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INVESTIGATION OF TWO DIMENSIONAL MATERIALS WITH
SIMULTANEOUS ATOMIC FORCE/SCANNING TUNNELING
MICROSCOPY

SUMMARY

In this study, two-dimensional materials particularly CVD-grown graphene on copper
foil, were investigated using simultaneous Atomic Force/Scanning Tunneling
Microscopy (AFM/STM). This is probably the first demonstration of truly
simultaneous AFM/STM imaging of graphene with emphasis to atomic scale contrast,
since we use very small oscillation amplitudes in assessing force gradient interaction.
The use of large amplitudes results in tip being in tunneling regime only in a small
fraction of its oscillation cycle and this does not resemble true STM operation. The
STM investigation of HOPG, usually revealing triangular atomic patterns, has long
been part of a debate on whether one or the other type of carbon atoms (one with a
carbon atom underneath and one without), or even hollow sites were imaged as bright
spots. Although there is no such distinction between carbon atoms in single layer
graphene, there is a substrate, which affects the local electronic structure at the atomic
level. The uncertainty is removed only when the honeycomb pattern is observed. This
is more likely to be obtained in Force/Force gradient images, and these parameters are
more likely to reveal the topography of the surface compared to STM images. Hence,
simultaneous STM/AFM operation is very useful in understanding the structure at the
atomic scale. In our small amplitude simultaneous AFM/STM system, tip-surface
distance was determined by tunnel current and STM topography was obtained. With
the use of Lock-in Amplifier, the oscillation amplitude and phase shift in the desired
frequency (far from resonance) were measured. In addition, by using the modulation
in the tunnel current, the distance-derivative of the tunnel current, which is a measure
of the tunnel barrier height, was also recorded using a second Lock-in Amplifier. High-
resolution images of the graphene surface were obtained. These images were obtained
using Si and W cantilevers. Atomic level resolution was obtained in all channels. In
HOPG (Highly Oriented Prolytic Graphite) and two (or more) layers of graphene, there
are three types of carbon atoms (A, B and hollow) due to the shifted settlements of
layers with each other. Due to the dominance of electronic structure in STM images,
mostly beta (B) atoms appear high. However, we show that the hollow sites can be
observed in different imaging conditions. It is very difficult to determine such contrast
differences on highly symmetrical and perfect surfaces such as graphite and graphene.
Especially in STM topography and oscillation amplitude images, changes in the level
of contrast caused by the changes in atomic structure of the tip were observed. In such
simultaneous scans, there are a few pixels difference between the channels recorded
directly from the control units and the channels from the lock-in amplifier. This
depends on the selected measurement bandwidth of amplifier and scanning speed,
which can also be calculated. In this study, we focused on the STM topography and
the oscillation amplitude images, which is a measure of the force gradient. In the
regions where the tip-surface distance is very small, we assume that because of the
tunnel current saturation, the hollow sites in STM topography are displayed as brighter
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points than A or B atoms. Based on the force-distance spectroscopy experiments, the
scanning is performed in high repulsive force regime. In the results obtained with the
Si cantilever, the brightest atoms in the STM images are supposed to be the beta (B)
atoms. However, in some cases, the hollow sites or A and hollow sites were imaged as
maxima points. Theoretical studies predicted this phenomenon when the tip-surface
distance is very small. Furthermore, according to the interaction stiffness (Kint)
calculated from the oscillation amplitude images, the hollow sites have values greater
than the A and B atoms. The results obtained with Si and W cantilevers are opposite
where the carbon atoms reveal as maxima points in force gradient images rather than
hollow sites. According to the previous theoretical calculations, most of these contrast
types are explicable depending on imaging regime and tip type. The force and tunnel
current spectroscopy curves show perfect agreement with the theoretical calculations
reported by Ondracek et al.

In order to see the effect of tip trajectory in constant current scan on the contrast
mechanisms of the force / force gradient images, experiments were carried out in
constant height mode as well. The contrast in the oscillation amplitude (force gradient)
images obtained at constant height mode does not show a big difference compared to
that obtained in the constant current mode. The force gradient images obtained in these
two different modes show similar contrasts.

Furthermore, we obtained different relative force gradient contrast between carbon
atoms in an area as small as 18 x 18 A2, The results suggest a change in force contrast
due to change in the interaction of the graphene layer with the underlying substrate. If
the variation of graphene-substrate interaction is changing the electronic properties of
graphene hugely, then uniform production of graphene in large scales becomes
extremely important in order to obtain a uniform electronic structure.
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IKi BOYUTLU MALZEMELERIN ESZAMANLI ATOMIK KUVVET /
TARAMALI TUNELLEME MiKROSKOBU iLE iINCELENMESI

OZET

Bu ¢alismada bakir folyo tizerine KBB yontemi ile biiyiitiilen grafen katmanlarinin es-
zamanli Atomik Kuvvet/Taramali Tiinelleme Mikroskopisi (AKM/TTM) ile
incelenmesi ve elde edilen verilerin analizine ele alinmistir. Bu incelemeleri ¢ok kiigiik
salinim genlikleriyle Ultra Yiiksek Vakumda ¢alisan AKM/TTM ile gerceklestirdik.
Cok kiiciik salmim genliklerinin kullanilmasi, gercege en yakin es-zamanl
operasyonu mumkiin kilmasinin yaninda, dogrudan ve nicel kuvvet/kuvvet gradiyeni
olgiimleri yapmak agisindan da gereklidir. Birkag Angstrom mertebesinde oldugu
bilinen, ve atomik c¢oziiniirliikte goriintiilemenin kaynagi olan kisa menzilli
kuvvetlerin (kovalent baglanma gibi) dogrudan oOl¢iilmesi i¢in diisiik salinim
genliklerinin (en azindan A-alt1) kullanilmas1 kaginilmazdir. Angstrém-alt: genlikler
kullanildiginda 6lgtlen genlik degisimi sinyalinden kuvvet/kuvvet gradiyeni bilgisini
dogrudan elde etmek asagidaki islem kadar kolaydir:

dF

kint =3 _E - klever(? g 1)

Burada kint etkilesim biikiilmezligi, ko yay sabiti, Ao ile A da sirasiyla etkilesim yokken
ve varken salinim genlikleridir.

Kiigiik genlikli es-zamanli AKM/TTM sistemimizde ug¢-yiizey mesafesi tiinel akimi
ile kontrol edilip TTM topografisi elde edilirken, bir Kilitlemeli Yukseltici (Lock-in
Amplifier) yardimiyla istenilen frekansta (rezonanstan uzak) salinim genligi ve faz
kaymas: olgiilerek kuvvet gradiyeni ve enerji kaybi goriintiileri de elde edilmektedir.
Bunun yaninda tiinel akimindaki modiilasyonlardan yararlanilarak tiinel bariyer
yiiksekliginin bir Olglisii olan tlinel akimmin mesafeye gore tiirevi de ikinci bir
Kilitlemeli Yukseltici kullanilarak kaydedilebilmektedir. Degisik bilgiler igeren
birgok niceligin es-zamanli olarak 6l¢iilmesiyle de 6rnek yiizeyi hakkinda daha fazla
bilgiye ulasmak miimkiin olmaktadir.

Grafen yiizeyinin es-zamanli AKM/TTM ile elde edilmis yiiksek ¢ozunurlukli
goruntdleri elde edilmistir. Bu goriintiiler Si ve W u¢/yay kullanilarak elde edilmistir.
Taramalarda TTM topografisi, tiinel akim1 modiilasyon genligi, yay salinim genligi ve
faz kaymasi goriintillenmistir. TUm kanallarda atomik diizeyde ¢ozunirlik elde
edilmistir. HOPG (Highly Oriented Prolytic Graphite) ve iki veya daha fazla
katmandan olusan grafen yiizeylerinde ardisik iki katmanin birbirine gére kaymis
yerlesmesinden dolay1 yiizeydeki atomlarin yarisinin tam altinda bagka bir karbon
atomu varken (alfa atomlar1), diger yarisinin altinda bosluk vardir (beta atomlari).
Dolayisiyla yiizeydeki atomik yapilar alfa ve beta atomlar ile bosluklardir. TTM
gorlintiilerinde elektronik yapinin baskinligindan dolay1 ¢ogunlukla beta atomlar
yiiksekte goriinmektedir. Ancak degisik goriintiilleme kosullarinda bosluklarin
yiiksekte gozlenebilecegini gostermekteyiz. Grafit ve grafen gibi ¢cok simetrik ve
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kusursuz yiizeylerde bu tiir kontrast farkliliklarinin belirlenmesi oldukga giigtiir. AKM
goriintiilerinde ise farkli kuvvetlerin rol alabilmesi ve kuvvetin monotonik olmayan
davranigindan dolay1 durum biraz daha komplike olabilmektedir. Taramalardan TTM
topografisi disinda, tiinel akimi modiilasyon genliginden tiinel bariyer yliksekligi ve
yay salmim genliginden etkilesim biikiilmezligi hesaplanmistir. Ozellikle TTM
topografisi ve salimim genligi goriintiilerinde yer yer ignenin atomik yapisindaki
degisimler kaynakli kontrast seviyesi degisimi ve yap1 farkliliklar1 gdzlemlenmistir.
Bu tiir es zamanl taramalarda dogrudan kontrol elektroniginden okunan kanallar ile
kilitlemeli yiikselticiden okunan kanallar arasinda birka¢ piksel fark vardir. Bu
kiltlemeli yiikselticinin secilen 6l¢lim bant aralig1 ve tarama hizina baglidir ki, bu da
hesaplanabilmektedir. Taramalarda salinim genligi ve tiinel akimi modiilasyon
genligindeki gecikme yaklasik 6 pikseldir. Goriintilerde atomlarin yataydaki
konumlarinin iyi belirlenebilmesi i¢in medyan filtremele gibi yOntemlerle
filtrelenmislerdir. Salinim genligi, faz kaymasi ve akim modiilasyon genligi
goriintiilerinde parlak noktalar bu degerlerin daha yiiksek oldugu yerlerdir. Bu
calisgmada Ozellikle kuvvet gradyaninin Olgiisii olan salimim genligi ve TTM
topografisi goriintiilerine odaklandik. Ug-ylizey mesafesinin ¢ok kicuk oldugu
bolgelerde, muhtemelen tiinel akimi doygunlugundan dolayi1 TTM topografisinda
bosluk atomlari, A veya B atomundan daha parlak noktalar olarak goriintiilendigini
dusunuyoruz. TTM gorlntlsinde ug-yiizey mesafesinin ¢ok kiigiik olmasi ve
olasilikla u¢ yapisi kaynakli bir distorsiyon olmakla birlikte karsilastirma yapmaya
olanak saglanmistir. Kuvvet-uzaklik spektroskopisi deneylerinde de goriilecegi iizere
oldukea yiiksek itici kuvvetler bolgesinde ¢alisiimaktadir. Salinim genliginin yiiksek
oldugu noktalar daha diisiik itici kuvvete karsilik gelmektedir. Si ug/yay ile elde edilen
sonuglarda TTM goriintiisiindeki parlak atomlarin -genel kabule gore- beta (B)
atomlar1 oldugunu kabul edersek salinim genligindeki (etkilesim biikiilmezliginin
tersi) daha parlak goriinen noktalar alfa (A) atomlaridir. Ayrica salimim genligi
gorintusinden hesaplanan etkilesim biikiilmezligi (kint) gore bosluk atomu A ve B
atomlarindan daha biiyiik degerlere sahiptir. Ilk bakista, A ve B atomlar1 yaklasik ayni
olmak iizere, bosluklardan daha yiiksek bir kint degeri vermeleri diisiiniiliir. Clnku bu
atomlar uca daha yakindirlar. Ancak, bundan 6nceki teorik ¢alismalarda da belirtildigi
gibi, ugun yapis1 ve reaktivitesi Kuvvet etkilesiminde 6nemli bir role 6ynamaktadir. Si
ve W ug/yay ile elde ettigimiz sonuglar tam tersidir. Sabit tiinel akimi kipinde u¢ buna
gore bir yol takip ettiginden, bu yolun koriigasyonuna bagl olarak, belli bir noktada
Olcllen etkilesim, sadece o noktadaki atomla degil, o atomun etrafindaki atomlardan
da kaynaklana bilecegi dusunulmustur. Ucun bu dogrusal olmayan yolunun etkisini
gormek amaciyla, 0Ozellikle kuvvet/kuvvet tarevi goruntilerindeki kontrast
mekanizmalarina 151k  tutabilecegini diisiindigiimiiz sabit yiikseklik kipinde
gorlintiilleme deneyleri de yapilmistir. Sabit yiikseklikte elde edilen salinim genligi
(kuvvet tiirevi) goriintiisiindeki kontrastta sabit tlinel akiminda elde edilene kiyasen
blyltk bir fark gorilmemektedir. Bu iki farkli modda elde edilen kuvvet tiirevi
goriintiilerinin birbirlerine benzer kontrast vermeleri gdstermistir ki; Ucun sabit tiinel
akimi kipinde takip ettigi yol kuvvet tiirevi goriintiisiindeki kontrastta biiyiik etkisi
yoktur.

