasma directions, considering
the case of normal implantation and implantation with an angle of 45° of inci-
dence. We also consider different ion energies: according to [79] typical plasma
potential does not exceed 800V: thus, we simulated the cases in which the po-
tential difference between plasma and sample surface was 100, 500 and 800V,
respectively. The simulations are presented in Figs. 4.5, 4.6 and 4.7.

For what concern plasma direction, at low energies it seems to be not ef-
fective in terms of penetration depth: taking as example the simulation for
100V of plasma potential we have a difference of only few angstroms between
a diffusion normal respect to the surface or with an angle of 45° respect to
the normal (20 and 17 A, respectively). More differences can be found by in-
creasing the plasma potential: at 500V, in fact, we found a penetration depth
of 68 A for normal implantation and 56 A for implantation at 45°; at 800V
the difference is even more significative (100 vs 80 A of depth, respectively in
the case of normal direction or 45° respect to the normal). We may conclude
that the simulations shown suggest the possible diffusion of hydrogen inside
diamond crystal; at the same time, however, we have to point out that at this
stage we are not able to determine the exact value of the potential difference
between hydrogen plasma and sample surface, and where is located in the 0-
800V range, for our case: an indication about in this sense may come from the
measurements performed as a function of angle, showed later.

Concluding, the calculation of coverage for the hydrogen-related component
and the Montecarlo simulation both suggest that Cy component used in fit
cannot be related only to a surface component, as proposed by Graupner and

coworkers. Thus, two are the possible origin for the component:

e Cpy may be related only to carbon atoms bonded with hydrogen (maybe

forming hydrocarbon chains, as proposed by Graupner) located in the
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Figure 4.5: Evaluation of penetration depth for hydrogen atoms on diamond
sample during plasma exposure. The simulations take into account different di-
rection of diffusion (0 and 45° respect to the surface normal) and for a plasma
potential of 100V.
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Figure 4.6: Evaluation of penetration depth for hydrogen atoms on diamond
sample during plasma exposure. The simulations take into account different di-
rection of diffusion (0 and 45° respect to the surface normal) and for a plasma
potential of 500V.
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subsurface layers of the sample (as proposed by Schenk, even in that
case the subsurface layer was composed only by carbon atoms); the
number of layers involved may be not limited to the first two in the
subsurface region, as Montecarlo simulation showed. Then, a component
for carbon atoms bonded with hydrogen at the surface (maybe forming
monohydrides, as Graupner suggested) is expected: as, said, Schenk and
coworkers proposed that surface component is shifted by 0.16 eV towards
lower binding energy respect to bulk component but, with our setup, we

are unable to resolve it;

e Cy is the sum of the contribute from the hydrogen atoms bonded with
surface carbon atoms and the contribute of hydrogen atoms in the sub-
surface layers due to hydrogen plasma exposure; even in this case the

numbers of layers of subsurface region involved is unknown.

It is clear that further investigation are needed in order to define better the
nature of this component. A clarifying option in that sense may be the study
of Cy evolution as a function of temperature: as suggested by Graupner
and coworkers|37|, the desorption temperature is different depending on the
hydrogen-carbon bond type. Operatively, we decide to fix this component 0.5
eV towards higher binding energy respect to the bulk component of the fit,
according to Graupner measurements, in order to maintain compatibility with
precedent literature.

Similarly of what was seen for Cls core level deconvolution, the analysis and
the deconvolution of Ols spectrum was performed starting from previous lit-
erature on the argument. Unfortunately, only few attempts to deconvolute
Oxygen spectra was done|73, 80, 81] and generally the binding energies of the
peaks obtained in these cases was compared with the literature for polimeric
and organic systems. Because of these limits we have chosen to limit the de-
convolution of the oxygen spectrum to four Voigt profiles, as can be seen in an

example shown in Fig. 4.8. The four components are so assigned:

e O1 peak is mainly due to Oxygen bonded in C-OH and C-O configura-

tion;

e O2 and O3 peaks are principally due to oxygen bonded in long chains
(such as OH-C=0 or O—C=0) where the photoemitted electron comes
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from the single bonded oxygen (O2) and double bonded oxygen (03),

respectively;

e O4 peak is related to oxygen in HyO.

