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Abstract

Growing transition metal oxides in the form of an ultrathin film can create new stoichiometries
and structures that do not exist naturally, which may open new perspectives on the studies of
oxide properties. This thesis focuses on the structural characterization of Nb, Ti, and V oxide
thin films on the Au(111) substrates using scanning tunneling microscopy (STM).

The work starts with ring patterns created by M-Au substitutions (M = Nb, Ti, V, Mn).
According to the rings’ radii and centers, we can conduct a three-dimensional (3D) mapping of
the substitutional sites. The ring's morphology is related to the curvature anisotropy of the Au
isoenergy surface in k-space.

Nb oxide has been studied most intensively in this project. Four structures of oxide monolayers
have been identified which are (i) NbOx cluster, (ii) NbOy triangle, (iii) pinwheel, and (iv) the
(2 x 2) Nb203 honeycomb (HC) structure. The pinwheel and honeycomb structures can form
free films on the surface or embedded monolayers on the second layer. Nb-induced rings act as
a precursor structure for an embedded monolayer.

Fourfold coordinated Nb atoms in Nb2Os HC appear much brighter in STM images. The actual
oxidation state of a fourfold coordinated Nb atom is between +4 and +5 due to the electron
transfer to Au. According to the contrast difference and coordination number, mapping the Nb
oxidation states with atomic resolution at room temperature can be realized. Besides, fourfold
coordinated Nb atoms are involved in point defects, edges, and domain boundaries. Discussions
on HC edges and defects are organized in two chapters. Comparative analysis between Nb2Os
and Ti>Os constitutes pivotal sections.

Triangles and pinwheels are common structures in 2D materials. Nb and Ti oxides can form
independently-standing triangles, and Nb/Ti/VV oxides can generate both free and embedded
pinwheel monolayers. A triangle building block model is proposed to elucidate the pinwheel
comprising various sizes of triangle elements. Besides, Nb/Ti oxide triangles/pinwheels can be
incorporated into HC monolayers by forming unique boundaries.
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Chapter 1 Introduction

Chapter 1  Introduction

1.1 Research background

Oxides play a significant role in materials science and have a wide range of applications in
various fields such as optoelectronics, magneto-electronics, catalysis, and sensing [1-5]. Over
the past decade, oxide thin films have attracted great research interest because they exhibit
unique characteristics and potential applications compared with traditional bulk oxides [6].
Surface characterization techniques such as electron-based microscopy and spectroscopy can
provide experimental details on atom configurations and electronic structures of the films.
Computational approaches such as density functional theory (DFT) [7-9] and molecular
dynamics (MD) simulation [10,11] offer supplementary information and can predict specific
properties. By combining appropriate characterization methods and theoretical calculations, we

can correlate the 2D structures to the properties and potential applications at the atomic level.

Nb, Ti, and V are three transition metal elements that sit closely in the periodic table and are
capable of multiple oxidation states. Their oxide phases have many applications, for example,
Nb2Os is well known as a catalyst promoter [12]; TiO2 show peculiar properties in
photocatalytic reactions [13]; V20s is used for fabricating photochromic composite films [14].
Research concerning Nb/Ti/V oxide thin films has been carried out on metal substrates. Many
new structures have been experimentally identified and theoretically simulated. But compared

with graphene, 2D metal oxide thin films have received less attention in recent years.

Therefore, we are excited to further explore Nb, Ti, and V oxide thin films on the Au(111)
substrates. This project focuses on the structural characterization of epitaxial oxide thin films
using scanning tunneling microscopy (STM). Theoretical support comes from our collaborators,

and hence the calculation details are not shown in this thesis. Nb has been most intensively
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Chapter 1 Introduction

studied in this project. Ti oxides are often used to compare with Nb oxides because there are a
number of commonalities between the two systems. Besides, the research work also involves
V, Mn, and their oxide phases. Some V/Mn results are presented within the main text, and the

other part that has not yet been well studied is put into the future work.

1.2 Outline of the thesis

The present study aims to provide structural information on Au-supported Nb/Ti/V oxide thin
films. The comparative analysis between different oxides reveals the intrinsic properties of

materials. This thesis is structured as follows:

Chapter 2 reviews three transition metal Nb/Ti/V oxides on noble metal substrates including
Au, Pt, Pd, and Rh. Honeycomb and pinwheel are two typical structures that can be seen in
many two-dimensional (2D) materials. The epitaxial oxide thin films in this study can form
these two structures under certain conditions and exhibit distinctive characteristics. Apart from
oxide thin films, reviews of honeycomb and pinwheel structures are extended to other 2D

materials such as graphene, silicene, and transition-metal dichalcogenide.

Chapter 3 introduces experimental techniques and image processing methods. The working
principle of the STM and the related quantum physics are emphasized. Besides, STM tip
making, materials selection, and general preparation procedures are briefly illustrated. Image
processing is critical for interpreting the STM images. We used SmartAlign to do image
averaging in order to improve the signal-to-noise ratio. The operating principle is described in

the subsection, and the mathematical support can be found in Appendix I.

Chapter 4 demonstrates how to achieve a 3D mapping of the impurity distribution below the
Au(111) surface based on ring patterns. The ring patterns are created by Nb, Ti, V, and Mn

atoms that substituted Au atoms before being oxidized. The STM results are of excellent quality,
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some of which can resolve Au atoms. We can precisely determine the radius and center of a
ring and thus deduce the buried site of the impurity atom. The ring patterns are not perfectly
circular as they possess three brighter corners. This can be explained by the curvature
anisotropy of the Au isoenergy surface in k-space. Compared with previous reports, our work
is more systematic and demanding as four metals are studied under room temperature. A paper

based on this chapter has been reviewed and is currently in the correction process.

Nb oxides have been systematically studied in this project, so the following chapters center
around their structural properties. First of all, Chapter 5 gives a general description of Nb oxides
on Au(111) that we have observed within the range of experimental conditions. Basically, Nb
oxide nanostructures on Au(111) include clusters, triangles, the pinwheel, and the most
thermodynamically stable honeycomb structures. A variety of Nb oxide clusters is presented in
a section, and parts of the work have been integrated into a research paper that is in preparation.
Nb oxide triangle and pinwheel structures have not yet been reported, a section gives a brief
introduction and our nomenclature for the triangles. The Nb2O3s honeycomb structure has been
identified and reported by our research group before, whereas many detailed features are worth
further study. The key features are indicated at the end of Chapter 5, and each will be separately

expanded in the following chapters.

Chapter 6 is mainly concerned with the fourfold coordinated Nb atoms. We often observed
protrusions with fourfold coordination and elevated brightness in the (2 x 2) Nb203 honeycomb
monolayers, especially at the defective sites. We attributed them to Nb cations with a higher
oxidation state and carried out the DFT simulation to confirm. In other words, simply by the
coordination number and contrast in the STM images, we are able to map the oxidation state of
Nb cations in the HC monolayers at the atomic level. Besides, we also demonstrate that these
fourfold coordinated Nb play an important role in defects and domain boundaries. The sections

in this chapter will be integrated into a research paper soon.

3



Chapter 1 Introduction

Chapter 7 and Chapter 8 focus on the features of honeycomb monolayers, including edge
structures, defects, and domain boundaries. Chapter 7 presents a number of reconstructed edges
with certain periodicities of the Nb>Os HC monolayers. Possible structural models are given
correspondingly based on the STM images. Ti2O3 HC exhibits distinct edge reconstruction with
a higher density of edge atoms. Discussions of point defects and line defects, namely the domain
boundaries, are written in Chapter 8. Two tetravacancies in Nb2Os HC are newly found and
have not yet been reported in other 2D materials. We summarize the structural solutions to four
different types of boundaries and show some rare results of triple junctions in the Nb,O3z HC
monolayers. The comparative analysis between two oxides with the same structure indicates
the effect of cation type. Combined with the theoretical calculations, which are currently with

our collaborators from Paris, these excellent results will be written in two papers.

Chapter 9 displays the experimental results of the triangle and pinwheel structures of Nb, Ti,
and V oxides. Without the support from theoretical simulations, the interpretation of the STM
images and the proposed structural models are tentative. We collected a full set of Nb/Ti single
triangles with sizes n ranging from one to ten. Therefore, we are able to propose a triangle
building block model to elucidate the structure of the pinwheel networks that comprise triangle
elements with various sizes. V oxide pinwheel is distinct and more complex than Nb/Ti. Neither
the triangle building block model nor the Moiré pattern model can well reproduce the atom
configurations revealed in the STM images. Except for the Ti oxide pinwheel structure, the
results present in this chapter have not yet been found in the previous reports. But careful

interpretation and theoretical support are required before writing up papers.

Chapter 10 summarizes the research work in this thesis and highlights the conclusions from
each chapter. In future work, we point out the major limitations in the present work and show
some preliminary results of VV oxides and Mn oxides on Au(111). These promising results

require further investigations and analysis in both experimental and theoretical aspects.
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Chapter 2 Literature Review

Chapter 2 Literature review

Oxides play a significant role in materials science because they have a wide application in many
fields such as inorganic pigments [15], optoelectronics [1], digital storage media[2],
electrochemical energy storage [16], heterogeneous catalysis [3,4], gas sensing [5] to name a
few. Oxide thin films have attracted significant research interest over many years because they
exhibit distinctive features and application potential compared with traditional bulk oxides [6].
An ultrathin oxide film consists of only a few monolayers (MLs) with a typical thickness of 1
~ 2 nm[17]. The term “monolayer” refers to a single, close-packed layer of atoms or
molecules [18] and is commonly used to describe the coverage of 2D materials. In the
oxide/metal substrate systems, it is well accepted to define ML with respect to the substrate [19].
Due to the ultrathin nature, new stoichiometries, structures, and peculiar properties can be

induced, which are rarely seen in the natural bulk oxides.

This chapter provides a brief review of three oxide thin films: Nb, Ti, and V oxides, as they are
the three materials that have been studied in this DPhil project. Oxide thin films are able to
exhibit a variety of structures, among which the honeycomb and the pinwheel structures are
commonly observed with distinct features. Therefore, these two structures will be discussed

and summarized in Section 2.2 and Section 2.3.

2.1 Oxide thin films

2.1.1 Nb oxides

Nb is an intriguing transition metal element and has a wide application in the forms of alloy
and oxides. Niobium alloys are commonly found in structural steels [20], superalloys [21], and

superconducting magnets [22]. Whereas Nb oxides exhibit peculiar properties in the catalytic
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process [23]. As a catalyst promoter or catalyst support, niobium oxide (e.g., Nb2Os) can
remarkably enhance the catalytic activity and prolong the catalyst life [12]. Due to the electron
configuration of Nb atom ([Kr] 4d*5s'), niobium oxides are reducible with a wide range of
stoichiometries and oxidation states (up to +5) [24]. The molecular structures of surface
niobium oxides have been investigated on Al>Os, TiO2, ZrO2, MgO, and SiO2 supports with
Raman spectroscopy [25]. Studies of niobium oxides have also been carried out on noble metal

substrates such as Pt [26], Cu [24], Au [27], and CuszAu [28].

Xie et al. studied niobium thin films on the Pt(111) substrates using electron spectroscopic
techniques. They found that the Pt-supported Nb oxide thin films could form an epitaxial
monolayer composed of NbO, NbOz, and Nb20s. The Nb2Os thin films on Pt(111) have a
similar electronic structure but different surface periodicity compared with the bulk counterpart.
The low electron energy diffraction (LEED) pattern showed that Nb,Os formed a (1 x 1)
hexagonal lattice with respect to the Pt(111) when the thickness reached two monolayers [26].
Nakayama and co-workers investigated NbxOy clusters on the Cu(111) substrates [24]. They
used a dc magnetron sputtering to fabricate the NbxOy clusters, thus producing various sizes
and stoichiometries such as Nb3O7, NbsO19, and the reduced counterparts Nb3Os, NbsO-. It was
shown that the oxide clusters had an average radius of 3 A at a coverage of 0.13-0.3 ML on
Cu(111). Therefore, they were insufficient to form thin films without any post-treatment [24].

Unfortunately, there had been no microscopic studies of niobium oxide thin films on Pt or Cu.

Wang et al. studied the niobium oxide submonolayers on the Au(111) substrates using STM. It
has been demonstrated that a rumpled (2 x 2) Nb2O3s honeycomb structure can be formed on
Au(111), as shown in Figure 2-1. Nb atoms sit at the threefold hollow sites of the Au(111)
surface, and O atoms locate on the top of Au atoms. The O layer is above the Nb layer by 0.93

A to release the compressive stress due to the lattice mismatch. Besides, DFT calculation shows
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that the film has a large electron transfer from Nb to Au (1.28e per Nb2O3), which means the

oxidation state of the Nb atoms in an Au-supported Nb2Oz thin film is higher than +3.

Figure 2-1 STM images of the (2 x 2) Nb20s honeycomb structure on the Au(111) substrates.
(@) — (e) show the thin film by increasing the coverage. (f) LEED pattern of the (2 x 2) Nb2O3
honeycomb structure on the Au(111). Image width: (a) 21 nm; (b) 27 nm; (c) 24.7 nm; (d)
24 nm; (e) 30 nm. STM images were taken at Vs =0.4 -1V, It =0.16 — 0.26 nA [27].

Interfacial
O-layer (1)

': :' °: :' * Nb-layer

Q
": Terminating

Structure 1: AAA Structure 2: ABB Structure 3: ABC Structure 4: ABA

Figure 2-2 STM images of Nb2Os thin films on the CuzAu(100). (a) Hexagonal structure with
a few vacancies (15 nm x 15 nm). (b) Two domains rotated by 90°. (40 nm x 40 nm) Imaging
condition: Vs = 1.4V, It = 1.0 nA (c) Four proposed structural models for the stacking sequence
of Nb20s with O-Nb-O triple layers [28].

Apart from pure noble metal substrates, an alloy of noble metals can also be used as a substrate

for epitaxial growth of Nb oxide thin film. Starr et al. reported that Nb>Os film exhibited a
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hexagonal symmetry on the CusAu(100) substrate when it covered the entire surface, as shown
in Figure 2-2. Four structural models were proposed for the Nb.Os film with different registries
in the stacking sequences. However, unlike the Nb atoms forming the honeycomb lattice in
Figure 2-1(a) — (d), the protrusions in the STM images in Figure 2-2(b) were not attributed to

Nb atoms but the bridge sites between two “open” Nb atoms with unoccupied d-states.

2.1.2 Tioxides

Nanostructured Titania (TiO2) has attracted much research interest due to its peculiar properties
in photocatalytic reactions [13], solar cells [29], and hydrogen sensors [30]. In particular, the
catalytic effect of Pt on CO hydrogenation can be significantly enhanced when it is dispersed
on TiO> supports due to the strong metal support interaction (SMSI) [31]. The well-known
SMSI has been intensively studied through inverse models, namely oxides supported on metal
substrates [32]. Such systems can provide more ordered structures and make the application of
surface characterization techniques more convenient and efficient. For instance, titanium oxide
thin films grown on noble metal substrates have been one of the best-characterized model
systems in surface science [33]. This section will give a short review of the Ti oxide thin films

on Pt [33-39], Pd [40], Ag [41], and Au [42,43] substrates.

