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INVESTIGATION OF GRAPHENE/HOPG SYSTEM AND UHV SYSTEM
DEVELOPMENT FOR THE STUDY OF GE SURFACES WITH ATOMIC WIRES

SUMMARY

We probably know quite a lot on the bulk properties of materials but we barely know
the surface properties of them. With the help of scanning tunneling microscopy
(STM), surface structures can be investigated with 0.1nm lateral resolution. This
thesis includes the investigation of super periodic structures (moiré patterns) and
swift heavy ion (SHI) irradiation defects on HOPG and construction of an Ultra High
Vacuum (UHV) system for the study of atomic wires on Ge(001) surface.

Highly oriented pyrolytic graphite (HOPG) is a common crystal for STM studies
because of its inert and smooth surface. Even atomic resolution on HOPG can be
achieved under ambient conditions by using STM. HOPG has layered structure and
there is van der Waals bond between its layers. Crystal can be cleaved with sticky
tape due to the weak van der Waals interaction. Fresh and clean surface can be
obtained by cleaving this layered crystal. As another result of the weak van der
Waals bonding, the topmost layer of HOPG crystal may be rotated by chemical or
mechanical means. Due to the rotation of the topmost layer, superperiodic
structures called as moiré patterns occur. These structures were known for years
but they were rediscovered in graphene research. Although these structures were
studied for a long time by many different reseacrh groups, their origin are yet to be
understood. These structures can be studied with STM but they are invisible to
atomic force microscopy (AFM) so far. In this study, preperation method of moiré
structures on HOPG were improved. Morphological and electronic structures of the
moiré patterns on HOPG surfaces were studied with STM. Poor man’s spectroscopy
and scanning tunneling spectrocopy (STS) were performed on these structures.

Besides the super periodic structures, Swift Heavy lon (SHI) Irradiation defects on
HOPG surfaces were ivestigated in this study. Defect formation on layered
structures is popular because hillock like structures and atomic reconstruction can
be observed on irradiated surfaces. Although HOPG is a well known crystal,
properties of HOPG change with the supplier. Therefore SHI defects on HOPG
crystals were observed and the defect formation was compared with respect to the
supplier. As moiré patterns have different structure (both electronic and
morphological) than HOPG, we also studied defect formation due to the SHI on
moiré patterned surfaces.

Other than the STM study on graphitic surfaces, a UHV system was constructed to
investigate atomic wires on Germanium (Ge) surfaces. A vibration isolation system
was designed and constructed for the UHV system. UHV-STM was tested with
polycrystalline gold (Au) samples under ambient conditions. Ge (001) surface was
prepared under UHV conditions and Ge terraces were observed with UHV-STM.
Moreover dimer rows due to (2x1) reconstruction of the Ge(001) surface was
observed.
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GRAPHENE/HOPG SISTEMININ iINCELENMESI VE GE YOZEYLERININ ATOMIK
TELLER ILE GALISILMASI iGiN UYV SISTEM GELISTIRILMESI

OZET

Kristallerin kitlesel (bulk) 6zellikleri oldukga iyi bilinmesine ragmen ylzey 6zellikleri
pek de bilinmemektedir. Taramali tinelleme mikroskopisi (TTM) sayesinde 0.1 nm
¢ozanadrlikle yuzey o6zellikleri c¢aligilabilir. Bu calisma ¢ok duzenli pirolitik grafit
(HOPG) Uzerinde gorilen moiré desenleri olarak adlandirilan stper periyodik yapilar
ve hizlh agir iyonlarla (swift heavy ion (SHI)) bombardiman edilmis HOPG
yuzeylerinin TTM ile incelenmesini icermektedir. Bunun yaninda Ge (111) ylzeyinde
olusturulan atomik tellerin calisilabilmesi icin bir ultra ylksek vakum (UYV)
kazaninin kurulmasi ve gelistiriimesi de bu tez ¢alismasina gercgeklestirilmistir.

HOPG, soy ve diuzgun bir ylzey oldugu icin TTM calismalarinda sik¢a kullanilan bir
kristaldir. Hatta TTM ile bu kristal ylzeyinde, atmosferik kosullarda atomik
¢6zunurlik elde etmek mimkuindidr. HOPG katmanl bir yapiya sahiptir ve katmanlar
arasinda zayIf van der Waals etkilesimi vardir. Bu zayif etkilesimin bir sonucu olarak
Ustte bulunan katmanlar bant yardimi ile kaldirilabilir (cleaving). Kristalin st
katmanlarinin kaldiriimasi ile birlikte temiz kristal ylzeyi elde edilir ve bu sayede
ayni kristal tekrar tekrar kullanilabilir. Kristalin bu kadar basit bir sekilde
temizlenebilir olmasi ¢ok buyuk bir avantajdir. Kristal katmanl bir yapiya sahip
oldugu igin bant yapistirma sirasinda baski uygulanmasi ya da bant ile katmanlar
kaldirihrken hizli davranilmasi kristale zarar verebilir. Bu sebeple temizleme islemi
sirasinda kristala ¢ok fazla baski uygulanmamalidir. Katmanlar arasindaki zayif
etkilesimin diger bir sonucu olarak HOPG’nin en Ust katmani kimyasal ya da
mekanik yollarla kristal ylUzeyinde dondrulebilir. Katmanin doénme acgisina bagli
olarak super periyodik yapilar olusur. Bu super periyodik yapilara moiré desenleri
desenleri. iki periyodik yapinin (st {iste gelmesi ve optik ilizyon sonucu gézlenen bu
moiré desenleri gunliuk hayatimizda pek cok yerde karsimiza ¢ikmaktadir. Bu
yapllar gitlerde, tullerde ve hatta kus tuylerinde goértlmektedir. Sik¢a rastladigimiz ve
optik olarak gbézlenen bu vyapilarin atomik oélgekte de goériimesi oldukga
enteresandir. HOPG'nin en Ust katmaninin déndurilmesi ile olusan moiré desenleri
uzun yillardir bilinmesine ragmen, grafen c¢alismalar ile birlikte yeniden ilgi odagi
olmuslardir. Ayrica bu desenlerin elektronik mi yoksa yapisal mi oldugu sorusuna
net bir cevap ¢ikmamistir. Moiré desenleri TTM ile arastirilmaktadir ancak simdiye
kadar atomik kuvvet mikroskobu ile gézlenen moiré deseni rapor edilmemistir.

Bu calismada moiré desenlerinin HOPG (zerinde elde edilmesi i¢cin hazirlama
yontemi gelistirilmistir. Daha 6nceki ¢alismalarda belirtildigi Gzere HOPG kristalini
kimyasala daldirip bekleterek moiré deseni elde etmek mumkindur ancak HOPG
katmanh bir yapiya sahiptir ve kimyasal HOPG katmanlari arasina girerek tim
kristale zarar vermektedir. Yaptigimiz bu ¢alismada moiré desenlerini elde etmek
icin kloroform, siklohekzan, toluen gibi ucucu kimyasallar HOPG yuzeyine
damlatiimigs ve kimyasalin moiré deseni olusumuna etkisi olup olmadigi
arastirilmistir. Her 6rnek kimyasal damlatimadan &énce scotch tape ile cleave
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edilerek temizlenmigtir. Kimyasallari damlatmak icin otomatik mikropipet ve tek
kullanimlik pipet ucu kullaniimistir. Pipet ucundan kaynaklanacak olasi Kirlilikleri
Oonlemek icin pipet uclari kimyasal damlatmadan hemen énce damlatilacak kimyasal
ile temizlenmistir. Yapilan ¢alismada bazi kimyasallarin moiré olusumuna etkisi gok
olmasada moiré desenine rastlanmis ancak siklohekzan damlatilan her ylzeyde
moiré deseni go6zlendigi belirlenmistir. Siklohekzan damlatilarak hazirlanan
orneklerde goruldugu Uzere bu yontem tekrar edilebilir ve olduk¢a kolay bir
yéntemdir. HOPG kristaline kimyasal damlatmak kritale zarar vermemektedir ve
standart HOPG temizleme proseduru (scotch tape ile cleave ederek) uygulanarak
kimyasal damlatiimis ylizeyden de kurtulmak mimkindur.