Ozellikle W ug/yay ile elde edilmis es-zamanli AKM/TTM taramalarda tum
ayarlamali parametrelerde etkilesim biikiilmezligi goriintiilerinde balpetegi yapisi
gorunmektedir. TTM'deki parlak noktalarn, yuzeye olan mesafe g6z Onunde
bulunarak, bosluk ve B atomlar1 oldugu tesbit edilmistir. GOrlintlilemedeki kontrast
farkliliklarina 151k tutmasi ve atomlararasi kuvvet/kuvvet tlirevi gibi etkilesimleri
0lecmek amaciyla Kuvvet-uzaklik (F-d) spektroskopisi diye adlandirdigimiz dlgiimler
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de yapilmistir. Ornek iizerinde belli bir noktada yiizey ile uc arasindaki mesafeyi
degistirirken kuvvet/kuvvet tiirevinin yani sira yine es-zamanl olarak tiinel akimu,
tiinel bariyer yiiksekligi gibi nicelikleri dl¢tiigiimiiz bu yontemle de bu niceliklerin
mesafe ile ve birbirleriyle olan iligkilerini belirleyebilmekteyiz. Grafen yiizeyinde Si
ve W uc/yay ile bu 6l¢timler elde yapilmistir. Bu egriler kendi baslarina ele alindiginda
kabaca beklenen davraniglart sergilemislerdir. Tiinel akimi (burada logaritmik
eksenlidir) mesafeye iistel bagli degisim gostermis, kuvvet beklendigi gibi 6nce ¢ekici
bolgede artip maksimuma ulastiktan sonra sifira doniip itici bolgede artisina devam
etmistir.  Ancak tiinel akimi ve kuvvet etkilesimlerinin menzillerini
karsilagtirdigimizda inceledigimiz baska birgok Ornege gore farkli bir durum
gormekteyiz. Daha ©nceki benzeri g¢alismalarda incelenen Si(111), Si(100) gibi
yariiletken ve Cu(100) gibi metal yiizeylerinde akim ve kuvvet tlirevi etkilesimlerinin
yaklasik olarak ayni mesafelerde basladigi gozlenmistir. Bu da TTM'de kullanilan
tipik tlinel akim1 degerlerinde kuvvetin ¢ekici bolgesinde ¢alismay1 olanakli kilmastir.
Grafen ylizeyindeki ol¢timlerimizde durum ¢ok farklidir. Etkilesim biikiilmezligi ve
kuvvet etkilesimi tlinel akimindan ¢cok daha uzak mesafelerde baslamaktadir. Es-
zamanli AKM/TTM sistemimizde mesafe kontroliinii tiinel akimi {izerinden
sagladigimiz i¢in 0.1-0.2 nA gibi miitevazi akim degerlerinde bile ug itici kuvvet
bolgesinde bulunmaktadir. Bu da 6rnek yiizey kuvvet etkilesiminin ¢ok yiiksek olmasi
dolayisiyla goriintiilemeyi zorlastirmaktadir. Daha da Onemlisi sadece TTM
operasyonunda bile u¢ ve yiizey atomlarmin ne kadar biiyiikk kuvvetlere maruz
kaldiklar1 ve bunlarin etkisiyle goriintiileme sirasinda yer degistirebileceklerini
gostermektedir. TTM'nin icadinan sonraki ilk yillardan itibaren ileri siiriilen, kuvvetin
rolline dair bu tlr yorumlar ve teorik hesaplamalar, grafen ylizeyindeki deneylerimizde
bir kez daha desteklenmis olmaktadir.

Yukaridaki calismalara ek olarak, KBB yontemi ile bakir iizerinde biiyiitiilmiis
grafenin, PMMA vyintemi ile SiO2 levha Uzerine aktarildiktan sonra, levha
yiizeyindeki grafenden baglanti alinip es zamanli AKM/TTM ile incelemeleri
yapilmistir. Bu c¢alismayla, bakir alttasinin grafen yiizeyi incelemelerindeki etkisini
arastirmak amaglanmigtir. Bakir alttasinin grafen yiizeyi incelemelerinde iki temel
etkisi olabilecegi tartisilmaktadir. Birincisi, grafen tabakasiyla alttaki bakir kristal
yapisinin uyumsuz yerlesmesinden kaynaklanan Moire deseni gibi sonuglarin ortaya
cikabilecegidir. Ikincisi ise, bakirin yiiksek elektron yogunlugunun grafen tabakasinin
yerel durum yogunlugunu (LDOS) etkilemesi ve ayrica AKM/TTM nin tiim
kanallarinda gozardi edilemez bir etkilesime yol a¢masidir. SiO2 iizeri grafen
yiizeyinin eszamanli AKM/TTM incelemelerinin sonuglarinda, TTM topografi ve
tiinel akim1 modiilasyon genligi kanallarinda atomic ¢6ziiniirliik elde edilirken, salinim
genligi kanalinda (kuvvet tiirevi) atomik yapilar gézlemlenememistir. Bunun nedeni,
tarama sirasinda azalan sinyal giiriiltii oramidir. TTM topografi ve tiinel akimi
modiilasyon genligi (tiinel bariyer yiiksekligi) kanallarinda, bakir istii grafen
incelemelerine benzer bir sekilde grafen tabakanin altigen (petegimsi) yapisindaki alti
karbon atomundan ii¢ tanesi (B atomlar1) diger tigiine (A atomlar1) nispeten yiiksek
goriinmektedir. Dolayisiyla, incelemelerimizde ki A ve B atomlarmin farkh
yiikseklikte goriintiilenmelerinin en muhtemel nedeni, iistiiste biiyiitiilmiis iki grafen
tabakasinin kaymis yerlesmesidir.

Ayrica, bir bagka iki boyutlu malzeme BixTes yiizeyinde eszamanli TTM/AKM ile
goriintilleme yapilmistir. BioTes Ornegi, sentetik olarak iretilmis BiTes peletin
yiizeyinden katman ayirmak suretiyle goriintiilemeye hazir hale getirilir. TTM

XXV



Topografisi, Tiinel akimi1 modiilasyon genligi ve salinim genligi kanallarinda atomik
diizeyde ¢oziiniirliik elde edilmistir.
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1. INTRODUCTION

Two-dimensional materials, particularly Graphene, are among most promising
materials for use in future nanotechnology due to novel mechanical and electronic
characteristics. Graphene is a two-dimensional honeycomb lattice of sp? carbon atoms
that has attracted intense attention of researchers mostly because of its unique
electronic properties, such as giant charge carrier mobility [1] and strange quantum
Hall effect [2], which originates from massless Dirac fermions with linear energy

dispersion in the electronic band structure [3].

Besides these inherent electronic properties which has been theoretically anticipated,
the specific characterization of graphene in atomic scale using high sensitive Scanning
Probe Microscopes (SPM) such as high resolution Atomic Force Microscopy (AFM)
and Scanning Tunnelin Microscopy (STM) would be very useful. Based on the variety
of studies, STM and AFM images of Graphene can be seen as Moiré, Honeycomb or
Trigonal patterns depending on different experimental parameters. The most effective
parameters in STM and AFM results can be summarized as the tip type, distance range
of interaction during operation of microscope, applied bias voltage and bond strength
of underlying substrate as well as its lattice type. Some of these results and related
conditions of experiments will be summarized here to help us better understand and
interpret of our rarely seen results, acquired by our specially designed simultaneous
AFM/STM.

Moiré pattern has been seen in both STM and AFM investigations. The most reliable
interpretations for imaging this pattern are classified as shift of successive layers of
Graphene and lattice-mismatched between Graphene and underlying metallic
substrate. In Highly Oriented Pyrolytic Graphite (HOPG) and multilayer graphene,
due to the shift between two successive layers, three carbon atoms have direct neighbor
at the below graphene layer that defined as A (o) atoms and other three carbon atoms
get place right above the hollow sites of the underlying Graphene layer which defined
as B (pB) atoms, makes these two type of surface atoms inequivalent. Since, B atoms

have greater contribution to the density of state close to Fermi Energy compared to A



atoms, are imaged as bright spots at relatively low bias voltages based on the STM
investigations. However, during past decades Trigonal patterns were reported for a
broad range of bias voltages [4-6], in addition, some groups have reported honeycomb

pattern even for low biases [6-10].

Figure 1.1 : Schematics of bilayer graphene and a unit cell.

Graphene-metal bond could be subdivided into two main groups of “strongly bonded”
and “weakly bonded”. Where Graphene-Ni, Graphene-Co and Graphene-Rh are
classified as strongly bonded and some others such as Graphene-Cu, Graphene-Au and
Graphene-Ir taken place in weakly bonded group. Moreover, Graphene-Metal
interaction can be resulted as lattice-matched (Graphene-3d Metals) or lattice-
mismatched (Graphene-4d, 5d Metals).