Figure 2-3 STM images of (a) (4 X 3\/§)R60° TiO2 thin film on Pt(100) (21.5 nm x 21.5 nm,
Vs=0.18 V, It =0.36 nA) [35]. The parallelogram superimposed on the image indicates the unit
cell. (b) 1 ML-equivalent TiO> ultrathin film on (1 x 2)-Pt(110) (20.1 nm x 20.1 nm, Vs = 1.9
V, It = 2.3 nA) [38]. (c) The rect-TiO2 phase on Pt(111) (11.1 nm x 11.1 nm, Vs =08V, Iy =
0.9nA). The inset shows the structure at atomic resolution [36]. (d) TiO2 monolayer on Ag(100)
(6.3nm x 6.3 nm, Vs =0.12 V, It = 0.2 nA) [41].
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Ti oxide thin films exhibit a variety of structures depending on the metal substrates, film
thickness, and growth condition. Matsumoto et al. investigated Ti oxides on Pt(100) using two
synthesis methods [35]. They obtained a flat Ti2O3 layer with a (3 x 5) periodicity by oxidizing
a PtsTi alloy in ozone, and a TiO2 layer with (4 x 3x/§)R60° periodicity using reactive
deposition in oxygen [Figure 2-3(a)]. Figure 2-3(b) shows a STM image of 1 ML-equivalent
TiO2 on the (1 x 2)-Pt(110) reconstructed surface. The morphology of the epitaxial films gives
rise to a (14 x 4) coincidence superstructure [34,38]. Besides, TiO thin film with a rectangular
phase (rect-TiO2) can also be obtained on Pt(111) by a large deposition amount (> 0.8 ML) in
high-pressure oxygen (> 10 Pa). As shown in Figure 2-3(c), the size of the unit cell is 3.8 A x
3 A, but the axes of the rectangular structure are not aligned with the principal directions of
Pt(111) with a tilting angle of 8.3° [33,36]. Andrea and co-workers studied Ti oxides on Ag(100)
and provided the STM image in Figure 2-3(d). Combining with the DFT calculations, they
reported that the Ag-supported TiO2 with a lepidocrocite-like structure was more stable than

other structures derived from crystallographic planes of bulk TiO. phases [41].

N
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Figure 2-4 STM images of (a) TiOx, X ~ 0.75 on Pd(100) (40.6 nm x 40.6 nm). The inset shows
the (3 x 5) unit cell [40]. (b) TiOx, x <2 on Pd(111) (21.7 nm x 21.7 nm) [40]. (c) z-TiOx phase
on Pt(111) (6 nm x 6 nm, Vs = 0.1 V, It = 1.5 nA); (d) z’-TiOx phase on Pt(111) (9 nm x 9 nm,
Vs=0.8V, lt=1.5nA[33].

In contrast to the simple parallelogram or rectangular unit, the partially oxidized TiOx (x ~ 0.75)
on Pd(100) exhibits a (3 x 5) periodicity with a zigzag pattern [40]. The inset in Figure 2-4(a)
indicates the unit cell where a trench can be seen every three rows. Protrusions in the rows were

attributed to Ti atoms with a close-packed arrangement. Interestingly, the structure of the
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partially oxidized TiOx (x < 2) layers on Pd(111) resembles that on Pd(100), but it only consists
of two Ti rows in the zigzag pattern [Figure 2-4(b)]. The zigzag motifs of partially oxidized
TiOx thin film have also been observed on Pt(111). Sedona et al. reported two dense phases of
TiOxat a coverage of 0.8 ML on Pt(111) and denoted them as z-TiOx and z’-TiOx [Figure 2-4(c),

(d)]. z’-TiOx can be transformed from the z-TiOx phase in a reduced environment [33].

Figure 2-5 STM images of (a) k-TiOx phase on Pt(111) (3 nm x 3 nm, Vs =-0.4 V, I = 1.06
nA) [33]. (b) (2 x 2) Ti203 honeycomb structure on Au(111) (7.8 nm x 7.8 nm, Vs =0.98 V, I
=0.2nA) [42]. (c) w’-TiOx phase on Pt(111) (12.6 nm x 12.6 nm, Vs =0.2 V, It = 1.0 nA) [33].
(d) Ti oxide pinwheel structure on Au(111) (8.9 nm x 8.9 nm, Vs = 0.1V, It = 1.5 nA) [43].

TiOx on Pt(111) at low coverages (i.e., 0.4 ML) gives rise to a Kagomé-like phase (k-TiOy).
The STM image in Figure 2-5(a) was obtained at a negative sample bias and the protrusions are
therefore attributed to oxygen atoms [33]. Combining the STM results with the LEED pattern,
it is straightforward to construct the structural model, as indicated by blue (Ti) and red (O) balls
on the image, and determine the stoichiometry of Ti>Oz. The hexagonal superstructure of Ti.O3
has been found on Au(111) as well. Wu et al. reported the (2 x 2) Ti2Oz on Au(111) using the
term honeycomb structure, as the STM image in Figure 2-5(b) was obtained at a positive bias
showing the Ti configuration [42]. The periodicities of Ti2Os monolayers epitaxially grown on
Au(111) and Pt(111) are approximate (~ 6 A) due to the close lattice constants of the substrate
surface unit cells (aa, = 2.87 A, ap; = 2.77 &). Moreover, Ti oxide thin films with "wagon
wheel” or “pinwheel” structures have been found on Pt(111) as well as Au(111) [Figure 2-5(c),
(d)] [33,42,43]. The pinwheel structure is common in 2D thin films. A detailed discussion can
be seen in Section 2.3.

10
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2.1.3 V oxides

It is well-known that vanadium has several stable oxidation states (+2, +3, +4, and +5), each of
which corresponds to a specific color in solution (purple, green, blue, and yellow) [44]. The
conversion between vanadium compounds with different oxidation states and stoichiometries
is relatively easy to realize through redox reactions. For example, V205 photochromism can be
generated by photo-reduction of VV°* with a visible laser light, which results in the yellow V205
turning into blue-black [45]. Besides, vanadium oxides exhibit peculiar electronic, magnetic,
and catalytic properties due to multiple oxidation states and easy transition. VO2 and V203 are
potential materials for developing high-speed electronics. V3Os calls attention due to the anti-
ferromagnetic-paramagnetic transition at 75 K upon heating. Monoclinic VO and the layered

V205, V307, V409, and VeO13 can be used to fabricate cathodes of lithium-ion batteries [46].

In the 2D regime, vanadium oxide thin films have been grown on a wide range of substrates,
including oxide supports (e.g., Al.Oz, TiO2, SiOy, etc.) [47] and noble metals. Netzer’s group
has intensively studied vanadium oxides on Pd and Rh substrates. Various structures have been
characterized by STM images and LEED patterns, with oxidation states and stoichiometries
determined by high-resolution electron energy loss spectroscopy (HREELS) and DFT structural
models. A brief review of VOx thin films on Au [48-53], CusAu [54], Pd [32,55,64,56-63], and

Rh [60,62,65-71] regarding the structural properties will be presented as follows.

VOx on Au(111) and CusAu(100)

Lewis et al. were the first to study vanadium oxide on Au(111) using LEED and Auger electron
spectroscopy (AES). As the results showed a (v3 x v/3)R30° pattern and +3 oxidation state
for all coverages on the substrate, they concluded that both monolayer and multilayers of V
oxide were attributed to the (0001) face of V203 corundum structure [48]. Guimond and co-

workers used a dedicated high-pressure cell to carry “in-situ” oxidation in 50 mbar Oz on
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Au(111), which directly oxidized vanadium to high oxidation states. They found that the oxide

thin films altered the stripe structures with the coverage, as shown in Figure 2-6 [50,51].

Figure 2-6 STM images of V oxide (V20y, y = 5) thin films on Au(111) with different coverage.
(@ 0.26 ML (8 nm x 8 nm, Vs =2.5V, It=0.2 nA). (b) 0.52 ML, two stripe structures coexisted
in the layer (35 nm x 35nm, Vs =2.0V, It =0.2 nA). (c) 1.04 ML (8 nm x 8 nm, Vs =2.0 V, |;
=0.2nA). (d) 1.56 ML, V6013(001)-like film (90 nm x 90 nm, Vs =3.0 V, It = 0.2 nA) [51].

Romanyshyn et al. [49] provided the STM images of the V203(0001) with (v/3 x v3)R30°
superstructure on Au(111) and assumed the surface was vanadyl terminated [Figure 2-7 (a),
(b)]. The hexagonal V203(0001) monolayer has also been observed on CuzAu(100). The STM
result and the schematic of the structure model are displayed in Figure 2-7(c) and (d). It is found

that the oxygen, which is marked in the large grey dot in the model, occupies the pseudo bridge

location and can stabilize the unstable polar surface of VV203(0001) [54].

® O vanadium

( oxygcno

Figure 2-7 (a) STM image (18 nm x 18 nm, Vs =-1.5V, 1t =0.2 nA) and (b) the structural model
of the vanadyl-terminated V,03(0001) on Au(111) (green balls: V; red balls: 1%-layer surface
0) [49]. (c) STM image (3 nm x 3 nm) and (d) schematic of V203(0001) on CusAu(100) [54].

VOx on Pd(111)

Vanadium oxide thin films on Pd(111) have been thoroughly studied by Surnev et al. from
Netzer’s group in terms of the growth behaviors and the atomic structures with increasing the
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coverage [32,55,56,58]. In the initial stage, V oxide formed a porous network that preferentially
grew from the substrate steps [Figure 2-8(a)]. Later, an intermediate phase with quasi-ordered
and non-periodic ring arrangements [Figure 2-8(b)] was observed prior to a well-ordered (4 x
4) monolayer [Figure 2-8(c) and Figure 2-9(a)]. By exposing to H. at room temperature, the
reactive (4 x 4) phase can be transformed into a porous structure with an internal (2 x 2)
periodicity. Further annealing of the (2 x 2) phase leads to a (2 x 2) s-V203 honeycomb structure.
Figure 2-8(d) shows a large (2 x 2) s-V203 honeycomb monolayer with domain boundaries

indicated by white arrows, and the atomically-resolved STM image can be seen in Figure 2-9(b).

Figure 2-8 STM images of V oxides on Pd(111). (a) 0.1 ML, a porous V oxide network (45 nm
x 45 nm, Vs =-1.03 V, I = 0.46 nA) [61]. (b) 0.2 ML, coexistence of quasi-ordered and non-
periodic phases (21 nm x 21 nm, Vs =-1.05V, It = 0.46 nA) [61]. (c) 0.3 ML, (4 x 4) phase (85
nm x 85 nm, Vs = 1.5V, It = 0.03 nA) [55]. (d) 0.25 ML (2 x 2) s-V.03 honeycomb structure
with domain boundaries indicated by white arrows (15 nm x 15nm, Vs=0.1V, It =1.0 nA) [58].

Figure 2-9 Atomically-resolved STM images of (a) (4 x 4) phase (7.6 nm x 7.6 nm, Vs =-1.0
V, It = 0.46 nA); inset: simulated STM image [61]. (b) (2 x 2) phase (6.5 nm x 6.5 nm, Vs =
0.05V, It=1.0 nA) [58]. (c) Top and (d) side view of the (2 x 2) s-V203 honeycomb structural
model [55].

The structural model of the (2 x 2) s-V203 honeycomb on Pd(111) [Figure 2-9(c), (d)] is
consistent with the (2 x 2) Nb2O3z on Au(111), (2 x 2) Ti.O3 on Pt(111) and Au(111). Besides,
V oxides can also form a wagon wheel structure on Pd(111) that coexisted with the V.03

13



Chapter 2 Literature Review

honeycomb [Figure 2-10(a), (b)], and a zigzag stripe pattern that was transformed from the

V203 honeycomb structure by annealing at 300°C [Figure 2-10(c), (d)].

Figure 2-10 STM images of V oxide thin films on Pd(111). (a) Coexistence of the (2 x 2) s-
V203 honeycomb structure and wagon wheel structure (29 nm x 29 nm, Vs = 2.0 V, It = 0.6
nA) [58]. (b) Atomically-resolved wagon wheel structure with a VO stoichiometry (6.5 nm x
6.5nm, Vs =0.1V, It =1.0nA) [57]. (c) 0.5 ML, (2 x 2) s-V203 and a zigzag stripe structure
(40 nm x40 nm, Vs =2.0 V, It = 0.1 nA). (d) Close-up of the zigzag stripe structure in the white
box in (c) (10.5 nm x 10.5 nm, Vs = 1.5V, It = 0.1 nA) [55].

When the film coverage is above 1 ML, several phases can coexist on the Pd(111) substrate.
Figure 2-11(a) shows a rectangular V oxide phase that possesses a VO2 stoichiometry. A new
zigzag structure that differs from the zigzag stripe pattern can be seen in Figure 2-11(b). Two
V oxide thin films with hexagonal periodicities (1 x 1) and (2 x 2) were observed and attributed
to VO2 and VeO11 [Figure 2-11(c)]. A bulk-type V203(0001) termination [Figure 2-11(d)],

which has the same structure as that on Au(111) [Figure 2-7(a)], was obtained at high coverages.

Figure 2-11 STM images of V oxide thin films on Pd(111) above 1 ML. (a) Rectangular V
oxide phase (VO3-rect) (20 nm x 20 nm, Vs = 0.25 V, It = 0.5 nA); inset: atomically-resolved
VOz-rect with the unit cell indicated (4.4 nm x 4.4 nm, Vs = 0.5 V, It = 0.5 nA) [55]. (b)
coexistence of s-V203 honeycomb and a new zigzag structure (8.8 nm x 8.8 nm, Vs =0.1 V, I
= 1.0 nA); inset: atomically-resolved zigzag structure with unit cell indicated (7 nm x 7 nm, Vs
=1.75 V). (c) 1.3 ML, coexistence of the VO.-rect, (2 x 2) s-V203 honeycomb, and VO2-hex
phases (20 nm x 20 nm, Vs = 0.7 V, It = 1.0 nA); inset: simulated STM image of a V¢O11 layer.
(d) 3ML, bulk-type V203(0001) (9.7 nm x 9.7 nm, Vs =-0.3 V, It = 0.1 nA); inset: structural
model of V203 with the O-V-03 termination [56].
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VOx on Rh(111)

Schoiswohl et al. from Netzer’s group studied V oxide thin films on Rh(111) using the same
strategies as Surnev did. Overall, there are a lot of similarities between V oxides on Rh(111)
and on Pd(111). A variety of structures have been characterized by altering the vanadium
coverage and preparation conditions. The bulk-type V.03(0001) termination with hexagonal
periodicity can always be observed in the high-coverage regime. Nevertheless, in the low-
coverage regime, some unique structures were found on Rh(111) and not observed on Pd(111),

indicating that the substrate metal can strongly affect the thin film structure.

Figure 2-12 (a) STM images of 0.01 ML V oxide on Rh(111) showing star-like clusters (40 nm
x40 nm, Vs = 2.0 V, It = 0.2 nA); inset: close-up of the clusters (6.3 nm x 6.3 nm, Vs =0.5V,
It = 0.1 nA). (b) High-resolution STM image of the star-like cluster (6.3 nm x 6.3 nm, Vs =0.5
V, It=0.1 nA). (c) DFT derived model of the planar VsO12 cluster on Rh(111) (green balls: V;
red balls: O; gray balls: Rh) [60].

In contrast to the porous V oxide network on Pd(111), V oxides emerged as star-like clusters
on Rh(111) at the very beginning (Figure 2-12). DFT calculations suggested a structural model
that resembles the hexagon unit in the (2 x 2) s-V203 honeycomb lattice with the stoichiometry
of V6012 [60]. With increasing the coverage, two ordered phases were identified from the STM

images (Figure 2-13), which were denoted as (V7 X v7)R19.1° and (v13 x v13)R13.8° with

vanadium oxidation state approximated to +5. The STM image of (v/7 x ¥7)R19.1° in Figure
2-13(c) is visually similar to Figure 2-5(a) which shows k-TiOx on Pt(111). However, it should
be noted that Figure 2-5(a) was obtained at a negative sample bias so the protrusions were

attributed to O atoms. While Figure 2-13(c) shows the empty-state STM image so the
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protrusions were due to V atoms. The HREELS results and DFT calculations revealed a

stoichiometry of V309 with V oxidation state approximated to +5. A pyramidal O4V=0 unit

can be seen as a building block for the (\/7 X \/7)R19.1° monolayer [Figure 2-14(a) — (c)].

Figure 2-13 STM images of V oxide thin films on Rh(111) showing two ordered structures. (a)
Coexistence of (V7 x v7)R19.1° and (V13 x V13)R13.8° with the (2 x 1)-O-covered Rh
substrate (50 nm x 50 nm, Vs = 1.5V, It = 0.2 nA; inset: 5nm x 5nm, Vs = 0.4 V, It = 0.1 nA).
(b) Close-up of the coexistence region (10 nm x 10 nm, Vs =0.69 V, 1t=0.1 nA). (c) Atomically-
resolved (V7 X v7)R19.1° structure (5 nm x 5 nm, Vs = 0.75 V, I = 0.2 nA). (d) Atomically-

resolved (V13 x v13)R13.8° structure (5 nm x 5 nm, Vs =-1.0 V, I = 0.4 nA) [70].
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Figure 2-14 (a) Top and (b) side view of the structural model of the (\/7 X \/7)R19.1° phase
with the stoichiometry of V30q. (c) A detailed view of the pyramidal O4V=0 unit [67]. (d)
Growth sequence of the V oxide thin films on Rh(111) [70].