Calismanin devaminda HOPG (zeinde elde edilen moiré desenlerinin yapisal ve
elektronik 6zellikeri TTM ile ¢alisiimistir. Hazirlanan érneklerde periyodu 1.6nm’den
30nm’ye kadar degisen farkl moiré desenleri gdézlenmistir. Yapilan calismada moiré
desenleri Uzerinde atomik ¢ozunurluk de godzlenebilecegi gosterilmis ve hOPG ve
moiré Uzerinde goOzlenen atomik ¢ozunrulugun farklar ortaya konmustur. HOPG
Uzerinde atoik ¢ozunurluk 50mV civarinda go6zlenebilir ancak yuksek gerilim
voltajlarinda bu mimkun degildir. Moiré desenlerinde ise 50mV gubl disik gerilim
voltajinda atomik ¢6zinUrlik gozledigi gibi 500mV gibi ylksek gerilim voltajina kadar
¢ozunurlik elde etmek mumkdndir. Moiré desenlerinin gozlenen yukseklikleri
tinelleme eklemi gerilim voltajina bagl olarak incelenmistir. Bu ¢alismada g farkl
moiré 6rnegi kullaniimistir ve periyodlari farklidir. Moiré desenlerinin gdzlenen
yukseklikleri tinelleme eklemi gerilimi arttikca azaldigi goértalmustar. Moiré
desenlerinin hepsinde godzlenen yukseklikler artan gerilim voltajina bagli olarak
azalmaktadir; bu azalma U¢ 6rnekten ikisinde lineerdir ve bir tanesinde azalma ile
birlikte dalgalanma da go6zlenmistir. Bu dalgalanma moiré yapilarinda farkl
elektronik durumlar olabilecedini gostermektedir. Bu yapilar Uzerinde TTM
c¢alismalarinin yaninda tinelleme spektroskopisi (TTS) de yapilmistir. Tilnelleme
eklem gerilimine bagh akim &lgtlmds ve buradan tinelleme eklem gerilimine bagli
yerel elektron durum yogunlugu grafigi elde edilmistir. Bu grafikler gostermektedir ki
moiré desenlerinin elektronik yapisi HOPG’den oldukga farklidir. Hatta grafen ile
benzerlik géstermesine ragmen moiré desenleri ile grafenin farkh yapilar oldugu
rahatlkla soyleneblir. Bu durumda moiré desenleri HOPG (izerinde bulunan blylk
bir molekul gibi degerlendirilebilir.

Super periyodik yapilar yaninda yuksek enerjili agir iyonlar (Swift Heavy lon (SHI))
ile bombardiman edilen HOPG yuzeylerindeki kusurlar da TTM ile incelenmigtir.
Kristal SHI ile ylUksek enerjilerde bombardiman edildiginde iyon kristaldeki
elektronlar ile etkilesir ve iyon gectigi yolda iz birakir. Ayrica bombardiman
sonrasinda yuzeyde de kusurlar gézlenmektedir. Bu kusurlar iyon enerijisi ve tipine
bagl olabilecegi gibi kristalin kilge yapisi ve kilgedeki kusurlara da baghdir. SHI ile
bombardiman edilen katmanh yapilar, kusurlarin katmanl yapilarda olusmasi ve
tepecik benzeri yapilar ile bu yapilarin civarinda atomik dlgekte yeniden yapilanma
g6zlendigi icin 6n plandadir. HOPG iyi bilinen bir kristal olmasina ragmen, kristalin
Ozellikleri temin edilen firmaya gore degismektedir. Bu sebeple farkh firmalardan
temin edilen HOPG kristalleri SHI ile bombardiman edilmis ve kusur olusumu
karsilastirilmisgtir. Moiré yapilari HOPG’den farkli yapisal ve elektronik &zelliklere
sahip oldugu igin moiré ornekleri hazirlanmis ve bu o&rnekler de SHI ile
bombardiman edilmis ve moiré desenleri Gzerinde kusur olusumu incelenmistir.
Yapilan calismada TTM kullanilarak HOPG (zerinde tek ve c¢oklu kusurlar
gozlenmis ve ayni kristal ylzeyinde dahi kristalin kulge Ozelliklerine bagh olarak
kusur tipinin degistigi gorulmustur. Yluzeydeki kusurlarin incelenmesiyle kristalin
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kilge Ozellikleri ile ilgili bilgi edinilebilecedi anlagiimigtir. Bombardiman edilen moiré
ornekleri TTM ile incelenmis ve moiré yapisinin iyon bombardimanina karsin
bozulmadigi gozlenmistir. Beklendigi gibi, ayni kristal ylizeyinde olmasina ragmen
kristal olusumunun HOPG ve moiré ylzeyi Uzerinde farkh oldugu TTM &lgimleri ile
gosterilmistir.

Bu tez calismasi kapsaminda bir Ultra Yiksek Vakum (UYV) Sistemi Ge (001)
yuzeyi Uzerinde olusan atomik tellerin hazirlanmasi ve bu yapilarin yapisal ve
elektronik &zelliklerinin ¢alisiilmasi igin kurulmustur. Sistem igin titresim izolasyon
masasl tasarlanmis ve yapilmistir. izolasyon masasi igin optik masalarda kullanilan
izolasyon bacaklari satin alinarak temin edilmistir. Bacaklar Uzerine yerlestirilen
iskelet icin 6m uzunlugunda aluminyum profiller temin edilmis ve radyal testere
yardimiyla kesilerek gerekli uzunluklarda pargalara ayrilmistir. Bu parcgalarin
birlestiriimesi ile de iskelet yapilmistir. UHV kazani kurulduktan sonra ultra yliksek
vakum elde etmek igin gerekli olan iyon pompasi baglantilari yapilimistir.
lyonpompasi ve pompanin gii¢ kaynagi farkli sirketlerden olduklarindan yeni bir
baglanti yapilmasi gerekmistir. Daha sonra 6rnegi kazan i¢inde hareket ettirmek ve
manipule edebilmek icin gerekli ¢atalin baglantilari yapiimistir. Sistemin ¢alismasi
icin gerekli eklemeler yapildiktan sonra platin buharlagtiricisi da laboratuarda
yapiimistir. Buharlastirici igin bakir bloklar ve tungsten teller kullaniimistir. Tungsten
teller reziztans olarak kullaniimis ve bakir bloklar tungsten telleri desteklemek igin
kullanilmistir. TUm eklemelerden sonra sistem vakuma alinmis ve 5 x 10"°mbar’dan
daha dusuk bir basinca gidilebilmistir.

UYV-TTM sistemi havada altin (Au) ylzeyi ile test edilmistir. Bu test sirasinda tim
mekanik ve elektronik gurilti kaynaklari bulunup, ortadan kaldirilmigtir. Ornek
tutucular ve TTM kafasinda gerekli yerler kontrol edilmis, eksikler giderilmigtir.
Sistemdeki tim elektriksel baglantilar kontrol edilmis ve testleri yapilmistir. Au
Uzerinde beklendigi gibi bir TTM datasi elde ettikten sonra UYV-TTM UYV kazanina
takilmis ve vakumdaki testleri yapilmistir. Sistem vakuma alindiktan sonra Ge(001)
hazirlama islemine gecilmis, Ge(001) yizeyi UYV altinda hazirlanmis ve kristal
teraslari UYV-TTM ile gézlenmistir. Ge(001) ytzeyinin temizlenmesi ve hazirlanmasi
icin drnek 1sitilmig, argon sigratma uygulanmis ve tekrar isitiimistir.  Temizlenen
Ge(001) yuzeyinde, Ge teraslari, dimer cubuklari ve  Ge-dimerleri (Ge ikili
molekdulleri) goézlemlenebilmistir. Ge(001) yuzeyinde dimerlerin gdzlenmesi hem
UYV sisteminin (tim eklenen parcalari ile birlikte), hem de UYV-TTM’nin ¢alistigini
gO6stermektedir.
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1. INTRODUCTION

Highly Oriented Pyrolytic Graphite (HOPG) can be considered as the drosophila of
surface science, especially for the scanning probes. HOPG is a quite popular crystal
in surface science because of its smooth and chemically inert surface. It is
commonly employed as a calibration sample for scanning tunnelling microscopy
(STM) studies. HOPG is composed of Bernal stacked two dimensional hexagonal
lattices with carbon atoms at the lattice sites, popularly named as graphene layers
[1,2]. Atoms in topmost layer are named as a or B atoms; while there is an atom
under a atoms, 3 atoms sit at the center of a hexagons of the lower layer. Due to the
interaction between a atoms and the atoms below them, a atoms have lower density
of states than 3 [2]. As B atoms have higher density of states, triangular structure is
observed on most atomic resolution STM image of HOPG at low bias. Figure 1.1
shows the model of HOPG (with a and 3 atoms) and atomically resolved STM image
on HOPG. Depending on the bias voltage and tip-sample combination, it is possible

to observe all atoms.

Figure 1.1 : HOPG model and typical STM image of HOPG with atomic resolution.
Tunneling parameters, 1= 0.5 nA, Vp= 50 mV.

Nearest neighbour carbon atoms in a layer are bonded strongly with each other.

Unlike the atoms of a single layer, the layers are not strongly bonded (only by van

der Waals bonds); so that the layers can be cleaved with sticky tape and this way

fresh and clean surfaces can be obtained [2-4].

Moire, as a word, has an interesting origin as it was derived from an Arabic word

mukhayyar [5]. Mukhayyar was used for the silk of Ankara Goat to describe its



perfect texture. Its silk has wavy appearance when it gets wet. Later, the word was

used for textiles.

Figure 1.2 : Ankara goat [5]. Mukhayyar was used for the silk of Ankara Goat.

On the other hand, moire patterns are super periodic patterns that we are familiar
from our daily lives. These patterns are observed on clothes, fences, cages, screens
of computes or feathers of birds. Such pattern can be seen on main entrance of

Istanbul Technical University (ITU) (figure 1.3).

Figure 1.3 : Moire pattern on ITU entrance due to the honeycomb structure.