25— O1s core level deconvolution: C2 sample - Annealed

—— Data
Fit

|| &2 A

Intens. (c/s)

1.0 U T T T T T T T T I N I N 1
540 538 536 534 532 530 528 526
Binding Energy (eV)

Figure 4.8: Deconvolution of Ols core level spectra, for the non-conductive
(annealed) sample. The details of the deconvolution and peak assignation can be

found in text.

Fit component | Posit.(eV) Ampl. GW LW
01 533.7 1.62 1.52 0.15
02 535.0 0.23 1.81 0.15
03 932.4 0.30 2.01 0.15
04 536.8 0.01 1.81 0.15

Table 4.3: Fit values of Ols core level spectra for the annealed sample. For
every component the position in energy, the amplitude, the gaussian (GW) and
the lorentzian (LW) parameter are shown. The lorentzian parameter was fixed at
0.15 eV according to ref.[37].
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41.2 Nature of oxygen in non-conductive sample

As we observed early in the last section, XPS spectrum for the non-conductive
case reveals that, even after the annealing of the sample, oxygen is still present.
To understand better the nature of this oxygen, and in particular if it is related
to impurities inside the diamond or not, we perform XPS measurements as a
function of the collecting angle, from normal to grazing collection, with the idea
to enhance the signal coming from the surface! respect to the one coming from
the bulk. For this purpose we perform this measure on the Cls signal that have
clearly identifiable surface and bulk components: the results are shown in Fig.
4.9, in which the O-related an the H-related components normalized by the bulk

component are presented as a function of the collecting angle. It is evident from

Evolution of fit components as a function
0.35 - of collection angle: C2 sample - Annealed
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Figure 4.9: Evolution of fit components ratio respect to the bulk component
as a function of the collecting angle for the non-conductive sample. The dotted
lines represent the theoretical 1/sin* 6 trend of the Fadley model[43], as shown in
section 2.1.4.

the figure that both the H-related and the O-related components ratio increases

for grazing collection angle respect to the surface, confirming -for the H-related

Ywith surface signal we mean even the contribution from subsurface
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component- and demonstrating -for the O-related components- the surface
nature of the signal. Then, we have to exclude the possibility that this oxygen
comes from impurities inside the diamond and, instead, consider the fact that
this oxygen is chemisorbed in the surface of the sample: it probably comes from
the acid treatment we performed on every sample prior to the hydrogen plasma
treatment or, alternatively it can be related to a cleaning issue of hydrogen
chamber; however, plasma treatment is not effective to remove it. Lastly,
the particular evolution of the H-related component, that confirms its surface
nature, may be compared with the Montecarlo simulation showed before: as
said we are unable to estimate the correct value for the potential difference
between the hydrogen plasma and the diamond surface. This observation,
however, suggest the idea that this potential may be very low, even lower than
the simulation shown before, and thus the diffusion of hydrogen inside diamond

lattice is very limited.

413 The conductive sample

Once the detail about the non-conductive sample has been discussed we moved
our attention on the conductive sample, i.e. the sample in which airborne
molecules, that are responsible of conduction, are still adsorbed on. To obtain
this condition we exposed the non-conductive sample to air for several days.
As in the case of non-conductive sample, we started with a survey: the features
found (as shown in Fig. 4.10) are the same observed for the non-conductive
case. The only core level visible are Cls and Ols core level: other elements con-
tained in air (such as nitrogen) gave no detectable feature. We then compared
the spectra obtained from conductive and non-conductive sample (depicted in
the upper part of Fig. 4.11 for C1s core level and in the lower part for Ols core
level): it is evident from the comparison of the core levels that the transition
from conductive to non-conductive phase causes a shift in energy: the shift is
rigid and its amount is of about 1.2 eV. For similar systems (as in the case of
air exposed hydrogenated diamond [27] but also in the case of hydrogenated
diamond covered by MoOj3 or by fullerene[41, 42]) the transition from covered
to adsorbate-free diamond gives similar values in the shift, and it has been
attributed to band bending effects.