Where honeycomb pattern images are interpreting as imaging of all six carbon atoms,
the Trigonal pattern of bright spots are evaluating as imaging of 3 of 6 carbon atoms
(A or B) or not each of them but Hollow sites. Despite numerous investigations and
the simplicity of honeycomb structure of graphene, interpreting the maxima points in
scanning probe microscopy images as atoms or hollow sites is a fundamental

challenging problem yet [11-14].

Theoretically, current in scanning tunneling microscopy (STM) and attractive force in
atomic force microscopy (AFM) have the same origin [15]. While repulsive force is
directly shaped the protrusions (atoms) in the topography image during operation of
AFM in very close distances to the surface (repulsive regime) because of Pauli’s
exclusion law. STM behavior is more complicated where it could be interpreted as
map of the charge density of surface so depend on tip type and its charge state; maxima
points in the topography image could be corresponded to the hollow sites or each of

the atom types with different charge states.



1.1 Purpose of Thesis

Graphene has been one of the most encouraging materials for upcoming electronic
devices. Actually, there are distinct advancements in the areas of electronic transport
where this material outperforms: An outstanding conductivity at room temperature.
Due to these unique properties, graphene was one of the most attractive material for
investigation by Scanning Probe Microscpies. However, the contrast of STM images
was the subject of debate among researchers for many years where three carbon atoms
of hexagonal structure of graphene were not imaged by this technique. Scanning with
AFM was the only way to extract the surface topography. Electronic characteristics of
graphene and interaction with substrate dominantly were affected in STM
measurements that makes doubts about electronic structure of graphene and the effect
of interaction with subsurface atoms in the resulting measurements. Having the
possibility to make measurements both by STM and AFM at the same time and same
area could be best way to avoid the doubts. Investigation of mechanical and electronic
properties of 2D materials such as graphene using our high resolution simultaneous
AFM/STM would be very useful for this demand. The use of simultaneous AFM/STM
may shed light on the contrast mechanisms in SPM of graphene. Our high sensitive
home-built microscope with the use of very small oscillation amplitudes allows us to
perform true simultaneous AFM/STM. Studying graphene surface at the atomic scale,
using Si and W tips, and different experimental parameters would contribute to the
existing literature on SPM —particularly STM- of graphene and HOPG. This would in

turn contribute to the advancement in science and technology related to 2D materials.



1.2 Literature Review

1.2.1 Highly oriented pyrolytic graphite (HOPG)

Highly oriented pyrolytic graphite (HOPG) is a widely used sample in studies
conducted with scanning probe microscopy (SPM) because of its atomically flat
surface that can be simply cleaved and due to the fact that atomic resolution can be
regularly acquired in ambient and vacuum conditions. HOPG is made up by planar sp?
bonds where the length of C—C bond is about 1.42 A. Planes are kept together by van
der Waals force. The graphene layers in HOPG are slidable due to this weak van der
Waals force. Along the c-axis of the HOPG crystal, the graphene layers pile in ABAB
arrangement. Carbon atoms of top graphene layer are divided in two groups known as;
A (o) atoms and B (B) atoms [16]. A (o) atoms locate atop the carbon atoms and B (B)
atoms take place right on the hollow sites of the underlying graphene, as shown in
(Figure 1.2.a). There is a strong asymmetry of the local density of states (LDOS)
between the two types of carbon atoms in the topmost graphene layer, which was
shown by band structure calculations at the Fermi level [17]. B atoms are more
detectable by STM owing to the LDOS near the Fermi level which is higher than that
of the A atoms. These B atoms shaped a new bigger triangular structure in STM images
(two lattice points in this triangular structure spaced 3 times the typical neighboring

C—C bond length, It means a unit cell length of about 0.246 nm).
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Figure 1.2 : Schematic of two layers of HOPG. (a) Normal stacking where A atoms
and B atoms are indicated by open circles and solid circles respectively. (b) Top layer
was shifted without rotation. (c) Top layer was shifted with a rotation. In this
situation, the Moiré” pattern can be seen in STM topography, taken from ref. [10].



The fact that a and B atoms have different LDOS clarifies why the STM images of
HOPG exhibited the triangular structure rather than the uniform honeycomb structure
of graphene. Consequently, only three carbon atoms can be often imaged by STM and
there are three invisible carbon atoms in the obtained topography. Researchers have
been trying to observe the three hidden carbon atoms. S. Hembacher, F. Giessibl et al.
acquired proper results in observing the three hidden atoms particularly in AFM
images at low temperature (4.89 K) using the STM/AFM setup they developed.
However, all six carbon atoms could not be seen with STM at such a low temperature.
Investigation of Graphite with FM-AFM/STM in low temperature using a metallic tip
(W) attached to a tuning fork with stiffness of (k=2000 N/m) and relatively small
amplitudes (A=5 A), which enables simultaneous imaging of tunneling current and
frequency shift, shows that trigonal and honeycomb pattern can be seen as a function

of distance and bias voltages from attractive to repulsive regime [12].

Furthermore, big hexagonal periodic patterns, known as Moire” patterns, have been
observed with periodicities in the range of several nm, which were promptly ended by
sharp boundaries [18-21]. These periodic Moire” patterns were generally referred to
rotational misorientation of layers, double tip effect, lattice mismatch or defect masked

deep in subsurfaces.

Figure 1.3 : Typical STM image of Moire” pattern on HOPG surface (50 nm x 50
nm) and an enlarged zone (6 nm x 6 nm), taken from ref. [10].

1.2.2 Graphene

Carbon atoms, which are attached together in a firmly two-dimensional structure,
shape a graphene sheet, where each atom has three in-plane neighbors, yielding a
honeycomb mesh. Besides, graphene layers are classified as weakly bonded two-



dimensional materials that can be easily slide on each other. A. Geim and K.
Novoselov made use of this idea in order to produce graphene, which caused to
demonstration of its unique electronic properties, i.e. the photon-like behavior of the

charge carriers, and brought them the Nobel Prize in physics in 2010.

Graphene, a single layer of carbon, shows some fascinating characteristics. In
particular, it has the largest tensile strength ever measured. In contrast to this great
internal strength, Graphene bounds weakly to outside world, particularly to metal

surfaces on which it can be produced by epitaxial growth [22, 23].

During the last decades, graphene was subject of many studies using STM and AFM.
While STM images generally shows trigonal pattern with bright spots corresponded to
B atoms, the AFM images in fully repulsive regime shows honeycomb pattern that
claimed as imaging of all six atoms [12]. The use of Si cantilevers is common in
Atomic Force Microscopy (AFM). However, Si cantilevers are classified as weakly
reactive tips. The dominant force in tip-graphene interaction is repulsive and belongs
to Pauli repulsion exclusion and bright spots in AFM images are interpreted as hollow
sites [11]. Some FM-AFM studies on Graphite (0001) show a triagonal pattern of
bright spots instead of honeycomb in agreement with this description [24]. On the other
hand, metallic tips are classified as reactive tips where due to the strong interaction
between tip and carbon atoms, atomic resolution contrast can be obtained in both
attractive and repulsive regimes however with inverted contrast. Ondracek et al.
reported a theoretical study demonstrating the force behavior of different tip types on
the carbon atoms and hollow sites [25]. Some of their calculated results are shown in
figure 1.4. These results show that the atomic contrast on the carbon surfaces in the
AFM is highly dependent on the tip reactivity. Beyond the force maximum, the
interaction force is more attractive on hollow sites compared to carbon atoms by using
metal tips particularly W and Ir, whereas in the case of Si tip, reverse behavior can be
observed. This strange behavior can be seen more dominantly with the use of H3 Si

tip.
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Figure 1.4 : Force as function of tip-surface distance are calculated on carbon atoms
(open symbols) and hollow sites (solid symbols) for a) Ir b) Pt ¢) H3 Si d) dimer
terminated Si and e) W tips, taken from ref. [25].

Epitaxial growth of Graphene on metal surfaces is more adopted for technological
production, generating large, well-ordered films [22]. In addition, Graphene
monolayers can be grown on metallic surfaces, mostly through thermal decomposition
of hydrocarbons or surface segregation of carbon atoms from the bulk metal.
Accordingly, graphene has been grown onto Co (0001) [26], Ni (111) [27], Pt (111)
[28-30], Pd (111) [31], Ru (0001) [32] or Ir (111) [33-35].

Graphene indicates strong internal bonding, but only weak interaction with metal
substrate. Therefore, it is essential to figure out whether the attendance of the metal
substrate disrupts the specific properties of graphene, and whether it is possible to keep
away graphene from further processing. In both cases, the strength of the binding
between graphene and substrate plays main role. Simultaneous FM-AFM/STM
imaging of Graphene on Ir substrate in room temperature during operating in attractive
regime shows three atoms brighter than other three atoms in AFM image, which
interpreted as influence of van der Waals forces, belong to underlying Ir atoms. But,
in STM image, the hollow sites were imaged as bright spots due to the dominance of
electronic density of states of underlying Ir (111) atoms [18, 36].



Figure 1.5 : STM image of graphene on Ir (111). The moire patterns result from the
superposition of the graphene lattice with the lattice of the underlying metal surface.
The image size is 15 nm x 15 nm, taken from ref. [22].

The zigzag and armchair are two types of structure that are observed in graphene edges.
The edge geometry has significant effect on the electronic structure of graphene sheet.

2D

graphene sheet Nanoribbon with

ARMCHAIR edges

Nanoribbon with
ZIGZAG edges

Figure 1.6 : Drawing schematics of the edge structures in graphene sheet and
nanoribbon. (Image courtesy of M. Hofmann, MIT).

The zigzag edge consists of the nonbonding p-electron state, which can not be seen, in
the armchair edge. For example, the graphene nanoribbon, which ends by zigzag edges
on both sides, has been proposed to have a distinct localized state at the edge [37]. The

localized spins at the edge emerge as incomparable magnetic properties [38, 49].

These specific magnetic properties of zigzag-edged nanosized graphene with unique
shapes, such as triangular and hexagonal, have been demonstrated by theoretical
studies [40, 41].
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Figure 1.7 : Triangular and hexagonal shapes of zigzag edges are formed by atoms
that belong to the same sublattice, A or B type, taken from ref. [40]






2, METHODS AND EQUIPMENTS

2.1 Scanning Tunneling Microscopy

A scanning tunneling microscope (STM) is an instrument for imaging surfaces at the
atomic scale which was developed in 1981 by Gerd Binnig and Heinrich Rohrer (at
IBM Zirich) and earned its inventors the Nobel Prize in Physics in 1986. This
instrument is working based on the concept of quantum tunneling. The quantum
tunneling is among the well-known quantum mechanical principals that consider the
possibility of electron passing through a potential barrier. At this concept, in a specific
distance between tip and sample and by applying the bias voltage, the current flow can
be obtained due to the difference in the energy state of tip and sample as shown in

figure 2.1.

¢
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Figure 2.1 : Drawing schematic of the quantum tunneling in STM setup.