Figure 2-14(d) is a diagram demonstrating the growth sequence of V oxide thin films on Rh(111)
with increasing coverage. An “oblique” structure and Moiré patterns were found at 0.7 ML
[Figure 2-15(a)]. The wagon wheel structure and the hex-VO2 with a (2 x 2) periodicity were
observed on both Pd(111) [Figure 2-10(a), Figure 2-11(c)] and Rh(111) [Figure 2-15 (b), (c)].
Again, the bulk-type V203(0001) termination was detected by STM when the oxide thin film

was of multiple layers [Figure 2-15(d)].
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Figure 2-15 STM images of V oxide thin films on Rh(111) showing various structures by
increasing the film coverage. (a) 0.7 ML, the “oblique” structure (14 nm % 14 nm, Vs = 2.0 V,
It = 0.1 nA); inset: two possible unit cells (5 nm x5 nm, Vs =15V, It =0.1 nA). (b) 0.7 ML,
the parallelogram indicated the unit cell of the Moiré superstructure (28 nm x 28 nm, Vs = 1.75
V, It = 0.05 nA); inset: atomically-resolved STM image showing the unit cell of the hex-VO;
(5nmx5nm, Vs =0.025V, It = 1.5 nA). (c) 1.0 ML, coexistence of the wagon wheel, (2 x 2),
(V3 x v/3)R30°, and the Moiré pattern (19 nm x 19 nm, Vs = 1.8 V, I = 0.1 nA). (d) 10 ML,
hexagonal bulk V203(0001) surface (8.8 nm x 8.8 nm, Vs = 1.25 V, I =0.25 nA) [70].
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Figure 2-16 (a) Vanadium oxide monolayer structures on Rh(111) and corresponding unit cell
stoichiometries under different oxygen chemical potentials po. STM images of (b) (5 x 5) phase

(3.6 nm x 3.6 nm, Vs = 2.0V, It =0.02 nA). (c) (5 x 3v3) phase (3.0 nm x 3.0 nm, Vs =2.0 V,
It=0.1nA). (d) (9 x 9) phase (5.7 nm x 5.7 nm, Vs =2.0 V, It = 0.1 nA). The insets are DFT
simulated STM images. (e) Wagon wheel phase (7.5 nm x 7.5 nm, Vs =2.0 V, It = 0.1 nA) [69].

Schoiswohl and Surnev et al. also investigated the V oxide monolayers as a function of oxygen
chemical potentials po and demonstrated a simplified “phase diagram” [Figure 2-16(a)]. Note
that there is an error in the unit cell content: the (v/7 x +/7)R19.1° phase should correspond to
a V30g stoichiometry, while V¢O12 is the stoichiometry of the star-like cluster. With decreasing
1o, which was realized by annealing in an ultra-high vacuum (UHV) environment or exposure
to Hy, the (5 x 5) phase with a V11023 unit cell, the (5 X 3\/§) phase with a V13021 unit cell,

and the (9 x 9) phase with a V11023 unit cell have been identified in sequence [Figure 2-16(b)
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— (d)]. Finally, at a relatively low oxygen chemical potential, the wagon wheel structure with
the /O ratio of 1:1 was observed. This wagon wheel structure on Rh(111) is similar to that on

Pd(111) [Figure 2-10(b)] and will be further discussed in Section 2.3.

2.2 2D materials with a honeycomb structure

2D materials with a honeycomb structure have attracted considerable research interest due to
their unique electronic, optical, electrochemical and mechanical properties [72]. 2004 marked
the year of the 2D honeycomb materials when Novoselov and Geim successfully extracted
graphene from bulk graphite [73]. Since then, graphene and graphene-like materials such as
silicene, germanene, hexagonal boron nitride (h-BN), transition metal oxides, and transition
metal dichalcogenides (TMDs) have been intensively studied. Unlike graphene with a perfectly
flat structure due to the sp-hybridization, many graphene-like materials adopt a buckled

honeycomb structure and therefore exhibit versatile electronic and magnetic properties [74,75].

It is unavoidable to generate defects in the honeycomb monolayer during the material synthesis
process. Many theoretical and experimental studies have been performed on point defects, grain
boundaries, and edge structures which can strongly affect the material properties. On the other
hand, the properties of the 2D materials can be manipulated by defect engineering or edge
functionalization, showing great potential for nanoelectronics [76,77]. A set of models for
defect structures in graphene have been proposed and used as references for other 2D materials
with a honeycomb lattice. This section will discuss point defects first, then move on to line
defects including the grain/domain boundaries and edge structures. The elucidation of relevant
features will be helpful for discussions of Nb2Os and Ti2O3 honeycomb structures in Chapter 7

and Chapter 8.
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2.2.1 Point defects

(@)

Figure 2-17 Structural models for (a) a single vacancy; (b) unreconstructed double vacancy; (c)
divacancy defect 5-8-5; (d) Stone-Wales (SW) defect; (e) Divacancy defect 555-777 [78].

A point defect in a honeycomb monolayer does not literately mean a single point but a small
defective area without a specific extended direction. Such area is originated from vacancies and
can be either unreconstructed or reconstructed. The simplest point defect is a single vacancy,
forming by losing one atom in the lattice, as shown in Figure 2-17(a). Divacancy (DV) means
two lattice atoms are missing with double holes created [Figure 2-17(b)]. It has been proved
that a divacancy intends to reconstruct and form non-hexagonal rings, such as 5-8-5 and 555-
777 [Figure 2-17(c), (e)], so-called divacancy defects [79]. In contrast, no atom is lost in the
Stone-Wales (SW) defect in Figure 2-17(d), but a pair of adjacent atoms rotates by 90° and re-
connects to the surrounding lattice atoms, thus creating two pentagons and two heptagons [80].
Theoretical calculations have predicted that the formation energy of a SW defect is ~ 5 eV,

which means that it is hard to form at room temperature without any treatment [81].

o
4

Figure 2-18 (a) TEM image and (b) structural model of a defect domain in graphene [79]. (c)
TEM image and structural models of defect domains of a silica honeycomb monolayer [82].

Although many theoretical works have been conducted on the defect structures [83-85],
experimental works such as imaging the defects at the atomic scale are still challenging.
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Hashimoto et al. were the first to report direct evidence for defect formation in graphene by
high-resolution transmission electron microscopy (TEM) [Figure 2-18(a)]. They attributed the
formation to a knock-on atom displacement induced by the high-energy electron beam [79].
Meyer et al. pointed out that the acceleration voltage in TEM was crucial for the stability of
defects. They used aberration-correction TEM under 80 kV and obtained atomically-resolved

TEM images of the SW and DV defects (Figure 2-19) [86].

-
o

Figure 2-19 Structural models and TEM images of (a) DV 5-8-5; (b) DV 555-777; (c) DV 5555-
6-7777 [87]; (d) a half-reconstructed divacancy defect [86].
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Figure 2-20 DV 555-777 in TioOs HC monolayer. (a) Experimental STM image (Vs =1.0 V, |;
= 0.2 nA). (b) Simulated STM image. (c) The corresponding model showing the atomic
arrangement of Ti (dark blue) and O (red) atoms. (d) Schematic drawing showing the calculated
bond lengths (red and yellow: length increased; blue: length decreased) [88].

Experimental works on point defects of the graphene-like materials can also be seen in h-
BN [89], silica on Ru(0001) [Figure 2-18(c)] [82], and Ti.O3 honeycomb on Au(111) (Figure

2-20) [88]. Since these materials contain two elements in the thin films, the defect structures
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and atom arrangement can be much more complicated than in the basal honeycomb plane. It is
generally accepted that the defective sites are more chemically reactive than the pristine
lattice [90]. However, Xin et al. claimed that the central C-C bond of the SW defect in a carbon
nanotube was chemically less reactive [91]. Besides, the point defects can affect the mechanical
properties of the thin films. It has been reported that the Young’s modulus and the failure

strength are decreased due to point defects [78].

2.2.2 Line defects
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Figure 2-21 (a) Structural models for extended line defect derived from arrays of the divacancy
defect 5-8-5. (b) Simulated STM image of extended 5-8-5 line defect [90].

A boundary in a honeycomb lattice is constructed by an agglomeration of multiple-membered
rings that extend along a linear path, as shown in Figure 2-21. It can be further categorized into
grain boundary (GB) and domain boundary (DB) according to the crystallographic orientation
of two lattices separated by the boundary gap. The grain boundary can be found at the interfaces
between two lattices with different crystallographic orientations [92]. GB is generally used in
graphene studies and is formed by two graphene sheets with a small tilting angle. Domain
boundary can be seen as a unique type of GB where the tilting angle is zero. DB is usually
applied to 2D materials supported on a substrate which may strongly affect the film growth and
confine the crystallographic orientation of domains. In addition, it is common to see the term
phase boundary in 3D bulk materials which describes the interface between two domains with
different crystal structures. The phase boundary is not reviewed in this section, but similar
concepts will appear in the discussion of the junctions between Nb/Ti oxide pinwheel and

honeycomb monolayers which are named H-T boundary and H-P boundary, respectively.
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Figure 2-22 (a) STEM image of graphene sheet with a grain boundary. (b) A superimposed
boundary model on the STEM image [93]. (c) STM image of h-BN on the Cu(111) substrate
showing a 57-grain boundary with the model superimposed on the image. (d) Three possible
models for the 57-boundary of a h-BN honeycomb monolayer [94].

GBs or DBs in honeycomb monolayers can be either periodic or non-periodic. Periodic
boundaries are formed by an array of multiple-membered rings with repetitive units such as 57
(pentagon-heptagon), 48 (square-octagon), and 585 (pentagon-octagon-pentagon). Non-
periodic boundaries do not show a periodicity along the extending direction. Figure 2-22(a), (b)
show a scanning transmission electron microscopy (STEM) image of a graphene sheet with a
57-grain boundary. Figure 2-22(c) is a STM image of a 57-boundary in a h-BN monolayer on
Cu(111) with three possible structural models in Figure 2-22(d). Yazyev et al. introduced a
general approach to denote the boundary in graphene by arbitrary Burgers vectors, which can

sort out various ring combinations and describe the misorientation angles [85].

It is predicted that the aperiodicity of the boundaries could severely weaken the mechanical
strength of graphene [93,95,96]. Regarding the electronic properties, researchers have different
views on the boundary effect. Huang et al. proved that GBs could hardly influence graphene’s
electrical properties using electrostatic force microscopy (AC-EFM) [93]. Lahiri et al. found
that the GB with a well-defined atomic structure in graphene was like a quasi-one-dimensional
(1D) metallic wire, showing great potential for graphene-based electronics [97]. In contrast,

Kim et al. reported that the electronic mobility was reduced in low-quality graphene [98].

The substrate plays a critical role in film growth and boundary formation. Figure 2-23(a) — (c)

show the boundaries of graphene grown on the SiO2[99], SiC (0001)[100], and the
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Ni(111) [97] substrates, respectively. The boundary may evolve into a ridge structure, as shown

in Figure 2-23(d), which can be detrimental to the mechanical strength [97,99,101].

Figure 2-23 STM image showing a grain boundary in graphene on (a) SiO substrate [99]; (b)
SiC(0001) substrate [100]; (c) Ni(111) substrate. (d) Schematic drawing of the ridge structure
due to the domain boundary in the graphene grown on Ni(111) [97].

Similar to point defects, there are also many experimental studies and theoretical predictions
on the line defects of graphene-like materials such as h-BN [94,102,103], silica [82,104-106],
silicene [107], metal disulfides MS> [108], and metal oxides [58]. Figure 2-24(a) shows the
STM images of the 48-DB in silica on Mo(112). Figure 2-24(b) demonstrates the structural
model of pristine silica. Figure 2-24(c) shows DBs in silicene with a unique pattern. The bright
protrusions where the boundaries locate could be depressions when using a different sample
bias [107]. Interestingly, it was predicted that the misalignment of two domains of metal

disulfides MS; gave rise to three-dimensional atom stacking, as shown in Figure 2-24(d) [108].

Figure 2-24 (a) STM image showing a 48 domain boundary of silica on the Mo(112) substrate.
Inset: a close-up of the 48 domain boundary. (b) Structural model of a monolayer silica film on
Mo(112) [82,104-106]; (c) STM image showing domain boundaries of silicene on Ag(111) (Vs
=175V, It = 1.0 nA) [107]. (d) Possible structural models for grain boundaries of metal
disulfides MS, (M = Mo or W). The 48-grain boundary can be extended in the third direction,
forming concave dreidel-shaped polyhedra [108].
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2.2.3 Edge structure and edge reconstruction

If a pristine honeycomb lattice is cut along the direction that only breaks bonds between two
atoms, the edge can be either zigzag (ZZ)- or armchair (AC)-terminated, as shown in Figure
2-25. A periodic edge with an array of single atoms extending from a ZZ edge is called Klein

edge [109,110]. A chiral edge refers to a mixed edge with an intermediate orientation [111].

Armchair

Klein

Figure 2-25 Schematic diagram of ZZ, AC, and Klein edge by cutting along specific directions

The edge structure of graphene has been theoretically and experimentally studied [75,112]. It
is predicted that for a freestanding graphene sheet, the pristine zigzag edge possesses electronic
edge states due to the unpaired electrons (dangling bonds), while the armchair edge has no edge
state as the atoms can form stable C = C triple bonds [113]. Therefore, the pristine zigzag edge
is metastable and can undergo edge reconstruction or self-passivation even at room temperature.
In other words, edge atoms no longer retain the hexagonal arrangement but form polygon pairs
(e.g., 5-7 pairs), by which the system energy and edge stress can be effectively minimized and
released [114,115]. Edge reconstructions in graphene have been observed and modeled, some
examples are displayed in Figure 2-26. DFT calculations reveal that the ZZ-57 edge has the
lowest energy in graphene; AC-677 is slightly higher than pristine AC but still lower than ZZ;

in contrast, the AC-56 edge possesses the highest energy [114].
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Figure 2-26 (a) Models for different types of reconstructed edge in graphene [114]. (b) TEM
image of a graphene sheet with ZZ and ZZ-57 reconstructed edge, with lattice model
superimposed in (c) [116]. (d), (¢) TEM image showing the transition from an AC edge to a ZZ
edge in a graphene sheet by atom diffusion due to electron beam ejection [117]. (f) TEM image
showing a graphene nanoribbon with Klein edge. The lattice model is shown in (g) [110].

Many factors can affect the edge reconstruction such as substrate and impurity atoms. Gao et
al. found that the reconstructed edge with 5-7 pairs in graphene supported on transition metals
is not energetically favorable due to the surface passivation effect [118]. Girit et al. reported
that the zigzag type could become the most prominent edge in graphene under the electron beam
ejection in the TEM [Figure 2-26(d), (e)] [117]. Besides, theoretical calculations have

confirmed that the hydrogen-terminated zigzag edge can be remarkably stable [119].

The edges of graphene-like materials are also inclined to reconstruct in order to lower the
system energy. Figure 2-27 provides schematics of three edge structures in a silicene monolayer.
Ding et al. theoretically demonstrated that the 5-7 reconstructed edges of silicene were favored
in H-poor conditions, whereas di-hydrogenated Klein edges were more stable in H-rich
surroundings [120]. Some unique features in reconstructed edges can be found in films with
multiple elements. For example, Figure 2-28 shows four possible atom configurations of the
AC-677 edge in a h-BN monolayer [121]. Edge reconstruction has also been investigated on

other 2D materials such as germanene [122], phosphorene [123], and MoS; [124,125].
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zigzag Klein

Figure 2-27 Three types of silicene edge reconstruction with bonding length denoted on the
model. The drawing at the bottom is a side view showing the silicene buckled structure [120].
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Figure 2-28 The reconstructed edge ac-677 can have four possible structural models according
to the atom configuration of B and N in the terminal pentagons and heptagons [121].

