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SIMULTANEOUS SCANNING TUNNELING/ATOMIC FORCE
MICROSCOPY INVESTIGATION OF DIAMOND SURFACES IN ULTRA
HIGH VACUUM

SUMMARY

Diamond has always been one of the most outstanding naturally existing materials
due to its distinguishing thermal and mechanical properties. As it is known as the
hardest material, diamond has been a field of interest in plenty of mechanical studies
and has taken its place in industry for different uses, as well. In the last few decades,
with the pursuit of adaptation of semiconductors to the technology, the search for
more durable novel materials with manipulative electronic characteristics has
ascended. Thus, diamond has been one of the most popular research areas, such as
the synthesis processes and surface studies, including scanning probe microscopy.
Atomic Force Microscopy (AFM) studies of both natural and CVD grown diamond
surfaces revealed the topography of diamond surfaces with different surface
orientations and reconstructions. Besides, Scanning Tunneling Microscopy (STM)
studies of diamond have shown that the electronic structure of diamond is highly
related to the type of dopants and surface termination. In this study, the diamond
surface has been investigated using simultaneous Scanning Tunneling/Atomic Force
Microscopy in ultra-high vacuum (UHV).

The investigation of diamond using simultaneous STM/AFM in UHV has been
focused on polycrystalline and single crystalline diamond surfaces. The cleaning
techniques including the sputtering, annealing and acid etch have also been practiced,
in order to obtain atomically clean and flat diamond surfaces. The simultaneous
STM/AFM system used in this study operates as using the tunnel current as the
feedback parameter. By oscillating the cantilever at a specific frequency well below
its resonance frequency, oscillations with sub-Angstrém amplitudes were obtained.
The detection of such small cantilever oscillation amplitudes was enabled by using a
fiber-optic interferometry setup. Scanning the surfaces using such small cantilever
oscillation amplitudes enables the true simultaneous STM/AFM operation on the
diamond surfaces, by the means of being at certain operating regimes while scanning
the surface. With the simultaneous STM/AFM system used in this study, surface
topography, force, interaction stiffness, tunnel current modulation (measure of
barrier height), phase shift (energy dissipation) and tunneling current were obtained.
In this study, the diamond surfaces were scanned using two different cantilevers, a
Tungsten (k=53 N/m) and a highly boron doped diamond cantilever (k=70 N/m),
which were calibrated using thermal noise method. Atomic resolution imaging of
different regions on diamond surfaces was achieved.

Moreover, force-distance spectroscopies were conducted on different regions on the
diamond surfaces, leading to obtain the interaction stiffness between the diamond
and the tip. The maximum negative interaction stiffness between the polycrystalline
diamond surface and the W tip is measured around -2-2.5 N/m, where the interaction
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stiffness between the polycrystalline diamond surface and the highly boron doped
diamond tip is measured as -1.2 N/m. For the single crystalline diamond, the
maximum negative interaction stiffness between the sample surface and the W tip is
measured as -2.5 N/m and -1.2 N/m, with an applied bias voltage of -1 V and 1 V
respectively. The maximum negative interaction stiffness between the single
crystalline surface and the highly boron doped diamond tip is measured as -1.5 N/m.

xxii



ELMAS YUZEYLERIN ESZAMANLI TARAMALI
TUNELLEMELI/ATOMIK KUVVET MiKROSKOBU iLE ULTRA YUKSEK
VAKUMDA INCELENMESI

OZET

Elmas dogal olarak var olan karbon bazli malzemelerden biridir. Tetrahedral olarak
baglanmis karbon atomlarindan olusur ve orgi sabiti 3.57 A’dur. Elmas
kesfedildiginden beri, nadiren bulunan bir malzeme olmasi sayesinde kiiltiirler i¢in
her zaman degerli bir tag olmustur. Bunun yanisira, elmas ayirtedici termal ve
mekanik 6zellikleri sayesinde dogada bulunan malzemeler arasinda daima farkli bir
yere sahip olmustur. Varolan en sert malzeme olarak bilinen elmas, boylelikle bir
¢ok mekaniksel ¢caligma alaninda ve endiistride de yerini almugtir.

Son yillarda, yariiletken malzemelerin teknolojiye adapte edilmesi amaciyla,
manipiile edilebilir elektronik 6zelliklere sahip, daha dayanikli malzemeler bulma
arayis1 basladi. Bdylece elmas, Taramali U¢ Mikroskobu (TUM) da dahil olmak
lizere, sentezlenme siireci ve ylizey caligmalar1 gibi alanlarda daha detayli
calisilmaya baslanmigtir. Bu zamana kadar yapilan Taramali Ug¢ Mikroskobu
calismalarinda elmasin c¢esitli Ozellikleri incelendi. Taramali Ug¢ Mikroskobu
teknikleri ile elmas yiizey calismalarina olan ilgi; ylizey topografisi, malzemenin
elektronik ozellikleri, elmas yiizeyinin siirtinme karakteristikleri de dahil olmak
tizere genel ylizey yapisina 151k tutmaktadir.

[Ik zamanlarda Atomik Kuvvet Mikroskobu ile g¢ogunlukla elmasin mekanik
ozellikleri tizerine daha detayli ¢aligmalar yapildi. Dogal olarak bulunan ve Kimyasal
Buhar Biriktirme yontemi ile elde edilen elmas yiizeyler iizerinde yapilan Atomik
Kuvvet Mikroskobu (AKM) ¢alismalari, farkli ylizey yonelimleri ve yapilanmalarina
sahip yiizeylerin topografilerinin elde edilmesini sagladi. Bunun yaninda, elmas
tizerinde yanal kuvvet mikroskobisi de dahil olmak iizere daha detayli siirtiinme
kuvveti caligmalar1 da yapildi.

Daha sonralarda ise farklt malzemelerle katkilanmis elmasin elektronik 6zelliklerinin
degistigi gozlemlendi ve Taramali Tiinelleme Mikroskobu kullanilarak yiizeyin
elektronik yapisin1 inceleyen c¢alismalar yapilmaya baglandi. Elmas iizerine
yogunlasan c¢alismalar, elmasin sentetik olarak iiretilmesi iizerine gelistirilen
yontemlerle de artmustir. Kimyasal buhar biriktirme (KBB) yontemi ile yliksek
basing/yiliksek sicaklikta farkli parametreler ve katki malzemeleri kullanilarak,
istenilen yonelimde monokristal ya da polikristal elmas {iretilmeye baslandi.
Boylece, kullanilma amacina yonelik olarak iiretilen elmasin elektronik 6zelliklerini
ve yonelimini belirlemek miimkiin oldu. Elmasin topografisi, bliylime mekanizmasi
ve grafitizasyonu iizerine odaklanan ¢aligmalarin yan1 sira, elmasin yiizey yapisinin
atomik ¢oziliniirlilkte goriintiilemesini i¢eren ¢aligmalar da mevcuttur.

Bu calismada, elmas yiizeyi daha genis bir perspektiften incelenerek, ultra yiiksek
vakum (UYV) ortaminda eszamanli Taramali Tiinelleme/Atomik Kuvvet
Mikroskobu kullanilarak c¢alisilmistir. UYV ortaminda eszamanli TTM/AKM
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kullanilarak polikristal ve monokristal elmas ylizeylere odaklanilmistir. Atomik
olarak temiz ve diiz elmas ylizeylerin elde edilmesi i¢in, iyon bombardimani, tavlama
ve kimyasal olarak asitle temizleme teknikleri uygulanmistir. Temizleme teknikleri
farkli parametreler kullanilarak gerceklestirilmis ve bu tekniklerin yiizey iizerindeki
etkisi incelenmistir. Daha sonrasinda Ornekler eszamanli TTM/AKM ile
incelenmistir.

Bu c¢alismada kullanilan eszamanli TTM/AKM sistemi, geri besleme parametresi
olarak tiinel akimin1 kullanmaktadir. AKM yayinin rezonans frekansinin ¢ok altinda
belirli bir frekansta salindirilmasiyla, Angstrom-alt1 salinim genlikleri elde edilmistir.
Bu mertebedeki yay salinim genliklerinin saptanmasi, fiber-optik interferometre
diizenegi kullanilarak gergeklestirilmistir.

Fiber-optik interferometre yontemi temel olarak Fabry-Perot interferometresine
benzer. Bir lazer diyotun ikiye ayrilarak referans fotodiyota ve fibere
gonderilmesiyle olusur. Fiber i¢inde ilerleyen 1sinlarin bir kismi fiberin ucundan geri
yansirken, bir kismi da ilerleyerek fiberin ucunun olabildigince yakinina hizalanmis
yayin arkasindan yansiyarak fiberin igine geri doner. Boylece sinyal fotodiyotta bir
girisim deseni olusur. Girisim deseni iizerinde egimin (mV/Angstrém) en yiiksek
oldugu nokta ise fiber-optik interferometre sisteminin hassasiyetini belirler ve fiber
bir tiip piezo yardimiyla girisim deseni iizerindeki en hassas noktada Kilitlenir.
Boylece tarama sirasinda yaymn salimmmmin Volt degerinden Anstrdm degerine
cevrilerek mesafe olarak elde edilmesi miimkiin olmaktadir.