More significantly, instead, is the evolution of oxygen peak during the tran-

sition to the non-conductive phase: it is worth noting, in fact, the variation
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Figure 4.10: XPS survey on a hydrogen-terminated diamond sample. It is possible
to recognize photoemission peaks from CIs core level (at a binding energy of about
286 eV) and Ols core level (about 530eV). Spectrum have been taken with a Aly,
source (1486.7¢V) and a pass Energy of 40 eV. The resolution is 450meV.
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Figure 4.11: Comparison between conductive (from air) and non-conductive
(annealed) sample. Upper: Cls core level, lower: Ols core level. All the spectra
have been taken with a Aly,, source (1486.7¢V) and a pass Energy of 40 eV. The

resolution is 450meV.



Chapter 4. Spectroscopic analysis 88

in the amount of oxygen from conductive to non-conductive case. As said,
all the oxygen present after the annealing of the sample covers 33+3% of the
surface. Thus, the oxygen amount found in the conductive (from air) case is
the sum of the contribution from oxygen adsorbed even after the annealing,
that does not participate in the conduction mechanism, and from oxygen that
is lost during the annealing treatment and is instead responsible of the surface
conduction: we then refer to the two contributions as non-active and active
oxygen, respectively.

In order to estimate the fraction of active oxygen we properly subtracted the
non-active contribute from the oxygen peak in the conductive case (Fig. 4.12)
and we found that 41+1% of total oxygen amount in the conductive case was

responsible of surface conduction. Consequently we calculate the fraction of

From air
>
V conductive Annealed

(physisorbed)
adsorbates

non-conductive
(chemisorbed)
adsorbates

Figure 4.12: To calculate the fraction of oxygen responsible of surface conduction
in the conductive spectrum we subtract the contribute due to non-active oxygen
(i.e. the area of oxygen in non-conductive spectrum). From calculation we found
that 414+1% of the conductive spectrum is related to active oxygen, corresponding
to a fraction coverage of the surface of 23+3%.

the surface covered by active oxygen, and we found a coverage of 23£3%.

It is possible to correlate this value to previous hole sheet density measure-
ments: in fact, with the strong hypothesis that every (physisorbed) oxygen
atom bonded with the hydrogenated surface steals an electron from the di-
amond, and considering that only 23% of the surface can be considered ac-
tive, we can estimate a surface density of the hole left in diamond of the

order of 10 ¢m~2: this value is in good agreement with the ones reported in
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literature|25, 82, 83].

The next step is then to individuate if there is a preferential way of bonding
for the active oxygen. We start from the deconvolution of Cls and Ols level,
presented in figg. 4.13 and 4.14: the deconvolution of Cls peak has taken into
account a rigid shift in energy respect to the non-conductive case for all the
components by an amount of 1.2 eV: the oxygen-related components appear
to be increased respect to the non-conductive case. Also in the case of Ols we
have taken into account the rigid shift for components in deconvolution and a
general increase of components was seen, similar to the case of Cls.
Comparing the evolution of components in the Ols spectra of the conduc-
tive and the the non-conductive sample, we do not recognize a preferred way
to bond for oxygen: the three principal components after annealing decrease
roughly by the same amount; instead the peak related to HoO almost disap-
pear. The comparison is plotted in Fig. 4.15.
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Figure 4.13: Deconvolution of Cls core level spectra for the conductive (from
air) sample. The components used are so assigned: C, is relative to bulk com-
ponent, C. is due to surface carbon not bonded with hydrogen and defects, Cy
has been assigned to carbon bonded with hydrogen both in the surface and in the
subsurface region, Co; and Co, are due to oxygen-bonded carbon, where carbon

has, respectively, single bond to oxygen or double bond to oxygen.

Fit component | Posit.(eV) Ampl. GW LW
Cp 284.7 2.65 0.62 0.15
Cy 285.2 1.00 0.76 0.15
C. 283.8 0.19 1.01 0.15
Cor 286.0 0.20 1.04 0.15
Coo 287.2 0.02 0.66 0.15

Table 4.4: Fit values of Cls core level spectra for the annealed (from air) sample.
For every component the position in energy, the amplitude, the gaussian (GW) and
the lorentzian (LW) parameter are shown. The lorentzian parameter was fixed at
0.15 eV according to ref.[37].
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Figure 4.14: Deconvolution of OIs core level spectra, for the conductive (from
air) sample. The components used are so assigned: Ol is relative to Oxygen
bonded with carbon as C-OH o as C-O; 02 and O3 are relative to oxygen from OH-
C=0 or O-C=O0 chains, with photoemission from single(double) bonded oxygen in
the case of 02(03) component; O4 is relative to oxygen in H,O.