This electron flow is called tunnel current, which depends on the applied bias voltage,
tip-sample distance and surface local density. The calculated relation as a solution of

Schrodinger equation is given by equation 2.1 as;
I~ Y| ¥a(0)[?e72K ~ Vp (0, Ep)e 2k (2.1)

Where K is the decay constant and can be derived as a function of work function (¢)

is given by equation 2.2 as;
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K = 0.51/p(eV) (2.2)

The STM setup as displayed in figure 2.2, includes tip, sample, coarse positioner,
scanning piezo and I-V converter. The tunnel current is set to a desired value to
approach the tip towards the surface and then surface can be scanned by using the set
tunnel current as feedback control parameter. The topography of surface is mapped as
a result. Scanning tunneling microscopy has two main modes known as constant
current and constant height. As mentioned, scanning of the surface using tunnel current
as feedback is called constant current scan mode while scanning the surface in constant
height mode is fulfilled by keeping the tip in constant height during the scan without
using feedback loop. The former one gives the surface topography, whereas the latter
provides a map of tunnel current change. The variation of tunnel current during
constant height scan depends on the change of the local density of states as well as
surface morphology.

Control voltages for piezoelectric scanner

Distance control
and scanning unit

Piezoelectric controlled scanner

Scanning tip

Data processing and display
on compurer

Tunneling

voltage

Vibration isolation system

Figure 2.2 : Drawing schematic of typical STM setup.

2.2 Atomic Force Microscopy

Since the Scanning Tunneling Microscopy (STM) is limited to scan the conducting
and semi-conducting surfaces, the need for an instrument with the ability to image
topography of surface for both conductive and non-conductive samples was the main

motivation to invent the Atomic Force Microscope (AFM).
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In1985, Binnig, Quate, and Gerber invented another setup in the family of scanning
probe microscopes, which works based on the interatomic force between the tip and
sample and enables to image topography of surface for both conductive and non-
conductive samples. This instrument was named Atomic Force Microscopy (AFM).
Topography imaging did not satisfy scientists who needed more quantitative
measurements for material characterizations. Thus, various imaging modes were
evolved for quantitative measurements on the samples. Traditionally, a laser beam and
photodetector are used in deflection detection setup of most of atomic force
microscopes as displayed in figure 2.3, where the reflected laser beam from the back
of the cantilever reaches to the position detector, which consists of four quadrant.
Consequently, the cantilevers vertical and horizontal movements could be detected

which leads to extract the normal and lateral forces.

: Position
& Detector

Figure 2.3 : Drawing schematic of typical AFM setup.

The Lennard-Jones potential between two particular atoms is given by equation 2.3,
which depends on the distance (R) between them. This term of potantial energy

consists of two long range (van der Waals) and short range (ionic) interactions.

UR) = 4¢ [(%)12 - (5)6] 2.3)

R

Where € and o are the potential well depth and the distance where the potential equals

zero, respectively. The force between two atoms can be drived by equation 2.4 as;

__a
F=-2 (2.4)
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The behavior of the force interaction between two atoms depending on the distance

between them is shown in figure 2.4.
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Figure 2.4 : Typical Force-Distance curve between two atoms and indicated
operating regimes in different AFM modes.

Atomic force microscopy has two main modes known as contact and dynamic modes.
During the scan of surface in contact mode, the because of the direct interaction of tip
and surface the surface topography can be obtained by using the bending of cantilever
(constant force) as a feedback loop. The dynamic mode is also divided to two different
modes named noncontact and tapping modes. In both of these modes cantilever is
oscillated in the resonance frequency. The behavior of amplitude and resonance
frequency of cantilever depend on the tip-sample interaction is displayed in figure 2.5.
In the tapping mode, the amplitude of cantilever is kept constant during the scan of
surface while in the noncontact mode the frequency shift due to the tip-surface

interaction is taken as constant value to acquire the surface topography.
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Figure 2.5 : Resonance frequency shift of cantilever during the interaction with
sample in the attractive and repulsive force regimes.

2.3 Simultaneous STM/AFM

The invention of scanning tunneling microscopy STM and atomic force microscopy
AFM opened completely new perspective in characterization and imaging of surfaces
and nanostructures in atomic scale. In STM, the tunneling current between a probe and
sample is used as feedback loop to surface scanning. It became widely used due to its
simple design compared to AFM. However, tunneling current to be the measured
signal restricts STM to conducting and semi-conducting surfaces only. This limitation
was overcame by the invention of AFM, which senses atomic forces acting between

foremost atoms of probe and sample.

The combination of these two techniques attracts great attention for conducting or
semiconducting samples, because the acquired spectroscopies associated to forces and
tunneling current between foremost atoms of probe and sample provide
complementary results. It would be helpful to detect distinct unique structures or

chemical adsorbates on surfaces or in nanostructures.

Oscillation amplitude of cantilever plays a major role for actually simultaneous
measurement of forces and tunneling current. Large lever oscillation amplitudes
comprises a limited range in which tip is in tunneling cycle, so time and separation
averaged current is measured. Consequently, making simultaneous STM and AFM
requires very small lever oscillation amplitudes. Using sub-angstrom oscillation
amplitudes allows to operate Simultaneous STM/AFM system as close as possible to
true STM mode [42, 43].
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The head of our home-built simultaneous AFM/STM is displayed in figure 2.6. This
system with sensitivity of 2x10-4 A/VHz is capable of measuring the force gradient
interactions between the tip and the sample as well as tunnel current, work function

(tunnel barrier height), and energy dissipation [44,45].

\
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>
f

Figure 2.6 : Head of home-built simultaneous AFM/STM.

2.3.1 Fiber optic interferometer setup

Our system is a commercial Ultra High Vacuum Scanning Probe Microscope that was
modified and improved using a Fabry-Perot fiber interferometer to achieve high
sensitivity to lever deflection, which in turn allows us to conduct simultaneous
STM/AFM measurements [42, 45].
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Figure 2.7 : Schematics of AFM/STM microscope and Fabry-Perot fiber
interferometer, taken from ref. [42].

The fiber interferometer, as shown in figure 2.7, consists of a cleaved and Silicon-Gold
coated fiber with total reflectivity of 45%, a single mode laser diode operated at
constant power and 50% fiber splitter as shown in Fig. 6. One of the outputs of splitter
is connected to the fiber, which is positioned very close to the back of cantilever into
the UHV system and the other output and the input of the splitter are connected to
reference and signal photodiodes, respectively. Two reflected beams form the end of
coated fiber and back of cantilever reach to the signal photodiode and their Interference
generates a photocurrent at the signal photodiode. If the fiber is located parallel and
very close to the lever, a Fabry—Perot cavity is formed and the signal photodiode

current can be written by equation 2.5 as:

i =io[1 - VF ()] (2.5)
Where V, d and A are visibility, fiber—lever separation, and the wavelength of the laser
and F(d) is a periodic function of d. At the quadrature points, d= A/8, 3A/8, SA/8,..., the
interferometer is at the most sensitive position. The slope of this function F'(d)=m, is
always greater than one at the proper quadrature point in which the smallest
displacement that can be measured by our interferometer [42]. A typical interference
pattern obtained by using W cantilever is shown in figure 2.8. The maximum slope in
this pattern is the most sensitive point for measuring the cantilever displacement. By
locking the fiber at this point, the oscillation amplitude in sub-angstrom level can be

recorded.
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Figure 2.8 : Typical interference pattern obtained with W cantilever. The most
sensitive point is indicated by arrow with the maximum slope of (-107.98 mV/A).

Using a RF modulation in the scale of few hundred MHz in dc input of the laser driver,
causes to enhancement in signal to noise level by overwhelming the problematic power

fluctuations of laser diode [42].

2.3.2 Calibration of cantilever

In investigation of materials by AFM, besides high-resolution imaging, the extracting
actual characteristics of materials and related quantities is more significant. For this
reason, the true calibration of cantilever plays a key role to pull out more veritable
mechanical characteristics of materials. The most important properties of cantilever,
which is essentially required to be extracted, are the stiffness and resonance frequency.
Different methods were introduced for the calibration of cantilever. The most primitive
of them is based on the physical dimension of cantilever. Using the dimensions of
cantilever and Young’s modulus, the stiffness of cantilever can be derived by equation

as;

_ Ewt3
e

(2.6)

Where w,t and | are width, thickness and length of cantilever respectively. The need
for more precise calibration caused to develop new techniques. One of these

techniques is based on the equipartition theorem of energy using thermal excitation.
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The relationship between thermal and kinetic energies of cantilever is given by

equation 2.7 as;
1 2. __1
SK <22 >=KgT (2.7)

In the recent years, Fukuma has made progress on this method using the equation 2.8,
introduced by Albrecht et al. and named as thermal Brownian noise, which is in good

agreement with experimental results [46].

N 2KpT
ZB ™ | nwoKQ[1—(w/wo)? 2 +[w/ (w0 @)1

(2.8)

Where Kg, 7, wo and w are Boltzmann constant, absolute temperature, resonance
frequency and driving frequency of cantilever respectively. By this way, the stiffness
of cantilever can be achieved by fitting the experimentally obtained thermal resonance
curve and the theoretically calculated thermal Brownian noise. Figure 2.9 shows the
calibration of typical tungsten cantilever by this method. The stiffness of this W
cantilever is calculated as (53 N/m).
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Figure 2.9 : Fit of the thermal resonance curve of the W cantilever on the Brownian
noise curve, calculated stiffness of k =~ 53 N/m.

2.3.3 Channels of microscope

In our small amplitude simultaneous AFM/STM system, beside the STM topography
that is obtained using the tunnel current as feedback, by use of a Lock-in Amplifier, at
the desired frequency (below resonance) oscillation amplitude and phase difference

are measured and consequently force gradient and energy loss images are obtained.
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Moreover, by recording the amplitude of the sinusoidal variation of the tunnel current
using a second Lock-in Amplifier, the distance derivative of the tunnel current, which

is a measure of the tunnel barrier height, can be obtained.

The use of very small oscillation amplitude, beyond enabling true simultaneous
operation of AFM and STM, is necessary to make direct and quantitative force / force
gradient measurements. For directly measuring of the short-range forces (such as
covalent bonding) which is in order of a few Angstrom, and known as the source of
the atomic resolution imaging, use of the small amplitude oscillations (at least sub-
Angstrom) is unavoidable. By use of the sub-Angstrom oscillation amplitude, the
direct calculation of the force / force gradient from the measured signal of amplitude

or frequency modulation is as easy as following equation:

kint = =% = Kiever (1 = () (2 cosp — 1) (2.9)
Where Kiever IS the cantilever stiffness, wo and w are resonance frequency and driving
frequency of cantilever, ¢ is the phase shift, Ao is the free oscillation amplitude i.e., far
from surface, and A is the measured amplitude where the tip is in interaction regime
[45]. When the system is operating far from resonance frequency, the terms related to
the driving frequency and phase shift are ignorable and the relationship can be written

as,;

dF A
kine = Tz klever(jo_ 1) (2.10)
The phase difference between the oscillations of the drive and the cantilever is a
measure of the energy loss during an oscillation cycle. The tip-surface interaction

energy loss to a good approximation is given by equation 2.11 [47] as;

_ ZﬂPint

Ejpss = = %kvoAsingo (2.11)

Where o is the lever oscillation frequency and ¢ is the phase difference between
driving signal and the actual lever motion. This expression using the measured
oscillation amplitude and phase shift, allows us to calculate directly the energy loss

during each oscillation.