Elmas yiizeylerin Angstrém-alt: mertebede salinim genlikleri kullanilarak taranmast,
tarama sirasinda belirli bir etkilesim bolgesinde kalabilmeyi ve bodylece ylizeyler
tizerinde gergek eszamanli TTM/AKM calisilmasini saglar. Bu ¢alismada kullanilan
eszamanli TTM/AKM sistemi ile elmas ylizeyinde topografi, kuvvet, kuvvet
etkilesimi, tiinel akimi modiilasyonu, faz kaymas: (enerji kaybi) ve tiinel akim
Olctimleri elde edilmistir.

Bu ¢alismada, elmas ylizeyler Tungsten (k=70 N/m) ve yiiksek bor katkili elmas
(k=53 N/m) olmak iizere, iki farkli AKM yay:r ile taranmistir. Atomik Kuvvet
Mikroskobu sisteminde yiizey ve igne arasindaki etkilesimin dogru olarak
Ol¢iilebilmesi icin kullanilan yayin mekanik 6zelliklerini bilmek biiylik bir 6nem
tasir. Yay sabiti, rezonans frekansi, kalite faktorii gibi 6zellikleri ¢esitli yontemler
kullanarak kalibre etmek miimkiindiir. Bu ¢aligmada yay sabitlerinin kalibrasyonu
termal giirtiltii yontemi kullanilarak kalibre edilmistir.

Yaym hi¢ bir uyar1 sinyali uygulanmadan alinan frekans spektrumuyla termal
rezonans genligi elde edilir. Esboliisiim teoreminden yola ¢ikarak elde edilmis
Brownian giiriiltii ifadesi kullanilarak yay sabiti i¢in yaklagik bir ifade elde edilmeye
calisilmistir. Bu yontemle kullanilan yayin sertlik ve kalite faktorii elde edilebilir. Bu
caligmada, elmas yiizeylerde farkli bolgelerde atomik ¢oziiniirlilkte goriintiiler elde
edilmistir.

Atomik Kuvvet Mikroskobu presibinde iki atom arasindaki kuvvet etkilesimi 6nemli
bir niceliktir. Buradan yola ¢ikarak, bu calismada elmas yiizeyindeki C atomu ile
tarama sirasinda kullanilan yaym ucundaki C atomu arasindaki kuvvet etkilesiminin
sayisal olarak Ol¢iimii ilizerinde yogunlagilmistir. Cesitli elmas yiizeyleri iizerinde
belirli noktalarda kuvvet-mesafe spektroskopileri yapilarak, kuvvet etkilesimi
noktasal olarak Ol¢iilmiistiir.
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Polikristal elmas yiizeyi ile W igne arasindaki maksimum negatif etkilesim sertligi -
2-2.5 N/m civarinda Olclilmustiir. Polikristal elmas ylizeyi ve yliksek bor katkili
elmas igne arasindaki etkilesim sertligi ise -1.2 N/m olarak 6lgtilmiistiir. Monokristal
elmas i¢in, 6rnek ylizeyi ve W igne arasindaki maksimum negatif etkilesim sertligi
ornek ylizeyine -1 V bias voltaj uygulandigr durum igin -2.5 N/m, 1 V uygulandig
durum i¢in ise -1.2 N/m olarak dl¢tilmiistiir. Monokristal yiizey ve yiiksek bor katkili
elmas igne arasindaki maksimum negatif etkilesim sertligi -1,5 N/m olarak
Olciilmiistiir.
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1. INTRODUCTION

The discovery of diamond lasts thousands of years ago. It has always been attractive,
since it is a rarely found material with a spectacular appearance. For centuries, it has
been one of the most valuable jewels. For the last few decades, diamond has taken
attention not only because of its unique appearance, but also due to its remarkable
thermal and mechanical characteristics. These characteristics include high thermal
conductivity and physical rigidity, as well as various optical properties due to the
impurities. Considering natural diamonds, these impurities arise from the formation
conditions of the diamond. Later on, it has been understood that these impurities
have a huge impact on both the optical and electronic properties of the diamond.

Consequently, scientists tried to find a way to produce this rarely found precious
material synthetically in laboratory conditions. With the improvement of the
synthesis of diamond by Chemical Vapor Deposition (CVD), the interest on the
diamond surface has increased even further. The ability to grow diamond surfaces by
CVD led to an increase in the adaptation of diamond in the industrial applications.
Thus, the properties of CVD grown diamond depending on the formation conditions
were investigated further in surface studies, including Scanning Probe Microscopy
(SPM).

The Atomic Force Microscopy and Scanning Tunneling Microscopy studies revealed
the surface structure, mechanical and electronic properties of different types of
diamonds. Besides the works focusing on the topography, growth mechanism and
graphitization of diamond, the studies including the atomic resolution imaging of the
surface structure of diamond emphasize mostly the effect of dopants on the electrical
properties of the diamond, H-terminated and O-terminated diamond surfaces and

reconstructions on different surface orientations.

1.1 Purpose of Thesis

The interest on diamond surface studies using Scanning Probe Microscopy (SPM)

techniques has shed light to the surface structure in a general basis, including surface



topography, electronic properties, frictional characteristics of the diamond surface,
separately. In this study, obtaining STM and AFM information on the diamond
surface simultaneously, is aimed. The advantages of scanning the surface with a
cantilever while using the tunnel current as a feedback, which will be discussed
further on the next sections, are significant. Considering the ability to investigate the
surface in a wider perspective, in the means of both STM and AFM channels,
achieving surface topography, force, interaction stiffness, tunnel current modulation
(measure of barrier height), phase shift (energy dissipation) and tunnel current

information on diamond simultaneously, was aimed.

Arising from the point that the force interaction between two atoms is the most
important quantity in the concept of AFM, the main focus in this study has been on
the quantitative measurement of the force interaction between the C atom of diamond
and the atom belonging to the tip used. By conducting force-distance spectroscopy at
a certain point on the diamond surface, the interaction stiffness was tried to be

measured locally.

In this study, using two different types of diamond samples, a polycrystalline and a
single crystalline diamond, a comparative study of surface characteristics could be
possible. Achieving atomic resolution imaging of different regions on these two

different diamond surfaces was aimed.

1.2 Literature Review

Diamond has always been a widely known material with its outstanding thermal
conductivity, physical hardness and rigidity. Besides its thermal and physical
properties, there has been a large interest on diamond, focusing further on its
electrical characteristics. The possibility of the growth of diamond surfaces using
Chemical Vapor Deposition (CVD) provided an increase in the use of this material in

the technological applications.

The studies on the surface structure of diamond including the STM and AFM are
focused on different kinds of diamond surfaces. Natural and CVD grown single
crystalline and polycrystalline diamond surfaces have been studied with both STM

and AFM, which will be mentioned further in detail.



Diamond already exists in the nature in different colours due to the impurities it
contains. As mentioned, the properties these impurities bring is not only limited with
the differing colours. The changing electrical conductivity characteristics of diamond
are observed in various studies. During the CVD growth process of diamond,
different dopants may be implanted to the diamond structure [1]. One of the mostly
used doping materials is boron, since it enables to obtain electrical conductivity and
therefore makes it possible to study the diamond surface by scanning tunneling

microscopy [2].

Another area of interest in the surface studies of diamond is the effect of termination
of the surface with different materials, such as hydrogen and oxygen, as it plays an
important role on the electrical characteristics. The termination of the diamond
surface with hydrogen or oxygen changes the electrical structure of the surface, from
an insulator to a p-type or n-type semiconductor [3]. The scanning tunneling
microscopy studies of diamond are mostly focused on the hydrogenated and H-
terminated single crystalline diamond surfaces. The reason behind this is that H

treatment enables to obtain a flat and stable diamond surface.

Stallcup et. al. observed the CVD grown (100) surface by scanning tunneling
microscopy in UHV and discussed the dependence of the surface topography and
reconstruction structure on the surface, as seen in Figure 1.1 [4]. In this study, it is
reported that the exposure of (100) surface to atomic hydrogen enables partial (2x1)
reconstruction of the surface, where the surface after growth is initially amorphous.
Different concentrations and durations of atomic hydrogen exposure were studied
and dimerization of the (100) surface is revealed by atomic resolution images. This is
explained by the fact that the atomic hydrogen etches the amorphous carbon and

leads to a stable (2x1) reconstructed surface as well.



Figure 1.1 : UHV STM image of diamond (100) surface after post growth

exposure to atomic hydrogen for (a) 2 min (b) 5 min [4]
The clean C(100)-(2x1) reconstructed diamond surface seen in Figure 1.2 was
obtained by the dehydrogenation of the previously hydrogenated C(100)-(2x1)
surface by annealing at 1000 C, as reported by Stallcup et. al. The mentioned
scanning tunneling microscopy study of clean C(100)-(2x1) reconstructed surface in
UHV reveals the defects and vacancies in this surface, and the atomic resolution
imaging of the surface has shown that the buckling of dimers in this surface is not
observed [5].

Figure 1.2 : UHV STM image of the clean C(100) 2x1 reconstructed surface [5].