Fit component | Posit.(eV) Ampl. GW LW
01 532.4 2.39 144 0.15
02 031.1 0.38 1.95 0.15
03 0933.7 0.39 1.95 0.15
04 533.5 0.05 1.81 0.15

Table 4.5: Fit values of Ols core level spectra for the annealed sample. For
every component the position in energy, the amplitude, the gaussian (GW) and
the lorentzian (LW) parameter are shown. The lorenztian parameter was fixed at
0.15 eV according to ref.[37].
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Figure 4.15: Comparison of fit components used for Ols core level for conductive
(i.e from air) and non-conductive (annealed) sample.

414 Oxygen exposure

Finally, in this section we are going to show the data obtained during controlled
oxygen exposure (with the setup described in previous chapter) of diamond

surface.

Initially we started performing controlled exposure in step of 3000L (1L
corresponds to an exposure of 107¢ Torr for one second) on an adsorbate-free
(non-conductive) sample. The effect of the exposure are monitored by Ols core
level evolution (as shown in Fig. 4.16): we can distinguish two effects: from
the point of view of the energy position there is a significant shift towards lower
binding energies after the first exposure of 30001, with slight shifts after 6000L
and 9000L exposures: after 9000L the shift of the Ols core level saturates to
a value of 0.55eV respect to the non-conductive spectra. The second aspect is
the amount of oxygen that increases during the exposures, saturating again at
9000L.

For both the two aspects oxygen exposure does not replicate the air-exposure
behaviour; however, the energy shift of the oxygen peak could be explained in
terms of band bending, as in the case of air exposed sample.

Then, we also performed annealing on oxygen-exposed sample with the same
parameters used to remove airborne species from the sample. In this case we
found the non-reversibility of oxygen-exposure: in fact, as depicted in Fig.4.17,

in which the Ols peaks for non-conductive sample and for annealed sample
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Figure 4.16: Controlled oxygen exposure in step of 3000L (1L = 107® Torr/s).
The exposure is monitored with Ols core level evolution, starting from non-
conductive (annealed) sample (in blue). For comparison data for conductive (from
air) phase (black) are shown. The compared spectra have been taken with a Aly,
source (1486.7¢V) and a pass Energy of 40 eV. The resolution is 450meV.
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Figure 4.17: Comparison of Ols core level spectra for O-treated sample before
and after the annealing respect to the non-conductive sample. The compared
spectra have been taken with a Aly, source (1486.7¢V) and a pass Energy of 40
eV. The resolution is 450meV.
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after the O-treatment, the quantity of oxygen after the annealing does not
return to its initial value (remaining unchanged after the annealing) while the
energy position of the annealed sample returns to the values found for the
non-conductive sample.

In order to understand better the nature of the reaction behind this non-
reversibility of the oxygen treatment and to overcome the difficulties in the
deconvolution of Ols we compare the evolution of the sum of oxygen-related
peaks in Cls and the area of Ols peak, for all the four cases studied (conduc-
tive, non-conductive, oxygen-exposed and annealed after oxygen exposure).
The comparison is shown in Fig. 4.18: we normalized the two sets by the
annealed sample value because it represents the reference value due to the ab-
sence in principle of physisorbed molecules on surface.

From the figure is evident that the evolution for the two curves is slightly differ-
ent; starting from the components obtained from O1s deconvolution essentially
we summarize what seen for Ols peak: it can be noticed that oxygen quan-
tity significantly decreases passing from the conductive to the non-conductive
phase; the oxygen quantity is partially restored by O-exposure and does not
change after annealing the sample. Instead, focusing on the curve obtained
from Cls, we see a decrease in the oxygen quantity passing from conduc-
tive to non-conductive phase but we do not see the partial restoring in the
Oxygen-exposed phase. The restoring, in fact, occurs only after the annealing
treatment.