The edge structures of metal oxide honeycomb monolayers have attracted much research
interest. However, the edge reconstruction could be very complicated if oxygen atoms are taken
into account. Some calculations have been done in Zn oxide [126] and Cu oxide [127]. Many
experimental works focused on the broad structures or internal defects of oxide thin films, but
few papers revealed detailed information on edge structures or reconstruction. Therefore, our

studies of Ti.O3 and Nb2Os honeycomb edge structures are of significance in this field.

2.3 2D materials with a pinwheel structure

The pinwheel structure, also referred to as the “wagon wheel” structure, comprises hexagonal
units in which six triangle elements are enclosed by “spokes”. The description of the wagon
wheel structure was found for the first time by Zhang et al. in the studies of Cr/Pt surface
alloy [128,129]. It is acommon structure that has been observed in many 2D materials including

oxide thin films and transition metal dichalcogenides. Three models are generally used to
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demonstrate the pinwheel formation depending on the film-substrate interaction. Zhang’s
proposal for the Cr/Pt surface alloy can be taken as an example for the first model. The second
model attributes the pinwheel structure to a Moiré pattern formed by two commensurate
hexagonal lattices with a slight rotation. The alloy model and the Moiré model have been well
classified by Sedona et al. [39] and will be discussed in the following subsections. The third
model is proposed for the van der Waals materials with a weak interlayer interaction, such as
MoTe, and MoSe; submonolayer films on MoS; single crystal substrates. The mirror-twin
domain boundaries can be regarded as the “spokes” of the pinwheel network [130]. It should
be noted that models proposed for the pinwheel structure are tentative models that may not

reproduce or explain all information in the STM images.

Different papers may use either “pinwheel” or “wagon wheel” in descriptions, so these two
terms are used interchangeably in this section. We will keep to “pinwheel” in Chapter 8 when
discussing relevant structures formed by Nb, Ti, and V oxides on Au(111). In addition, a brief
review concerning triangular nanostructures is included in this section. The triangle elements
can somehow be regarded as "building blocks” for the pinwheel structure. This idea is critical
for our analysis of the pinwheel structures created by Nb or Ti oxides on Au(111), and will be

the basis for proposing the fourth model — the triangle building block model.

2.3.1 Alloy model

In the alloy model, the contrast between the hub, the spokes and the triangle elements is
attributed to a local variation of chemical composition [39,128,129]. Noting that we emphasize
the contrast here because the spokes can be either brighter or darker than the triangle elements.
Figure 2-29(a) — (d) are STM images of a reconstructed Pt(111) surface with 1.5 — 3 ML Cr

after annealing to 800 K. The triangles are bright and the spokes are dark in frame (a), (c), while
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an opposite situation can be seen in frame (b), (d). As they were obtained at different imaging

conditions, it indicates that the pinwheel pattern is sensitive to the sample bias.
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Figure 2-29 STM images of Cr-induced Pt(111) reconstruction. (a) 18 nm x 18 nm, Vs = 2.0V,
lt=0.6 nA; (b) 18 nm x 18 nm, Vs =-2.0 V, It = 0.6 nA; (c), (d) close-ups of the STM images
in (@), (b) (4 nm x 4 nm). (e) Model for Cr atoms on a reconstructed Pt(111) surface. The grey
and black circles represent the fcc and hcp domains of the reconstructed Pt layer, respectively.
The small dots represent Pt atoms. The large circles on the left side represent Cr atoms. (f)
Simplified structural model of the wagon wheel pattern on a reconstructed Pt(111) surface. The
parallelogram marks the unit cell of the pinwheel structure; the numbers indicate the atom
positions in different environments; four corners of the unit cell are void sites. [128,129].

Cr atoms induced the Pt(111) surface to reconstruct, which gives rise to the face-centered cubic
(fcc) and hexagonal close-packed (hcp) domains separated by boundary lines, as shown in the
simplified model in Figure 2-29(f). The left side of Figure 2-29(e) shows the schematic in which
ten Cr atoms formed triangular clusters in the fcc and hcp domains while Pt atoms comprised
the boundary lines acting as the spokes of the wagon wheel network. The phenomenon of the
contrast reversal between (a), (c) and (b), (d) indicates a strong bias dependence and can be
attributed to the electronic structure of Cr atoms. Due to the high unoccupied density of states,
Cratoms appeared as protrusions in empty-state STM images (positive Vs), while as depressions
in filled-state STM images (negative Vs). In addition, it is worth noting that the sublattice

formed by Cr atoms follows a strict registry to the Pt(111) with no rotation angle.
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2.3.2 Moiré pattern model

The Moiré pattern model is widely applied to the pinwheel structure created by a transition
metal oxide thin film on a noble metal substrate. Generally, the oxide thin film and the substrate
surface have hexagonal lattices with a small lattice mismatch and a slight rotation angle. As a
result, a modulation of the occupancy sites of the film atoms can be found periodically on the
surface, which is associated with the contrast difference in the empty-state STM images. For
example, the atoms that occupy on-top sites or bridge sites of the substrate are usually brighter.
In comparison, the atoms at the hollow sites or the substrate “void” sites with no external metal
atom occupied are darker or appear as depressions. This straightforward interpretation can work
for the surface dominated by topographic features. However, it may fail to explain some fine
details related to the electronic structures. Theoretical calculations can compensate in a way,
but it is still challenging in practice because the unit cell of the Moiré superstructure is relatively

large.
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Figure 2-30 (a), (d) STM images and schematic drawings showing the Moiré-like coincidence
between Ti oxide wagon wheel structures and Pt(111) lattice. Different sites are indicated by
different colors, yellow: quasi-bridge; light blue: quasi-hollow; dark blue: quasi-top; black: on-
top or Ti vacancy (void site). (a) w-TiOx phase [33]. (b) STM images (4.8 nm x 4.8 nm) of w-
TiOx phase showing bias dependence: (i) Vs = 1.3 V, i = 1.9 nA; (ii)) Vs = 0.9 V, | = 1.6 nA;
(iii) Vs =-1.0 V, It = 1.6 nA [39]. (c) w-TiOx phase, identical to Figure 2-5(c) (12.6 nm x 12.6
nm, Vs =0.2 V, It = 1.0 nA) [33]. (d) w’-TiOx phase [39].
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Figure 2-30(a) and (d) show the STM images and corresponding structural models of two
wagon wheel structures of Ti oxide thin films on Pt(111), termed as w-TiOx and w’-TiOx. w -
TiOy is a reduced phase that can be transformed from w-TiOx by UHV annealing [39]. The
model in Figure 2-30(d) can reproduce the topographic contrast in the STM image of the w -
TiOx phase, as we can see that the on-top (black circles), the quasi-on-top sites (dark blue), and
the bridge sites (yellow) are much brighter than the quasi-hollow sites (light blue). However,
the model in Figure 2-30(a) does not work very well for the STM image of the w-TiOx pinwheel
pattern. For example, the six atoms surrounding the hub center at the quasi-top sites should be
brighter, but the actual signal intensity was close to the quasi-hollow sites. This discrepancy
should be related to the electronic structure of the oxide thin film. In addition, the wagon wheel
structure of the w-TiOx phase exhibited a strong bias dependence [Figure 2-30(b)], which also

indicates that the electronic effects play a critical role in the contrast difference.

Figure 2-31(d) has been presented in Section 2.1.2 when discussing Ti oxide on Au(111). The
TiO pinwheel structure was revealed and modeled by Wu et al. for the first time [Figure 2-31(a)
— (c)]. The oxide monolayer produced a (v67 x V67 )R12.2° reconstruction with a stacking
sequence O-Ti-Au due to the charge transfer from Ti atoms to the Au substrate [42]. However,
the model that Tumino et al. proposed is not in agreement with Wu’s model [43]. The STM
images that Tumino et al. obtained displayed well-developed pinwheel motifs [Figure 2-31(a),
(b)]. They proposed a (4v7 x 44/7)R19.1° reconstruction and re-built the structural model
[Figure 2-31(f)]. The periodicity of Ti atoms and tilting angle (3.43 A, 2.11°) is larger than that
in Wu’s model (3.27 A, 1.68°). There are two possible explanations for the disagreement: one
is correct, or both are correct. Compared with Wu’s model, Tumino’s model is more convincing
due to better resolution in the STM images and good reproduction of the contrast difference.
But it is also possible that both of them are correct if Ti oxide thin films possess multiple

pinwheel structures on Au(111), similar to the w-TiOx and w-TiOx phases on Pt(111).
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Figure 2-31 (a) STM image showing the coexistence of the (2 x 2) Ti»O3 honeycomb structure
(B) and the TiO pinwheel structure (6) on Au(111) (24 nm x 24 nm, Vs = 0.98 V, I = 0.2 nA).
(b) Atomically-resolved STM image of the TiO pinwheel structure (5 nm x5 nm, Vs =-0.12 V,
It = 0.5 nA). (c) Model for the pinwheel structure. Blue balls: Ti atoms with a periodicity of
3.27 A; yellow balls: Au atoms with a periodicity of 2.89 A; rotation angle: 1.68° [42]. (d) STM
image of the Ti oxide pinwheel structure on Au(111) with the coverage of 1.5 ML (8.5 nm x
85nm,Vs=0.1V, lt=1.5nA). (e) A Ti oxide pinwheel island (8.5 nm x 8.5 nm, Vs =0.1V,
It = 2.5 nA). (f) Model for the pinwheel structure. Magenta balls: Ti atoms with a periodicity of
3.43 A; blue balls: Au atoms with a periodicity of 2.89 A; rotation angle: 2.11° [43].

The titania/Pt system is a well-known example of the strong metal support interaction
effect [31]. Such phenomena have also been observed in Pd/TiO2 [131], Pd/SrTiOs
(STO) [132,133], and Rh/TiO2 [134,135] systems. Due to the SMSI effect, the substrate Ti
atoms can diffuse onto the as-deposited metal layer, forming a TiOx thin film that encapsulates
the metal islands, as shown in the models in Figure 2-32(a), (b) and Figure 2-33(a). The
atomically-resolved STM image in Figure 2-32(c) displays the TiOx pinwheel structure on a
nanocrystalline Au/Pd alloy as a result of the SMSI effect [131]. Figure 2-32(d) shows a STM
image of a TiOx-encapsulated Pd nanocrystal on the STO(100) substrate with a wagon wheel
termination. A hexagonal superstructure could coexist with the wagon wheel structure on the
same Pd nanocrystal, as indicated by B and A respectively in Figure 2-32(e) [132]. However,

there is a disagreement on the atom stacking sequence of the oxide layer and the underlying
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metal compared with Wu’s model [42] mentioned above. Here the author believed that the
Moiré pattern was due to the superimposition of the O lattice and the Ti lattice with a stacking
sequence of Ti-O-Pd (-STO). A further study by Gao et al. shows that the structure of the TiOx-
encapsulated layer depends on the size of the underlying Pd crystal [133]. When the width of
the Pd crystal is larger than 100 nm, the encapsulation layer only exhibits the hexagonal Moiré

pattern which is sensitive to the sample bias, as shown in Figure 2-32(f) — (i).
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Figure 2-32 (a) Schematic ball models of TiO2(110) with 5 ML Pd and1 ML Au at 300 K. (b)
after annealing at 973 K for 20 min, TiOx encapsulated the Au/Pd alloy due to the SMSI effect.
(c) STM image showing the TiOx-encapsulated surface (8 nm x 8 nm, Vs =13V, It =0.1
nA) [131]. (d) An Pd nanocrystal island encapsulated by TiOx wagon wheel structure on the
STO(100) substrate (10 nm x 10 nm, Vs = 0.8 V, It = 0.3 nA). (e) Encapsulated Pd nanocrystal
on STO(100) with a mixed Ti oxide structure. A: wagon wheel structure; B: hexagonal
superstructure (19 nm x 19 nm, Vs = 0.8 V, It = 0.3 nA) [132]. (), (9) Ti oxide hexagonal Moiré
superstructure of the same area (6.3 nm x 7.9 nm, f: Vs =0.45V, It=0.52 nA; g: Vs = 0.66 V,
It=0.58 nA). (h) Magnified STM image and (i) structural model of the hexagonal superstructure
(8.5nm x3.8nm, f: Vs=0.48 V, I = 0.58 nA). Red balls: Ti atoms with a periodicity of 3.686
A; bue balls: Pd atoms with a periodicity of 2.751 A; rotation angle: 1.5° [133].

Another example can be seen on Rh(111) using TiO: as the substrate [134,135]. The STM
images of the TiO-1.2-encapsulated ultrathin oxide (w-TiO-UTO) layer and the contrast scheme
are presented in Figure 2-33. The surface comprises triangles with two sizes, indicated by T5
and T6. It is worth noting that the w-TiO-UTO layer is aligned with the Rh(111) lattice without

rotation. The contrast variation, which enables us to see the spokes and triangle elements, is due
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to the coordination difference of Ti atoms. In the relaxed structural model [Figure 2-33(f)], the
Ti atoms at the triangle borders are fourfold coordinated (Tis) bonding to four oxygen atoms,

while those inside the triangles are threefold coordinated (Tiz) and less bright than the Tis atoms.
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Figure 2-33 (a) Schematic showing the re-arrangement of Rh atoms deposited on the w-TiO-
UTO layer on the TiO2(110) substrate at different temperatures. (b) Contrast scheme of TiO-1..-
encapsulated layer on Rh (111). (c) STM image of the w-TiO-UTO layer showing triangle
patterns with different sizes (T5, T6). (b) STM image of the w-TiO-UTO layer with the
crystallographic direction and triangle size indicated (8 nm x 8 nm). (e) Moiré pattern formed
by overlapping w-TiO-UTO and Rh(111) without rotation. (f) Relaxed atomic positions of the
w-TiO-UTO layer. Balls in chartreuse: Rh; yellow: Tis; red: Tis; blue: O [134,135].
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Figure 2-34 (a) Atomically-resolved STM image of V oxide wagon wheel structure on Rh(111),
identical to Figure 2-16(e) (8 nm x 8 nm, Vs = 2.0 V, It = 0.1 nA) [66]. (b) DFT calculated
model and (c) Billard ball model of the V oxide wagon wheel structure on Rh(111) [69]. (d)
Atomically-resolved STM image of V oxide wagon wheel structure on Pd(111), identical to

Figure 2-10(b) (6.5 nm x 6.5 nm, Vs = 0.1V, It = 1.0 nA).
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The wagon wheel structures of V oxide thin films have been mentioned in Section 2.1.3.
Structural models on Rh(111) are displayed in Figure 2-34(b), (c). The film was supposed to be
an oxygen-terminated VO(111) bilayer with periodicities of (V63 x v63)R19.1° and
(7 x 7)R21° [66]. The atom configuration of the VO wagon wheel on Pd (111) [Figure 2-34(a)]
resembles that on Rh(111). In addition, a distinct difference can be seen at the pinwheel spokes
between TiO and VO. In Figure 2-31(c) or (f), an array of Ti atoms forms the spoke, while in

Figure 2-34(c), the spoke comprises two arrays of V atoms with a position shift in the middle.

Figure 2-35 (a) STM image of the Moiré pattern generated by a FeO submonolayer on Pt(111)
(5.5nm x5.5nm, Vs =0.9 V, It = 0.3 nA). The parallelogram indicates the FeO(111) unit cell
with a periodicity of 3.1 A. The periodicity of the Moiré superstructure is 25 A, namely the
distance between two circles. (b) Model of the FeO(111) on Pt(111) with a rotation angle of
1.3°. The atom position with the number 1 indicates the coincidence site [136]. (c) Ball model
of the Moiré pattern formed by FeO(111) on Pt(111). Three domains are indicated by circles
and enlarged at the bottom. (d) STM image of a partially-reduced FeO film on Pt(111) showing
three small triangles and a large triangle (9.2 nm x 7.2 nm, Vs = 0.01 V, It = 2.5 nA) [137].