Basically, an interference pattern of different periodic structures can be called as

ttern. It is also possible to observe these patterns on HOPG. Due to the

moiré pa

weak van der Waals bonding between the layers of HOPG, topmost layer may be

shifted or rotated by mechanical or chemical means. Because of the rotation of the

top layer, super-periodic structures called as moiré patterns form on HOPG surfaces

[6-12]. Figure 1.4 shows the model of moiré structures on hexagonal lattices.
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Figure 1.4 : Moiré pattern models on hexagonal lattices with different rotation

angles.

tterns occur in nature and they are fascinating phenomena already
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optically, and when it comes to such structures at the atomic level

their origin becomes even more tedious [12-25]. Since the first observation of moiré

patterns on HOPG surfaces, their origin is still a matter of debate [12-37]. Moiré

patterns are also observed on graphene on metal systems such as graphene on

Ir(111) due to lattice mismatch between graphene and the Ir(111) surface [38, 39].

The origin of moiré pattern on graphene on metal system is structural. Although

tructures are

e
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there is no lattice mismatch between graphene and HOPG,



clearly observed on graphene/HOPG system. Moiré patterns on HOPG are so far
invisible to atomic force microscopy (AFM) but they can be investigated with STM.

Figure 1.5 : STM images of atomic resolution (left) and moire pattern on HOPG. I=
0.5 nA, V, = 50 mV for atomic resolution and I= 0.7 nA, V, = -430 mV
for moire structure. Moiré period was 12 nm.

These structures mostly form near the steps of HOPG and have boundaries called

as moiré boundary. Corrugation of moiré boundaries are higher than the rest of the

pattern but their periodicities are the same. Surely, periodicities of moiré structures

are larger than the lattice parameter HOPG, which is 0.246 nm.

Figure 1.6 : STM images of atomic resolution on HOPG (left) and moiré pattern
between the moire boundary and step (right). Tunneling parameters,
I= 0.5 nA, V,= 50 mV for atomic resolution and I= 0.7 nA, V, = -300
mV for moiré structure. Moire period: 7 nm.



Concerning the periodicity, moiré periodicity is designated with D. While ayops is
the lattice constant of HOPG and 6,,, is rotation angle of the topmost layer D is

given with equation below [37].

AHOPG
=——05 1.1
2 Sin(%) ( )

This relation indicates the distance (D) between the two bright spots, or the round
shapes due to super periodic structures. However, brighter spots of moiré structures
are not identical at atomic level. Even studying with large structures, one should
consider atomic level differences in STM studies. We called D as the geometric
moiré periodicity (GMP). Figure 1.6 shows the unit cell of generated moiré structure
with 1.6 nm GMP. Unit cell was generated by rotating the atom positions of two
graphene layers. As it can be seen in figure-1.6, the distance between the nearest
neighbor round structures, due to the super period, is not the same as the unit cell

size of the moiré lattice. Here we called the moiré lattice parameter as the “Real

Moiré Periodicity” (RMP) (RMS is simplyv/3D).

Figure 1.7 : Generated moiré pattern and zoom in on the moiré spots (GMP= 1.6
nm). The spots are lookalike from far but they are different at atomic
level. Red dots represent carbon atoms; green spots represent
calculated density of states (DOS) for this system.



Highly Oriented Pyrolytic Graphite (HOPG) is a well-known crystal as a calibration
sample and a substrate for surface studies. It is often overlooked that the electronic
and morphological properties of pristine HOPG surfaces can change depending on
the supplier. These changes may be negligible at large scales but they are important

for SPM studies, especially at the atomic scale when investigated by STM.

Still HOPG is a topic of interest in swift heavy ion (SHI) irradiation studies because
of its layered structure. Nuclear stopping is dominated by electron stopping in SHI
irradiation and ion tracks are observed in irradiated crystals. Different studies on
HOPG surfaces irradiated with swift heavy ions like U and Xe reported hillock like

structures [40-42]. We have similar observations like in Figure-1.8.

Figure 1.8 : STM images of 130 MeV ?*®U*" irradiated HOPG with hillock like
structures. Tunneling parameters, I= 0.5 nA, V,= -50 mV for both
image.

In fact, those hillock like structures are not hillocks at all, when observed at the

atomic level as shown in figure-1.9. Defects were spreaded over the surface and

they changed the atomic structure of HOPG surface. Probable local reconstruction
at the atomic scale due to swift heavy ion irradiation is yet to be understood. The

dependence of the damage on the type of HOPG was not reported earlier, either.



Figure 1.9 : Atomically resolved STM image of hillock like structure. Tunneling
parameters |= 0.5 nA, V,=-50 mV for both image.
In addition to the irradiation defects on HOPG surface, the questions on the nature
of irradiation related defects on graphene specimens transferred on to dielectric
substrates remain [41]. Important point is that the effect of the substrate on defect
formation in graphene due to swift heavy ions. Dielectric substrates are damaged by
the SHI irradiation as well. Consequently, dielectric substrate damages the
graphene rather than the defect formation directly on the graphene. Such damage
was not reported in layered structures. Therefore, we were nterested in studying SHI
irradiated graphene layer with on a native layered structure, namely the HOPG

crytal itself.

Germanium (Ge) crystal has diamond lattice structure. On Ge(001) surface, dimer
rows can be observed due to the reconstruction, by using UHV-STM. To observe
such reconstruction, Ge (001) surface must be treated under UHV conditions [3,42].
STM image of Ge (001) surface and a model of 2 x 1 reconstruction of Ge (001)
surface are shown in figure-1.10. Light blue dots represent the atoms on the surface

and yellow ellipses represent dimer bonds due to the reconstruction.



NN
KAKIEK
& %)\X%X PN

Figure 1.10 : STM image of Ge dimers (left) and a model for 2 x 1 reconstruction
on Ge (001) surface (right).

Ge(001) allows us to prepare metal/semiconductor interfaces and surfaces.
Reported studies showed that Pt nanowires and PtGe quantum dots like structures
are formed on Ge(001) surface [43]. Pyramidal PtGe quantum dot and Pt nanowires

can be seen in figure-1.11.

Figure 1.11 : Metal/semiconductor interfaces and surfaces: (left) STM image (200
nm x 20 nm) of about 1 ML Pt film annealed on Ge(001) surface.
(right) 3 nm x 3 nm STM image of Pt nanowires on Ge(001) surface,
individual Pt atoms can be picked up with an STM tip.



2. EXPERIMENTAL

2.1 Methods

We need tools to investigate the nature of surfaces at atomic level because human
eyes are too poor to observe them. Analytical surface analysis techniques like X-ray
photo electron spectroscopy (XPS), low energy ion scattering (LEIS), low energy
electron diffraction (LEED), reflected high energy electron diffraction (RHEED) and
scanning electron microscopy (SEM) are based on diffraction. X-ray beams (in
XPS), ions (in LEIS) and electrons (in LEED, RHEED and SEM) are used as a
probe/source to interact with the surface and surface properties are interpretted from
the diffracted beams or diffraction patterns or in the case of SEM reflected electrons
are interpreted. Although diffraction techniques are quite advanced to study periodic
structures and they are sensitive to the surfaces, these techniques are not capable

of measuring a single atom structure [4].

With the invention of STM in 1981, observing a single atom became possible. The
first STM data by Binning and Roehrer showed the 7 x 7 reconstruction on Si (111)
surface. Before the invention of STM, reconstruction on Si (111) surface was
already observed with LEED. Despite the models that were suggested from the
LEED measurements, reconstruction on Si(111) surface could only be explained
after STM data [3,45].

In case of STM, an atomically sharp tip scans the surface atom by atom. Besides
observing a single atom, manipulation on the surface without damaging the surface
is also possible with the STM. Although atomic resolution can be achieved with
STM, it gives information on both electronic and morphological structure of the

surfaces. So, STM data should be analyzed accordingly with great caution.

Self organized structures on the surfaces and interfaces are our main research
intersts. In such study even the effect of a single atom can not be ignored.

Therefore, we did use STM as our main tool to investigate these structures.



2.1.1 Scanning Tunneling Microscopy

Scanning tunneling microscope (STM), is a member of scanning probe microscope
family (actually can be named as the grandfather), to investigate conductive and
semiconductive samples with atomic resolution. It is based on quantum tunneling
phenomenon, which explains electron passing through a barrier. Electrons are not
allowed to be in a potential barrier but Schrodinger equation has a solution for
electrons in both side of the barrier if the potential barrier is thin enough (figure 2.1).
This simply implies that electrons can tunnel through the barrier. In case of STM,
electrons tunnel between an atomically sharp tip and a conductive/semiconductive
sample. Tip or sample is biased with respect to sample or tip to be able to measure

a net tunneling current [3,45].

' [——'[—y Vacuum level
Sample

2 | 3

Figure 2.1 : Representative image of quantum tunneling from sample to tip. @ is the
work function of the sample. Region 2 represents the potential barrier
(and in case of the STM it is the gap between the tip and the sample).

In order to make a microscope using the tunneling phenomena afore mentioned tip
is scanned over the sample surface while the tunneling current kept constant
between the tip and the sample. This mode is called as the constant current mode.
While tunneling current is used as feedback parameter, tip-sample distance is varied
by the piezoelectric element on which the tip is mounted, so the tunneling current is
kept constant. This is achieved by the feedback loop of the STM electronics. As a
result, a topographic image of the surface is generated by use of the variance of the
voltage applied to the z-piezo element. It has to be mentioned that STM tip follows
the morphological and electronic structure of the surface simultaneously. One other
mode of STM is the constant height mode where the tip-sample distance is kept

constant. In this mode the tunneling changes due to the electronic and
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morphological structure of the surface and the measured tunneling current is used to

generate a topographic map of the surface.