We interpreted this particular behaviour in terms of different nature of the
O-bonded species for the conductive and O-exposed case: the curves, in fact,
suggest the possibility that, while in the airborne species oxygen atoms are
principally bonded with carbon, this is not more true for oxygen (cracked by
filament) which only with the thermal energy provided by annealing finally
bonds with carbon, probably chemisorbing on diamond surface. This turns
the question on what oxygen atoms are bonded with in the case of oxygen
exposure. A possible interpretation of this behaviour can be found in liter-
ature, for similar system: recently [84] it has been discovered that UV oxi-
dation (a technique in which sample is irradiated by UV source in pure O,
atmosphere) leaves the surface of H-terminated diamond with a high density
of OH™ fragments which bond electrostatically with the CH present at the

surface. Similarly we can believe that O atoms produced by the O, thermal
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cracking adsorb on the sample as a part of OH ions (hydrogen can be easily
found on the surface of the sample). Then, the thermal activation produced
by the annealing could transform the electrostatic bond between OH™ ion and
surface CH into different covalent bonds principally encompassing hydroxyl,
carbonyl and carboxyl bonds and ether-like bonds that are the typical final
product of stronger treatments, such as Oxygen-plasma treatments [84].
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Figure 4.18: Comparison of Ols core level spectra for O-treated sample before

and after the annealing respect to the non-conductive sample.
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4.2 Investigation of C-H stretching mode

In this section we are going to discuss our investigation performed on C-H
stretching mode, v(C-H), done with the energy loss technique, focusing our
attention on the evolution of the stretching mode intensity in different conduc-
tive states.
In figure 4.19 we compare the vibrational energy loss region for the conductive
(air exposed) sample and the non-conductive sample. As in the case of XPS
spectra, in order to have a non-conductive behaviour, we annealed the sample
at 450°C for one hour.

From the spectra we can only recognize a small peak located at 360 meV, that
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Figure 4.19: Comparison CH stretching mode loss for conductive (from air) and

non-conductive (annealed) sample .

is just the loss related to v(C—H); a repetition at 720 meV is poorly visible. As
can be seen from the figure with our setup we are unable to distinguish any
other vibrational mode.

To determine the exact energy position and intensity of CH stretching we
performed a deconvolution in that loss region: in the deconvolution we consid-

ered also the presence of other vibrational modes, even not recognizable in the
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spectra. An example of the deconvolution done is presented in Fig. 4.20: the
example presented is relative to the conductive case; for the energy position
of non-resolved vibrational modes, presented in the table below the figure, we
referred to [26].

Deconvolution of CH loss region

B3 sample - conductive (from air) « Data
—Fit
0.8 E
E1
—E2
CcC
_ 0.6 o0
g CCI’ep
8 __JCH
“g 047 - CCrep,ll
- —OH
X
0.2 1 —CH
3 ] rep
0.0 : i - ] - \/ :
0.0 0.2 0.4 0.6
Energy Loss (eV)
Fit component | Posit.(eV) Assignation
E, E1, E2 Deconvolution of elastic peak
ac 0.151 combination of v(C-C)
and 6(C—H)
CO 0.243 v(C-0)
CCrep 0.302 v(C-C) overtone
CH 0.361 v(C—H)
CCrepir 0.2 second v(C-C) overtone
OH 0.421 v(O-H)
X 0.507 combination of v(C-C) overtone
and v(H-H)
CH,., 0.722 v(C-H) overtone

Figure 4.20: Deconvolution of energy loss spectra in the CH region, and assig-
nation of the component used. For assignation we refer to [26].
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As can be seen from table 4.6, by the comparison of v(C-H) amplitude for
the two conductive states, we observed a slight decrease in the intensity of the
signal after the annealing of the sample, that may be related to the desorption

of hydrocarbons molecules from surface.