Epitaxial growth of well-ordered FeO(111) thin film has been observed on Pt(111) with a lattice
mismatch of ~ 10% [136]. The oxygen-terminated FeO(111) hexagonal lattice is slightly
rotated against the Pt(111) substrate by 1.3°, forming a Moiré pattern as shown in Figure 2-35(a)
along with the structural model in Figure 2-35(b). The Moire model can well reproduce the
contrast difference due to the modulation of Fe atom positions [Figure 2-35(c)], but it is more
like a hexagonal superstructure than a pinwheel network. Furthermore, the Moiré superstructure
could be altered if the oxide thin film was partially reduced. Triangle elements with different

sizes are outlined on the STM image in Figure 2-35(d) [137].
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Figure 2-36 (a) Large-scale STM image of FeO triangular nanostructures on Pt(111) (40 nm x
40 nm). (b) STM images of FeO nanostructures with different sizes ranging fromn=10ton =
14 (Vs = 0.007 V, It = 5.1 — 6.4 nA). The tiny red balls in the structural models represent Fe
atoms, and the orange balls represent O atoms. (c) STM image of a FeO nanostructure with
truncated shape. If assuming a perfect triangle structure then n = 14 (4.2 nm x 4.2 nm, Vs =
0.007 V, It =4.9 nA) [138].

FeO can be fabricated on Pt(111) in the form of triangular nanostructures that can stand on the
substrate independently rather than growing into a large continuous thin film [Figure 2-36(a)].
A series of FeO triangles with different sizes is demonstrated in Figure 2-36(b). The side lengths
(> 3 nm from n = 10, n is the number of Fe atoms at one side) have a discrete distribution
because the growth of the triangular nanostructures was confined due to a strong interfacial
interaction. The triangular nanostructures may have some defects, for example, Figure 2-36(c)
shows a truncated FeO triangle with three corners removed. We can also see several imperfect

FeO triangles with either one or two corners damaged in Figure 2-36(a) [138].

2.3.3 Domain boundary model

The third model to explain the contrast variation in a pinwheel pattern works for the van der
Waals materials such as MoTe, or MoSe; film on MoS: substrate [130], as shown in Figure
2-37(a) — (c). The spokes have a sandwich structure with a bright-dark-bright sequence. It is

called a mirror-twin domain boundary (MTB) with a distinctive atom configuration. The central
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dark line is due to the deficiency of Mo atoms, which leads to the fourfold coordination of Te
or Se atoms [Figure 2-37 (c), (d)]. On the contrary, two arrays of Te or Se atoms next to the
dark gap remain the initial bonding with three Mo atoms but appear much brighter in the STM
images. However, the other threefold coordinated Te or Se atoms inside the triangle elements
are less bright or even appear as depressions. The formation of the pinwheel structure is not

relevant to the MoS; substrate, which is in sharp contrast to the former two models.
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Figure 2-37 STM image of wagon wheel structure of (a) MoTe2/MoS> (5.3 nm x 9.2 nm, Vs =
0.8V, It = 0.3 nA). (b) MoSe2/MoS; (8.8 nm x 9.2 nm, Vs = 0.8 V, It = 0.3 nA). (c) Enlarged
STM image of the boxed area in (b). (d) Model of the wagon wheel structure with intersecting
MTBs. Gap distance is calculated by MoTe: lattice parameter 0.3522 nm [130].

2.3.4 Triangular nanostructures

The pinwheel structure is highly relevant to the triangular elements which can be regarded as
building blocks. As shown in Figure 2-33(c) and Figure 2-35(d), the pinwheel pattern can be
composed of triangle elements with different sizes. In addition to FeO triangles, some
nanostructures with triangular shapes have been identified at the atomic level. For example,
single-layer MoS; can exhibit triangular morphologies on sapphire [139], Si or Si/SiO; [140],
SrTiOz [141], and Au substrates [142]. The STM image and corresponding structural model of

a MoS; nanoparticle on Au(111) are displayed in Figure 2-38(a) and (b). The edges of
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nanostructures usually arouse attention as they are critical for some properties, particularly the
catalytic properties. Figure 2-38(c) shows a hypothetical bulk-truncated MoS; nanoparticle with
the exposed (1010) Mo-edge and (1010) S-edge. The edge terminations can possess various
S and H coverages [142]. Figure 2-38(d) displays structural models of MoS; triangular clusters
obtained by DFT calculations. The triangle expands with more atoms involved in the cluster,
and the edge structures could be diverse [143]. Without the confinement by the substrate, the
2D nanostructure can maintain the triangular shape during expansion. A similar growth mode
has also been found in cerium oxide on the Ru(0001) substrate [144]. Figure 2-38(e) isa STM
image showing the Moiré pattern with a (5 x 5) periodicity with respect to CeO2 (111). The
growth of CeO: triangles on a flat Ru surface can be described by a carpet growth model, as

depicted in Figure 2-38(f).
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Figure 2-38 (a) STM image of a triangular MoS; nanoparticle synthesized by H.S. (b) Ball
models (top and side view) showing the MoS; triangular structure with Mo-terminated edges.
(c)Wulff construction for a hypothetical bulk-truncated MoS, nanoparticle showing the
exposed (1010) Mo-edge and (1010) S-edge. The edge terminations can possess various S
and H coverages [142]. (d) Structural models of MoS; triangular clusters with different sizes
and edges. Green and yellow balls represent Mn and S, respectively [143]. (e) Moiré pattern
formed by CeO2(111) on Ru(0001) (9 nm x 9 nm). (f) Schematic of the carpet growth model of
CeO2 on Ru(0001) with a flat terrace [144].
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2.4 Summary

This chapter gives an overview of several topics that are highly relevant to this DPhil project,
including oxide thin films, 2D materials with a honeycomb structure, and 2D materials with a
pinwheel structure. Oxide thin films have been widely studied experimentally regarding their
structures and stoichiometries using microscopies and spectroscopies as well as the mechanical,
electrical, and chemical properties. Theoretical works are usually involved in predicting
properties that are difficult to be directly measured, solving the structural models, and
supporting relevant hypotheses. In this chapter, Nb oxides on Pt/Au/CusAu substrates, Ti oxides
on Pt/Pd/Au substrates, and V oxides on Au/Pd/Rh substrates have been discussed and the
corresponding structural models have been presented. However, investigations of these three
oxide monolayers on Au(111) substrates were not as sufficient as on other substrates. The
structures and stoichiometries of the Au-supported oxides have not yet been studied
systematically with altering the oxygen chemical potential. Therefore, these remaining

challenging questions are about to be explored in this thesis work.

Oxide thin films with the same transition metal elements can exhibit multiple structures and
stoichiometries on the same substrate by varying the preparation conditions. They can also
display similar structures with distinct characteristics on different substrates. Moreover, two
different oxide thin films, such as Ti2Os and Nb,O3, can have the same (2 x 2) epitaxial
relationship with respect to the Au(111) surface. However, the honeycomb features like the
domain boundary or edge reconstruction are non-identical. In this thesis, a systematic study of
Nb oxides structures on Au(111) is presented, involving the clusters, triangles, pinwheels, and
honeycomb monolayers. Comparative analysis between Nb oxides and Ti oxides regarding the
honeycomb, triangle, and pinwheel structures is shown. In addition, V oxides on Au(111) are

discussed in contrast to Nb/Ti oxides in the last two chapters.
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Chapter 3  Experimental methods

This chapter demonstrates the instruments, materials, basic preparation procedures, and
characterization methods in the study. Specific synthesis routes, conditions, and

characterization parameters will be described in detail in relevant sections.

3.1 JEOL 4500XT vacuum system

3.1.1 Instrumentation

The experimental setup in this project is based on JEOL JSTM4500XT vacuum system [145]
with several attachments, as shown in Figure 3-1(a) and (b). The instrument consists of three
chambers: the treatment chamber, the image chamber, and the exchange chamber. The
treatment chamber and the image chamber are connected by valve V1. Sample transfer between
these two chambers is achieved by a horizontal transfer arm controlled by Magnetic Load 1
(MGL1). The exchange chamber provides the exchange channel between the ambient and the
instrument. It is connected to the treatment chamber by valve V2, through which the exchange
rod can put in or take out samples and STM tips by MGL2. Up to three samples and tips can
park on a rotatable plate adjusted by MGL3 in the treatment chamber. The key component of
the image chamber is the STM part. It consists of a specimen stage, a piezo scanner to precisely
control the movement of the tip, and a manual retract lever which directly connects with the tip
holder and can be plugged or unplugged manually. Several apparatuses are attached to the
instrument. An ion Source ISIS3000 is mounted on the treatment chamber for sample cleaning
(see Section 3.4), and an e-beam evaporator is mounted on the image chamber for metal
deposition (see Section 3.5). The instrument is equipped with Ar and O gas lines for sputtering

and oxidizing.

39



Chapter 3 Experimental methods

| Treatment chamber

image chgmber. g Image display

LN

s @

e 0

= Control Box
Ry |
Exchange chamber

<)
P

LRSS =\ e, O gas line

y Ko
4
.

.

I h
Treatment chamber — mage chamber (C)

Specimen Sample
Exchange chamber stage unit

MGL1

| I-l =1 I Bias circuit | Tunnel current | Z piezo Y piezo X piezo
H o= E IV Amplifier drive Amp | | drive Amp | | drive Amp
V1 '

e STM|part Logarithmic
¢ - converter
s stage

X retract lever

Chuck of MGL2

PZT scanner

[ DC sourceH{ Comparator H Integrator Microcomputer

mMGL2 Control system Display

Specimen exchange rod Tip parking

Sy

Figure 3-1 (a) JEOL JSTM 4500XT. (b) Schematic of the instrument (top view). (c) The control
system of the instrument. The sample is designed to be biased with the tip grounded. The tip
movement is precisely controlled by three piezo units along x-, y-, and z-directions [145].

The vacuum environment is achieved by vacuum pumps and monitored by various gauges. The
evacuation of the exchange chamber is achieved by a turbomolecular pump connected with an
oil rotary pump in series. The pressure of the exchange chamber is measured by a Penning
gauge and a Pirani gauge. To avoid vibration, the treatment chamber and the image chamber
are equipped with two individual ion pumps with two independent ion gauges measuring the
pressures. Besides, two titanium sublimation pumps are equipped in both chambers but are not
activated in daily evacuation. They are used after instrument baking or operating for a long time.
The baking operation is an effective way to purify the vacuum system, particularly after
exposing the chambers to the atmosphere. The heating temperature can reach 150 °C during

baking, which can effectively remove the water molecules and some hydroxide groups.
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3.1.2 Control system of the STM part

The control system of JEOL JSTM 4500XT is illustrated in Figure 3-1(c). The sample is
designed to be biased and driven by coarse motors that enable the movement on a relatively
large scale (millimeter range). The tip is grounded and attached to three piezo units that can
precisely control the tip movement in x-, y-, and z- directions within a fine range of 0.2 pm x
0.2 um % 0.5 pm. Tunneling current It can be generated between the sample and the tip when
they are brought to 1 nanometre or even less. The tunneling current gives rise to the primary
signal that will pass through the amplifier and converter and be compared with a reference value.
The difference is integrated and amplified to drive the z-piezo. The feedback loop is not shown
in the diagram. Whether the feedback is activated or not depends on the mode set for imaging.
In a constant height mode, the feedback is switched off, and the tip is kept at a constant height
during the scanning process. In a constant current mode, if the detected tunneling current is
larger than the reference value, the negative feedback will impose a voltage to the z-piezo to
withdraw the tip; if it is smaller than the reference, the z-piezo will drive the tip to approach the
sample surface. The signal is collected over the xy plane by tip scanning the sample surface,
which results in a STM image in grayscale on the display screen. The STM images reflect the
topographical information of the sample surface with protrusions representing high z values
and depressions representing low z values. However, the interpretation of a STM image at the
atomic scale should not simply consider the topography as the electronic structure of the surface
and the tip termination may play a dominant role (see Section 3.2.2). JEOL JSTM 4500XT
usually detects the tunneling current around 0.05 ~ 2 nA, although the designed parameter has

a broader range.

A vibration isolation system is essential for obtaining STM images with high quality. The
instrument is equipped with an air suspension and 3-stage stacks to realize the passive vibration

isolation.
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3.2 STM working principle

3.2.1 Acquisition of the STM images
General description

Scanning tunneling microscopy is a surface characterization technique based on the tunneling
effect between the sample and the tip [146-151], as shown in Figure 3-2(a), (b). When the gap
between two electrodes is in the order of several angstroms, their electron wavefunctions
overlap, thus creating a finite tunneling conductance. If a bias is applied to either the tip or the

sample, a current can be generated between the two electrodes.
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Figure 3-2 (a) Relative position of the sample and the tip in the image chamber in JEOL JSTM
4500XT. (b) Schematic drawing of the sample and the tip at the atomic level. The sample is
biased, and the tip is grounded. (c) Energy diagram of the sample and the tip at equilibrium
without applying a bias. (d) The sample is positively biased, so its Fermi level is shifted
downward. Electrons can tunnel from the filled states of the tip to the empty states of the sample.
(e) The sample is negatively biased with the Fermi level lifted. Electrons tunnel from the filled
states of the sample to the empty states of the tip.
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The workfunctions of the sample and the tip are denoted as @, and &, respectively. The
workfunction represents the minimum energy that is required to isolate an electron at the Fermi
level from the bulk to the vacuum. We can see that an energy barrier with a trapezoidal shape
is formed when & does not equal to @, in Figure 3-2(c). This is a general approximation when
solving the barrier height in theoretical models. A rectangle barrier with &4 = &, is also
commonly used in simplified models. The average value of the work function is around 5 eV.
When the sample bias Vs is positive, as shown in Figure 3-2(d), the Fermi energy of the sample
is shifted downward. Electrons from the filled states of the tip can tunnel to the empty states of
the sample; When Vs is negative, as shown in Figure 3-2(e), electrons can tunnel from the filled

states of the sample to the empty states of the tip.

STM imaging

The instrumentation and the control system have been presented in Section 3.1. Two operation
modes can be selected: the constant current mode or the constant height mode. The constant
current mode is more commonly used than the constant height mode for most STMs. All STM
images presented in this thesis were obtained at constant current mode in JEOL JSTM 4500XT
with the tunneling current It = 0.05 ~ 2 nA at room temperature (RT). The maximum scanning
area is 200 nm x 200 nm constrained by the x- and y-piezo. Images are recorded in grayscale
with a pixel size of 512 x 512. Apart from the tip’s quality, the scanning speed is also a key
factor for obtaining a STM image with high quality. A few trials are required to find the balance
between the scan time and the thermal drift. Although imaging with a low scan speed generally
means higher stability, other undesired factors such as the thermal drift of the sample stage,
hysteresis of the piezo scanner, and the external vibration can contribute to the image distortion
simultaneously. By comparison, the constant height mode is more challenging to implement in
a practical experiment. It is usually applied to conduct a fast scan of the sample surface that is

atomically flat at a low temperature.
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Voltage-dependent imaging is a method to see different types of atoms in the experiment. They
could be different chemical elements or one element with varying oxidation states. Applying a
positive bias to the sample allows its empty states to be observed, while a negative sample bias
is for imaging the filled states. A typical example is using positive and negative sample biases
to discriminate Ga and As atoms. The covalent bond of GaAs has an ionic property due to the
charge transfer from Ga to As. Therefore, filled states are accumulated around As atoms, while
empty states are located around Ga atoms. When scanning the GaAs surface with a positive
sample bias, the empty states of GaAs contribute to the tunneling signal, namely Ga atoms
appear as protrusions in the STM images. While As atoms can be seen as protrusions under a
negative sample bias. In this research work, voltage-dependent imaging was occasionally used.
We have obtained good results from the studies of the (2 x 2) Nb2O3 honeycomb structure, in
which Nb atoms were usually observed at a positive bias (Vs = 0.5 ~ 2 V) and O atoms were
visible at a negative bias (Vs =-1.5 ~-0.5 V). However, switching the sign of sample bias during
imaging may change the tip’s electronic structure due to complex surface-tip interaction. As a
result, the atomic resolution is hardly retained and thus the interpretation of the images would

be more complicated.