STM tip can be moved with sub-angstrom resolution by using piezoelectric
materials. The resolution is in picometers in the z-direction. Since STM operates at
low currents, tunneling current is measured with an I/V (current to voltage)
converter. By using an |/V converter, current is converted to voltage depending on
the gain factor of I/V converter, preferentially almost immediately after the tip-sample

junction [3].

Figure 2.2 : STM setup with its electronic and scan head (left) and zoom in on scan
head to show sample and tip (rigt).

STM is a derivative of the electron microscope but with a probe that does not detect
the electrons far from the sample but measures the current directly at the probe-
sample interface. Although atomic resolution can be achieved by using STM, STM
tip actually follows local density of states (LDOS) which electrons are allowed to
tunnel. Therefore, interpretation of the STM data is far from being trivial. Ge(001)
surface is a good example to explain what STM actually measures. Dimer rows due

to the reconstruction are observed on Ge (001) surface instead of atomic resolution.
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Figure 2.3 : STM image of the Ge dimers in filled and empty state to show DOS
measurement by STM (left) and its model (right).
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Scanning Tunneling Spectroscopy (STS) can be performed by using STM once the
feedback loop is disabled. With STS one can basically measure local (tunneling)
conductivity between the tip and the sample, which simply gives information on the
LDOS of the surface.

A bias sweep is applied and current change due to the bias is measured to have an
[-V curve. Differential conductivity can be measured and LDOS can be calculated
numerically from measured |-V curves. Proper experiments to investigate electronic
and morphological properties of the surfaces can be accomplished by combining

STM and STS measurements.

2.1.2 Ultra High Vacuum (UHV) and STM

Conductive or semiconductive samples can be investigated with STM but there is
another obstacle to study with surfaces. Since we want to investigate the surface
properties of the crystals, finding conductive/semiconductive samples is not enough
to succeed in STM studies. Samples must be clean and atomically flat. Clean
surface means no oxidization, chemical or physical bonding with unwanted
molecules or residue on the surface. Although some samples can be studied under
ambient conditions owing to their inert surfaces, most surfaces cannot stay clean
because of their reactive surfaces or simply due to the ambient humidity
[3,4].Samples like silicon and germanium have reactive surfaces and oxidize
immediately under ambient conditions. It is possible to keep these samples clean
but to do this ultra-high vacuum (UHV) conditions are needed. UHV is the vacuum

level if pressure is lower than 10 mbar. Ideal gas law is given below.
PV = NkT (2.1)

with P as pressure, V as volume, N as number of molecules, k as Boltzmann
constant and T as temperature. While P=10""" mbar, k=1.38 x 10 J/K, T=300 K (at
room temperature); there are 2.4 x 10"2 molecules in 1 m® volume. Gasses in the
environment hit to the sample surface continuously and some of them adsorb on
surfaces. They can both physisorb or chemisorb on the surfaces. A dosage unit
Langmuir (L) is used to explain adsorption mechanism of gasses on surfaces.
Assume a surface such that whatever molecule (or atom) hits to it immediately
sticks to the surface (6=1). Such a surface has sticking coefficient of 1. If that
surface is dosed with a gas under 10®° mbar pressure for 1 second, than that
surface gets covered with 1 layer of atoms (1 mono layer (1 ML)) of that gas just in 1
s. This dose is named as 1 Langmuir (1 L). One layer of atom coverage is called 1

monolayer (1 ML). It is clear that it is not possible to study with a sample under
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ambient conditions unless 6=0. Basically, that is the reason why UHV is essential for
STM studies [4].

UHV systems can be considered as laboratories on their own that provide us
specific conditions for experiments. UHV systems are also needed for cleaning and
preparation of the sample. Having UHV conditions is an advantage for STM studies
but constructing the system and achieving UHV conditions needs patience and
caution. First of all specific UHV compatible materials are allowed in UHV studies
which have low outgassing under low pressure and at high temperature. Stainless
steel, oxygen free copper (OFC), tantalum, molybdenum, alumina, PEEK, polyimide

are some of the materials that are allowed to be used in a UHV system.

Figure 2.4 : Photo of UHV system on its frame in our laboratory which was
constructed during this study.

UHV chamber with tubes and flanges are made by stainless steel (SS304 or SS316)
to avoid oxidization. Flanges are produced at standard sizes so it is possible to
mount additional parts like STM flange on additional chambers depending on the
purpose of the study. OFC gasket is put between two flanges before tightening the
flanges with screws so OFC gasket is pressed by the knives-edge of the flanges.

Since there is knife-edge on each flange and copper is softer than stainless steel,
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knives-edge of the flanges cut into the gasket and achieve leak sealing at very low
pressures. Due to the sealing of the connections, UHV can be achieved if the
procedure applied properly with right materials. It is not possible to achieve UHV

conditions with leaks. Besides finding leaks on full UHV system is not easy.

Studying under UHV conditions has great advantages but it also comes with
drawbacks. For example manipulating, moving or mounting a sample under UHV
conditions is not as easy as under ambient conditions. Luckily, there are UHV
compatible tools for manipulation or transfers in UHV chamber. Magnetic stick is
used for linear transfers in UHV chamber. Also manipulator can be added on
magnetic stick to transfer and manipulate the sample or tip. BNC connectors can be
used to transfer signal or current to inside of the chamber. Voltage or current can be
applied in to the UHV systems by using feedthroughs. Moreover, there are rotational
or linear feedthroughs by measn of which we can achieve rotational or linear motion
in UHV studies.

After closing the UHV chamber, vacuum level is the same as the ambient
conditions. Gas molecules need to be pumped from the chamber. There are
different types of pumps, which can operate at different vacuum levels. Rough pump
and turbo pump do active pumping while titanium sublimation pump and ion getter
pumps are passive pumps. Rough pump (rotary pump in our case) can operate
under ambient conditions and system can be pumped down to 10 mbar by using
the rough pump. Turbo pump can operate from 102 mbar to 5 x 10"° mbar.
However, there is another obstacle to achieve 10'° mbar. Water adsorbed on the
inner walls of the UHV chamber under 10® mbar pressure cannot be pumped in a
reasonable time from the chamber. Therefore the chamber needs to be literally
baked by heating up to 120 °C to get rid of the water. UHV chamber can be put into
an oven or wrapped by heating ribbons for baking. Rough and turbo pumps operate
during baking. Base pressure first increases during baking and in time passive
pumps are allowed to operate continuously and the pressure drops down below 1 x
10" mbar. Titanium can be sublimated by using titanium filaments (Ti Sublimation
Pump (TSP)) and H, can be gathered on Ti coated walls of the TSP with the help of
ion gather (IG) pump. Actually, in our system Turbo molecular pump can pump the
system down to 5 x 10" mbar after baking. However the H, cannot be easily
pumped by the Turbo pump. In addition, we cannot let the turbo pump run during
STM measurements due to the vibrational noise. Therefore, we need the passive
pumps like the IG pump and the TSP. TSP simple gets the ions (especially

Hydrogen) on the walls of the chamber. The ion getter pumps works differently. The
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IG pump has plates on to which we apply +3 kV. The pump has strong magnets
outside its walls. The high voltage on the plates causes the molecules in the
chamber to polarize and when they touch the plates of the IG pump, they lose at
least one electron. Since they become (+) charged, the pump plates repel them.
Due to the large magnetic field, they move on a spiral and crash on the Ti coated
walls of the inner chamber and get stuck there. This reduces the pressure. Also this
way the system pressure can be kept below 5 x 10™'° mbar even without the turbo
molecular pump. Nevertheless, we must sublimate Ti to refresh the inner walls of

the chamber once in a while.

Since STM is very sensitive to vibrational noise, damping to reduce the noise is
essential after achieving working condition for the STM. Concerning STM, even
minute vibrations end up in a tip crash. First step is to turn off the active pumps, only
ion gather pump is allowed while STM is operational. Second step is to reduce the
vibration by isolating the UHV system by using an active vibration isolation system.
Commercial systems can be found for system isolation. Due to the design of the
STM, isolating the STM head from UHV chamber is the third step.

2.2 Experimental Set Ups and Sample Preparation Techniques

2.2.1 Nanosurf EasyScan STM 2

Nanosurf Easyscan STM 2 is considered for student labs to improve student
experience in STM studies. It is compact system and it has a small control
electronics unit and an STM head. It is also stable for advanced research studies.
By use of this set up the morphological and electronic properties of

conductive/semiconductive samples under ambient conditions can be studied.

Figure 2.5 : Nanosurf Easyscan STM head with sample and tip.
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Software of Nanosurf Easyscan STM has a user-friendly interface.
Mounting/unmounting the sample and the tip is relatively easier than UHV STM
(figure-2.5). This simplicity allows us to change samples quickly. Cylindrical sample
holder with sample on it is placed on piezo and approached to the tip by slip-stick
motion of the piezo. Sample approach is computer controlled and as a result,
approach is fast. Moreover, this ease of study makes the accessible amount of data
incredibly large. In one day, more than five different samples can be scanned at

many different tunneling zones.