Two lock-in amplifiers accompany the system. One of them is used for measuring the
oscillation amplitudes of the lever, which is mainly between 0.25—1.0 A and the other
one for recording tunnel current variations (dl) that is useful for measurement of tunnel

barrier height and local density of states. If the response time of feedback loop is set
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to high values than the oscillation period, the work function (tunnel barrier height) can
be calculated by simultaneously recording of small oscillations in current during
regular STM scanning. The work function (tunnel barrier height) can be calculated
using equation 2.12;

@ = 0.95(dInl / dz)? (2.12)
Both commercial Pt-Ir coated silicon cantilevers and homemade tungsten cantilevers
are used, with spring constant range of almost 50 to 200 N/m. The spring constant is

calculated from geometry and thermal oscillation measurements.

2.3.4 Force-distance spectroscopy

To shed light on the contrast differences in imaging and to measure interactions such
as force / force gradient between atoms, we have also accomplished what we call (F-
d) spectroscopy measurements. On a certain point of sample by changing the distance
between the surface and the tip, we can simultaneously measure the force / force
gradient, as well as tunnel current, the tunnel barrier height as quantities in which we

can determine their relationship with distance and each other.

2.4 Ultra High Vacuum Unit

Our system is a commercial Omicron Ultra High Vacuum Scanning Probe Microscope
that was modified and improved. The ultra-high-vacuum (UHV) chamber, shown in
figure 2.10, is equipped with an argon-sputtering gun and a resistive heater used for
sample/ lever preparation. The main chamber is pumped with a combination of an ion
getter pump, titanium sublimation pump and a small turbo molecular pump backed
with a double stage rotary pump. A base pressure range of 2 x 101° mbar is reached
by baking out the chamber for at least two days at 120 degree of Celsius.
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Figure 2.10 : AFM/STM in Ultra High Vacuum.
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3. SYNTHESIS OF GRAPHENE

3.1 CVD Grown Graphene

Graphene can be synthesized by Chemical Vapor Deposition (CVD). CVD has been
proposed as most appropriate production method to achieve large area graphene [48].
As can be seen in figure 3.1, during thin film growth by Chemical VVapor Deposition
(CVD) process, metal substrate (Copper) is heated up and precursor gases are released
into the chamber and consequently a thin film is grown due to chemical reactions on

the hot metal surface.

Quartz Tube

Quartz Plate
CH,

Figure 3.1 : Schematic of CVD process for growth of graphene on Cu foil.

Mostly, graphene lattice is produced by diffusing active carbon species such as CH or
C. These active carbon species are formed by decomposing of methane or ethylene at
the surface of hot metal. Two types of CVD growth have been introduced for graphene;
atmospheric CVD and low pressure CVD. Different kinetics of growth lead to a
variation in the uniformity of graphene. Moreover, it is worthwhile to be noticed that

lowering methane concentration can result in production of monolayer graphene.

Graphene on various substrates are prepared by Dr. Oguzhan Giirlii’s group in their
laboratory in Physics Department [49]. The graphene layers have been grown on the
Cu foil by Chemical VVapor Deposition (CVD) method. Copper foils were heated up to
a temperature of 1000°C under atmospheric pressure and annealed at this temperature

under Hydrogen-Argon atmosphere to eliminate native-oxide layer and increase grain
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sizes in copper. Following the annealing, methane was let into the tube with a very

small flow rate compared to Argon & Hydrogen to grow graphene.

3.2 Transferring of CVD Grown Graphene on SiO2

Transferring of CVD grown graphene on non-conductive substrates could be helpful
to minimize the effect of metallic substrate on the electronic behavior of graphene
during the investigation by STM and AFM. The method was used to transfer of
graphene on SiOz is displayed in figure 3.2. This technique is based on the use of
polymethyl-methacrylate (PMMA) layer to keep the graphene layers unfolded during

the etching of copper surface.

@W/\ coal VPUMA coaﬂngQCu etching Q’
Graphene on target
Thnslermg to Rem:lis ‘1
target substrate

substrate
Figure 3.2 : Schematic shows PMMA technique, which is used to transfer graphene
on the target substrate.

Q

Cleming

A layer of PMMA is coated onto the graphene. Then the metal catalyst is removed
using an etchant. Therefore, the graphene stacked to the PMMA can be transferred to
another substrate. Some solvents are then applied to separate the PMMA. However, it
should be noted that transferring of graphene on non-conductive substrates without

PMMA residues is unfeasible.

Figure 3.3 shows the Raman spectroscopy result of graphen after transferring onto
SiO2 wafer. The surface roughness and significant fluorescence background of copper
substrate makes it difficult to analyse Raman spectrum of graphene. Accordingly,
graphene after transferring onto SiO» wafer was taken to Raman spectroscopy
measurement. Raman spectroscopy results support the growth of single layer and

multilayer graphene on the Cu surface by region to region.
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Figure 3.3 : Raman spectroscopy results of single layer and multilayer graphene
transferred on SiO> wafer surface.
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4, RESULTS AND DISCUSSION

4.1 Graphene on Cu

Investigation of graphene layers grown on the Cu foil has been accomplished by using
simultaneous AFM / STM. Both commercial Pt-Ir coated Si cantilever and home-built
Tungsten (W) cantilever were used. The constant tunnel current feedback is used in
our small amplitude simultaneous AFM / STM system to obtain STM topography.
Moreover, with the use of a Lock-in Amplifier set in the desired frequency (away from
resonance frequency) and measurement of the oscillation amplitude and phase shift,
the force gradient and energy dissipation images are obtained. In addition, the
modulation in tunnel current is recorded using a second Lock-in Amplifier, which is

used to extract the tunnel barrier height.

4.1.1 Results obtained by Si cantilever

Surface of copper is supposed to be covered by graphene during CVD growth. The
large-scale scan of surface shows different steps that is considered as different steps
on copper surface [figure 4.1.a]. STM topography image of lower layer demonstrates
a honeycomb pattern that is assumed as a single layer graphene [figure 4.1.b,c]. Both
honeycomb and trigonal patterns are seen in figure 4.1.d in two different regions. Two
main interpretations can be evaluated for this particular image. The first one is a border
of single layer and multilayer graphene. Inasmuch as we suppose that, the honeycomb
pattern in single layer graphene and the trigonal pattern in multilayer graphene are
appeared. In multilayer graphene, the maxima points in STM topography could be
corresponded to A, B or hollow sites. The most reliable hypothesis is known as Bernal
stacking that suggests carbon atoms of topmost layer are divided to two types of A and
B atoms with different local density of states because of lattice mismatch with
underneath graphene layer. In this hypothesis A atoms are located exactly above the
carbon atom of underneath layer and B atoms are taken place above the hollow sites.
They have different contribution to the local density of states in Fermi energy, where
the tunnel current above B atoms are higher than A atoms. Consequently, during the
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excitation of field states by applying bias voltage, the B atoms are supposed to be

appeared as maxima points in STM topography images, which makes a trigonal

pattern.

Figure 4.1 : STM topography images of (a) region with different steps, (b) and (c)
upper region of image (a) which seems to be single layer graphene, (d) a region that
both honeycomb and hexagonal pattern are observed that could be a border of single

layer and multilayer graphene. Obtained using a Pt-Ir coated Si tip. Image sizes are

380 x 380 A?, 43 x 43 A? 43 x 43 A? and 29 x 29 A? respectively.
Depending on the different experimental parameters, maxima points can be changed
as A or hollow sites. Tip-surface distance and bias voltages are among the main
reasons for these situations. Particularly, in the near to contact regimes, hollow sites
are imaged as maxima points due to the saturation in tunnel current on carbon atoms.
This case was observed in our obtained results where the trigonal pattern was appeared
in STM topography at which its inversion converts to the honeycomb pattern [figure

4.2]. This means the hollow sites were imaged as maxima points.
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Figure 4.2 : (a) Trigonal pattern in STM topography (b) Honeycomb pattern in
inverted contrast of STM topography. Obtained using a Pt-Ir coated Si tip. Image
size is 58 x 58 A2 Vsample = -0.05 V, 1 = 0.2 nA.

Tip changes during the scan can cause a contrast change in the topography image.
Change of the effective atom in tunneling current or its breaking off from the tip are
most probable events for the tip during the scan, which may result contrast differences.
Effect of tip changes can be clearly seen in figure 4.3, where in topography image in
two different line the contrast was changed abruptly. In two different regions of this
image, we can see both trigonal and honeycomb structure. In the tunnel current
modulation image, tip changes did not affect the overall contrast and we see the

trigonal pattern in entire the area.

Figure 4.3 : Effect of tip changes during a particular scan is shown in (a) Tunnel
current modulation and (b) STM topography images. Obtained using a Pt-Ir coated Si
tip. Image size is 29 x 29 A2, Vsampie = -0.15 V, I = 0.2 nA, free amplitude A = 0.41

rms.

Honeycomb pattern in oscillation amplitude channel (inverted contrast of force
gradient) and the same pattern in the inverted STM topography image were achieved

as displayed in figure 4.4. We used commercial Pt-Ir coated Si cantilever with
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approximated stiffness of 40 N/m. Imaging of hollow sites in STM topography
(honeycomb in inverted contrast) suggests that tip-surface distance is very small.
Moreover, as it will be discussed further, the force-distance spectroscopy
measurements suggests that the scan of graphene on Cu was carried out in fully
repulsive regime since we use tunnel current as our feedback parameter and tunneling

regime is restricted in that regime.

Figure 4.4 : Simultaneous AFM/STM images of graphene surface. (a) Oscillation
amplitude (inverted contrast of force gradient) in constant tunnel current mode (b)
Zoomed region of oscillation amplitude image (c) STM topography in constant
current mode (d) Inverted contrast of STM topography (e) Zoomed region of
inverted STM topography image. Obtained using Pt-1Ir coated Si cantilever. f=51.4
kHz. Image size is 58 X 58 A2 Vample = -50 mV, ;= 0.2 nA, free oscillation
amplitude Ao = 0.354 A ms.

Taking into account that the scan of surface was accomplished in fully repulsive
regime, honeycomb pattern in oscillation amplitude channel shows that carbon atoms
are less repulsive than hollow sites. It is not in good agreement with Pauli exclusion
law. However, tip reactivity plays an important role in the contrast of force channels.
Ondracek and his colleagues considered the different tip types and their effect on the
contrast of force image [25]. They show that different tip types (Si and metallic tips)
may have different force behavior on the carbon atoms and hollow sites that can
change the contrast of force image. In our case, Pt-Ir coated Si cantilever seems to

have less repulsive interaction on the carbon atoms compared to the hollow sites.
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Based on the theoretical calculation, this behavior can only be observed for the case of
Si tip. Our obtained result combined with the theoretical calculation suggest that the

topmost atoms of our tip should be Si instead of Pt or Ir.