3.2.2 Interpretation of the STM images

As a surface characterization technique, STM can provide topographical information on the
sample surface. The bright spots or regions with high z values are protrusions, while the dark
part with small z values are depressions. In other words, the grayscale corresponds to the height
difference. This simple interpretation of the STM image can be applied to a surface with large
height variance, such as an area with several steps on a large scale. However, it is not suitable
to interpret images with atomic resolution or any features at the atomic scale, and it cannot
explain different contours obtained from voltage-dependent imaging either. Another interesting

phenomenon that can be frequently observed is the inverted atomic corrugation, which means
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atoms situated at higher sites appear as depressions while atoms at lower sites appear as
protrusions in the STM images. Therefore, the interpretation of the STM images at the atomic
scale should be related to the electronic structures of the sample surface and the tip termination

rather than a straightforward explanation from the surface topography.

In this section, an electron tunneling through the 1D rectangle barrier will be discussed first.
Based on this simplest model, the vertical and spatial resolution of the STM can be estimated.
Secondly, the Bardeen Model is applied to calculate the tunneling current between two
electrodes in more general cases. Two approximations of the Bardeen Model: Energy-
dependent Approximation and Tersoff-Hamann Approximation are reviewed. By the end, it is
shown that the tunneling current relates to the sample bias (Vs), the gap distance (d), and the
density of states (DOS) of the sample (psampie) and tip (pip). In other words, an atomically-

resolved STM image is able to reflect the electronic structure of the sample and the tip.

An electron in a 1D rectangle barrier

In quantum mechanics, an electron described by the wavefunction W(z) with energy E can

penetrate a region with a potential barrier U(z) > E, which is called tunneling.
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Figure 3-3 (a) An electron in a 1D rectangle barrier. The electron is incident from Region | with
an oscillating wavefunction, then penetrates Region Il with a decaying wavefunction, and
finally enters Region 111 with an oscillating wavefunction. (b) Schematic drawing showing the
height difference Az due to a lateral shift by Ax.
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The wavefunction in Region I, I, and Il shown in Figure 3-3(a) satisfies the 1D Schrodinger
equation:
h? d?
—R@W(Z) + U(Z)lp(Z) = Elp(Z), (3-1)

in which h is the Plank Constant, m is the electron mass. The wavefunction solutions in the

three regions can be written as:

Ae’k? + Be7ikz,  Region I
Y(z) =< Ce™™ + De'*, Region II (3-2)
Felk?,  Region III

The electron at Region I and 111 has oscillating waves with imaginary wave vector k:

2m
k= Wz (E-0). (3-3)

The wavefunction in Region Il does not have an oscillating solution but decays exponentially

with the decay constant k defined by k = ik. So the real variable k can be expressed as:

2m
K= ?(U - E) (3-4)

A is the amplitude of the incident electron wave in Region | and is set to be unity. Coefficients
B, C, D, F are complex numbers that can be calculated from the boundary continuity conditions.
We cared about the transmission factor T defined in Formula (3-5), which means the probability

of finding the tunneling electron on the right side of the potential barrier in Region II.

w(d)? » —seq  16E(U—E) 2m
T_lp(O)Z_lFl e —Texp —2d ﬁ(U_E) . (3-5)

46




Chapter 3 Experimental methods

We take the vacuum level as the zero-energy reference point for a metal-vacuum-metal system.
Assuming the electron is at the energy state around the Fermi level, the energy difference (U —
E) is equal to the metal workfunction ®. To simplify the derivation, we assume two metals have
an identical workfunction, as shown in Figure 3-3(a). Then the transmission factor T has a

simple relationship with the gap distance d:

T oc e=2%d (3-6)
where k satisfies:
2mo
K= =5 (3-7)

As mentioned above, the average value of the workfunction is ® ~ 5eV, so k ~ 1.14 A1,
From Formula (3-6) we can see that the transmission factor T decays 1/e"%28 ~ 9.78 times
when the gap distance d increases by 1 A, approximately an order of magnitude per angstrom.
Though here we only consider one electron in the 1D rectangle barrier, the decay concept also
applies to an electron flux, namely the tunneling current in the STM. It can explain why the
STM tip is sensitive to any height change on the surface as well as the origin of the atomic

resolution in the vertical direction.

The lateral resolution of the STM can also reach the atomic level, which allows the atomic
corrugation of the sample surface to be recorded. As shown in Figure 3-3(b), we assume that
the tip is terminated with one atom or several atoms forming a cluster with a radius R, which is

much larger than the height difference Az due to the lateral shift by Ax.

Az = R — RYT —sinz6 ~ 2 (3-8)
7 = Sin ~2R

Substituting Formula (3-8) into Formula (3-5) we can get
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lP(Z1)2 =T- lp(Zo)z'

Ax?

1(Z,)? < exp <—KT>. (3-9)

Assuming R = 1 nm, a lateral shift by Ax = 3 A gives rise to a decay of 3 times (1/e 13 =~
2.79). This roughly explains how the STM achieves the atomic resolution in the lateral plane.
In an actual STM experiment, the spatial resolution can even reach 2 A. It is worth noting that
we deduce the vertical and lateral resolution of the STM from a fundamental perspective of the

wavefunction, which means this is the limit of the STM resolution.

The Bardeen Model and approximations

The simplified model presented above shows the exponential decay with increasing the gap
distance, but it does not reflect any material property or the relation with the applied sample
bias. To interpret an experimental STM image, we need to consider the tunneling current,

namely the flux of electrons [152].

The transmission factor T can also be defined as the ratio of the tunneling current collected at

the tip end (z = d) to the incoming current at the surface (z = 0):

1)

=10~ e~2xd, (3-10)

In the simplified 1D case, only one electron with its wavefunction solutions that satisfy 1D
Schrodinger equations is considered. However, as electrons are fermions, each electron
contributed to the electric flux has its 3D complete wavefunction with corresponding energy
eigenvalue. Here, an electron engaged in the elastic tunneling process can be treated as being
scattered from an initial state (i) to a final state (f) with energy conserved. To calculate the

tunneling current, we need to know the number of electrons per time, which is defined as the
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transition rate between two metal electrodes. Fermi’s golden rule, which is also known as the
first-order time-independent perturbation theory, describes the transition rate w from the tip to

the sample as:

2T
Wtip,i»sample,f = ? |Mfi|28(Esamp1e,f - Etip,i)r (3'11)

in which the Mg is the matrix element of the perturbation potential between the initial state and
the final state. The calculation detail of the matrix element is not presented here, but its
connection with the transmission factor T will be shown later. The Dirac delta function ensures

energy conservation as the energy of the final state Eg,mpie s Mmust be equal to the energy of the

initial state E;p ;.
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Figure 3-4 (a) Schematic diagram of the energy states of the sample and the tip at low
temperature. Assuming their workfunctions are equal, a rectangular potential barrier is formed
by applying a positive sample bias in the gap. Colored regions with solid lines represent the
filled states, white regions with dash lines represent the empty states. The sample is positively
biased by Vs, so electrons with energy states within the energy window eVs can tunnel from the
tip to the sample. No thermal excitation is considered at the low temperature, so the Fermi
functions of both the sample and the tip are step functions. An electron from the tip with initial
energy state ¢ is scattered to the sample with final energy state € due to the energy conservation.
(b) Schematic diagram at finite temperature. Due to the thermal excitation, the Fermi functions
are no longer step functions but follow the Fermi-Dirac distributions. Within the energy window
eVs, electrons can tunnel from the filled states of the tip to the empty states of the sample, which
is denoted as 1" The red arrow indicates the electron moving direction, but I* is in the opposite
direction. A small number of electrons that are thermally excited can tunnel from the sample to
the tip (the blue arrow), which is denoted as I".
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Figure 3-4(a) shows that when the sample is positively biased by Vs, tunneling occurs within
the energy window eVs. An electron with an initial energy state € elastically tunnels from the
tip to the sample with a final energy state €. Consequently, the tunneling current can be obtained
by first computing the sum of tunneling electrons of any energy state within the energy window
and then multiplying the charge. Besides, considering the spin degeneracy, the tunneling current

can finally be expressed as the Bardeen equation:
4me "
I'= Tleﬁl S(Esample,f - Etip,i)- (3-12)
if

Formula (3-11) and (3-12) are results after applying the Bardeen model, in which the coupling
between the sample and the tip is assumed to be very weak. In other words, the tip potential is
set to be zero in the sample region and vice versa. The Bardeen model was created to solve
superconductor issues before the invention of the STM. Formula (3-12) is a very general result,
in order to further connect it with the material properties, the sample bias, and the sample-tip

gap distance, we need to evaluate the matrix element Mg through a few approximations.

The energy-dependent approximation of the Bardeen equation

In the energy-dependent approximation, the sum of the sample and the tip states is replaced by

the density of states of the sample and the tip. It can be proved that:

M 128(Esampte s — Ecips) = j IM(e)[2 (e — Ep)5(e — E)de. (3-13)

Therefore, Formula (3-11) can be written as:

EF,tip

2T
Wipiosmper = 5| M@ Y 8~ E) Y 8~ B e (3-14)
i f

EF,sample
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The density of states p(E) is defined as p(E) = dN(E,E + AE)/dE, which calculates the

number of states N within the energy range (E, E + AE). It can also be written as:
p(e) = ) 8(e— By, (3-15)
n

for a system with discrete energy states n. Substituting into Formula (3-14) results in:

EF,tip

2T
Wtip,i»sample,f — ? j IM(E)lzptip(S)psample (e)de. (3-16)

EF,sample

Within the energy window eVs, the tunneling current can be calculated by:

eVs

41te "
1= ?f IM(&)|*prip (& — eVs)Psample (€)de.. (3-17)
0

By far, the tunneling current has been related to the density of states of the sample and the tip.
The matrix element M(g) will be discussed according to the potential barrier and the

distribution of energy states as follows.

(i) 1D rectangular barrier

The simplest model for the potential barrier is the 1D rectangle barrier which assumes the
sample and the tip have the same workfunction ®. The transmission factor T is then a function

of the workfunction & and tip-sample gap d. Applying the result in Formula (3-6) we can get:

2mod
hZ

T=T(®,d) xexp| —2d (3-18)

Related Formula (3-17) to Formula (3-10), in the case of the 1D rectangle barrier, the square of

the matrix element |M(£)|? can be approximated by the transmission factor T(®, d).
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(ii) A general barrier as a function of energy and sample bias

A more general case for the potential barrier is that the barrier no longer remains a rectangle
shape but depends on the workfunctions of the sample and the tip as well as the applied sample
bias Vs. For example, a trapezoidal barrier shown in Figure 3-2(c) — (e) is usually modeled by
the Wentzel-Kramers-Brillouin (WKB) approximation. The concept of effective barrier is
introduced here, which considers the average workfunction of the sample and tip, and the
median value of the energy window. Therefore, for a tunneling electron with energy state &, the
corresponding effective workfunction can be written as:

q)eff _ q)tip +;Dsamp1e n eTVS

— € (3-19)

Similarly, we can approximate the matrix element |M(£)|? by the transmission factor T,

chbeff
hZ

T =T(e V,,d) xexp| —2d (3-20)
If el «< @, the average of the energy states of all tunneling electrons € is equal to the median
value of the energy window. Then @ can be calculated by the average value of the tip and
sample workfunctions in the case of a trapezoidal barrier. Hence the transmission factor T only

depends on the gap distance d. The tunneling current can be calculated by

eVg

41e
ERALEVE j 0tip (€ — eV)Psampe (€)de (3-21)
0

[ = —
h

(iii) Distribution of energy states at finite temperature

At the low temperature, the distribution of energy states follows a step function as shown in
Figure 3-4(a). However, at a finite temperature Tp, electrons can be thermally excited, so the

energy states possess a Fermi-Dirac distribution which is defined as:
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1

1+exp <£k;'I]'iF>

f(e — Ep) = (3-22)

When the sample is positively biased, electrons cannot only tunnel from the filled states of the
tip to the empty states of the sample, but a small amount of thermally-excited electrons can
tunnel from the sample to the tip, as shown in Figure 3-4(b). Electrons that tunnel from the tip
to the sample generate a tunneling current I*, while electrons that tunnel from the sample to the
tip give rise to an opposite current defined as I". As a result, the total tunneling current ltota

related to the occupation numbers can be expressed as:

Itotal =I"-1" f(S - EF,tip) - f(S - EF,sample)- (3'23)

By setting Eg sample = 0 and Eg i, = el%, the total current can be written as:

ltotal = IF—1" f(E - eVs) - f(S). (3-24)
And the tunneling current defined by Formula (3-17) can be written as:

eVg

41t
- f IM(®)I? [£(e — V) — £(2)] peip (€ — eV2) psampre (E)de. (3-25)
0

==

The Tersoff-Hamann Approximation of the Bardeen Model

After the invention of the STM, Tersoff and Hamann suggested a method by making some
assumptions about the tip to simplify the Bardeen Model. It avoids complex calculations of the
tunneling matrix element and thus has been widely applied to interpret the STM images and
generate simulated STM images. The basic assumptions in the Tersoff-Hamann approximation
can be summarized as follows [153,154]. (i) The matrix element is no longer a function of
energy. It is assumed that el; << @, therefore electron states E, at the Fermi level are mainly

considered. (ii) The wavefunction of the outermost tip atom is assumed to be a simple s-wave
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function. (iii) The wavefunction of the surface is assumed to be a plane wave described by

Fourier expansion, in which the structural information is implied in the Fourier components.

As a result, the tunneling current defined in Formula (3-12) can be simplified as:

Loc Y W, (r)28(Ey — Er), (3-26)

n

where W(r,) is the surface wavefunction of an electron at position r; with respect to the
effective tip center, namely the center of the spherical s-wave. The density of states is given in
Formula (3-15). By multiplying the square of the wavefunction |¥, (ro)|?, it is modified to be

a spatial distribution that is called the local density of states (LDOS) denoted as psampie (Ep, I't)-

Finally, the tunneling current can be directly related to the sample’s LDOS.

[« psample(EF: re). (3-27)

The Tersoff-Hamann approximation is popular in STM image interpretation and simulation.
However, it sometimes fails due to the simple s-wave assumption for the tip wavefunction. The
extended Tersoff-Hamann approximation considers other orbital types for the tip wavefunction,

for example, the d,z-wave, which can better reproduce the experimental results.

3.3 Tungsten tip making

The STM is based on the tunneling current between the conducting sample surface and the
scanning tip. The tunneling signal is a convolution of the local density of states and topography
of the sample surface as well as the tip front. Therefore, the tip's size, shape, and cleanliness are
critical for reaching a satisfying resolution. An STM tip is usually made of tungsten or
platinum/platinum-iridium (Pt/Pt-Ir) alloy and produced by various methods such as

electrochemical etching or mechanical cutting [155-161].
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A large stand
for height adjustment

Cathode tungsten wire

Figure 3-5 (a) Photo of the new tip etcher. The anode and the cathode are separated by two
beakers but connected by a salt bridge (the red arc); (b) Schematic diagram showing the key
components of the new tip etcher.

In this study, tungsten wire (99.95%, Goodfellow) with a diameter of 0.3 mm was used for
making tips by electrochemical etching in NaOH solution. | was involved in the improvement
of a tip etcher device. As shown in Figure 3-5, the new etcher separates the anode and the
cathode with two beakers, which significantly improves the stability of the etching process and
shrinks the etching time. The tungsten wire was cut in 15 mm and inserted into a tip holder. It

acts as the anode in the electrochemical reaction, which can be written as:

electrolysis

W(s) + 20H" + 2H,0 ———— W02~ + 3H,(g), (3-28)

The electrochemical etching occurs at the interface of NaOH solution and the air, as shown in
Figure 3-6(a). The tungsten wire at the interface is gradually etched until the end finally falls

off, giving rise to a sharp and convergent tip above the liquid. The etching process was recorded

by a digital camera, as shown in Figure 3-6(b) — (e).
@
! I A y " | "
H (b) ‘ (d) e

Figure 3-6 (a) Schematic diagram of the W wire at the interface between NaOH solution and
the air. (b) — (e) A series of photos recording the etching process of the W wire at the interface
between the air and the liquid; a sharp tip was finally formed above the liquid in (e).
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The concentration of the NaOH solution affects the tip shape and the etching time. Test results
are shown in Figure 3-7 and Figure 3-8. A low concentration (~ 1 mol/L) gives rise to a very
long etching duration and an extremely long tip, while a high concentration (> 4 mol/L) leads
to a quick reaction but the tip’s quality is unstable. Therefore, in this study, an appropriate

concentration of NaOH solution is 2 ~ 3 mol/L, and the etching time generally takes 10 mins.
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Figure 3-7 The relationship between the etching time and the tip potential. The dash lines

indicate the cut-off time when the end of the W wire falls off. The inset shows the cut-off time
versus the NaOH concentration.
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Figure 3-8 The R-U relationship of the anode etching in NaOH solution with different
concentrations and corresponding tip products. (a), (b) 1 mol/L; (c), (d) 2 mol/L (S1 and S2
refer to two recorded samples); (e), (f) 3 mol/L; (g), (h) 4 mol/L.