Normalized
Conduction CH stretching i
CH stretching
state of sample ampl. 10
ampl. (x10719)
Conductive (from air) 0.0344-0.002 4.440.3
Non-conductive (annealed)  0.029 4+ 0.002 3.7+0.3

Table 4.6: Comparison of CH stretching mode amplitudes for conductive (from
air) and non-conductive (annealed) sample, as determined by a deconvolution of
the CH stretching loss region. In the table the amplitudes normalized by elastic

peak are also reported.



Conclusions

The investigation performed on hydrogen-terminated diamond, described in
previous chapters, has shown the limits of typical sample preparation for our
purposes. Major issues have been found in terms of homogeneity of hydrogena-
tion: an electron reflectivity pattern, taken for the sample studied, has shown
the presence of two zones of reflectivity on the sample, with the number of
electron reflected that was roughly the double in one zone of the sample with
respect to the other; the zone characterized by higher reflectivity was also char-
acterized by higher resistance: we ascribed these inhomogeneity effects to the
relative position between the sample and the hydrogen plasma used to termi-
nate the surface. The placement of the samples in the hydrogenation chamber,
done manually, has its cost in terms of reproducibility of the sample produced
and should be improved. However, we have showed how mapping the sample
with resistance and/or spectroscopic measurements can be a significant but
simple tool that has to be introduced in the preparation protocol, in order to
evaluate sample homogeneity.

A second issue, related to sample preparation, has been found on non-conductive
(adsorbate-free) sample: we observed that a significative portion of the sample,
that we estimated to be 33+3 % is covered by chemisorbed oxygen. Possible
sources of oxygen contaminants could be the acid treatments we performed
prior to hydrogenation or a cleaning issue of the hydrogenation chamber. Ac-
tually, the acid treatments were performed on the samples with the idea that
these, due to their commercial nature, might present residues of processing or
unknown surface impurities and, therefore, terminating uniformly in oxygen,
the problem was obviated. A possible solution in this case is to repeat the hy-
drogen treatment several times or, more drastically, to eliminate this passage
and perform hydrogenation without any preliminary treatment. In the case of

cleaning issue, instead, a more restrictive control of hydrogenation parameter

99



Chapter 4. Spectroscopic analysis 100

is clearly needed.

Despite these issues in sample preparation, we were able to perform a conduc-
tive test, measuring the resistance as a function of temperature and pressure:
the measurements showed as the resistance for non-conductive state is eight
order of magnitude higher than the resistance of conductive state, as the mea-
surements of electronic grade sample showed (the obtained resistance values
are, respectively, 10'? and 10° ), consistently with similar works found in
literature[8]: it may be interesting to study, once the homogeneity and im-
purity issues are resolved, if there is an improvement even in the conductive

properties.

Interesting observation has been found studying the depth of the surface
hydrogen layer: Montecarlo simulation, in fact, suggested the possibility that
hydrogen may be present not only at the surface but even deeper, extending
for several layers in the subsurface region. This observation helped us in the
interpretation of Cy component used in Cls core level deconvolution: despite
early interpretation|37] attributed to this component a pure surface behaviour,
we believe that Cy may be reasonably related to hydrogen bonded with carbon
(even forming hydrocarbon structures) in the subsurface zone and deeper. For
what concern the surface, recent hypothesis[40], place a surface hydrogen re-
lated component at 0.16 eV towards lower binding energies respect to the bulk
component: at this stage we are unable to resolve it and more investigation
(especially as a function of temperature) are needed in that sense.

Regarding the elemental analysis and the nature of physisorbed species re-
sponsible of surface conductivity, spectra taken in the conductive case (i.e. in
presence of airborne species adsorbed on hydrogen-terminated diamond sur-
face) showed the increasing presence of carbon-oxygen related species (such
as C-OH, C-0O, C=0) respect to the non-conductive case: we estimated that
a fraction of 23+3% of the conductive sample was covered by physisorbed
oxygen-related species. This value can be related to a hole sheet density in
agreement with the ones reported in literature|25, 82, 83|. For what concern
the nature of oxygen-related species it seemed that there was not a preferred
absorbed species compared to the others: a more detailed analysis, however,
can be done with better prepared samples that do not present the oxygen im-