Maximum scanning area is 600 nm x 600 nm with this sytem. Nanosurf Easyscan
STM 2 is a tip biased system and it can be operated at constant current mode. Gain
factor of its I/V converter is 10%. I/V (current/voltage) and 1/Z (current/distance)
curves can be obtained by performing scanning tunneling spectroscopy (STS) on a
point, line or grid. 0.25 mm diameter Ptg/Iry wires are used as an STM tip after

prepared with mechanical cutting.

Figure 2.6 : Optical image of mechanically cut Ptgglryg tip.
2.2.2 Ultra High Vacuum Scanning Tunneling Microscope (UHV-STM)

UHV-STM should be mentioned as a complete system with UHV chamber, STM and

additional parts of the system like evaporators and sample manipulator.

UHV system that we constructed in our laboratory operates below 5 x 107" mbar.
Surely there were commercial parts of the system like feedthroughs, magnetic
sticks, flanges, tubes and vibration isolation legs. Some important parts of UHV
system such as heating ribbons, platinum (Pt) evaporator, sample carrier, and

electrical connections for sample manipulation were homemade by necessity.
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Figure 2.7 : Additional homemade parts of UHV system. Sample fork (upper
images), Pt evaporator (middle) and sample carrier (bottom).

Also an aluminum frame as a vibration isolation table was constructed in the

laboratory because of the low budget by using six meters aluminum profiles.

Some parts like the ion pump, high voltage source (for ion pump), high voltage
cable, sputtering system and STM were donated from different research institutes

around the Europe.
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Figure 2.8 : Making the vibration isolation table. Preperation of the isolation system
(upper images), drawing of the table (bottom-left) and the table itself
(bottom-right)

Rough pump that was mounted on our system was a rotary pump from Oerlicon-
Trivac. We used an Oerlikon SL300 turbo molecular pump. Titanium sublimation
pump was embedded in our ion gather pump so we were also able to evaporate
titanium to increase the capacity of ion gather pump. By following the procedure,
UHV conditions were achieved and 5 x 10™"® mbar were measured on ion gauge,

which was its measurement limit. Pumps on the system are shown in figure 2.9.

Figure 2.9 : Pumps of UHV system. Rough pump, turbo pump, ion pump (in order
from left to right).
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Our UHV-STM was donated from Twente University and was designed with a
manual lever-type approach mechanism. Electrical connections of an STM was

through the BNC connectors.

Figure 2.10 : UHV STM head (left) and linear and rotational feedthroughs (right).

Tip was mounted on scanning piezo that was placed between two sapphire blocks.

Sapphire blocks support the sample after coarse approach.

A worm gear and rotational feed-through were used in the approach mechanism.
The sample sits on a head which is supported with a wormgear. After the sample
was mounted on the STM head the wormgear is rotaed and the sample lands on the
saphire legs. After this point, as the worm gear was rotated more, the sample which
is supported by the saphire legs slowly approached the tip as the third support is
simply the worm gear itself. This way the manual rotation is translated to a linear
motion and the sample approached the tip. Sample was approached and tunneling
was done mechanically manually with the help of a rotational feedthrough (see
Appendix A).

Concerning the approaching by rotational feedthrough; one turn on the outside
translated to 100 um linear motion of the sample towards the tip and tunneling must

be reached inmaximum 15 turns.
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Figure 2.11 : UHV STM head (left) and zoom in on tip-sample (right).
During this study a NANONIS STM control unit was purchased and used to control
the UHV-STM. A Femto Gmbh. I/V converter wwas used between the STM and the
electronic. Gain factor of the I/V converter was adjusted to 10° in all UHV-STM
studies. Up to a 200 nm x 200 nm area can be scanned by using this STM and the

control electronics.

Figure 2.12 : On the left image, NANONIS STM control unit and UHV system
behind it. Femto I/V converter is on the right image.

UHV-STM and NANONIS control unit was tested with gold (Au) sample under
ambient conditions. The system worked properly and 150 nm thick polycrystalline
gold surface was scanned with UHV-STM. STM data shown in figure 2.13 shows the

rough Au surface.
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Figure 2.13 : STM image of rough Au surface with UHV-STM and NANONIS control
electronic. Image size 64 nm x 64 nm, I= 0.2 nA, V = 100 mV.
Measurement was done under ambient conditions.

2.2.3 lon Irradiation Facility (France)

We prepared some samples at iTU and sent them to EMIR network of France.
HOPG crystals were irradiated by swift heavy ions (SHI) in Large Heavy lon
National Accelerator (Grand Accélérateur National d’lons Lourds - GANIL) facility
[46].

2.3 Samples and Sample Preperation

Sample preparation is important as well as investigating the samples with advanced
techniques. Applying the correct preparation method and keeping the samples clean
during and after preparation definitely improves research quality. More importantly
all samples are not suitable for cleaning with the same technique.

2.3.1 Dropcast Method for Preperation of Moiré Structures on HOPG

Dropcast method was used to prepare moiré samples under ambient conditions.
Various chemicals were dropcasted on clean HOPG surface by automatic

micropipette. Disposable tips were used and they were cleaned with same chemical
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before use. HOPG crystals were cleaved by using scotch tape and chemicals were

dropcasted on fresh surface. Chemicals and results will be discussed later.

2.3.2 Cleaving Highly Oriented Pyrolytic Graphite (HOPG)

This method was used to have clean surface on layered crystals by peeling the

topmost layers with the help of a sticky tape.

Highly Oriented Pyrolytic Graphite (HOPG) was our main crystal as a calibration
sample for STM studies and as a source of moiré samples. HOPG was cleaved by
using scotch tape because of its layered structure and weak van der Waals
interaction between the layers. We used HOPG for calibration and preparation of
moiré structures after having fresh and clean surface by cleaving the crystal. The
procedure was applied under ambient conditions. The tape is gently pushed on the

HOPG surface and slowly pulled. The result is shown in figure-2.14.

Figure 2.14 : Cleaved HOPG crystal. Topmost layers of HOPG crystal was peeled
of by scotch tape. Sevreal stick-and-pull procedures were applied as
seen on the tape (to the left).

2.3.3 Cleaving and UHV Preperation of Ge(001)

Ge(001) wafers used in this study were nearly intrinsic 375 um thick 2 inch Ge(001)
wafers. 22 mm x 8 mm crystal was obtained by cleaving the wafer. Crystal was
handled with zirconia tweezers to avoid metal contamination. Diamond pen was
used to notch the edge of the wafer. After that, with applying gentle pressure near
the notch, the crystal wafer was cleaved into two pieces. Then the cleaving
pricedure was reapplied until we got the neded size. N, gas was blown on the

Ge(001) piece to get rid of the dust caused by notching and cleaving. Ge piece was
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mounted on the UHV-STM sample holder and further cleaning was not applied

under ambient conditions. So the sample was mounted in UHV system.

Figure 2.15 : Ge cleaving by diamond pen (upper left image), cleaved Ge crystal
(upper right image) and mounted on sample holder on the fork
(bottom images).

Moreover sample holder parts were designed in this study. Their desing pictures are
given in figure 2.16
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Figure 2.16 : Designed parts (left) and assembly (middle) of sample holder on the
left side. Two assembled sample holders.

As soon as UHV conditions were achieved, Ge (001) crystal was heated by direct
current heating. Current was increased slowly while keeping the pressure below 2
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x10° mbar. Current/temperature curve of previous studies were used as a
reference. Sample was slowly heated up to 900K; at the same time pressure kept at
1 x 10° mbar. Same procedure was applied for 10 days to degas the sample,
holder, finally 5 A current was applied to reach 900 K; the sample radiated dark red

at that temperature for 24 hours.

Sample was sputtered after degassing and cooling down to room temperature.
Following sputtering, the sample was annealed again by applying 5 A to reach 900
K. The sample was flashed more than 30 times after sputtering by increasing current
to 12 A and decreasing to 5A. Sputtering-degassing-flashing cycle was repeated 3

times. Sample was at room temperature at the beginning of each cycle.
2.3.4 Swift Heavy lon (SHI) Irradiation

Swift heavy ion (SHI) irradiation is an interest of fundamental and applied physics
research. lons are accelerated at high energies and different ion beams are
available. During irradiation process, electron stopping is dominated over nucleon
stopping if the ions are SHI. lon tracks are produced due to irradiation and atomic

reconstruction is also possible to occur [40-42].

Large Heavy lon National Accelerator (Grand Accélérateur National d’lons Lourds -

238U31+

GANIL) facility was used for swift heavy ion (SHI) irradiation. ions were used

in SHI irradiation process and irradiation energy was 109 MeV.

HOPG crystals were irradiated by SHI to see the effect of defect formation on the
surface morphology and electronic structure. HOPG crystals were supplied from

Goodfellow and SPI companies. Also, moiré samples were irradiated by SHI.

24



3. HOPG - MOIRE SYSTEM

We studied on these structures by scanning tunneling microscopy (STM) and
spectroscopy (STS). To work with these structures, samples were needed to be
prepared properly. Proposed and applied chemical methods always require time and
extended processes (ref.). Moreover, the crystal may be damaged because of the

chemical and mechanical processes applied.