Another study on the natural boron-doped single crystalline hydrogenated (100)
diamond surface with the (2x1) reconstruction as seen in Figure 1.3, emphasized on
the electronic properties of this surface [6]. In this study, it is argued that the
hydrogenation process helps the saturation of the dangling bonds. Furthermore, the I-
V spectroscopy dependence of the samples on the annealing temperature was
studied, revealing that annealing leads to desorption of surface oxygen and hydrogen,
which affects the electronic characteristics of the diamond.



Figure 1.3 : UHV STM topography images of diamond (100) 2x1:H surface. (a)
unoccupied states. (b) occupied states [6].

Tsuno et. al. studied the homoepitaxially MW-CVD grown (111) diamond surface,
using scanning tunneling microscopy in ambient conditions, observing the atomic
resolution imaging of (111) surface with 1x1 structure, terraces and steps, given in
Figure 1.4 [7].
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Figure 1.4 : STM topography images of diamond (111) surface grown by CVD. (a)
tip bias (b) sample bias [7].

An atomic force microscopy study in ambient conditions on the polycrystalline
diamond surfaces grown by HF-CVD shows different orientations of the diamond
film surfaces. The atomic resolution imaging shows a periodicity of 0.35 nm in the
<100> direction on (100) surface, whereas of 0.25 nm on the (111) surface [8].

Nimmrich et. al. conducted a non-contact atomic force microscopy study at room
temperature UHV on type Ila diamond grown by CVD [9]. In this study, the ex-situ
hydrogenated C(100)-(2x1) surface is presented in high resolution atomic images, as
given in Figure 1.5. Besides, it is stated that the removal of hydrogen is possible by
annealing the hydrogenated sample above 1200 K, which also enabled atomic
resolution images of clean C(100)-(2x1) surface, where the distance between dimers

and between rows are given as 2.50+0.05 A and 5.10+0.08 A respectively.



Figure 1.5 : NC-AFM images of diamond (100) 2x1:H surface (a) topography (b)
frequency shift [9].



2. STM/AFM IN UHV

2.1 An Introduction to Scanning Probe Microscopy

Scanning probe microscopy techniques have brought a remarkable approach to the
surface science. These techniques are based on the interaction of a sharp tip with a
surface, and mainly the surface topography is obtained. With the invention of
scanning tunneling microscopy in 1982 by Binnig et al., surface topography of
conductive materials using a conductive probe was acquired [10]. However, scanning
tunneling microscopy is a limited technique only for the conductive surfaces. The
invention of atomic force microscopy by Binnig, Quate and Gerber in 1987, enabled

the investigation of insulating surfaces, as well as conductive surfaces [11].

2.1.1 Scanning tunneling microscopy

In scanning tunneling microscopy, the main element is the tunneling current between
the tip and the surface, due to the principle of quantum tunneling. This principle
mainly states the possibility of an electron passing through an energy barrier which

has a relatively higher energy, as shown in Figure 2.1 [12].
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Figure 2.1 : Schematic of the quantum tunneling phenomena between the tip and
sample in STM.



The application of this principle to STM is achieved by applying a bias voltage
between the tip and the sample, which enables the electron flow between the tip and
the surface with a very small gap in between. The electron flow, which is called
tunneling current, depends on the tip-surface distance (z), the local density of states

(ps) and the applied bias voltage (V) is given with the equation 2.1 [12].

Itunneling ~ Zgi_evllpn(o)lze_mcz ~ Vps(o' EF)e_ZKZ (2-1)

Where k, the decay constant is expressed as a function of the work function ¢ as in

equation 2.2.
k= 0.51/p(eV) A1 (2.2)

Using the tunneling current, it is possible to obtain the surface topography and
furthermore, the electronic characteristics of the surface. After bringing the tip and
the sample to a close distance using a coarse positioner, the tunneling current is set to
a specific value and used as a feedback. The surface is scanned in x and y by using a
scanner piezo, which is attached to the tip and a feedback control mechanism, in
order to adjust the tip-surface distance, as shown in Figure 2.2. The measurement of
this tunneling current is acquired by using an I-V converter. This enables the

amplification of the current and the measurement of the current in voltage.

Feedback

X,Y,Z
Scanning unit

Figure 2.2 : Schematic of a typical STM setup [13].



There are two main modes of operation of STM. This depends on the set parameter
that is kept constant during the scanning. When the tunneling current is used as the
feedback parameter, due to the changes in the surface morphology, in order to keep
the tunneling current constant, the movement of the scanner piezo in z direction

maps the surface topography. This is called the constant current mode.

Another mode of operation is the constant height mode, where the tip height is kept
constant. This results in a change in the tunneling current, due to the change in the
tip-surface distance due to the topography and varying local density of states at

different points on the surface.

2.1.2 Atomic force microscopy

The operation principle of Atomic Force Microscopy is based on the force
interaction between a cantilever with a sharp probe and the surface. Interaction
between the cantilever and the surface leads to the bending of the cantilever or a
change in the oscillation frequency or amplitude, which is detected by using various
deflection sensing techniques. The typical schematic for the operation of AFM is

shown in Figure 2.3.
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Figure 2.3 : Schematic of a typical AFM setup [13].



The forces measured in AFM include chemical bonding, electrostatic forces, van der
Waals forces, magnetic forces, adhesion and capillary forces . In AFM, depending on
the mode of operation, the effectiveness of interaction forces may differ. Due to the
overlapping of the charge distributions of two atoms brought close, the electrostatic
energy of the system changes. At close enough seperations, the overlap energy is
repulsive due to Pauli exclusion principle [14].

When the distance between the tip and the cantilever is increased, the attractive
forces become dominant. These long-range forces are attractive forces and they are
more effective in distances greater than 1 nm. The van der Waals interaction is the
primary attractive interaction between two atoms.

The potential energy between two atoms, depending on the distance (R) between is
given by Lennard-Jones potential, which is composed of two interactions, van der

Waals attraction and Pauli repulsion as expressed in equation 2.3 [15].
12 6
U(R) = 4¢ [(%) -8 ] 2.3)
Where ¢ and ¢ are the potential parameters. The force between two atoms is given by

equation 2.4.

F = _E (24)

The typical force distance curve between two atoms is given in Figure 2.4. The force
distance curve shows the operation regimes and the behavior of force interaction
depending on the distance.
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Figure 2.4 : The typical force distance curve between two atoms.
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Mainly, the atomic force microscopy has three operating modes known as contact
mode, tapping mode and non-contact mode. Tapping mode and non-contact mode are
also classified as dynamic modes. In contact mode, the surface is scanned using a
soft cantilever, while the tip is in contact with the surface. As a result of the surface
topography, the deflection of the cantilever changes. By controlling the deflection of
the cantilever, the surface topography is maintained. In contact mode AFM, since it
is operated in short-range, the repulsive forces are dominant in a distance less than 1
nm. However, scanning the surfaced in contact mode may damage both the surface
and the tip. Hence, contact mode is not preferred for delicate samples and when high

resolution is desired.

In tapping mode, also known as amplitude modulation mode AFM, the cantilever is
oscillated at (or close to) its resonance frequency. The approximation of the
oscillation amplitude A, as a function of the driving force amplitude F, and the
excitation frequency w, is given with the equation 2.5 [14].

Fo/m

[(©3-w2)* +(wwo/Q)?

A(w) = (2.5)

72
]1

The oscillation amplitude of the cantilever is kept constant at a set point, where the
distance between the tip and the surface is therefore adjusted by a piezotube using a
controlled feedback mechanism. Thus, the modulation of the amplitude due to the
interaction between the tip and the surface, given by the equation is used to extract
the topography. Van der Waals, electrostatic forces and magnetic forces are attractive

forces and can be more dominant in dynamic (tapping, non-contact) modes.

Similar to tapping mode, in non-contact mode AFM, the cantilever is excited to
oscillate at with a specific amplitude at its resonance frequency. Depending on the
interaction forces between the tip and the surface, F;, the resonance frequency (w,)
of the cantilever is shifted and this is called the new effective resonance frequency

(wegsy) - The frequency shift is approximated as in equation 2.6 [14].
Aw = Wepr — wo = — (wokys/2k) (2.6)

Here, k and k., are cantilever stiffness and tip-surface interaction stiffness,
respectively. When the cantilever and the tip-surface interaction are considered as a

one total system with an effective spring constant k., the new effective resonance

frequency, w,.fr can be extracted with equation 2.7.

11



1/2

werr = (Kepr/m) (2.7)
Where the effective spring constant k. is given by equation 2.8.
keff = k - kts (28)

The frequency shift depends on the interaction regime, where attractive forces lead to
a decrease of the resonance frequency, repulsive forces result in an increase in the

resonance frequency, as shown in Figure 2.5 [14].

attractive -—  — repulsive

w (Uo
frequency

Figure 2.5 : The shift of resonance frequency depending on the interaction regime
[14].
Keeping this frequency shift constant by using a feedback loop, the surface is

scanned in x and y directions.