purities issue.
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The comparison between the spectra for conductive sample showed also a rigid
shift of 1.2 eV respect to the energy positions for non conductive sample: this
shift it has been attributed to a band bending established with the adsorption
of airborne species and represented a terms of comparison for controlled oxygen
exposures. Spectra taken after oxygen exposure have shown a less pronounced
energy shift (0.5 eV respect to non-conductive sample) suggesting that oxygen
presence is a necessary but non-sufficient condition to replicate the conduc-
tivity of airborne species. Different is also the absorption mechanism, studied
by the evolution of oxygen and C-O related species quantities upon different
exposure and annealing treatment, that indicated the possible presence of oxy-
gen non-bonded with carbon after oxygen exposures, that chemisorbed on the
surface after an annealing treatment: it may be interesting studying if tem-

perature is effective to induce different way of absorption.

Concluding, the scenario presented shows how the study of microscopic
properties of hydrogen-terminated diamond requires a preparation of samples
with more stronger constraints, in terms of homogeneity and presence of im-
purities, compared to the study of macroscopic properties. This is the starting
point to get more and more completed information from elemental analysis
of the surface; it can be interesting, however, study if the improvement in
sample preparation to study microscopic properties may be a way to obtain
more performing samples also from the electric point of view: in principle, in
fact, avoid contaminants permits to have a larger active area though main-
taining the same sample size. Moreover, a more detailed elemental analysis
of the conductive samples can be helpful in the selection of the active species
that have to be adsorbed on hydrogen-terminated diamond. In this sense the
study of alternative methods to hydrogenate the diamond surface is needed:
this can be done varying the parameters for the the plasma treatment (we
have shown, for example, how temperature can improve the sample quality)
or, even, using alternative approaches, such as hot filament hydrogenation|85].
Once the issues behind the sample preparation will be resolved it can be in-
teresting, as a further topic, the comparison of macroscopic and microscopic
effects on hydrogen-terminated diamond, exposing the samples to different ac-
tive gases such as NOy and SO,, that are known to be effective to increase the

hole sheet density of hydrogen-terminated diamond as suggested by previous



Chapter 4. Spectroscopic analysis 102

measurements|25|, and can help to highlight more clearly the relation between

oxygen and the surface conduction of diamond.



Appendix A An alternative Cls decon-

volution

In section 4.1.1 we discussed the model for Cls deconvolution: in the de-
convolution presented we used a component, Cy, for which we estimated the
coverage. As discussed previously, the coverages estimated for that component
are higher than we expected.

We repeated the same test using in this case two peaks instead of only one,
with the idea that overestimation in first case was due to a component related
to oxygen-bonded carbon: in some works, in fact, the presence of a component
shifted in a range between 0.6 and 1 eV respect to sp® carbon was correlated
to carbon bonded with oxygen in a C-OH configuration [76-78|. The method

used is the following:

1. A component of the fit, Cy, has been moved in the higher binding energy
zone respect to the bulk component with a shift in the range between
0.36 eV and 0.65 eV from the bulk component (that is the region in which
the chi-squared values in the first test were the lowest) with a step of 0.05
eV;

2. A second component of the fit, Coy, has been moved in the higher bind-
ing energy zone respect to the bulk component with a shift in the range
between 0.2 eV from Cy component (that is a limit related to resolution
of our setup) and 1.05 eV from bulk component (higher values did not

show a chi-squared value low enough) with a step of 0.05 eV.
3. for each step we calculate:

e the coverage related to Cy component. For the estimation we used

the Fadley model proposed in section 2.1.4, in which we use the Cg
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component in the Cls spectra as overlayer signal and the C, com-

ponent as substrate signal; we refer to this as H-related coverage;

e the oxygen coverage. For the estimation we used the Fadley model
proposed in chapter 3, in which we use the sum of oxygen-related
component (included Cog) in the Cls spectra as overlayer signal
and the C, component as substrate signal; we refer to this as O-

related coverage;

4. the results have been compared on the basis of chi-squared test value,
the oxygen estimated coverage (remembering that from the comparison
of Ols and Cls peaks we found a fraction of diamond surface covered
by oxygen of 334+3%) and the coverage estimated by the Cy component:
depending on the model, we expect different values of coverage; for the
model proposed by Grupner and coworkers|37], we in fact expect a cov-
erage that has to be around 70%, considering that hydrogen is located
only in the surface region and that a portion of the sample is covered by
oxygen; differently for the model proposed by Schenk and coworkers|40]
we expect a coverage around 100% because of the subsurface nature of

the assignment.