We have discovered that simply by drop casting cyclohexane on to HOPG surfaces
(SPI™ grade 2 and 3) and letting the samples dry in a dust free and dry environment
(simply in a desiccator) many different moiré structures can be obtained on the
surfaces. Pure and fresh (VWR™ cyclohexane, HPLC grade) is used for each
sample preparation. We have checked the HOPG surfaces by means of micro
Raman spectroscopy for probable contamination or residue from the cyclohexane
drop casting and drying method. Figure 3.1 shows the micro-Raman spectrum
obtained on the cyclohexane solution and cyclohexane dropcasted HOPG surface.
The HOPG samples were throughly investigated prior to cyclohexane drop casting
by STM.
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Figure 3.1 : Raman spectrum of cyclohexane dropcasted HOPG surface and
cyclohexane solution. The moiré sample only shows the peaks
intrinsic to the HOPG surface.
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Rarely (1 in 50 tunneling zones) native moiré patterns were observed on both
grades 2 and grade 3 HOPG surfaces. Within this study, we also used different
solvents to see their effects on HOPG samples and the same drop casting and
drying procedure were applied with n-hexane, chloroform and toluene. As a result,
moiré patterns were observed on every sample that was prepared with cyclohexane.
Other chemicals were not effective to produce them so we decided to continue our

study with cyclohexane. Used chemicals and geometric moiré periodicities shown in

figure-3.2.
Used
Chemicals Result
GMP{nm):
xane 6.53 & 2.9
Isopropanol No moiré
KOH solution Mo moiré
Chloroform Not clear

GMP (nm): 3.30, 12, 7, 1.8, 3, 3.8, 3.37,
Cyclo-hexane 3.63, 2.54, 2.48, 7.61, 3.42, 3.56,
28.95, 3.65

toluene GMP (nm): 1.6

Figure 3.2 : List of used chemicals in preparation of moiré structures on HOPG.
Observed periodicities were added to compare the effect of each
chemical.

The formation of super-periodic structures on HOPG was found to dependent on the

chemical used. Only after treatment with cyclohexane, in every tunneling region we

encountered moiré patterns with geometric moiré periodicities (GMP) from 2.48 nm
to 28.95 nm. All the measurements reported here were performed under ambient
conditions. The experimental conditions were carefully controlled and several
consistency checklists were developed. Many different moiré samples were
prepared and investigated by use of different tips (more than 100 samples and 150

tips were employed during this study with in the past years). The measurements

26



were extensive in order to eliminate the possible tip effects, noise or possible
artificial structures due to measurement conditions. On the same sample, reliable

and consistent measurements for longer than a week were possible.

After improving the preparation method, we observed both moiré patterns and
atomic resolution on the pattern under ambient conditions with STM. Concerning the
STM measurement, to achieve atomic resolution on moiré structures were easier
than on HOPG. HOPG has smooth surface but definitely the surface is not flat so

maybe moiré patterned areas are flatter than pristine HOPG surface.

Figure 3.3 : Atomic resolution on HOPG (left) and on moiré structure (right).

Tunneling parameters |= 0.5 nA, Vp=- 50 mV. GMP = 1.6 nm.
On HOPG surface it is possible to get atomic level resolution (where one sees the
triangular lattice with only the 8 site atoms) only around 50 mV tunnel junction bias.
At higher biases, atomic resolution vanishes on clean HOPG surface. Intriguingly,
the atomic resolution (triangular or hexagonal) was achieved at higher biases on
moiré regions, as high as 800mV. Atomic resolution on moiré pattern at high bias is
shown in figure-3.4. Tip stability was checked by observing atomic resolution on
clean HOPG area just next to moiré pattern. Since we observed triangular atomic
resolution on the clean HOPG terrace around 50mV tunnel junction bias just next to
the moiré patterned area we can safely state that the tunnel junction was essentially
stable.
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Figure 3.4 : STM image of moiré structure in large area on the left (I= 0.5 nA, V= -
200 mV). Zoom in STM image on the boundary of the moiré structure
with atomic resolution at high bias (right) (I= 0.5 nA, V,=-500 mV).
In STM studies, observed structures may change due to tunneling current or bias.
These changes can be checked by performing poor man’s spectroscopy with an
STM. In this study, bias depended poor man’s spectroscopy was performed on
moiré structures by keeping tunneling constant and scanning the same surface zone
with different biases. Corrugations of observed structures were acquired from the
line scans on these structures. Because moiré patterns have triangular structure,
line scans were taken in three directions and average corrugation (h) was calculated

from the lines. Each line was taken three times to calculate the average corrugation.
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Figure 3.5 : Corrugation analyses of moiré structure. (STM image of moiré pattern
with atomic resolution and line scans on each direction of the pattern
on the left (I= 0.5 nA, V,=-45 mV, GMP = 2.54 nm).

Most intriguingly, contrary to previous reports, we observed that the apparent

corrugations in STM images of moiré patterns change as a function of tunnel

junction bias, and these changes on various moiré structures do not occur in a

monotonic fashion. A simple geometric investigation of the atomic structure of the
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moiré patterns revealed that different atomic moiré periodicities result in similar
geometric moiré periods, which bring forth the importance of information on the real
atomic structure (RMP) of each moiré pattern observed in STM images. This GMP

vs. RMP discussion was made in the previous chapter.

Figure-3.6 shows the variation of the apparent moiré corrugations observed on three
different moiré patterns (with different GMPs) as a function of the tunnel junction
bias. We also show that the atomic resolution is observable in a broad range of
biases on this moiré pattern. Decreasing corrugation with increasing bias was
observed for these three super-periodic structures. Measured GMPs of these

structures were 2.54nm, 3.45nm and 12nm.

mv
120 {b} _EGD
a  Fa-GMP345mm : . -700
_ {il} 1 R cw2sim = — -600
E"[ M by L. ey 1 I ' -500
% wl b g : ., i . : : -400
: | % 'S ettt
3 | % 300
0 120 240 368 480 800 720 ‘igg
sample bias imvy) =
=50
@ T @ @
1t=500pA
-50mV -100mV -150mV -200mV -250mV
¥ - 7 " ] g . ™ — o s - - - -
m Bt b e B « .' -i 7
il +‘. 1.- ol L M L]
o _ . L : '] l : - . : & .
4 : i Y 2 ] _ i : i :
% .' 1' i -. 2 .'._. .-., ._.!L L ] . ™ . o® .‘ e o .. - ’ - . e
-400 -800 -1500

Figure 3.6 : (a) Curves of corrugation change with respect to bias (three different
moiré patterns). (b) STM image of moiré pattern. Bias was changed
from -50 mV to -800 mV during scanning. (c) - (g) STM images of the
same moiré pattern with different bias. (h) Charge plot of calculated
DOS of moiré unit cell (GMP=1.6 nm, RMP = 2.84) (Theoretical
calculations were done on moire systems, please see the Appendix B).
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While observed corrugation of two samples decreased with increasing tunneling
bias, the third sample did not show only a decrease but also varying behavior (both
increasing and decreasing) as a function of increasing bias (figure 3.6-a). These
variations may indicate different electronic states on moiré structures. Oscillating
behavior due to the bias was also observed charge plots of calculated moiré unit cell
(figure 3.6-h).

Besides the corrugation change due to the increasing tunnel junction bias, contrast
reversal on moiré patterns were also observed on sequential scanning of the same
area with the same scanning parameters with STM (figure 3.7). Consistency checks
on tip stability were made by achieving atomic resolution and performing STS on
clean area. Contrast reversal on such giant structure shows the electronic behavior

of these structures.

Figure 3.7 : STM images of moiré pattern with atomic resolution. Left image was
typical STM image of moiré pattern with atomic resolution. STM image
on the right shows contrast reversal on moiré structure, triangular
structure switched to hexagonal during STM study. And bright moire
spots became dark. Scanning parameters were 1=0.4 nA, V,= -50 mV,
GMP = 1.6 nm.

Such corrugation changes can be considered as tip effect but since we could

continue STM measurements without any problem and as the tip was checked by

achieving atomic resolution after having this image, we speculate that this is due to
the intrinsic electronic nature of the moire pattern. Moreover, a reported study
supports our idea on contrast reversal. Although origin of moiré pattern was
different (moiré pattern on graphene/lr(111) surface), it was stated that the contrast

reversal is possible to observe at different bias voltage by using STM [39]. In our
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case, even if we did not change the scanning parameters, STM tip might shift

between two electronic states.

Figure 3.8 : STM image of contrast reversal on moiré pattern on graphene/Ir(111)
system. (I= 15nA and V, changed from -0.5 V to -1.8 V) [39].
After STM studies, moiré structures were investigated by scanning tunneling
spectroscopy (STS). Scanning tunneling spectroscopy (STS) was performed on
moiré patterns and on pristine HOPG surfaces. Tunneling current was measured
during bias sweep with disabled feedback loop. Since the feedback loop was
disabled, tunneling current changed due to the bias. Tunneling current depending on
the bias (I/V) curve was obtained. Because of the tunneling parameters, tip-sample
distance may be different for each experiment. To prevent the effect of initial
parameters like tunneling current and tunnel junction bias, local density of states /
bias (LDOS/V) curves were derived from measured I/V curves to compare the

difference between HOPG and moiré structures.