3.4 Sample cleaning ion source

The surface of Au substrates in UHV can be cleaned by ion bombardment and reconstructed by

annealing. Therefore, a substrate can be repeatedly used 5 ~ 8 times depending on the remaining
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thickness. A PSP Vacuum Technology lon Source ISIS3000 [162] is mounted on the treatment

chamber of the JEOL JSTM 4500XT system, as shown in Figure 3-1.
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Figure 3-9 Schematic diagram of the sample cleaning process by sputtering. Arrows indicate
the moving directions of the particles.

Argon sputtering gun allows Ar* ions with variable beam energy to clean the sample surface
with minimum damage [163,164]. Figure 3-9 is a schematic diagram of the sputtering process,
in which the Au substrate is subjected to an irradiation by energetic Ar* ions. Impurity atoms
and some Au atoms are removed by colliding with the incoming Ar* ions. Empirical parameters
for sample cleaning were used and proved to be efficient and reliable. For a general Au substrate
grown by a submonolayer thin film, the beam energy for an effective cleaning is 700 ~ 1000
eV. The substrate was mounted on the specimen plate and rotated to a horizontal position with
the maximum area facing the incident Ar* ion beam. The cleaning process usually took 8 ~ 15
mins to ensure that the impurity atoms could be thoroughly removed. Insufficient sputtering
time results in a remnant of metal oxides, which will negatively affect the subsequent sample
preparation and characterization. For a complete cleaning, samples with more metal deposition
require a longer sputtering time. The thickness of the remaining Au substrate is roughly judged
by the color and should be often monitored. The Au(111) substrate needs to be replaced once
the golden color is invisible, otherwise the tip is insensitive to detecting the tunneling current
N

when approaching the sample surface. Besides, in Figure 3-9 we can see that the incident Ar

ions also remove surface Au atoms and are buried in the bulk. Therefore, annealing at a high
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temperature (600 ~ 700 °C) for 1 ~ 1.5 h is an essential step to remove the buried Ar atoms and
reconstruct the Au(111) surface. Au(111) surface reconstruction is demonstrated in Section
3.6.2. Apart from surface cleaning, low beam energy (50 ~ 100 eV) with a short sputtering time
(10 ~ 60 s) was used to artificially create point defects in the (2 x 2) Nb2O3z honeycomb structure,

which will be discussed in Section 4.6.3 and Section 8.3.

3.5 E-beam deposition

A mini e-beam evaporator (Oxford Applied Research EGN4) [165] is used for the metal
deposition on a fixed substrate. The evaporator is mounted on the image chamber of the JEOL
JSTM 4500XT and designed for operation at chamber pressure lower than 5x107° Pa.

Connect to Cu shield lon collector
water tube
31

HV feedthrough

Filament and ion collector water cooling Tungsten filament Shutter
feedthroughs

Figure 3-10 Schematic of e-beam evaporator.

Figure 3-10 shows the schematic of the EGN4 e-beam evaporator. It provides four independent
pockets for metal rods and separates them by a Cu shield that connects to the water cooling at
one end. The metal rods are applied to a high voltage (i.e., 2 kV). Each pocket is fitted with a
tungsten filament at earth potential. The emitted electrons from the filament can be accelerated
in the electric field and bombard the target metal rod, inducing a large amount of heat to
evaporate the metal. During this electron-beam-induced thermal evaporation, some metal atoms
are ionized. The ion collector intercepts a small fraction of the positive ions and transfers the
ion current to a readable flux value on the ion meter, by which we can monitor the evaporation

amount of the studied metal.
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Figure 3-11 Schematic of metal deposition on Au substrate showing the relative positions of
the components in the image chamber; they do not represent the actual sizes.

Figure 3-11 shows the schematic of the metal deposition. The green part represents the metal
atoms emitted from the e-beam evaporator. The gaseous metal atoms will disperse in the whole
chamber during evaporation, and just a tiny part of them will impinge on the Au substrate. The
deposition amount on the Au(111) substrate is manually controlled by opening and closing the
shutter. Later it is evaluated from the STM images rather than the ion flux displayed on the ion
meter. The image chamber is equipped with an oxygen gas line, which allows either reactive

deposition in a low-pressure oxygen atmosphere or post-oxidation after the deposition.

3.6 Au substrate preparation

3.6.1 Substrate selection criterion

Oxide thin films MOx can be directly grown on the single crystalline M substrate, such as SiO»
on Si(100) [166], NiO on Ni(100) [167]. However, oxides grown by this method usually have
a relatively large lattice mismatch with the substrate, leading to some problems that arise from
the poor quality. By comparison, it can be better to grow oxide thin films on noble metal

surfaces thanks to a smaller lattice mismatch, flexible preparation procedures, and the chemical
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inertness of the substrates. Besides, the high electrical conductivity of noble metal substrates
may also help avoid charging problems when applying electron-based characterization

techniques if the oxide on the surface cannot provide sufficient conductance [17].

Au(111) is used as the substrate for growing metal oxide thin films in this study. Apart from
the general advantages of noble metal substrates, Au possesses the unique advantage of being
the only face-centered cubic metal with a surface reconstruction [168]. The Au(111)-(22 x /3)
surface reconstruction is demonstrated in detail in the following section. The reconstruction
gives rise to some interesting phenomena. For example, an impurity-induced (e.g., Nb-induced)
ring pattern has a 60° rotation if it is situated at the hcp region on the surface with respect to the

others at the fcc region (see Figure 4-5).

3.6.2 Au(111) surface reconstruction

0O Surface layer (L,) Au atoms
©  First layer (L,) Au atoms

Figure 3-12 STM images of the Au(111)-(22 x +/3) reconstructed surface: (a) 60 nm x 60nm,
Vs=2.0V, 11=0.16 nA; (b) 12.8 nm x 12.8 nm, Vs =0.2 V, It =0.15 nA; (¢) 6.4 nm x 6.4 nm,
Vs =0.2 V, I = 0.15 nA. The fcc region and hcp region are indicated on the image. (d) Close-
up of the region in the black frame in (c) and the corresponding atom configuration.

Surface reconstruction gives rise to a surface structure that differs from the bulk structure in a
crystalline material. The reconstruction of the Au(111) surface was well-studied by diffraction
techniques in the early stage including LEED [169] and reflection high-energy electron
diffraction (RHEED) [170]. A nearly 5% contraction along [110] has been found out. Woll et
al. [168] were the first to show the STM images of the surface reconstruction with atomic

resolution in the real space. Takeuchi et al. [171] then applied first-principles calculations to
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study the reconstruction. They found that the resulting fcc and hcp sites have degenerate energy
due to the surface contraction. They also proved that the surface band structure is rather

insensitive to two different sites after the surface reconstruction.

Figure 3-12 displays the STM images of the herringbone structure due to surface reconstruction
on a large scale and at atomic resolution. Specifically, 23 Au atoms of the surface layer are
compressed into a region that originally accommodates 22 atoms along the [110] direction, as
shown in the close-up and corresponding model in Figure 3-12(d). The reconstruction gives rise
to two atomic configurations at the surface: the fcc region and the hcp region, which are
separated by two “soliton” walls. The fcc regions keep the stacking sequence along [111]
direction as ABCABC (from the surface to the bulk), while the hcp regions alter the surface

stacking type with stacking sequence as CBCABC.

3.6.3 Clean Au(111) surface preparation

(c)

Au on mica

Figure 3-13 (a) Photo of the sample holder with Au substrate clipped on the top. (b) Schematic
drawing of the sample from the top-view showing the four corners for fixing the position. (c)
Schematic drawing from the side-view. (d) Close-up of the Au substrate with one end scratched.
The STO substrate is put under the Au-mica substrate. (e) An optical microscope image of the
Au surface and the scratch. (f) The Au surface after annealing at 950 °C.

Commercial mica-supported Au(111) substrates with a gold thickness of around 300 nm were
bought from Unisoku, Japan. A 2 mm x 7 mm substrate is cut to fit the sample holder, as shown
in Figure 3-13(a) — (c). The four corners of the sample holder (A, B, C, and D) are designed for

position fixing. The hole at corner C can be referred to when rotating the sample. The Au
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substrate is always scratched at the end, which is on the right side with respect to corner C. The
continuity of the Au film has to be broken as annealing is achieved by heating the STO under
the Au-mica substrate, as shown in Figure 3-13(d) and (e). The other end of the Au film should
contact closely with the holder’s clip, through which an electrical potential, namely the sample

bias, is applied to the Au substrate during imaging.

The substrate can be repeatedly used for a few experiments after cleaning by sputtering and
annealing at 600 °C for 1.5 h. The annealing procedure is essential for surface reconstruction
and the removal of embedded Argon atoms after the sputtering process, as stated in Section 3.4.
Substrates should be replaced to avoid cross-contamination when investigating different metal
elements. The cleanness of the substrate surface was confirmed by STM before doing the metal
deposition. The substrate temperature is one of the critical parameters for sample preparation.
Though both mica and Au can sustain a high temperature up to 1000 °C, annealing at around
950 °C causes the Au substrate to melt in certain regions due to the uneven heating of the STO.
The melted region of the Au substrate re-crystallizes during cooling to room temperature,
resulting in a rough surface shown in Figure 3-13(f). Therefore, annealing was usually carried

out under 900 °C in this study.

3.7 Sample preparation

3.7.1 Materials selection

The present work focuses on the transition metal oxide on the Au(111) substrates. Four
transition metals have been studied: Nb (99.8%, Goodfellow), Ti (99.8%, ADVENT), V (99.8%,
Goodfellow), and Mn (99.5%, Goodfellow). All of them are commercial products in the form
of metal rods with a diameter of 2.0 mm in order to fit the pockets of the e-beam evaporator.
Most transition metals have multiple oxidation states due to the valence electrons. For example,

vanadium has oxidation states in its bulk oxides of +2, +3, +4 and +5, corresponding to VO,
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V203, VO2, and V20s. Besides, new stoichiometries such as VsOis, V7013, and VeO11 can be
generated from oxides in the form of thin films [172], which significantly enlarge the oxide

family and raise new research interests regarding the structures and properties.

The four transition metal elements in this study are close to each other in the periodic table.
Hence they may share some common characteristics but also have their distinctive features.
Comparative studies of the similarities and the differences give us a better understanding of
material properties and potential applications. In addition, considering the conditions that can
be achieved in the practical experiments, the four metals with moderate vapour pressures can
be evaporated by an e-beam evaporator without much difficulty in contrast to W or Ta that has
a very low vapour pressure. Oxidizing is achieved by annealing the sample in an oxygen
atmosphere in the range of 107 ~ 10 Pa, while reduction is realized by annealing in UHV.
Therefore, another requirement for selecting the transition metals is that the studied metal can

be oxidized and meanwhile, the substrate is still stable under such experimental conditions.

3.7.2 General sample preparation procedures

The deposition amount of the studied metal is critical to the oxide structure and thus needs to
be carefully calibrated at the beginning. The e-beam ion collector can monitor the evaporation
amount, but the actual deposition on the substrate should be confirmed by the STM images.
When using a new metal rod that lacks information about its behavior in the e-beam evaporator,

a few test samples need to be made for calibration.

The oxidation process can be either post-oxidation which means oxidizing the metal after the
deposition, or reactive deposition which means depositing metal in an oxygen environment.
Annealing is achieved by indirect heating the STO placed under the Au-mica, as shown in
Figure 3-13(d). An external power controller is employed to control the temperature and the

heating speed by adjusting the applied current and voltage. A typical preparation route can be
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seen in Figure 3-14, in which the preparation of the Nb2Os honeycomb structure adopted the
post-oxidation method. The preparation conditions of Nb oxide thin films will be introduced in

Chapter 5; Ti or V oxide will be presented in relevant sections in the following chapters.

T°C | unv 0,

UHV

600

25

60min time
Figure 3-14 An example of the preparation route. This example shows that Nb is deposited on
Au(111) at room temperature. After finishing the deposition, oxygen is introduced into the
chamber with a pressure of 1x10® Pa. At the same time, the substrate is heated up to 600 °C.

Annealing at 600 °C lasts for 1 hour. Finally, the system is cooled down to room temperature,
and the oxygen valve is closed. The chamber goes back to an UHV environment.

3.8 Image processing

3.8.1 Processing procedures

Most of the STM images in this thesis are results of image processing that can be divided into
three stages. In the first stage, a software package called SmartAlign is used to do multiple-
frame averaging (MFA) on the original STM images acquired from serial scanning. The
averaged STM image will get a significant improvement in terms of the signal-to-noise ratio
(SNR) and the resolution. In the second stage, the averaged STM image is further processed in
Gwyddion and Image J, by which we can align rows, level a local region of interest, remove
scars, adjust the brightness and contrast, and perform some basic operations like rotation and
coloring. It is worth noting that these operations should not distort the objective information or
produce artefacts in the images. The last stage is not always necessary unless a precise length
measurement is required. An image calibration should be done before adding a scale bar or

measuring the size of a subject. The STM images, which can reflect the Au(111) substrate with
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atomic resolution, are undoubtedly perfect for calibration as we already know the atom
arrangement and the theoretical periodicity. However, most images taken at room temperature
are not able to resolve Au atoms but can atomically resolve oxide thin films that are epitaxially
grown on the surface. An oxide thin film with a known structure, for example, the (2 x 2) Nb2O3
honeycomb structure, can act as an excellent crystallographic and size marker, which can help
to calibrate the whole image size or mark a specific length in the STM image. In addition, 2D
Fast Fourier Transform (FFT) high-pass image filtering is used occasionally to get a filtered
image. An example can be seen in Figure 4-1(g), (h), in which the FFT filtering was performed

to remove the bright herringbone background to better view the ring patterns' positions.

3.8.2 Image averaging by SmartAlign

SmartAlign is a software package developed by Lewys Jones and operated as a plug-in (HREM
Research Inc) for Digital Micrograph [173,174]. It is used for performing image alignment and
scan-distortion compensation on serial-scanning images with the same imaging conditions. For
a single data point or a 1D spectrum, one of the most common ways to improve the data
accuracy and reliability is to repeat the measurement and calculate the mean value. Similarly,
for a 2D data set like digital images, data averaging is also an effective way to improve the

SNR. Repeating experiments on an imaging system with shot noise can improve of the SNR by

a square root of the repeating number n (SNR o« v/n), see Appendix | for detail.

However, we cannot directly perform pixel averaging on 2D images. On the one hand, acquiring
a frame series usually takes some time depending on the scan speed, during which thermal drift
may occur between the sample and the tip. On the other hand, external effects like the non-
linearity of piezo scanners and electrical interference may give rise to scan distortion and noise
on the STM images. The distortion may vary from each frame, so it makes no sense to calculate

a pixel's mean value without aligning the registry of the image series at the beginning.
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SmartAlign can be used to correct the low- and intermediate-frequency distortion, namely the

drift and scan distortion. High-frequency noise can be partially removed in Gwyddion.

A typical workflow of multiple-frame averaging by SmartAlign is as follows. Firstly, the serial-
scanning images with the same imaging conditions undergo a data resampling to increase the
sampling by a factor of 2 ~ 4 to improve the digital resolution. Secondly, the rigid registration
is performed on the pre-processed image series to remove the translation offset due to thermal
drift between image frames. A 3 x 3 median filter or a 5 x 5 Wiener filter is implemented at the
beginning to improve the reliability of the registry. The rigid registration is then executed based
on the correction function which is applied to assess the translation distance between two frames
in the image series. SmartAlign provides three correlation functions to be selected: the cyclical
cross-correlation, the mutual-correlation function (MCF), and the phase-correlation function
(PCF). Thirdly, the non-rigid registration can further improve the image series by removing the
linear affine and non-linear scan distortion. The linear affine due to image shear, scale, or small-
angle rotation is corrected using affine transformation. In contrast, the non-linear scan distortion
is solved by iterative cycles and assessed by the convergence value. We should be cautious

when performing rigid or non-rigid registration on image series with dynamic changes.