2.2 Simultaneous STM/AFM

Considering the capability to measure the different characteristics of a surface at the
same time, obtaining simultaneous STM and AFM information by different channels
enables further investigations in scanning probe microscopy. In the last few decades,
there have been two main systems developed with the aim of conducting STM and
AFM simultaneously on the surfaces. Operating the STM and AFM simultaneously
is possible using typical AFM setups. However, the true simultaneous operation of

the STM and AFM requires smaller oscillation amplitudes. This is either achieved by

12



using very sensitive deflection detection methods as in the system used in this work,

or as an alternative, with the use of the tuning fork.

In the system based on the tuning fork, which is developed by Giessibl in 1998, a
quartz crystal resonator with a specific resonance frequency is used [16]. The
operation is based on the method of frequency modulation mode AFM, where the
frequency shift is used as the feedback while the tuning fork is oscillated at
resonance frequency. Additionally, the tunneling current between the tip
implemented on the tuning fork and the surface is recorded simultaneously.

One of the other main simultaneous STM/AFM systems, which is also used in this
study, is mainly utilized by the fiber-optic interferometer setup as a deflection
detection sensor [17]. In this system, the tunneling current is used as a feedback,
while the cantilever is oscillated at frequencies well below its resonance. This
enables the true measurement of the tunneling current, since the cantilever
oscillations are at sub-Angstrom level. The topography is obtained by using the
tunneling current feedback. Besides, using two different lock-in amplifiers, the
cantilever oscillation amplitude, phase shift and the tunnel current modulation at the
oscillation frequency of the cantilever are recorded as three separate channels. While
scanning, the deflection of the cantilever due to the interaction between the tip and
the surface is also recorded as a separate channel using the fiber-optic interferometer
setup, which will be discussed further in the next section.

The setup consists of a modified STM/AFM head shown in Figure 2.6, implemented
into a commercial OMICRON system. The modification also includes a fiber-optic
interferometer setup designed to detect the cantilever deflection. The STM/AFM
head is located on a plate and the vibration isolation is maintained by springs and
additionally by Eddy-current dampers. The STM/AFM is controlled by the software

and electronic unit by NanoMagnetics Instruments.
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Figure 2.6 : Home-built simultaneous STM/AFM head.

The whole unit is installed in a commercial OMICRON ultra-high-vacuum chamber
shown in Figure 2.7, with a base pressure of 2x10™°. This pressure is achieved with
the use of four different pumps, which are a turbomolecular pump supported with a

mechanical rotary pump, ion-getter pump and a titanium sublimation pump.

Figure 2.7 : UHV system.

Additionally, this system is equipped with an ion-sputter gun and a manipulator that
has resistive-heating and direct-current heating units, for annealing the samples at

different temperatures.
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2.2.1 Fiber-optic interferometer setup

Determining the cantilever oscillation amplitude at sub-Angstrém level is enabled
with the use of fiber-optic interferometer setup. The fiber-optic interferometer setup
used in this study is utilized by a laser diode coupled into a single mode 2x2 fiber
splitter. The fiber is fed with one of the outputs of the fiber splitter and is placed
located at the closest position to the back of the cantilever. Moreover, fiber is
attached to a five-axis positioner built with shear piezos, as the alignment of the fiber
in X, y, z, 8 and ¢ is achieved by this positioner. The other output of the splitter is
given to the reference photodiode, where the input of the splitter is given to the
signal photodiode. The mechanism of this setup is presented in Figure 2.8, is based
on the Fabry-Perot interferometer [18], as a small cavity between the fiber and back
of the cantilever is maintained. The beam of light travelling through the fiber is
reflected from the end of the fiber and the rest travelling through the end of the fiber
is reflected from the back of the cantilever, returns to the fiber. In the small
cavityformed, the interference of these two beams results in a photocurrent at the
signal photodiode. The reference photodiode is used to eliminate the probable noise
and power fluctuations, as it is subtracted from the signal photodiode.

PD1 PD2
Signal Reference

Sl-Au mirrar j l

incident beam

—_— pro——

' reference beam signal
beam

Fibre core Fibre cladding cantilever

Figure 2.8 : Schematics of all-fiber interferometer setup [17].

With the use of the photocurrent detected on the signal photodiode, an interference
pattern is formed, as in Figure 2.9. When the fiber is aligned properly, the slope of

this interference pattern is given by equation 2.9.
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Ai/Ad = AmigVm/ A (2.9)

where i, d, V and A are signal photodiode current, distance between cantilever and
the fiber, visibility and laser wavelength, respectively. This is converted to sensitivity

in Angstrom/volts.
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Figure 2.9 : Typical interference pattern. Operating point is indicated by red arrow.
This point is the most sensitive point for this particular interference
pattern, with the maximum slope (-181.98 mV/A).

Before scanning the surface, the fiber is aligned by a piezotube at the most sensitive
position, quadrature point, on the interference pattern. The slope of the pattern at this
point is measured and this allows calculation of the oscillation amplitude and

deflection of the cantilever in units of Angstrom.

2.2.2 Cantilever calibration

One of the main elements of the Atomic Force Microscopy is the cantilever, in order
to obtain atomic resolution but also to extract the mechanical properties of the
surface as well. Since the quantitative measurement of the force is significantly
related on being acquainted with the characteristics of the cantilever, calibrating the
cantilever carefully is essential. As discussed in the previous sections, the resonance
frequency and the stiffness are the most important mechanical properties of the

cantilever and therefore need to be considered in more detail.

The cantilever resonance frequency is given as a function of the dimensions of the

cantilever, density and the Young’s modulus as in equation 2.10.
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0.314EI
w? = W (210)

The cantilever stiffness k is expressed as below,

=3 (2.11)

The equation 2.11 is a primitive method to obtain a value for stiffness roughly. Thus,
various calibration techniques have been developed, in order to calibrate the
cantilevers more precisely. For this study, the extraction of the cantilever stiffness k
is achieved by using the thermal noise method, where the equipartition theorem leads
to the relation of the thermal energy of the cantilever and its stiffness by equation
2.12.

~k(z%) = = kpT (2.12)
In the calibration method suggested by Fukuma [19], the thermal Brownian noise
curve of the cantilever which is plotted by using equation 2.13 is fit to the measured
thermal resonance curve. This is accomplished by setting reasonable values for the Q
factor and the cantilever stiffness k, in equation 2.13, where kz and T are the

Boltzmann’s constant and the absolute temperature, respectively.

2kgT 1
Nyp = 2.13
4 \/ 700k [1-(w/wo)?] +lw/(@o@))? -

For the particular highly boron doped diamond cantilever, k is approximately
obtained as 70 N/m, by fitting of the Brownian noise curve on the thermal resonance

curve acquired by the lock-in amplifier, as shown in Figure 2.10.
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Figure 2.10 : Fit of the Brownian noise of the highly boron doped diamond
cantilever on the thermal resonance curve, by approximating the
stiffness k = 70 N/m.
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2.2.3 Quantities measured using simultaneous STM/AFM

As in every STM, in simultaneous STM/AFM, the electronic characteristics of a
surface are revealed based on the measurement of the tunneling current between the
tip and the surface. In the simultaneous STM/AFM system used in this study, the
surface topography is obtained by using the tunneling current as a feedback. In
addition to that, the main advantage of simultaneous STM/AFM is obtaining the
mechanical characteristics of the surface related to force interaction between the tip
and the surface at the same time. The cantilever is oscillated at a specific off-
resonance frequency, which leads to small (sub-Angstrdm) oscillation amplitudes.
This brings the opportunity to make sure that the set tunneling current is not largely
manipulated by the oscillations and therefore the operation regime is always
determined. The excitation of the cantilever is maintained by using a lock-in
amplifier and the oscillation amplitude signal is measured through the same lock-in,
in volts. Before the cantilever is approached to the surface, out of the interaction, the
free oscillation amplitude A,, is recorded. As the cantilever is approached to the
surface, the oscillation amplitude changes due to force interaction. Therefore, the
interaction stiffness k;,;, between the surface and the tip is extracted as a function of
the cantilever stiffness k,, free oscillation amplitude A, and the oscillation amplitude

in interaction A, with the use of the formula given by equation 2.14.

= ke = ko (1-22) (2.14)
When the cantilever is excited, a phase shift occurs between the excitation signal and
the cantilever oscillation. With the use of the lock-in amplifier, this phase shift is
measured. Once the cantilever is approached to the surface, this phase shift changes
due to interaction and can be recorded at each point, during the scan. Measure of the
phase shift may reveal the energy dissipation with a good approximation as given in
equation 2.15 [20].

Eppss = = gkvoAsimp (2.15)

where P;,,; and w are the power dissipated by the interaction between the tip and the

surface and the oscillation frequency, respectively.

The excitation frequency of the cantilever oscillation, which is determined on the

main lock-in amplifier is fed to another lock-in amplifier as reference frequency, in
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order to measure the variations on the oscillation of tunneling current. The small
oscillations around the set tunneling current at the cantilever oscillation frequency
are measured using this lock-in amplifier. Tunneling current modulation is one of the
important quantities that could be measured by this system, as it allows the
determination of the barrier height at each point of the scanned surface. The barrier
height ¢ is obtained by the formula given by Lang [21] in equation 2.16.