Figure 3.9 shows the LDOS/V curves on pristine HOPG and on two moiré structures
with 1.8 nm and 1.6 nm GMP. Clearly, moiré structures were more metallic than
HOPG. With the help of ab inito calculation, we can state that the shoulders
between -0.5 V and -1.0 V on LDOS curves of moiré structures indicate van Hove

singularities.
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Figure 3.9 : LDOS curves of HOPG and moiré patterns on HOPG (GMP of the
patterns were 1.6 nm and 1.8 nm)) system. Arrows points the
shoulders due to the van Hove singularity. (See Appendix B for
theoretical calculations).

In summary, we improved the methodology to produce moiré patterns on HOPG
surfaces, we studied their atomic structure and we have seen that not all of the
similar appearing moiré patterens with same periods have the same atomic
substructure. So we introduced the RMP and GMP concepts in this study. We have
also shown for the first time that apparent corrugation of moiré patterns do change
as a function of tunnel junction bias on some moiré patterns. During this study, we
have started collaboration with a theory group and confirmed our results
theoretically. Our STS results also clearly showed that moiré structures behave
more metallic than HOPG surface. And above all we have shown that all these

measurements and analysis can be conducted under ambient conditions.
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4. IRRADIATED HOPG AND MOIRE

2831 jrradiation on

In this study we also focused on the defect formation due to
HOPG samples (from different suppliers) and moiré samples. HOPG crystals were
provided from SPI™ and Goodfellow; crystals from both SPI and Goodfellow were
used in HOPG studies but moiré structures were prepared only on SPI-HOPG

crystals.

Pre irradiation study was made in our laboratory by using STM to compare the effect
of SHI irradiation defects and changes on surface structure after the irradiation. In
addition, moiré structures were checked by STM before irradiation to be sure that
moiré structures were there to be irradiated. Samples were sent to CNRS for

2381J3" jons with 10°MeV irradiation energy. SHI source

irradiation and irradiated by
and irradiation energy were the same for Goodfellow and SPI crystals but the flux
was different. Goodfellow-HOPG samples were irradiated with 1 x 10" cm™ flux.
Flux was 3 x 10° cm™ for SPI-HOPG crystals. Samples were studied by STM after

the irradiation.

Fist of all it should be mentioned that we did not observe any defects on some
tunneling zones. When we observed the defects, morphology of the surface was like
clean HOPG surface on large are scanning as it can be seen in figure 4.1. We
counted irradiation defects on 204.8 nm x 204.8 nm area on Goodfellow-HOPG.
Considering the flux (1 x 10" cm?), four irradiation defects should have been
observed on that area but we counted three of them. So we considered that the
irradiation was not uniform. This might be the reason why the observed flux was less

(or for some measurement more) than the irradiation flux.
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Figure 4.1 : STM image of SHI irradiated Goodfellow-HOPG surface in large scale
(left) (I= 0.4 nA, V= -75 mV). STM image on the left shows HOPG
surface with irradiation defects ((I= 0.3 nA, V=-100 mV).
After finding the defects, smaller area was scanned. The defects were observed like
clusters, but each cluster was separated in itself. We were not able to observe both
the defects and atomic resolution clearly on the same scanning area. Still it was
possible to achieve atomic resolution near the defect if the defects were kept out of
the scanning zone. Apparent hights of these defects were measured to be
approximately 200 pm and their width was around 1 nm (see Appendix C).
Apparently, STM measurement was disturbed by the defect during scanning and

there was no real structural change around the defect.

Figure 4.2 : STM image of defects due to the irradiation on Goodfellow-HOPG
surface (left) (I= 0.4 nA, V= -75 mV). STM image of the defects with
atomic resolution (I= 0.3 nA, V=-100 mV).
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On different area of the same sample, we also observed single defects, which
appeared different when compaed to the cluster defects. Although the STM image
was disturbed, atomic resolution around the defect was possible. Single defect is
shown in figure 4.3 and its apparent height was measured as 100 pm. We can say

that the diameter of the defect was approximately 2 nm.

Figure 4.3 : STM image of defects due to the irradiation, a different area
(Goodfellow-HOPG surface) on the left (I= 0.3 nA, V= -100 mV).
STM image of marked defect with atomic resolution ((I= 0.4 nA, V= -
50 mV).
Concerning the SPI-HOPG samples, cyclohexane dropcasted SPI-HOPG was
chosen for the initial STM study. Since these samples were prepared for irradiation
of moiré areas we first checked moiré structures. As our previous studies, we
observed moiré structures on almost every tunneling zone. This means that SHI
irradiation with 2*U%"* ions at 10°MeV irradiation energy did not damage the general
structure of moiré patterns. Defects were shown with circles on STM image in figure
4.4. Due to the flux, two defects per 204.8 nm x 204.8 nm are should have been

counted. We counted three defects on this area.

As can be seen in figure 4.4 defects on SPI-HOPG surface were not point like even

on large area so we did check the direction of the defects on moire and clean area.
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Figure 4.4 : Large area STM image of irradiated SPI-HOPG with moiré pattern due
to dropcasted cyclohexane (I= 0.3 nA, V= -50 mV). Black circles show
the irradiation defects.

An apparent clustering direction of the defects shown in figure 4.5, red line for the

defect on moiré structure and black line for the defect on HOPG. The direction of the

defects on moiré structure and HOPG part of the surface were slightly different (8°).

It was possible to have such difference due to the irradiation process but structural

and electronic properties of moire patterned area and HOPG should be considered

in further studies.

Figure 4.5 : STM image showing the apparent clustering direction of the defects on
moiré and clean part of HOPG surface. Red line shows the direction of
the defect on moiré patterned area and black lines show the direction
of the defect on clean part of HOPG (I= 0.3 nA, V= -50 mV). The
direction of the black lines were the same and angle between the
directions of the red and the black lines was 8°.
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With a closer look, the defects on SPI-HOPG was more likely triple defects (figure
4.6). Such defects can occur if the defects did not hit perperdicular to the surface
(like irradiation with an angle) but perpendicular irradiation were performed on these
samples. Still there was the possibility that the surface irradiated with very small

angle due to the wavy structure of the surface.

Apparent height of the cluster defect was measured along the direction of three
point defect and perpedicular to it. Apparent height of the structure was 152 pm. The
defects were considered as three point defects on a line and width of each single
point defect was measured approximately 1.6 nm along the line (total length of three
defects was 5 nm). The width of the defect was measured around 2.4 nm

perpendicular to the line.

Figure 4.6 : Zoom in STM image of SHI irradiation defect on HOPG (circle shows
the defect on the left image) (I= 0.4 nA, V=-50 mV).

The defect on the moire pattern was also not point like either. It was not triple

defects as well. The defect was observed as it spreaded on the line. As it can be

seen in figure 4.7, moire pattern was not disturbed by the defect. Our observations

on irradiated moiré structures shows that moiré spots were not individual and as

stable as HOPG layer.

Apparent height of the defect on moiré structure was measured approximately 136
pm which was less than the apparent height of the defect on SPI-HOPG (it was 152
pm). Since the defect was linear, itswidth was measured on the line and
perpendicular to it. Measured length of the defect was 5.3 nm and width of it was
around 1 nm.
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Figure 4.7 : Zoom in STM image of SHI irradiation defect on moiré on HOPG (circle
shows the defect on the left image) (I= 0.4 nA, V=-50 mV).
The defects on moiré and on HOPG area were different with respect to their shape
and the general nature of each defect. These two defects are shown in figure 4.8.
The defect on moire pattern was norrow and longer then the defect on the HOPG.
Actually the defects on the HOPG area were like triple defects while the defect on
moiré structure was spreaded on a line. Since the irradiation conditions and the
source of the SHI irradiation was the same and two defects were observed on the
same crystal, we can think the SHI interacted with HOPG and moiré structures
differently or it can be speculated that the structure of HOPG crysta underneath

each defect was locally different.

Figure 4.8 : STM images of irradiation defects on HOPG and on moiré (I= 0.4 nA,
V=-50 mV).
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We looked for single defects on clean area of cyclohexane dropcasted SPI-HOPG
samples to compare them with the defects on Goodfellow-HOPG crystal. We found
two types of single defects on SPI-HOPG so far (figure 4.9). Atomic resolution was
observed on and around one of the single defects. Measured apparent height of this
one was 77 pm and the width was 3 nm. However, atomic resolution near the other
defect was not achieved which had higher corrugation. Apparent height of this

defect was 130 pm and the width was approximately 3 nm.

Figure 4.9 : STM image of two different SHI irradiation defects on SPI-HOPG (I=
0.3 nA, V=-50 mV).
Single defects with atomic resolution and cluster defects on SPI-HOPG crystal were

compared to the defects on Goodfellow-HOPG in figure-4.10.

Although single and cluster defects on HOPG crystals from different suppliers can
be compared, the difference of the defects on the same crystal cannot be ignored as
well. The height of the single defect on SPI-HOPG was smaller than the height of
the defect on Goodfellow-HOPG. Atomic resolution was achieved around these

defects.