Figure 4.5 shows simultaneously obtained high-resolution AFM/STM images of the
graphene surface. These images have been obtained using Pt-Ir coated Si cantilever.
Atomic resolution has been obtained for all channels. In the inverted contrast of STM
topography, three of the six atoms in the graphene hexagonal structure appear higher
than the other three. As mentioned earlier, B atoms are often seen as bright points in
the STM images due to the dominance of their electronic structure. However, it is
important to note again that there are theoretical studies indicating that hollow sites
can be observed as maxima points at very close tip-surface distances [25].
Determination of such differences in contrast, is quite difficult for very symmetrical
and perfect surfaces such as graphite and graphene. Ondracek et al. in their reported
theoretical study, considered the tunnel current behavior on three different sites
depending tip-surface distance. They showed, in raltively long distance (=5 A) from
surface, B atoms have the mximum value for tunnel cuurent. While, in relatively small
distances, the A and hollow atoms can provide higher values for tunnel current. In
particular, when the distance is approximately 4 A, the tunnel current above hollow
atoms has greater value than A and B atoms. In addition, in very close region (~3) A,
the tunnel current on A and hollow sites have greater value than B atoms. The main
reason provided for this behavior is the saturation in tunnel current above carbon atoms
in very small distances to the surface. In the presented STM topography, two sites
(most probably A and hollow sites) were imaged as bright points. The various f-d
measurements indicate that during the scan of surface using typical Si cantilever and
in almost all the variable set parameters, the operating region is restricted in fully
repulsive force regime. This means the distance between tip and surface during the
scan is very small and saturation in tunnel current in most of the experiments is
inevitable. The inverted contrast of STM topography is shown in figure 4.6, where the

maxima points are interpreted as B atoms.
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Figure 4.5 : Simultaneous AFM / STM images of Graphene surface and the
corresponded zoomed regions. (a) Tunnel current modulation amplitude (measure of
the tunnel barrier height), the inverted contrast was displayed as well. (b) Oscillation

amplitude (inverted contrast of force gradient) (c) Phase shift (measure of energy
loss) (d) STM topography, Obtained using Pt-Ir coated Si cantilever. k=40 N/m, f
= 47 kHz, Image size is 44 X 44 A2, Vsample = 0.2 V, Ir= 0.17nA, free oscillation
amplitude Ao = 0.56 A 1.

In such a simultaneous scanning, there is a few pixels difference between the channels
directly recorded by electronic unit and the channels recorded using lock-in amplifier.
This depends on the selected bandwidth of lock-in amplifier and scan speed, which
also can be calculated. In particular, in the images that are displayed in figure 4.5, the
delay in the tunnel current modulation amplitude and the oscillation amplitude images
is about two pixels. In addition, thermal shift induced distortion can often be seen in
the scanning probe microscopy, especially in relatively slow scans. The selected
regions in figure 4.5 were enlarged and are presented in figure 4.6. The horizontal
position of the atoms in enlarged images were filtered through methods such as median
filtering to be well defined. Moreover, graphene lattice model was placed on each
image for better understanding of the relative positions of the atoms. The above-
mentioned pixel shift was taken into account when the process has been done.
Assuming the bright atoms in inverted contrast of STM image (according to the
discussed interpretation in previous paragraph) as beta (B) atoms then the brightest
points in the oscillation amplitude are the alpha (B) atoms as well. Based on the various
force-distance spectroscopy experiments, the scanning being acquired in high
repulsive force regime. At this regime, a higher oscillation amplitude correspond to
the lower interaction stiffness and repulsive force. Accordingly, the interaction force
on the hollow sites is more repulsive than both A and B types of carbon atoms. The
interaction stiffness for A, B and hollow sites was extracted from oscillation amplitude
data using equation 2.10. The values for A, B and hollow atoms are calculated as 373
N/m, 265 N/m and 401 N/m respectively. Again, it is in good agreement with the result
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of the theoretical study reported by Ondracek et al. [25] for the contrast of Si tip on
the carbon surface in AFM. However, comparison of A and B atoms indicates that
interaction force on B atoms is relatively less repulsive than A atoms. Moreover, the
tunnel current barrier height on A, B and hollow atoms was calculated from tunnel
current modulation data using equation 2.12. The extracted values are 2.32 eV, 1.1 eV
and 1.95 eV for A, B and hollow atoms respectively. It should be noted that the related
experiment has been accomplished in constant current mode and consequently, the
effect of tip trajectory is inevitable in the calculated values for interaction stiffness and
barrier height. The different mechanical and electronic characteristics of A, B atoms,
and the tip trajectory during the scan in constant current mode, may play roles in such
a difference. Assuming not too much difference in terms of interaction force between
A and B atoms during scanning in constant height, the force behavior for both A and

B atoms is expected to be same.

Figure 4.6 : Honeycomb models overlaid on the selected regions shown in Figure
4.5 (a) Inverted contrast of tunnel current modulation amplitude (b) Oscillation
amplitude (inverted contrast of force gradient) (c) Phase shift (measure of energy
dissipation) (d) Inverted contrast of STM topography.

The similar experiments have been done with opposite bias voltages to shed light on

the contrast of STM and force gradient images. Simultaneous AFM / STM images in
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opposite bias voltage obtained by Pt-Ir coated Si cantilever are displayed in figure 4.7.
At this stage, we will particularly focus on the oscillation amplitude, which is a
measure of force gradient and STM topography images. Solid circles in the atomic
lattice model placed by the way to coincide with the bright atoms in the oscillation
amplitude image, other images are also adopted to the relative position of this model.
In the STM image, although tip-surface distance is very small and the probable
changes in tip structure is the source of distortion, it seems to be possible to make
comparisons. Again, the same behavior can be seen in STM topography and oscillation
amplitude images. At this experiment, the triangular pattern can be seen in STM image.
If we accept the bright points in STM topography as B atoms, the brightest points in
the oscillation amplitude image corresponds to A atoms. This means the interaction
force on B atoms is more repulsive than A atoms. It means the tip trajectory due to

scan in constant current mode does change the force behavior on A and B atoms.

Figure 4.7 : Simultaneous AFM / STM images of the graphene surface. (a) STM
topography (b) tunnel current modulation amplitude (measure of the tunnel barrier
height) (c) oscillation amplitude (inverted contrast of force gradient).The following

series are enlarged areas of frame shown in (a). Elements such as lateral shift and
pixel delay has been corrected in the images. Obtained using Si cantilever. f =51.4
kHz. Image size is 29 x 29 A% Vsampie = -70 mV, It = 0.2 nA, Free amplitude Ao =

0.31 A ms.

The different mechanical characteristics of theses carbon atoms is supposed to be
another effective factor in their different force behavior. As previously mentioned, in
graphene surfaces consisting of two or more layers, A atoms locating atop the carbon

atoms and B atoms right in the hollow sites of the underlying graphene layer.
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Therefore, atomic relaxation for these two types of carbon atom in the repulsive regime

can be different and may result in such a difference in interaction force.

Our simultaneous STM/AFM microscope gives us the opportunity to consider atomic
contrasts in more than one channel at the same time. Particularly, in the force-distance
(f/d) spectroscopy, on a particular point on the surface, by changing the distance
between the tip and surface we can simultaneously measure force, force gradient,
tunnel current and tunnel barrier height. This allows us to determine the relationship
of these interactions with distance and with each other. It provides information on the
magnitude of the effective force at a certain scanning condition, which plays an
important role in AFM contrast mechanism. An example of this measurement is given

in figure 4.8, which was obtained using the Pt-Ir coated Si cantilever on the graphene

surface.
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Figure 4.8 : F-d Spectroscopy. The Force, Phase shift and tunnel current curves as a
result of sample displacement. Obtained by Si cantilever with the stiffness of (40
N/m) on the graphene surface. f= 47 kHz. fo= 156940 Hz. Ao = 0.48 A rms Vsample =
-0.3 V.

These curves show roughly the expected behavior when considering by their own.
Tunnel current shows the exponential change depending the distance. The force as
expected after reaching the maximum in attractive region goes to zero and thereafter
continues to increase in the repulsive region. However, when we compare the range of
interactions in the tunnel current, and force / force gradient, we see a different situation

compared to many other examples. Based on some previous works that were carried
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out on Si (111), Si (100) and Cu (100), the interaction for the tunnel current and force
gradient start at about same distance. Therefore, the typical set tunnel current value in
the STM has enabled us to study in the desired attractive or repulsive force regions.
The situation in the measurements on graphene surface is very different. The
interaction stiffness and force interaction begin far away from the tunnel current. In
our simultaneous STM/AFM system, where we set a tunnel current to control the tip-
surface distance, even a modest 0.1-0.2 nA current is as very high as to be taken in the
repulsive force region. This makes imaging very difficult due to high force interaction
between the tip and surface. More importantly, it shows, just how much tip and surface
atoms are exposed to big forces during the STM operations and can even replace
during imaging. Such interpretations of the role of force and theoretical calculations
have been argued since the invention of STM, it is once again supported by our

experiments on graphene surface.

Constant height mode scanning was also conducted, since it is thought to provide a
perspective about the contrast mechanism of the force / force gradient images. In order
to evaluate the consistency of the images obtained with constant height mode, while
using the tunnel current as a feedback for the forward scan in each scan line, constant
height mode (feedback off) is used on the backward scan. Therefore, force/force
gradient images are obtained for the same region in two different scan modes (constant
height / constant tunnel current). As shown in figure 4.9, the contrast of the oscillation
amplitude image obtained in constant height mode does not show a significant

difference in contrast compared to the one obtained in constant current mode.

Figure 4.9 : Simultaneous AFM/STM images of graphene surface. (a) Oscillation
amplitude in constant current mode (b) Oscillation amplitude in constant height
mode (c) STM topography in constant tunnel current mode (d) STM topography in
constant height mode. Obtained using Si cantilever. f=51.4 kHz. Image size is 58 x
58 A2, Vsample = 50 mV, It = 0.2 nA, free oscillation amplitude Ao = 0.32 A rms.
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4.1.2 Results obtained by W cantilever

We used homemade tungsten cantilever to scan the graphene surface using our
simultaneous STM/AFM system. Previously we used Pt-Ir coated Si cantilever. It
caused some uncertainty in interpretation of force interaction between graphene carbon
atoms and dominant atom of tip as Pt, Ir or Si. Thus, using Tungsten cantilever, as a
pure metallic tip, is helpful to study the both electronic and force behavior of carbon
atoms in graphene surface. The large area scan of surface, as shown in figure 4.10,
demonstrates the different steps on the surface of copper. These steps can be assumed
as the steps on the polycrystalline copper surface. The surface of copper is mainly
covered by the graphene. Since the graphene prohibit the copper surface from
oxidization, these steps can be observed. Over the each step, graphene was formed as
single layer and multilayer in different regions. The small area scan of surface over the

each step provides the possibility to investigate the graphene in atomic scale.

g

it

Figure 4.10 : STM image of Graphene surface on Cu substrate. Obtained using a W
tip, image size is 820 x 820 NM?, Vsample = -0.7 V, It = 0.2 nA.
Atomic resolution images have been obtained with different parameters of
experiments and in different regions of surface with various layers of graphene. The
honeycomb pattern was obtained in oscillation amplitude (measure of force gradient),
tunnel current modulation (measure of barrier height) and phase shift (measure of
energy dissipation) channels. While, the simultaneously measured STM topography
shows trigonal or honeycomb pattern depend on the set parameters of experiment and
region of scan. The stiffness of cantilever has been measured in good approximation

as 53 N/m. The calculated interaction stiffness image demonstrates honeycomb pattern
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that is not changed by set parameters of experiment or region of scan. However, the
set parameters of experiment such as bias voltage and tip-surface distance as well as
different regions of scan with different number of graphene layers play important roles
in the contrast of STM topography image. As previously stated, applying bias voltage
to the tip or sample can change the contrast of topography since it’s changing the tunnel
current from the empty sates to the filled states or vice versa. In addition, tip- surface
distance is another important factor where in very close regions due to the saturation
in tunnel current the hollow atoms are imaged as maxima points. But the most
important one as widely discussed in previous sections, is the two graphene layers
mismatch known as Bernal stacking that suggests carbon atoms of topmost layer are
divided to two types of A and B atoms with different local density of states.
Consequently, during the excitation of filled states by applying bias voltage, the B
atoms are supposed to be maxima points in STM topography images, which makes a

trigonal pattern.