¢ = 0.95 (%)2 = 0.95 (%%)2 (2.16)
Moreover, surface electronic properties, which are mainly based on the local density
of states, can be evaluated further by I-V spectroscopy. The I-V spectroscopy is
achieved by measuring the dependence of the tunneling current on the applied bias

voltage.

2.2.4 Force-distance spectroscopy

Mostly, the main aim of the AFM studies so far has been to obtain information
related to the surface, arising from the force interaction between the cantilever and
the surface. Starting from this point of view, the quantitative measurement of this
interaction force is a key point to shed light on the surface characteristics. In the
system used in this study, by changing the distance between the tip and the sample, it
is possible to measure the force, interaction stiffness, tunnel current modulation
(barrier height), phase shift (energy dissipation) and tunneling current
simultaneously. At a specific point on the surface, the sample is retracted to a point
out of the interaction regime and then approached to the tip, until it reaches the

desired set tunnel current limit.

All the guantities mentioned above are recorded, and can be evaluated as a function
of the tip-surface distance. Conduction force-distance spectroscopy at different
points on the surface using different parameters helps to reveal the mechanical and
electronic characteristics of a surface or even of a specific atom on the surface. In
this study, a tungsten (W) cantilever and a highly boron doped diamond cantilever

are used to conduct force-distance spectroscopies, as well as to scan the surfaces.
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3. DIAMOND SURFACE

3.1 Types and Characteristics of Diamond

Diamond is one of the carbon-based materials that naturally exist. It is an allotrope of
carbon, which has a diamond cubic lattice structure, as displayed in Figure 3.1, with
a lattice constant of 3.57 A, consisting of tetrahedrally bonded carbon atoms, with
two carbon atoms per primitive unit cell. Since its discovery, it has always been a
precious rock for cultures, as it is a rarely found material. Besides being a gemstone,
diamond has several characteristic properties, which separates it from any other
material. Diamond has its reputation due to its physical hardness and high thermal
conductivity. The rigidity of the diamond originates from the strong covalent bonds
between the carbon atoms, which makes it to be the hardest material on Mohs scale.
The bulk modulus of the diamond is given as 4.4x10"* N/m? which makes it

impossible to be scratched by any other material, but only by diamond itself [22].

Figure 3.1 : Diamond lattice structure, the lattice constant a=3.57 A.

The existence of diamond in the nature might be in various types, depending on the
impurities it contains. These impurities are mostly boron or nitrogen, since the
reactivity of the strong lattice structure only allows for some materials to be
contaminated. The impurities or defects are identified by the colour of diamond, such
as boron impurities convert the colour of the diamond to blue, where nitrogen

impurities convert its colour to yellow. Moreover, the impurities may also change the

hardness and electronic characteristics of the diamond. It is known that boron
impurities lead to the semiconductivity of diamond, whereas naturally diamond is

insulator with a bandgap of 5.47 eV [23]. Diamond is mainly classified in two types
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as Type | and Type I, depending on the amount of nitrogen impurity it contains.
Type | and Type 1l are also divided into two as Type la, Type Ib and Type lla, Type
I1b respectively. The mostly found diamonds in nature are Type la. They show a
higher concentration of nitrogen with respect to the other diamond types. Type Il
diamonds do not contain much of a nitrogen impurity. Where Type lla diamonds
have the highest thermal conductivity among all other diamond types, Type Ilb
diamonds can include boron impurities, which leads them to show p-type

semiconductor properties.

This diversity of the properties of diamonds opened up the way for the usage of
different types of diamond in various fields. Therefore, the synthesis of diamond as
thin films, or as bulk, poly/single crystalline surfaces, with different methods has
been focused on. The growth of diamond has been achieved by high pressure/high
temperature and CVD methods [24]. CVD growth process is primarily performed
with the use of methane, as the carbon source gas and atomic hydrogen, as the

etching component for the graphitic phases and as the surface stabilizer.

3.2 Cleaning the Diamond Surface

For the investigation of surfaces at the atomic level, it is essential to obtain
topologically flat and atomically clean surfaces. This requires different techniques
and parameters depending on the surface properties. Diamond is a material well
known with its hardness regarding the surface structure due to its sp® bonds.
Cleaning the diamond surface in an atomic level is challenging, considering the
possibility of the graphitization of the diamond through breaking the sp® bonds in to
sp? bonds. Different methods such as sputtering, annealing, acid-etch and Hydrogen
plasma etch are used in order to clean the diamond surface [25]. Hydrogen plasma is
commonly used during the growth process of diamond in CVD, since atomic
hydrogen etches the graphitic phases on the diamond surface and makes it possible to
obtain a stable diamond phase [4]. Acid-etch is another common method for the
chemical cleaning of the diamond surface. Various kinds of acids and their
combinations are used to remove the graphitic material, metallic impurities and other
contaminants due to the exposure of diamond surface to air [26]. Furthermore, one of
the most studied surface cleaning techniques is sputtering, to remove the

contaminants off the surface and typically annealing the surface afterwards.
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3.2.1 Sputtering

Sputtering is one of the common methods used to clean the surfaces, in most of the
STM/AFM studies in UHV. Sputtering is the heavy ion bombardment of the surface
resulting in the removal of the layers from the surface, leaving the surface clean and
pure without any undesired material. Argon gas is used for the sputtering of the
surfaces, since the reactivity of the Argon with the surfaces is limited due to its noble
gas properties. In the system used in this study, OMICRON ISE 5 ION SOURCE,
the Argon gas is let into the chamber using a leak valve. The target current is
obtained with the ionization of the Argon, which is enabled by the potential
difference between the cathode (gas cell) and anode. Thus, beam energy and target
current can be adjusted, with the generated ions and electrons, respectively.
Moreover, the beam is focused to the sample surface using a focus element.

Sputtering of the diamond is a highly studied method, mostly because it enables the
graphitization of diamond. This is possible by damaging the surface by breaking the
sp® bonds in to sp® bonds using high beam energies, exceeding a threshold value of
defect density, e.g. 1x1022 vacancy/cm® [27]. This threshold value may be unique
for each sample, since the dopants and natural defects could be different from sample
to sample [28]. In this study, mainly gentle sputtering is used to obtain a clean
diamond surface. This is achieved by trial of different beam energy values, 0.5 keV
and 1 keV, and durations. Considering the damage occuring on the surface during
sputtering, in order to observe the effect of minimization of the damage, different
angular orientations, 30, 60 and 90 degrees, of the ion bombardment are also tried.
Besides, graphitization of diamond is also studied, using longer sputtering durations.

3.2.2 Annealing

Following the sputtering process, it is generally required to anneal the surfaces to
different temperatures depending on the material properties, in order to obtain an
atomically flat and smoother surface, healing the damage caused by sputtering. The
annealing unit used in this study is shown in Figure 3.2, provides two different
mechanisms for annealing. These are resistive heating and direct current heating.
Both techniques are applied by placing the sample on the manipulator, which is

designed with the heating elements. Resistive heating enables heating the samples up
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to 800-900°C, by using a tungsten filament. This is achieved by passing current
through the tungsten filament attached to the sample manipulator, increasing the
current leads to increase in the filament’s temperature and therefore the sample is
heated. Another method for heating the samples is direct current method. This is
conducted by passing current through the silicon sample mounted tightly under the

sample.

Figure 3.2 : Sample manipulator and sputter gun from inside of the UHV chamber.

In our system, controlling the voltage and current parameters, it is possible to reach
temperatures up to 1100°C. In order to examine the effect of annealing at different
temperatures on the cleaning process of diamond, both techniques are used in this
study. Annealing temperatures may differ for each material, regarding the phase
transitions of the material. In the case of diamond, several critical temperature values
were determined. The removal of typical contaminants such as H,O, O,, CO,, or
CHgs, due to the exposure of the diamond to ambient conditions, is achieved by
annealing the diamond sample to 450-650°C. Since the CVD grown diamonds
mostly contain hydrogen or they are intentionally hydrogen terminated or
hydrogenated, in order to dehydrogenate the diamond and to observe the clean
diamond surface, annealing the surface at around 1000°C is required. Similarly, to
get rid of the oxidation, which mostly results from the acid-etch; it is necessary to

anneal the surface to temperatures around 900-1050°C [29]. An important annealing
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temperature is the point where the phase transition from diamond to graphite occurs.

It is known that the graphitization occurs at temperatures higher than 1300°C [30].

Figure 3.3 : Image of the sample on the sample manipulator during the heating
process.

3.2.3 Acid etch

Diamond’s rigid physical structure makes it possible to use chemical acids in order to
clean the surface. Even the strongest acids are known to be safe to use on diamond,
as they give no harm to the diamond itself. Thus, in most of the scanning probe
microscopy studies on diamond, acid etch is a preferred technique to remove the
probable contaminants off the surface. The types of acids and mixtures are chosen by
targeting the kinds of contaminants existing on the diamond surface. During the
CVD growth process of diamond, formation of graphitic phases is common. In order
to remove these graphitic phases, chromic acid is used. Similar non-diamond
impurities originating from the growth process may also be removed by using a
warm solution of 30% H,0, [31]. Besides, metallic contaminants may exist on the
surface, originating from the substrates used in the growth process. Aqua regia
(B3HCI:1HNO:3) is often used to eliminate the metallic contamination from the surface
[32].