The results for this second test are presented in table A.1.

As can be seen from the table, even with the introduction of a second com-
ponent, the estimated hydrogen and oxygen coverages are both not compatible
with the expected values: taking into account for example the case in which
the Cy component is fixed at shift 0.36 eV, the shift proposed by Schenk and
coworkers in their model, the estimated coverages for hydrogen and oxygen are
both largely higher than the expected value, and this is true for each value of
Cop shift. Similar conclusion can be given for Cy shift fixed at 0.5 eV, the
shift proposed by Graupner and coworkers, and, moreover, for all intermediate

values.
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Oxygen
CH Con ) Hydrogen Oxygen coverage
shift (eV) | shift (eV) X coverage (%) | coverage (%) | estim. from
O1s (%)
0.360 0.550 1.133 147£67 164£37 33£3
0.600 1.133 163£58 141£29
0.650 1.133 196£53 119424
0.700 1.134 227446 100£20
0.750 1.135 253438 8615
0.800 1.135 275433 75£12
0.850 1.136 294432 6610
0.900 1.136 310433 59+£10
0.950 1.135 324435 54+9
1.000 1.133 336136 48+8
1.050 1.130 346136 44£7
0.400 0.600 1.115 83£25 150£17
0.650 1.116 109+£26 128+15
0.700 1.118 142426 108£13
0.750 1.120 176£26 92411
0.800 1.123 204425 79£10
0.850 1.125 226125 69+9
0.900 1.126 245426 61£8
0.950 1.126 261428 55+£7
1.000 1.126 275%29 49£7
1.050 1.124 285+30 45£6
0.450 0.650 1.099 79£20 120+14
0.700 1.098 93£19 104£12
0.750 1.099 110£18 90£10
0.800 1.101 131£17 79£9
0.850 1.104 153£17 69+8
0.900 1.107 174£19 61£7
0.950 1.109 192£20 55+E7
1.000 1.110 207122 49£6
1.050 1.111 219422 44£6
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Oxygen
Ch Comn 5 Hydrogen Oxygen coverage
shift (eV) | shift (eV) X coverage (%) | coverage (%) | estim. from
O1s (%)
0.500 0.700 1.102 75£10 96£11 33£3
0.750 1.101 84£15 84£9
0.800 1.100 93£14 78E8
0.850 1.098 150£13 667
0.900 1.096 120£13 59+£7
0.950 1.096 136+£15 53£6
1.000 1.098 151£13 4746
1.050 1.100 164£17 4245
0.550 0.750 1.138 68+13 75£9
0.800 1.138 7612 69£8
0.850 1.136 81£11 62£7
0.900 1.129 87=£10 55=E6
0.950 1.119 97+14 50£6
1.000 1.111 110£12 4545
1.050 1.108 121£13 4145
0.600 0.800 1.218 68+12 6313
0.850 1.220 71£10 70£9
0.900 1.220 74£10 51+£8
0.950 1.211 75£9 46£8
1.000 1.187 82£11 4245
1.050 1.167 91£10 38+4
0.650 1.000 7249 37£6
1.050 - 7T1£8 35+4

Table A.1: In table is represented the energy shift value between the bulk compo-

nent in the fit, Cp, and the Cy component and between C,, and the Coy component;

for every value a chi-squared value, coverage of Cy component and oxygen cov-

erage by O-related (included Cop) components in Cls have been calculated. For

comparison, we also estimated oxygen using Ols signal.
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The best compromise between calculated coverages and expected values
seems to be obtained with the two components respectively at 0.6 eV and
0.95 eV from the bulk peak, where we found a hydrogen coverages of 75+9%
and oxygen coverage of 46+£8% (slightly out the compatibility range for the
coverage estimated from O1s): even in this case, however, the chi-squared value
obtained is greater than the values found using only Cy, giving poor support

to the introduction of a second component.
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