Considering the Raman results, the surface of copper is believed to be covered with
graphene. Both single layer and multi-layer graphene were observed accordingly in
different regions. Figure 4.11 shows the boundary of the graphene sheet (ribbon) above
the sublayer graphene. As previously discussed in the introduction, the edge of a
typical graphene layer can be formed in two types of structures known as Armchair
and Zigzag. What makes these images unique is the armchair structure at the edge of

the graphene sheet, which is clearly visible in the STM topography image.

Figure 4.11 : Simultaneous AFM/STM images of border of bilayer Graphene. (a)
STM topography in constant current (forward scan) (b) Interaction Stiffness in
constant height mode (backward scan). A pair of hexagonal unit cells is
superimposed on the images. W cantilever of stiffness k = 53 N/m and resonance
frequency fo=31.5 kHz. Drive frequency f = 15 kHz. Image size is 18 x 10 A2, Vsample
=05V, lt=0.6 nA, Free amplitude Ao = 0.3 A rms.

The STM topography, tunnel current barrier height, energy dissipation and interaction
stiffness images of graphene surface are displayed in figure 4.12. In this experiment,
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all images were acquired simultaneously where during the scan we took off the
feedback (constant current) for backward line to take the interaction stiffness images

in both the constant current and the constant height modes.

The interaction stiffness images in both constant current and constant height modes
show a honeycomb pattern demonstrating all six carbon atoms. Triangular pattern is
seen in STM topography image. In this case, the inverted STM topography image
converts to honeycomb pattern. This means that maxima points in the STM topography
image belong to hollow sites. We supposed that tip-surface distance is in near to
contact regime where the interaction between tip and carbon atoms is very high and
probably due to the tunnel current saturation the STM topography shows the hollow
sites as bright points rather than A or B atoms. It was estimated as a probability due to
the tunnel current saturation on the carbon atoms in the very close regime [25]. In the
interaction stiffness images, carbon atoms exhibit more positive values than hollow
sites. This means that tip-surface distance during the imaging is close as much as to be

beyond the force minimum.

Moreover, the force-distance spectroscopy measurements suggests that the scan of
graphene on Cu is accomplished beyond the maximum attractive force since we use
tunnel current as our feedback mechanism and tunneling regime is restricted in that
regime. The values for interaction stiffness in both constant current (CC) and constant
height (CH) scans were extracted from oscillation amplitude data using equation 2.9.
The corrugation contrast between carbon and hollow sites is found to be 156 N/m and
148 N/m in, CC and CH modes respectively. Thus, the tip trajectory in CC mode has
no significant effect on the measurement of interaction stiffness. In addition, the
energy dissipation per oscillation cycle was calculated from phase shift data using
equation 2.11. Energy dissipation on the carbon atoms are relatively higher than
hollow sites. The average corrugation contrast between carbon atom and hollow site
was measured as 0.1 eV in CH mode. Also, the tunnel current barrier height was
extracted from tunnel current modulation data using equation 2.12. At this particular
set tunnel current of 1.2 nA, the extracted barrier height values for carbon atom is
relatively greater than one calculated for hollow sites. It is expected since at these set
parameters and tip-surface distance (very close to the surface) due to the saturation in

tunnel currant on carbon atoms, the hollow sites were imaged as maxima points in
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STM topography. The average corrugation contrast between carbon atom and hollow
siteis 1 eV.

Figure 4.12 : Simultaneous AFM/STM images of Graphene surface on Cu substrate.
(@) STM topography in constant current (forward scan) (b) Barrier height (eV) in
constant height mode (backward scan). (c) Energy dissipation (eV) per oscillation

cycle in constant height mode. (d) Interaction Stiffness in constant current mode

(forward scan) and (e) Interaction Stiffness in constant height mode (backward scan).
Scale bar values are in units of A in STM and N/m in interaction stiffness images.

Obtained with a W tip and cantilever of stiffness k = 53 N/m and resonance
frequency fo=31.5 kHz. Drive frequency f = 15 kHz. Image size is 11 x 11 A2, Vample
=-0.5V, lt=1.2 nA, Free amplitude Ao = 0.3 A rms.

We scanned the same area with opposite bias voltage of 500mv while all the other

parameters were taken same. The acquired results are shown in figure 4.13. As

discussed previously, the contrast in STM topography can be inverted by applying
opposite bias voltage since it is changing the tunnel current from the empty sates to
the filled states or vice versa. The inversion of STM topography contrast is clearly
seen in the image showing the honeycomb pattern where carbon atoms are higher in
contrast than the hollow sites. At this opposite bias voltage, the interaction stiffness
images in both CC and CH shows the same behavior for carbon atoms and hollow sites
where the honeycomb structure is seen in both of them. Although the contrast of
interaction stiffness does not change at the opposite bias voltage, the values are
relatively higher for carbon atoms and hollow sites, which means that the imaging was

performed in a closer range to the surface.
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Figure 4.13 : Simultaneous AFM/STM images of Graphene surface on Cu substrate.
(a) STM topography in constant current (forward scan) (b) Interaction Stiffness in
constant current mode (forward scan) and (c) Interaction Stiffness in constant height
mode (backward scan). Scale bar values are in units of A in STM and N/m in
interaction stiffness images. Obtained with a W tip and cantilever of stiffness k = 53
N/m and resonance frequency fo=31.5 kHz. Drive frequency f = 15 kHz. Image size
is 11 x 11 A%, Vsampie = 0.5 V, It = 1.2 nA, Free amplitude Ao = 0.3 A ms.

In some regions, STM topography demonstrates different contrast. Figure 4.14 shows
an area with two specific regions. In STM topography image in the lower part, we see
a trigonal pattern while at the top region the hexagonal pattern is seen. In this
experiment, the set tunnel current is relatively lower and the interaction between tip
and graphene is not so high means the tip-surface distance is not small enough to see
the tunnel current saturation. Honeycomb pattern in force gradient shows that carbon
atoms are repulsive than hollow sites. It is supposed as a single layer graphene that
twisted or buckled. Therefore, due to the higher interaction between graphene and
substrate (Copper) at the lower rather than upper region, the contrast of topography is
changed by the dominance of substrate atoms. Moreover, the honeycomb structure in
force gradient image and comparison with STM image demonstrates that the maxima
points in simultaneously obtained STM image correspond to the middle of the carbon
atoms (neither one nor the other). This cannot be concluded from a single STM image.
The similar results were predicted by previous theoretical calculations for a sharp W

tip in a specific range of bias voltages (0.3-0.7 V) [50].
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Figure 4.14 : Simultaneous AFM/STM images of Graphene surface. (a) STM
topography in constant current (forward scan) (b) Interaction Stiffness in constant
height mode (backward scan). A pair of hexagonal unit cells is superimposed on the
images. The profiles along the indicated lines are given in (c) and (d). W cantilever
of stiffness k = 53 N/m and resonance frequency fo=31.5 kHz. Drive frequency f =
15 kHz. Image size is 18 x 18 A2, Vsampie = 0.5 V, It = 0.6 nA, Free amplitude Ao =
0.3 A rms.

The interaction regime is the most indicative factor on the imaging contrast of the
different sites on the graphene surface. Using force-distance spectroscopy, the tunnel
current and the force are simultaneously measured at a specific point on the sample,
by changing the distance between the surface and the tip. Thermal drift makes it
difficult to perform a site-specific spectroscopy at room temperature. We aimed to
perform spectroscopy on a carbon atom and a hollow site. The thermal drift was
minimized after a long time scan of surface. At this stage, several F-d curves were
acquired by changing the lateral position of the tip over carbon and hollow sites. The
force curves demonstrated two different behaviors that are believed to be taken at
carbon and hollow sites. A group of F-d spectroscopy and the mean graph of two
separate groups are shown in figure 4.15. Taking into account that the F-d
measurements obtained at a specific set point for tunnel current, the curves obtained
on the hollow site is replaced by 2A derived from the STM topography image. The
maximum attractive force for hollow site is about 7 nN while this value is about 6 nN

for carbon atom. In previous theoretical calculations, the maximum attractive force
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between a tungsten tip and both sites is reported about 2 nN [25]. However, the effect
of electrostatic forces is not involved in such a study, which is inevitable in
experimental measurements. In these measurements, the bias voltage of 500 mv was
applied to the sample, which cause a huge electrostatic force. Furthermore, based on
force-distance spectroscopy measurements, the images were mostly obtained while
operating in repulsive interaction regime. We see the force interaction starts well
before than the tunnel current. The constant tunnel current is used as feedback
mechanism in our simultaneous STM/AFM. Obviously, even the modest tunnel

current of 0.1-0.2 nA keeps the tip-sample interaction beyond the attractive regime.
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Figure 4.15 : F-d Spectroscopy. The Force (F) and Tunnel current (1) were
measured as a function of relative tip-sample displacement, on a carbon site (blue
curves) and hollow site (red curves). Obtained using the W cantilever used in
imaging experiments, with stiffness of 53 N/m. Vsampie = 0.5 V.

The force-distance spectroscopy in negative bias voltage and comparison with the
results obtained in positive voltages can shed light on the relative contrast of images
acquired by STM and AFM. The similar F-d measurement to one discussed above was
obtained in negative bias voltage as displayed in figure 4.16. In this case, the behavior
of force interaction on the hollow site and carbon atom is similar to the one measured
at positive bias voltage. The force interaction between tip and carbon atom starts
earlier. However, for the tunnel current, it is clearly different where the tunnel current
on hollow site and carbon atom start at the same distance. This was extracted from the
images acquired at the similar bias voltages (-350 and -400 mV). Where at the set
tunnel current of 0.4 nA, the contrast between carbon atoms and hollow sites can not
be observed. It is important to note that the tunnel current for both carbon atom and
hollow site could be a representative of saturation at the approximated value of (0.5-
0.6 nA).
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Figure 4.16 : F-d Spectroscopy. The Force (F) and Tunnel current (1) were
measured as a function of relative tip-sample displacement, on a carbon site (blue
curves) and hollow site (red curves). Obtained using the W cantilever used in
imaging experiments, with stiffness of 53 N/m. Vsample = -0.35 V.