Even though acid etch has been one of the most effective methods to obtain cleaner
diamond surfaces, it has several disadvantages. One of the main reasons that acid
etch is not considered to be safe is that working with these acids may be hazardous,

as they mostly contain strong chemicals, and therefore requires much more attention.
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Additionally, using these acids on the diamond surface leaves the surface highly
oxidized. Even though it is possible to remove the oxidation by annealing the surface
at specific temperatures, excessive oxidation might require longer durations of

annealing, which may result into degradations on the diamond surface structure.

In this study, the acid etch procedure was conducted as boiling in each acid
respectively and distilled water rinse after each one. Firstly, the samples were kept in
boiling saturated chromic acid for 10 minutes, in order to remove the probable
graphitic impurities on the surface and they were rinsed in distilled water
subsequently. After that, the samples were waited in hot aqua regia for 30 minutes
with the aim of eliminating the probable metallic contaminants on the surface, and
this was followed by distilled water rinse. For all other non-diamond impurities that
might have been formed on the surface, the samples were placed in warm solution of
30% H,0, for 30 minutes and finally the samples were rinsed in distilled water. This
was followed by a typical chemical cleaning procedure for UHV, which consists of

consequent rinse in acetone, isopropanol and distilled water, separately.
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4. RESULTS

In this section, the results will be given on the ambient AFM and simultaneous
STM/AFM imaging of the two different polycrystalline diamond samples and single
crystalline diamond surfaces. Both surfaces are prepared using different sputtering
and annealing parameters, and also acid etch. Various scan parameters are used while
scanning the surfaces. Force-distance spectroscopies are also performed on multiple

points on each surface, using different bias voltage values.

4.1 Polycrystalline Diamond Surfaces

The polycrystalline diamond sample studied by AFM in ambient conditions is a
CVD grown sample on silicon substrate. The sample was scanned in tapping mode,
using commercial Si cantilever with approximated stiffness of 40 N/m. The sample is
known to be unpolished, and the cubo-octahedral growth of the diamond structures
could be observed in AFM images given in Figure 4.1. Surfaces with different

growth orientations of the diamond are observed.

« & >

Figure 4.1 : Tapping mode AFM images of the polycrystalline diamond surface
grown on Si substrate (a) phase shift (b) topography.

Large area scan of the same polycrystalline diamond sample by AFM in ambient
conditions is given in Figure 4.2. Similar to the small area scan, cubo-octahedral
diamond structures are easily seen, revealing a variety of different growth

orientations.
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Figure 4.2 : Tapping mode AFM topography image of the polycrystalline diamond
surface grown on Si substrate.

The polycrystalline diamond surface studied by simultaneous STM/AFM in this
work was grown on a molybdenum substrate, by CVD. Even though the exact dose is
unknown, the sample is modestly doped with nitrogen. Furthermore, after the growth
process, the sample was polished using diamond grits. Different samples of the same
polycrystalline diamond surface were prepared in order to investigate various
cleaning techniques. Subsequently, each sample was studied by simultaneous
STM/AFM, which the results will be discussed in the following. The optical

microscopy image of the polycrystalline sample surface is given in Figure 4.3.

Magnification: 12.6x ; ult By 100 Hm

Figure 4.3 : Optical microscopy image of polished polycrystalline diamond surface
grown by CVD.

After the typical cleaning process of the sample in acetone, isopropanol and distilled
water subsequently, the sample was placed to the UHV chamber. Firstly, in order to
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check whether the tunnel current could be obtained without any further cleaning
process, the sample was only annealed at 800°C. However, tunnel current was not
acquired. This was followed by a sputtering with 1 keV beam energy for 15 minutes
and an anneal at 800°C for 15 minutes after that. This enabled to obtain tunnel

current and the surface was scanned by simultaneous STM/AFM.

In this work, both large and small area imaging of polycrystalline diamond surfaces
are achieved. The initial large area scans of the surface were mainly studied in STM
mode. The resulting large area scans show the polish lines in STM topography

images, as seen in Figure 4.4.

Figure 4.4 : UHV STM topography images of the polycrystalline diamond surface
with the set parameters (a) Vpias: 6 V. It: 0.25 nA (b) Vpias: 5.5 V. Ii:
0.55 nA.

In addition, Figure 4.5 shows the smaller area STM topography in the same region
shows a granular structure, which could be interpreted as an amorphous layer of
carbon. This amorphous layer of carbon could be revealing the graphitic phases on
the surface. Consequently, for the removal of the probable contaminations such as
graphitic or metallic, the acid etch was considered as an alternative chemical

cleaning procedure.
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20 nm

Figure 4.5 : UHV STM topography images of the polycrystalline diamond surface
obtained by using W lever, with the set parameters (a) Vypias: 4 V. I
0.35 nA (b) Vbias: 2 V. I1: 0.35 nA.

After the acid etch was performed on this polycrystalline diamond sample, the
typical chemical cleaning routine was repeated by using acetone, isopropanol and
distilled water. The diamond sample was introduced to the UHV chamber and it was
annealed by direct current heating at 950°C for 15 minutes, in order to remove the
oxide layer, resulted from the acid etch. After annealing, no tunneling current was
observed. It was considered that the duration of the anneal was not sufficient for the
removal of the excessive amount of oxidation. As discussed in the previous chapter,
since the longer durations of annealing in high temperature might cause damaging, a
gentle sputtering using 0.5 keV beam energy for 10 minutes, with sample plane
oriented at 30° angle with respect to the sputter gun was performed. After sputtering
and subsequent annealing, tunnel current was obtained and the surface was scanned
in simultaneous STM/AFM mode. In Figure 4.6, large and smaller area scans of the
surface show an ordered structure compared to the previous results. This could imply
that the controlled gentle sputtering is an efficient procedure for the cleaning of the

diamond surface.
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obtained by using W lever, with the set parameters (a) Vpias: 8 V. |
0.3 nA (b) Vpias: 8 V. Ii: 0.3 nA (C) Vpias: -1 V. I1: 0.3 nA.,

Results of simultaneous STM/AFM imaging of a 500 A% scan area on the same
sample, using highly boron doped diamond cantilever are shown in Figure 4.7,
including tunnel current modulation (measure of barrier height), inverted oscillation
amplitude (measure of interaction stiffness), phase shift (measure of energy
dissipation) and STM topography channels. In this scale of imaging, an ordered
construction of the surface is not observed. This may be due to the inhomogeneous

surface cleaning.

P AR A

Figure 4.7 : UHV simultaneous STM/AFM images of the polycrystalline diamond
surface obtained by using highly doped diamond cantilever, with the
set parameters Vpiss: 3 V. I: 0.3 nA Ag=1 A(p-p) fo =240430 Hz
f=27484 Hz (a) tunnel current modulation (b) interaction stiffness (c)
phase shift (d) STM topography.
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As discussed before, ion bombardment with high energies and long durations may
result a phase change from diamond to graphite, in the condition of exceeding the
value of defect density threshold [28]. One of the samples prepared from the same
polycrystalline diamond surface was focused on with the attempt to obtain graphite
layers. Thus, the sample was sputtered using 1 keVV beam energy for 1.5 hours and
subsequently annealed at 800°C. After a while the sample was annealed at 400°C and
then studied by simultaneous STM/AFM. Below, the STM topography images of the
sample after this process are given in Figure 4.8. The hexagonal structures occurred
on the surface are supposed to indicate the formation of graphitic islands. These
hexagonal islands have a dimension of approximately 0.5 um. In fact, considering
the possibility of multiple tip imaging, the existence of such hexagonal structures on

the surface is a certain sign of creation of potential graphitic phases.

Figure 4.8 : UHV STM topography images of the polycrystalline diamond surface
obtained by using W tip with the set parameters (a) Vpias: 7.5 V Iz
0.25 nA (b) Vpias: 8 V 1 0.25 nA.

4.1.1 Different domains

While scanning the polycrystalline surfaces, it is expected to observe different
domains and crystallographic orientations, since the growth of the sample is not in a
specific orientation. In several regions on the surface, domain-like structures were
observed, as seen in Figure 4.9 (a) and Figure 4.9 (b). In Figure 4.9 (a), four different
regions can be seen. This is interpreted as the difference in brightness of these
regions is not due to the height changes but due to the variation of the electronic

characteristics. It is supposed that obtaining tunnel current in specific domains might
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be easier with respect to the others. This is expected since the conductivity of surface
is affected by the crystallographic orientation [33]. Similarly, in Figure 4.9 (b), two

different regions are revealed. It is seen that the form of minor structures change

through the diagonal border.

Figure 4.9 : UHV STM topography images of the polycrystalline diamond surface
with the set parameters (a) Vpias: 8 V Ii: 0.2 nA (b) Vhpias: 8.5V |: 0.22
nA.