Conserning the cluster defects, while the defects on SPI-HOPG were ordered,
spreaded defects were observed on Goodfellow-HOPG surface. As a result, the
defects on SPI-HOPG (both single and cluster defects) were wider and their heights
were smaller compared to Goodfellow-HOPG. In addition, we were able to observe

atomic resolution on or around the defect which had smaller height than 100 pm.
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Figure 4.10 : STM images of single (I= 0.3nA, V= -50 mV) and cluster (I= 0.3 nA,
V= -50 mV) irradiation defects on Goodfellow and SPI HOPG.

The information obtained from SHI irradiated HOPG surfaces show that not all
HOPG can be compared and considered to be the same. This information inturn has
a great implication on the moiré patterns forming on HOPG surfaces. There are
plenty of studied on moire patterns but none of them considers the effect of the
HOPG itself and so far the reported results did not discuss the nature. With our
results, we can combine both data and state that the formation of moiré patterns on
HOPG surfaces due to chemicals may be a fact of the HOPG bulk itself. SHI data
indicates that the encounter for the SHI with the bulk defects as it passes through
may result in the structures observed at the surface. As as result we can state that,
the interaction of the chemicals is a function of the crystallinity of the bulk which

must be checked in further studies.
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5. GERMANIUM(001) SURFACE

In this study, 375 um thick Ge wafer was cleaved and mounted on UHV-STM
sample holder. Sample was prepared with degassing-annealing-sputtering-
degassing-flashing cycle under UHV conditions. First results on the preperation of
Ge(001) surface was proven to work positively with our STM study on Ge (001)
surface. Although the surface was not entirely clean to observe Ge dimers with
extreme resolution, we did observe Ge terraces and dimer rows. The STM image of
Ge(001) surface as our first result with UHV-STM shown in figure 5.1. We were
succesful on achieving UHV conditions and sample manipulation tools were tested
and they worked properly. And in the end as shown in figure-5.1 the terraces of the

Ge(001) surface and the dimer rows on these terraces could be resolved.
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Figure 5.1 : STM image of Ge(001) surface with dimers. (1= 300pA, V,=-1.55 V) the
dimer rows on every second terrace can be seen in the left image with a
45 degree orientation with respect to the image axes.
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The most important resultof this part of the study is, we have proven that the UHV
system is functionald and UHV-STM work. More over the Ge(001) surface
preparation procedure was developed from scratch in a newly constructed UHV

system.
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6. CONCLUSION AND FUTURE WORK

In this study first, the preparation method of moiré structures on HOPG surfaces
were developed under ambient conditions. We found an easy and repeatable
method to produce moiré structures by dropcasting cyclohexane on HOPG crystal.
Besides, dropcasting cyclohexane did not damage the rest of the crystal. We did
check the cyclohexane dropcasted surface with Raman spectroscopy for possible
intercalation. Raman signal due to the cyclohexane was not detected from the

surface.

After that, we continued with STM studies. Atomic resolution on moiré structures
were achieved. Observing the atomic resolution on moiré structures at high biases
was intriguing. Observing both triangular and hexagonal atomic structures on moiré
patterns with a stable tip might be the result of morphological structure of these

patterns.

By performing the bias depended poor man’s spectroscopy on moiré structures,
apparent corrugation change due to the tunneling junction bias was studied.
Therefore, we showed that these structures might have different electronic states.
Our contrast reversal data in comparison to a reported study supported our
statement. Moreover, apparent corrugation change of moiré structures was not
monotonic. Apparent corrugations were decreased with increasing absolute value of
tunnel junction bias and decreasing of the apparent corrugation was not always

linear. Oscillating behavior was observed on one of the moiré patterns.

Besides the experimental study on moiré structures, we did a collobarative work for
theoretical calculation of these structures. Our experimental results were supported

with theoretical study of Prof. Dr. Oguz Gulseren and Dr. Sener Sen.

STS was performed on super periodic structures as well as on HOPG surface.
LDOS/V curves were derived from measured I/V curves. We found that moiré
patterns were more metallic than HOPG due to the LDOS/V curves. This may be
the reason why STS measurements on moiré patterns are easier than on pristine
HOPG surfaces. We also observed shoulders on LDOS/V curves of moiré
structures, which indicate van Hove singularities. Calculated LDOS curves of these

structures were consistent with our experimental results.
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Our moiré study mainly shows that moiré structures have both electronic and
morphological origin. Although these structures show graphene like behavior, they

should be considered as different systems.

As we were aware of the difference of the HOPG crystals from different suppliers,
we wanted to study on them in detail. Studying on SHI irradiation of HOPG crystals
and comparing them was the continuing idea. We decided to irradiate moiré
surfaces to study on SHI irradiation defects on them. It was also an opportunity to
study on moiré structures from different point of view. Samples were prepared and
irradiated with 22U**" ions and studied with STM. Due to our STM measurements,
moiré structures were not disturbed by the irradiation and steadly stood on HOPG
surface. Although the defects were not uniform, we can safely state that formation
of these defects were different depending on different HOPG suppliers. Observed

defects on SPI-HOPG crystal were smaller than the defects on Goodfellow-HOPG.

Construction of the UHV system was a time consuming work in this thesis study. We
did design and construct a vibration isolation table for the system. We did construct
the UHV system on that table. Sample manipulator and other parts were modified to
heat the sample. Sample carrier was made to put spare samples into the UHV
chamber. For further studies, Pt evaporator was made on a feedthrough. All these
parts and UHV-STM were tested under UHV as we achieved pressures less than
5x107'° mbar. Ge(001) crystal was prepared under UHV conditions and dimer rows
were observed by UHV-STM. Observing dimer rows shows that UHV conditions
were achieved and sample preparation procedure was successfully developed

during this study under UHV conditions.

During this study several diferent physical systems were looked at and some requird
experimental procedures were developed. Consequently this work generated many

probable future study opportunities.

Moiré patterns will be studied with atomic force microscope (AFM) and kelvin probe
force microscope (KPFM) as a continuing study. dI/dV maps will be generated on

these structures under ambient conditions.

We will continue STM study of SHI irradiation defects on HOPG (SPI and
Goodfellow) and moiré structures. More defects will be observed to compare them
due to the crystals. Atomic resolution will be achieved on single defects. Single
defects will be searched on moiré structures. Atomic resolution will be achieved on
or around the defects on moiré structures. STS will be performed on and around the

defects especially on moiré patterns. In addition, we will investigate the defect
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formation on HOPG crystals that were irradiated with an angle. With this data we

intend to understand the defect formation in HOPG due to SHI irradiation.

Preperation procedure will be improved for Ge(001) surface. Ge dimers will be
observed by using STM. We will evaporate Pt on Ge(001) surface and we will
prepare metallic nanowires. We will do STM and STS study on the wires and we will

try atomic manipulation at room temperature.
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APPENDICES
APPENDIX A: Approach mechanism of UHV-STM
APPENDIX B: Theoretical study on moiré structures.

APPENDIX C: Height profiles of irradiation defects on HOPG and moiré structures.
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APPENDIX A
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Figure A.1 : Approach mechanism of UHV-STM. By using the rotational
feedthrough (a) worm gear (b) is rotated. Sample is approached by
rotated worm gear. (d) & (e) sample approached.
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APPENDIX B

Figure B.1 : Generation of moiré pattern (left). Generated moiré pattern, inset
image shows calculated charges for this pattern.

Figure B.2 : Calculated band structure of (a) m1n10 moire structure, (b) m1m12
moire structure with ab initio. Calculated band structure of (c) m1n11
moire structure (d) m1n7 moire structure between high symmetry
poins M and M'. (e) Band dispersion around high symmetry point K
for various systems which exhibits linear and second order behaviour.
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APPENDIX C
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Figure C.1 : Height profiles of irradiation defects on GF-HOPG. (a) triple defects (b)
single defect.
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Figure C.2 : Height profiles of irradiation defects on SPI-HOPG. The defects on
HOPG part were like triple defect on a line. It was not multiple
separated point defects but spreaded defect on a line. Unlike the
multiple defects on Goodfellow HOPG, the multiple defects on SPI
HOPG were ordered. The height of the multiple defects on SPI HOPG
was lower and width of them was wider. Still atomic resolution on or
around the defect was not observed.
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Figure C.3 : Height profiles of irradiation defects on moire structures on SPI-HOPG.
Unlikely the defect on HOPG part, the defect on moiré pattern was like
a line defect. It was not multiple separated point defects but spreaded
defect on a line. Clearly, the defect on moiré pattern was more narrow
and longer. Atomic resolution on or around the defect was not
observed. Still defect formations were different on moiré pattern and

HOPG.
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Figure C.4 : Height profile of single defects on SPI-HOPG. Atomic resolution on the
defect was observed on single irradiation defect on SPI-HOPG (left).
The apparentheight of this defect was measured as 77 pm. Apparent
height of the defect on the right was 130 pm and it was not possible to
achieve atomic resoluyion on the defect. It is possible that achieving
atomic resolution on or around the defect depends on the height of the

defect.
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Figure C.5 : Bias dependent height profile on single defect on SPI HOPG. Heights

of the defects decreace with increasing tip bias. Altough atomic
reconstruction were not observed on irradiated HOPG surfaces,
changing of the apparent heights of the defects show that irradiation
defects change the electronic properties of HOPG.
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