The STM topography images at the similar bias voltages of (-350 and -400 mV) as
well as a typical oscillation amplitude image at the related bias voltage are shown in
figure 4.17. Honeycomb pattern was obtained in inverted contrast of oscillation
amplitude (interaction stiffness) indicating the different behavior of interaction force
on the carbon atoms and hollow sites. However, in the simultaneously obtained STM
image, appreciable contrast difference between carbon atom and hollow site is not seen
at the particular set tunnel current of 0.4 nA. This results support the above presented
F-d curves. Where the tunnel current above carbon atoms and hollow sites shows

similar behavior coinciding each other depending the distance to the surface.

Figure 4.17 : AFM/STM images of Graphene surface. (a) STM topography in
constant current mode with bias voltage of -0.35 V (b) STM topography in constant
current mode with bias voltage of -0.4 V (c) Inverted contrast of oscillation
amplitude (force gradient) constant current mode with bias voltage of -0.4 V.
Obtained using W cantilever of stiffness k = 53 N/m and resonance frequency
fo=31.5 kHz. Drive frequency f = 15 kHz. Image size is 29 x 29 A2, It = 0.4 nA, Free
amplitude Ao = 0.3 A rms.
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4.1.3 Comparison of results obtained by W and Si cantilevers

The use of pure metal tips in non-contact AFM measurements is not common because
the micro-fabricated cantilevers are limited to the Si cantilevers that are coated with
metals such as Pt / Ir to obtain a metallic apex. However, there is doubt about the
metallic nature of the tip if there is sufficient coating at the topmost apex of the tip and
the survival of this coating during the experiments. Recently, Ondracek et al. [25]
reported the results of the theoretical calculation on the contrast mechanisms of the
carbon surfaces in AFM using different termination of Si tip and the metallic tips. In
the case of the Si tip, the hollow sites shows more repulsive interaction than carbon
atoms beyond the maximum attractive force, and that is opposite to the W tip, where
the carbon atoms have more repulsive interaction than hollow sites beyond the the
maximum attractive force. Our results obtained with Si and W tips are consistent with
these calculations. However, In the Force-distance (F-d) measurement with W tip, the
maximum attractive force for both sites are relatively higher (~ 6-7 nN) than the
theoretical calculations where it is assumed to be about ~ 2 nN. During the
experimental measurements, the effect of the electrostatic force is inevitable due to the
applied bias voltage, which is the most important factor for such a difference in
maximum attractive force, because in the theoretical calculations only the Wdv forces

as long-range forces were taken into consideration.

4.2 Graphene Transferred on SiO2

In addition to the works discussed above, simultaneous AFM / STM studies of CVD
grown graphene that was transferred on SiO> using PMMA technique were
accomplished. It is aimed to investigate the effect of Cu substrate on the graphene
surface studies. Cu substrate is discussed to have two main effects on graphene surface
studies. One of them is the Moire pattern-like structures resulting from the
mismatching between the crystal structures of graphene and the Cu substrate. The
other is an interaction that arises from the effect of high electron concentration of Cu
on the local density of states (LDOS) of graphene, as remarkably observed in all
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channels of AFM / STM. The results of simultaneous AFM / STM studies of graphene

on SiO; are shown in figure 4.18.

Figure 4.18 : Simultaneous AFM/STM images of graphene surface on SiO: (a)
Tunnel current modulation amplitude (measure of the tunnel barrier height) (b)
Oscillation amplitude (measure of force gradient) (c) STM topography obtained
using Si cantilever. f= 18.340 kHz. Image size is 25 X 25 A2, Vsampie = -850 mV, It =
0.15 nA, free oscillation amplitude Ao = 0.22 A rms.

While STM topography and tunnel current modulation amplitude channels provide
atomic resolution, oscillation amplitude (measure of force gradient) channel does not
reveal any atomic structures. The main reason is the lower signal to noise ratio, which
is not sufficient to obtain atomic contrast in force / force gradient channels. In the STM
topography and tunnel current modulation (tunnel barrier height) channels, three of the
six carbon atoms were imaged as bright points similar to the results obtained for
graphene on Cu substrate. Hence, the most probable reason for imaging of the A and
B atoms with different brightness (heights) in this experiment is the mismatch of the

two graphene layers, one grown on top of the other.

4.3 Bismuth Telluride (BizTes)

In addition, simultaneous AFM / STM studies on another two-dimensional material
BizTes surface are also performed. The Bi,Tes sample is prepared by cleaving a layer

from Bi>Tes bulk sample.

High-resolution images of Bi>Tes surface were obtained by simultaneous AFM / STM,
using Pt-1r coated Si cantilever, which are shown in figure 4.19. The STM topography,
tunnel current modulation and oscillation amplitude channels provide atomic

resolution.
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Figure 4.19 : Simultaneous AFM/STM images of Bi>Tes. (a Tunnel current
modulation amplitude (measure of the tunnel barrier height) (b) Oscillation
amplitude (measure of force gradient) (c) STM topography obtained using Si
cantilever. f= 24.807 kHz. Image size is 35 X 35 A2 Vegmpie = -1 V, It = 0.25 nA,
free oscillation amplitude Ao = 0.69 Arms.

Bi>Tes is a two-dimensional material with trigonal lattice structure, where the lattice

constant is 4.38 A, consistent with the obtained results.
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5. CONCLUSIONS

We accomplished scan of graphene surface by our simultaneous AFM/STM for
characterization of its structure at the atomic level. We used commercial Pt-Ir coated
Si cantilever and home-made W cantilever. Analysis of results in different set
parameters of experiment and different regions of surface with various layers of
graphene has been done. Atomic resolution in almost all channels of microscope were
obtained using both cantilevers. Honeycomb and trigonal patterns in STM topography
in different regions were obtained. Besides, in the simultaneously acquired oscillation
amplitude (measure of force gradient) and tunnel current modulation (measure of
barrier height) and phase shift (energy dissipation) channels, honeycomb and trigonal
patterns were obtained. Due to the shift and mismatch of successive layers, topmost
layer of HOPG and multilayer garphene consists of three types of carbon atom known
as A, B and hollow that provide different different local density of states. In previously
reported STM studies on HOPG and multilayer graphene surface, in almost all the
cases, the maxima points in trigonal structure of STM images were interpreted as B
atoms, which have greater contribution to the density of states close to Fermi Energy.
In our studies, F-d spectroscopy results obtained with Si cantilever show, in almost all
of the experiments, the surface has been scanned during the operation in fully repulsive
force regime. This demonstrates that tip and surface were in the very close proximity
during the scan. In some cases, the hollow and A sites were imaged as bright points in
STM topography instead of B atoms. This behavior has been predicted by Ondracek
and his colleagues [25]. They showed in a theoretical calculation, when tip and surface
are in very close distances, the opposite behavior can be observed in STM images and
depend on the distance to the surface, hollow sites and in very small distances A and
hollow sites can be imaged as maxima points in the STM topography. Our
experimental results are a good example for this behavior. In addition, the carbon
atoms are imaged in oscillation amplitude (inverted contrast of force gradient) channel.
Considering the scan of surface in fully repulsive regime by using Pt-Ir coated Si
cantilever, this is another unique behavior where repulsive interaction force on hollow

sites is higher than carbon atoms. Ondracek et al. theoretically investigated the AFM
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contrast of carbon surfaces with the use of different tip types (Si and metal tips) [25].
In the case of the Pt and Ir, the interaction force, beyond the force maximum, is more
repulsive on carbon atoms compared to hollow sites, however, this behavior is more
dominant for the case of Ir tip. In our case, Pt-Ir coated Si cantilever behaves more
similar to the Si tips rather than Pt or Ir, where, beyond the force minimum, the
interaction force on the hollow sites was more repulsive than carbon atoms.
Accordingly, it can be concluded that the foremost atom in our cantilever is Si not Pt
or Ir. In such metal coatings on Si cantilevers, there is already doubt on the quality of
the coating and whether the coating survives during the operation of the microcope.
The values for interaction stiffness on three different sites have been extracted from
oscillation amplitude data. These values for sites A, B and hollow in a typical scan
obtained in constant current mode using Si cantilever are found to be 373 N/m, 265
N/m and 401 N/m respectively. The difference in interaction stiffness between A and
B atoms is interpreted as their different mechanical characteristics. Since A atoms are
supposed to be located on top of the carbon atom of underneath graphene layer and B
atoms are placed above the hollow site of the underneath layer, the different atomic
relaxation, when they are exposed to such a huge repulsive interaction force, plays the
most important role in the different interaction behavior of A and B types of carbon

atoms.

Using tungsten cantilever, the honeycomb pattern is dominantly observed in force
channels and both honeycomb and trigonal structures were seen in STM topography.
Ondracek and his colleagues also reported the theoretical calculation of force behavior
of W tip on the carbon atoms and hollow sites. Our experimental results are in perfect
agreement with this theoretical study. In the case of tungsten cantilever, the hollow
sites are imaged as bright points in oscillation amplitude (inverted contrast of force
gradient) channel where the honeycomb structure can be obviously observed in the
extracted interaction stiffness image, which is consistent with the theoretical
calculation. The extracted interaction stiffness images obtained in constant current
(CC) and constant height (CH) modes have the same contrast and the corrugation
contrast between carbon atom and hollow site in CC and CH modes are found to be
156 N/m and 148 N/m respectively. The tip trajectory due to the constant current
feedback does not significantly affect the measured interaction stiffness between tip

and surface. Again, this indicates that using very small oscillation amplitudes can
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provide the opportunity to have the true simultaneous STM/AFM. Moreover, in the
extracted tunnel barrier height and energy dissipation images acquired in constant
height mode, the corrugation contrast between carbon atom and hollow site was
measured as 1eV and 0.1 eV, respectively. In the STM images, at the distances close
to the surface, due to the tunnel current saturation, hollow sites were imaged as bright
points, where the inverted contrast displays the honeycomb structure. Furthermore, the
unique results have been obtained in the STM images.In the last decades, the STM
images of HOPG and graphene showing a triangular pattern were interpreted as
revealing either of the carbon atoms or hollow sites as brighter structures, depending
on experimental parameters and tip structures. For the first time, we have
experimentally shown that in the trigonal structure of the STM topography, the
maximum points can correspond to the middle of the A and B atoms (neither one nor
the other). Teobaldi et al. reported a theoretical study with the similar results for a
sharp W tip for a specific range of bias voltages (0.3-0.7 V) [50]. This theoretical study
clearly supports our experimental observations. It is important to mention that the
simultaneously obtained AFM image provides the confidence of detecting this
phenomenon in the STM image. Also, simultaneous operation as close as possible to
true STM mode, is only possible with the use of sub-angstrom oscillation amplitudes.
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