In Figure 4.10, different regions were observed, in both STM topography and force
gradient images. The horizontal darker lines seen in both images are supposed to be
the polish marks. It is possible to see the forms of the structures differ in the diagonal
fragment and the rest of the scan. In the upper right section of the STM topography,
two different arrangements can be noticed. The change in the brightness of this part
may be due to the surface topography, or due to the difference in electronic

properties of these two differently arranged regions, as mentioned in the previously.

o : ."k . ﬂ%,m""' “-Em i
Figure 4.10 : UHV simultaneous STM/AFM images of the polycrystalline diamond
surface obtained by using W cantilever, with the set parameters Vpjas:
4V. 1:0.2nA A= 0.8 App) fo =31512 Hz f =15380 Hz (a)
interaction stiffness (b) STM topography.
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4.1.2 Atomic resolution imaging

The polycrystalline diamond was studied further with the aim of imaging the surface
in atomic scale. As mentioned previously, the polycrystalline surfaces are rich in
crystallographic orientation. Therefore, it was expected to observe different
crystallographic structures and to investigate their electronic and mechanical

properties as well.

The initial atomic resolution results are presented in Figure 4.11. The tunnel current
modulation (measure of barrier height), inverted oscillation amplitude (measure of
interaction stiffness) and the STM topography are demonstrated. As expected, the
regions with different crystallographic structures are detected obviously even in this
scale. Even though the periodic structures are mostly observed, the surface also
seems to contain amorphous regions partially.

Figure 4.11 : UHV simultaneous STM/AFM images of the polycrystalline diamond
surface obtained by using W cantilever, with the set parameters Vpis:
-500 mV. I: 0.35 NA Ag= 0.6 A fo =31512 Hz f =19834 Hz (a)
tunnel current modulation (b) interaction stiffness (c) STM
topography.

Below, another atomic resolution image of the same polycrystalline surface is
represented in Figure 4.12. A tungsten (W) lever with stiffness of k=53 N/m was
used to scan the surface. These results were obtained using comparatively lower
values of bias voltages, such as -700 mV. There is a specific crystallographic
structure in the marked region, also seen in zoomed as well. This structure shows
considerable similarity to the previously reported (111) oriented surface [7].
Moreover, this region was studied in more detail, by calculation of the interaction
stiffness and the barrier height as well. In this zoomed region of estimated (111)
structure, the barrier height range is between 0.02 eV and 4.83 eV, as shown in

Figure 4.12 (a). The range of barrier height values are considerable compared to the

34



previous works [26]. As previously mentioned, the surface electronic characteristics
vary due to the crystallographic orientation, dopants, surface cleaning and surface

termination.

The interaction stiffness for the same region was also calculated, as shown in Figure
4.12 (b). The values for interaction stiffness are in the range of -14 N/m to 10 N/m.
The relation between the interaction stiffness (force gradient) and the force enables
to specify the interaction regime. The positive values for interaction stiffness indicate

the repulsive regime, where the negative values imply attractive regime of force.

The STM topography is given in Figure 4.12 (c). All three images of the same region
are in a good agreement, when compared. Being able to scan the surface with such

low bias voltage may suggest that the surface is not highly oxidized or contaminated.
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Figure 4.12 : UHV simultaneous STM/AFM images of the polycrystalline diamond
surface obtained by using W cantilever, with the set parameters Vpias:
=700 mV. I: 0.55 nA Ag= 0.6 A (5 fo=31512 Hz f =19834 Hz (a)

tunnel current modulation and barrier height of marked region (b)
interaction stiffness (c) STM topography.
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Later, the polycrystalline surface was sputtered with 1 keV beam energy and
annealed at comparatively higher temperatures, 1100°C. This was conducted with the
aim of obtaining a cleaner surface. However, the set parameters or the conditions of
the tip and the sample surface were not sufficient to obtain atomic resolution images,

specifically in force gradient channel.

4.1.3 Quantitative measurement of surface characteristics

In this section, force-distance spectroscopies obtained at different points on the
polycrystalline diamond surface, using tungsten (W) and a highly boron doped

diamond cantilevers are represented.

The particular force-distance spectroscopy on the polycrystalline diamond surface
using tungsten (W) cantilever is shown in Figure 4.13. This measurement was
acquired by using a sample bias voltage of -700 mV, which is in correlation with the
set parameters of the atomic resolution images in Figure 4.12. The attractive and
repulsive regimes are observed in the interaction stiffness. Furthermore, it is seen
that the force interaction between the diamond surface and the tungsten tip comes
earlier than the tunnel current. The dashed line indicates the set tunnel current used
while scanning the surface. At this specific point on the surface, the interaction
stiffness is positive at this tunnel current set point, which signifies that the force

interaction is repulsive.

1t=0.55 nA
25

2.0 1

Tunnel Current (nA)
Interaction Stiffness (N/m)

Displacement (A)

Figure 4.13 : Force-distance spectroscopy on polycrystalline diamond by using W
cantilever, Vpias: -700 mV.
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This force-distance spectroscopy in Figure 4.14 belongs to the polycrystalline
sample, which was sputtered with 1 keV beam energy and annealed at 1100°C. This
force-distance spectroscopy was acquired by using a sample bias voltage of -600 mV
and tungsten (W) cantilever. As also seen in the graph, compared to the previous one
in Figure 4.13, the force interaction and the tunnel current behaviors are
synchronized in the manner of tip-sample distance. For example, around 0.55 nA
tunnel current, the force interaction is no longer at repulsive regime, but in attractive
regime. As stated before, this might be the probable reason of not being able to
obtain atomic resolution imaging in force gradient channel, since the change of the
interaction in repulsive regime is more intense compared to the attractive regime. In
addition, it should be emphasized that there might be a tip change during this
spectroscopy measurement, which only seems to affect the tunnel current.

Tunnel Current (nA)
N
Interaction Stiffness (N/m)

: : : . - .
-20 -15 -10 5 0 5
Displacement (A)

Figure 4.14 : Force-distance spectroscopy on polycrystalline diamond by using W
cantilever, Vpias: -600 mV.

This specific force-distance spectroscopy in Figure 4.15, was accomplished using a
highly boron doped diamond cantilever with stiffness of 70 N/m, by applying a
sample bias voltage of 700 mV, on the same polycrystalline surface with the force-
distance spectroscopy given in Figure 4.13. The main intention of this force-distance
spectroscopy is measuring the force interaction and the tunnel current behavior
between C-C atoms. At the first glance, the attractive region seems to have a longer
range, compared to the tungsten cantilever. In spite of the tunnel current reaches to
the values up to 12 nA, the force interaction does not proceed to repulsive regime.

Similar to the previous measurement, this spectroscopy may demonstrate that
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obtaining atomic resolution in force gradient channel could be challenging, since

even at higher tunnel current values, the regime of interaction is attractive.

10 A

Tunnel Current (nA)
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Figure 4.15 : Force-distance spectroscopy on polycrystalline diamond by using
highly boron doped diamond cantilever, Vpiss: 700 mV.

4.2 Single Crystalline Diamond Surface

The single crystalline diamond sample used in this work is a Ib <100> oriented
sample, which has >200 ppm nitrogen concentration. The optical microscopy image
of the single crystalline sample is shown in Figure 4.16. The extensively yellowish

colour of the sample is a result of the high nitrogen doping.

Figure 4.16 : Optical microscopy image of single crystalline diamond sample.

The sample was introduced to the UHV chamber after a wet cleaning process of

acetone, isopropanol and distilled water. The large area scan of the surface shown in
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Figure 4.17 demonstrate the initial surface, without any sputtering and annealing.
High nitrogen doping might have led to obtaining tunnel current without any further

cleaning procedure.

Figure 4.17 : UHV STM topography image of the single crystalline diamond surface
with the set parameters Vpias: 7 V Ii: 0.25 nA.

However, the conditions were not sufficient for atomic resolution imaging on the
single crystalline sample at this stage. This was supposed to be resulting from the
contaminations on the surface. Thus, an acid etch procedure, which was mentioned in
detail previously, was carried out. This was followed by the wet cleaning process
including acetone, isopropanol and distilled water and the sample was introduced to
the UHV chamber. Intriguingly, attaining tunnel current was harder, compared to the
situation before the acid etch. It is thought that the main cause of this might be the

excessive oxidation resulted by the acid etch.

In order to remove the oxidized layer from the surface, a gentle sputtering with
sample plane oriented at 30° angle with respect to the sputter gun and subsequent
annealing at 950°C was performed. In Figure 4.18, the large area scan of the surface
after this process is seen. Comparatively, tunneling was obtained at lower bias
voltages was achieved. Moreover, at the first sight, the surface topography has a
flatter structure.
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Figure 4.18 : UHV STM topography image of the single crystalline diamond surface
with the set parameters Vpiss: 700 mV Ii: 0.5 nA.

Simultaneously obtained STM/AFM results of a relatively large scan area are shown
in Figure 4.19. In all channels, tunnel current modulation (measure of barrier height),
oscillation amplitude (measure of force gradient), phase shift (measure of energy

dissipation) and STM topography, a correlation can be observed.

In this scale of imaging, compared to the polycrystalline sample, there seems to be a

much more ordered structure which is promising for atomic scale imaging.

Figure 4.19 : UHV simultaneous STM/AFM images of the single crystalline
diamond surface obtained by using W cantilever, with the set
parameters Vpias: -500 mV. I 1 nA Ag= 0.6 Ap.p) fo =31512 Hz f =
19244 Hz (a) tunnel current modulation (b) interaction stiffness (c)
phase shift (d) STM topography.

40



4.2.1 Atomic resolution imaging

In this section, the atomic resolution images of the single crystalline diamond surface
are presented. The atomic resolution imaging was conducted by using a tungsten
cantilever and a highly boron doped diamond cantilever.

The atomic resolution images shown in Figure 4.20 were achieved in tunnel current
modulation (measure of barrier height), inverted oscillation amplitude (measure of
force gradient), phase shift (measure of energy dissipation) and STM topography
channels, using a tungsten cantilever. From the STM topography and comparing with
results of other channels, it can be interpreted that the surface consists of regions

with different heights, having similar crystallographic orientations.

Figure 4.20 : UHV simultaneous STM/AFM images of the single crystalline
diamond surface obtained by using W cantilever, with the set
parameters Vpias: 500 mV. Ii: 2 nA Ag=0.47 App) fo =31512 Hz f
=21940 Hz (a) tunnel current modulation (b) interaction stiffness (c)
phase shift (d) STM topography.
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Another atomic resolution image of the same single crystalline surface is presented
in Figure 4.21. A tungsten (W) lever with stiffness of 53 N/m was used to scan the
surface. These results were obtained using comparatively higher values of set tunnel
current and lower values of sample bias voltage, such as 2 nA and 500 mV
respectively. As expected, a specific crystallographic structure is observed in this
region. The scale bar indicates the periodicity of this structure to be approximately
2.5 A (as indicated by the scale bar), which is in good agreement with the value
given for (100) surface. For this region, the interaction stiffness and the barrier height
were also studied in more detail. The calculated maximum barrier height value is
0.50 eV, as shown in Figure 4.21 (a). This range of barrier height is comparatively

lower.

As shown in Figure 4.21 (b), the interaction stiffness for the same region was also
calculated. The values for interaction stiffness are in the range of 1.04 N/m to 1.11
N/m. This demonstrates that during the whole period of scanning, the force

interaction between the tip and the surface is repulsive.

In Figure 4.21 (c), the STM topography is shown. All three images of the same
region are in a good agreement, when compared. The reason behind observing the
periodic structures in small regions might be due to the partial cleaning of the

surface, where amorphous phases could also exist in some regions.

0.50 1.11 648.7
0.38 1.09 648.0
0.25 & 1.07 647.3
0.13 1.05 646.5
0.00 1.04 6458

Figure 4.21 : UHV simultaneous STM/AFM images of the single crystalline
diamond surface obtained by using W cantilever, with the set
parameters Vpias: 500 mV. Ii: 2 nA Ag=0.47 A (o) fo=31512 Hz f
=21940 Hz (a) barrier height (b) interaction stiffness (c) STM
topography.

In Figure 4.22, atomic resolution images obtained using highly boron doped diamond
cantilever are shown. The tunnel current modulation (measure of barrier height),
interaction stiffness and the STM topography are displayed. The periodic structure of

(100) surface is barely seen in both tunnel current modulation and STM topography
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images. A significant point to emphasize is that the sensitivity for the deflection
detection of the cantilever oscillations was not sufficient to obtain atomic resolution
in force gradient channel. This was mainly due to the fact that the reflectivity from
the back of this particular cantilever was not efficient.

Figure 4.22 : UHV simultaneous STM/AFM images of the single crystalline
diamond surface obtained by using highly boron doped diamond
cantilever, with the set parameters Vpias: 500 mV. I 0.35 nA Ap=
1.43 A p-p) fo =240430 Hz f =27414 Hz (a) tunnel current modulation
(b) interaction stiffness (c) STM topography.

Below, the results obtained using the highly boron doped diamond cantilever are

displayed in Figure 4.23. For this region, the interaction stiffness and the barrier

height were studied similar to the previous calculations. Figure 4.23 (a) shows the

calculated barrier height, which has a range between 1.72 eV and 10.47 eV. As

expected, compared to the calculations done on the same surface scans obtained with

tungsten cantilever, the barrier height range is higher for the diamond cantilever.

The interaction stiffness for the same region was studied, as shown in Figure 4.23
(b). The values for interaction stiffness are in the range of 1.04 N/m to 1.12 N/m.
This demonstrates that during the whole period of scanning, the force interaction

between the tip and the surface is repulsive.

The STM topography is revealed in Figure 4.23 (c). In this region, the height
corrugation indicated by the STM topography is 2.4 A. All of the three channels
show a consistent behavior when compared with each other.
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Figure 4.23 : UHV simultaneous STM/AFM images of the single crystalline
diamond surface obtained using highly boron doped diamond
cantilever, with the set parameters Vyias: -500 mV. I: 2.5 nA Ag=2 A
op) fo=240430 Hz f =27414 Hz (a) barrier height (b) interaction
stiffness (c) STM topography.

4.2.2 Quantitative measurement of surface characteristics

In this section, force-distance spectroscopies obtained at different points on the
single crystalline diamond surface, using tungsten (W) and a highly boron doped

diamond cantilevers are represented.

This following force-distance spectroscopy in Figure 4.24, was acquired using a
highly boron doped diamond cantilever with stiffness of 70 N/m, by applying a
sample bias voltage of 500 mV, on the single crystalline diamond surface.
Identifying the force interaction and the tunnel current behavior between C-C atoms
was aimed by this force-distance spectroscopy. This measurement is similar to the
previous force-distance spectroscopy taken using the same diamond cantilever on
polycrystalline diamond surface, which was given in Figure 4.15, in a manner of the
tunnel current and force interaction behaviors related to the tip-surface distance.

44



Significantly, the force interaction does not reach the repulsive regime, even at the

tunnel current values of 2.5 nA.
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Figure 4.24 : Force-distance spectroscopy on single crystalline diamond by using
highly boron doped diamond cantilever, Vpiss: 500 mV.

In Figure 4.25, two separate force-distance spectroscopies conducted at the same
point using two different bias voltages are presented. Using a tungsten tip on the
single crystalline diamond surface, in order to investigate the effect of the applied
sample bias voltage, two different bias voltage values, -1 V and 1 V were applied.
First of all, it is observed that the attractive regime has a longer range for the case of
Vhias:-1 V as seen in Figure 4.25 (a) compared to the Vyiss:1 V, Figure 4.25 (b). The
minimum value for the force interaction for Vyiss:-1 V is two times of the minimum
value for the force interaction measured for Vyiss:1 V. Besides, it is known that the
electrostatic force interaction, k;ccerostatic: 1S related to the applied bias voltage and

the contact potential as below:

kelectrostatic X (Vbias - Vcontact)2 (4-1)

These results may imply that electrostatic force interaction is lower for the case that
bias voltage is 1 V. Therefore, the contact potential could be suggested to have a
value close to this bias voltage, 1 V.
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5. CONCLUSION

In this study, the polycrystalline and single crystalline diamond surfaces have been
investigated using simultaneous Scanning Tunneling/Atomic Force Microscopy in
ultra-high vacuum (UHV). The surfaces were cleaned with the aim of obtaining
atomically clean and flat surfaces, using various surface cleaning techniques
including sputtering, annealing and acid etch. We used the tunnel current as the
feedback parameter and oscillated the cantilever with sub-Angstrom amplitudes at a
specific frequency well below its resonance frequency. Using a fiber-optic
interferometry setup, the changes in cantilever oscillation amplitudes were detected.
This allowed the true simultaneous STM/AFM operation on the diamond surfaces, as

being at certain operating regimes while scanning the surface.

The diamond surfaces were scanned using a Tungsten cantilever with a stiffness of
53 N/m and a highly boron doped diamond cantilever with a stiffness of 70 N/m,
which were calibrated using thermal noise method. In this study, the surface
topography of relatively smaller and larger areas on the polycrystalline and single
crystal diamond surfaces were obtained. Moreover, the force, interaction stiffness,
tunnel current modulation (measure of barrier height), phase shift (energy
dissipation) and tunneling current information on the diamond surface were
achieved. Atomic resolution imaging of diamond surface at different regions was
accomplished. The surface structures of the different regions were discussed, since
the atomic resolution images have shown areas with varying orientations.
Furthermore, force-distance spectroscopy was conducted on different regions on the
diamond surfaces, revealing the interaction stiffness between the diamond and the tip
and the tunnel current behavior as well. This allowed maintaining quantitative
measurement of the force interaction between two atoms of the diamond surface and
the tip, as C-W and C-C. The maximum negative interaction stiffness between the
polycrystalline diamond surface and the W tip is measured around -2-2.5 N/m, where
the interaction stiffness between the polycrystalline diamond surface and the highly
boron doped diamond tip is measured as -1.2 N/m. For the single crystalline
diamond, the maximum negative interaction stiffness between the sample surface and
the W tip is measured as -2.5 N/m and -1.2 N/m, with an applied bias voltage of -1 V
and 1 V respectively. The maximum negative interaction stiffness between the single

crystalline surface and the highly boron doped diamond tip is measured as -1.5 N/m.
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