(a) Original STM image (b) Averaged image (15 frames) (c) FFT filtered image (d) Rotated and coloured image

Figure 3-15 Image processing procedures. (&) An original STM image taken at room
temperature (Vs = 0.2 V, It =0.15 nA). (b) After doing MFA on 15 image frames with the same
imaging condition by SmartAlign. (c) After using FFT filtering to better visualize the substrate
Au atoms. (d) A colored image after calibration showing a set of ring patterns caused by V
impurities below the Au(111) surface with atomic resolution.
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To sum up, doing multiple-frame averaging on the serial-scanning images by SmartAlign is a
robust method that can significantly improve the SNR and resolution of the STM images. Figure
3-15 shows an example of the Au(111) surface with a set of ring patterns created by V impurities
buried below the surface. Figure 3-15(a) is an original STM image, from which the Au atoms

are barely seen. After doing MFA on 15 image frames by SmartAlign, the SNR has a nearly

fourfold (V15 ~ 3.87) improvement so that the Au atoms are well resolved in Figure 3-15(b).
The averaged STM result was further filtered [Figure 3-15(c)], processed, calibrated, changed
the lookup table by other image processing applications including Gwydionn and Image J. As

aresult, the image in Figure 3-15(d) shows a set of ring patterns with three maximum intensities

along [011], [101], and [110] directions with a high SNR and satisfactory resolution.
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Chapter 4  Mapping the distribution of impurity atoms
below the Au(111) surface

4.1 Introduction

Mapping the distribution of point defects such as impurities, dopants, and vacancies is key for
a detailed understanding of the properties of all functional materials. This is particularly the
case for nanomaterials where atomic-scale changes in point defect distributions can give rise to
significant changes in their properties [76,175-177]. The distribution in the near-surface region
is also critical for materials systems which are dominated by their surface properties such as
catalysts and semiconductors. Compared with impurity atoms located on the surface of a
material, which can act as strong scattering centers [178-182], it is difficult to map the atomic
distribution of single impurity atoms or defects inside a material. Established techniques include
atom probe tomography (APT) [183,184] and aberration-corrected scanning transmission
electron microscopy with depth sectioning [185-188], which are capable of detecting single
buried impurity atoms and enable 3D reconstruction of the atomic structure. However, these
techniques require advanced sample preparation and/or are destructive and are therefore not

suitable for the observation of dynamic phenomena over a range of temperatures.

Scanning tunneling microscopy is a highly surface sensitive technique that probes only the
surface atomic layer of atoms, however information from buried impurities in the near-surface
region of a metal can be obtained because the defects give rise to surface electronic state
perturbations [189,190]. Significant STM work has also been carried out on detecting dopants
in semiconductor substrates [191-196] where the observation of surface hillocks and
depressions with voltage-dependent intensity is attributed to buried dopants within the top few
atomic layers. STM has also been applied to the study of subsurface Kondo impurities and it

was shown that the depth of an impurity can be derived from the period of the oscillation [197—
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200]. Pioneering STM work of investigating the mobility of surface-embedded impurities
includes Co/Cu on Ru(1000) [201]; Mn [202], Pd [203], In [204,205], Co [190,206-208] on
Cu(100); and Pd on Cu(111) [209]. Adatom-mediated diffusion [201] and vacancy-mediated
diffusion [190,202-209] are two general mechanisms that have been used to interpret the
motion of the impurities. The latter has also been studied through theoretical methods based on
molecular dynamics [210], kinetic Monte Carlo (KMC) [211-213], and density functional
theory [214]. These studies concerned embedded impurities that were not buried below the
surface but rather incorporated in the substrate surface, where tip-induced diffusion can be

influential [207,208].

In this chapter, we show STM images of ring patterns observed on Au(111). The rings are
created by substitutional impurities of Ti, Nb, V, and Mn within the top 10 atomic layers (~ 2.4
nm depth). We can determine the 3D location of each impurity atom using the center and radii
of the rings. In addition, the ring patterns are not perfectly circular as they possess three brighter
corners along [110], [011], [101]. DFT calculations show that the anisotropy of the curvature
of an isoenergy surface in k-space of Au is responsible for the enhanced directional density of

states (DDOS) along the <110> directions.

4.2 Experimental methods and theoretical calculations

Pure metals including Nb (99.8%, Goodfellow), Ti (99.8%, ADVENT), V (99.8%, Goodfellow),
and Mn (99.5%, Goodfellow) were deposited on Au(111) substrates (Unisoku Co., Ltd) by e-
beam evaporation (Oxford Applied Research EGN4). The Au substrates were replaced for each
metal deposition experiment to avoid cross-contamination. Our ultra-high vacuum STM
(JSTM4500XT) was manufactured by JEOL and operates at a base pressure of 10® Pa. STM
imaging was achieved by applying a sample bias in constant current tunneling mode using

etched tungsten tips at room temperature. The STM images in this paper are results obtained
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after multi-frame averaging of a few to several tens of original STM images using SmartAlign,

which significantly improves the image signal-to-noise ratio [173,215].

Theoretical works were done by Xinze Yang, and the calculation methods can be seen in
Appendix Il. DFT-simulated STM images were obtained by placing single impurity atoms (Nb,
Ti, V, and Mn) in the 2", 3 4" and 5™ layers (labeled as Lo, Ls, L4, and Ls) below the surface

(labeled as L1), integrating the local density-of-states from the Fermi energy €z to €z + eVs.

4.3 Impurity atoms buried below the Au(111) surface

Figure 4-1 shows STM images of the Au(111) surface before and after impurity metal
deposition. Figure 4-1(a) is an STM image of a pristine Au(111)-(22 X v/3) reconstructed
surface with the herringbone structure [168]. After evaporating very low concentrations of
impurity metals (Ti, Nb, V, Mn) and annealing, a set of ring patterns with radii ranging from
1.5 A to 20 A can be observed. These rings are not perfectly circular but are triangular with
three rounded corners. The rings are due to buried impurities located in substitutional sites, and
deeper impurities give rise to larger rings but with reduced contrast [189,190]. DFT calculations
indicate that a buried impurity of Ti, Nb, V/, or Mn in Au is in a lower thermodynamic state by
0.5 to 1 eV compared with an impurity in the top Au(111) atomic layer, explaining why we
only observe buried impurities. Figure 4-1(b) is an STM image obtained after depositing a trace
amount of Ti at room temperature. Aggregation of several rings can be seen at the elbows of
the herringbone structure. A large ring pattern with a radius of about 1 nm at the bottom left of
the image is indicated by a yellow arrow indicating a deeper substitutional Ti impurity. Figure
4-1(c) shows the surface ring patterns generated by depositing more Ti and annealing at 500°C
in UHV. The image is of sufficiently high resolution to be able to identify the surface Au atoms,
which helps to precisely determine the orientation of the rings and their radii. A particular tip

condition appears to be required to resolve this type of structure, and we did not observe the
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ring patterns during routine imaging. Presumably, on occasion our W tip was unintentionally
functionalised, which resulted in enhanced resolution in a similar way to the CO front atom

identification (COFI) method used in non-contact atomic force microscopy [216-219].

Au(111) reconstructed surface Ti Just after deposition, RT UHV annealing at 500°C Nb UHV annealing at 500°C

(b) OO0

Figure 4-1 STM images of the Au(111) surface (a) in pristine condition (Vs =2V, I;=0.16 nA).
(b) After depositing Ti at RT (Vs = 0.8 V, It = 0.6 nA) showing small rings clustered at the
elbow sites and a larger ring indicated with a yellow arrow. (c) The surface after annealing at
500 °C in UHV showing the Au atoms and Ti-induced rings with atomic resolution (Vs = 0.4
V, It = 0.8 nA). (d) After depositing Nb and annealing (Vs = 0.8 V, It = 0.5 nA). (e, f) After
depositing V and annealing at 500 °C (Vs = 0.2 V, It = 0.15 nA). (g) After depositing Mn and
annealing at 250 °C (Vs = 0.6 V, It = 0.6 nA), and the same image with high-pass image filtering
(h) to remove the herringbones. The white arrows indicate multiple ring structures, and the
black arrows in (e, f) point at rings located within the hcp-stacked termination of the
reconstructed Au(111) surface.

Ring patterns can also be obtained from samples with Nb [Figure 4-1(d)], V [Figure 4-1(e), ()],
or Mn [Figure 4-1(g), (h)] impurities, where concentric rings patterns are indicated with white
arrows and rings located between the soliton walls of the herringbone structure are indicated
with black arrows. The concentric rings are in appearance similar to standing wave patterns
caused by Friedel oscillations, which are usually observed at cryogenic temperatures [178—
181,220-222]. We therefore conclude that concentric rings are due to two or more impurities

located above one another at different depths. The dominant herringbone structure can obscure
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the observation of the rings [Figure 4-1(g)]. This can be remedied by using a high-pass image
filter to remove the herringbone background, as shown in Figure 4-1(h), which enables

straightforward measurement of the ring sites.

Model and simulated STM image

Figure 4-2 The left columns show models and DFT-simulated STM images of the ring
structures for a V impurity buried to successively greater depths from layers L> to Ls. Columns
(@) — (c) are of corresponding experimental STM images of single Ti, V, or Mn impurities with
increasing ring radii.

Figure 4-2 compares DFT-simulated STM images of the ring patterns generated by a V
substitution at Lo, Ls, L4, and Ls with experimental results from buried Ti, V, and Mn impurities.
In the simulation process, we found that there was a negligible difference of the visual
appearance of the ring structures for the four elements we studied (Ti, Nb, V, and Mn) for
sample biases between Vs = 0.2 — 0.8 V. The simulated images of vanadium at Vs = 0.5V are
used to represent the simulation results for all the impurity elements in the second column. The
good qualitative agreement between simulation and experiment confirms our observation that
the ring sizes and shapes do not differ substantially between the impurity elements, and that the

size expands with increasing buried depth.
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The first column in Figure 4-2 shows the schematic models for the ring patterns. The inside
circles in the models always pass through three atoms at the corners, corresponding to the three
brightest atoms in the simulated and experimental STM images. DFT calculations show that
this phenomenon can be correlated to the curvature anisotropy of the Au isoenergy surface in
k-space. The <110> directions possess a higher directional density of states due to a small
Gaussian curvature of the isoenergy surface, which gives rise to triangular ring patterns with

three bright rounded corners. Detailed analysis can be seen in Appendix II.

The models also reflect that there are three types of symmetry center. Due to the nature of
atomic stacking of an fcc crystal along the <111> directions, the symmetry centers of the rings
created by buried impurity atoms in layers Lo, L3, and L4 are at B, C, and A sites, respectively,
as shown in Figure 4-3(d). For example, this means that impurity atoms located in L3, Ls, and
Lo, are all located on C sites and hence have the center of their rings on a hollow site with

respect to the L surface atoms.

The discrete distribution of measured ring radii for V and Mn is shown in Figure 4-3(a). The
anneal temperature of the V sample (500 °C) was higher than that of the Mn sample (250 °C),
allowing us to collect a more extensive range of radius data due to deeper impurity diffusion.
A plot of the average radius versus the buried depth is depicted in Figure 4-3(b). The regression
line reveals that the angle between it and the y-axis is around 35°, approximately equal to the
angle between the [110] and [111] directions. After replacing the regression line and the y-axis
by extended [110] and [111] vectors, we can see that the theoretical radii can be obtained from
the intercept lengths between two vectors when cutting layer by layer. The symmetric centers
of the ring patterns alter in accordance with the stacking sequence of the Au fcc structure

(ABCABC...) as marked on the 3D model in Figure 4-3(c).
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Figure 4-3 (a) Discrete radii distribution with average values and error bars shown under the
axis from V (83 ring samples) and Mn (54 ring samples) impurities. (b) Plot of average ring
radius versus buried depth with a regression line. The vertical axis is replaced by extended
vectors along [111]. The angle of the [110] vector coincides with the regression line. (c) A 3D
model of the Au(111) substrate showing the fcc stacking sequence. Two scattering cones caused
by buried impurities in Ls and Le are depicted in red. Au atoms are partially omitted for clarity.
(d) The inside circles can be classified into three groups according to the symmetry centers
referred to as A, B, and C sites. () STM images of ring patterns created by V-Au substitution
at Ls—Lg (Vs = 0.2V, It = 0.15 nA).

A buried impurity atom gives rise to a ring pattern on the surface layer, and the size of the ring
depends on the distance between the buried site and the surface plane. This behavior can be
represented by a virtual cone with three arrises along the [011], [101], and [110] directions. We
have drawn two impurity scattering cones from layers L4 and Le in Figure 4-3(c). The STM tip
always scans the surface, so our observation plane is fixed, and hence the radius of each ring

(R) is a discrete value determined by

R, =(n—1)dy;1/V2. (4-1)

where n is the layer number (n =2, 3, 4...) and di11 = 2.35 A is the Au(111) interplanar spacing.

The rings with calculated radii are classified into three groups according to their symmetry
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centers, as depicted in Figure 4-3(d). A ring created by a buried impurity atom in layers Lam+1
possesses an A site symmetric center which is located directly above a surface atom; a ring
pattern created by an impurity atom at Lam-1 has its symmetric center at a B site; a ring pattern
created by an impurity atom at Lam has its symmetric center at a C site, (m =1, 2, 3...). Figure
4-3(e) shows STM images of the ring patterns caused by impurity atoms in layers Ls— Lo with

the colored circles showing the calculated rings.

(@) (b)

Surface
@ —————h M

Zoom in 2%
_—

Au(111) layer @ Impurity metal atom

Figure 4-4 Mapping the atomic distribution of buried impurities. (a) STM image of a V impurity
sample (Vs=0.2V, I:=0.15nA). (b) Filtered image with herringbone structure removed (image
size 11.7 nm x 11.7 nm.) (c) The same image as (b) in grey with ring masks. (d) Side view of
the 3D model of impurity distribution showing atoms at different layers. The actual depth of 10
Au(111) layers is 2.35 nm, but the model is stretched in the depth direction by a factor of four.
(e) A 3D model of the impurity distribution. (f) The 3D model with scattering cones from buried
impurity atoms to surface ring patterns. Red flags in (c), (e), and (f) mark the same rings to aid
positioning.

We are able to determine the exact location of a buried impurity atom according to Formula (4-
1) and the symmetric center of the ring patterns. To demonstrate this capability we selected the
STM image obtained from a V sample in Figure 4-4(a) to show the process of mapping the
atomic distribution of buried impurities from the surface ring patterns. The herringbone
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structure is removed by a high-pass image filter in Figure 4-4(b). After careful image calibration,
ring masks are placed on the image in Figure 4-4(c) to assess the ring sizes. Figure 4-4(d) is a
side view that shows the buried layers of substitutional V atoms with a relative depth stretching
factor of four. Figure 4-4(e) and (f) are 3D models showing the distribution of V impurities in
the near-surface region of the Au(111) substrate, in which the red flags are placed next to two
rings for positioning. The virtual cone models in Figure 4-4(f) indicate that an impurity buried

in a deeper layer results in a larger ring pattern on the surface.

¥, . Au(111) (22x/3) (?)

: below fcc region below hcp region
‘l.l\.l. 0Q ' Q
.". yO Triangle O-CARO

el83ese OO
0Co SYaYeYs

Figure 4-5 (a) STM image of a pristine Au(111)-(22 x v/3) reconstructed surface with fcc and
hcp regions (Vs = 0.7 V, It = 1.3 nA). (b) Upper part: close-up of the region in the black frame
in (a) and its schematic model. Grey solid circles represent the surface atoms; hollow circles
represent atoms of Lo. Lower part: the schematic models show the 60° ring rotation between an
impurity atom below the fcc region and the hcp region. Dark red circles represent substitutional
impurity atoms at L. (¢) STM image from a Mn impurity sample showing rings within the
“soliton” walls and beyond the walls (Vs = 0.6 V, It = 0.6 nA). (d) The same image as () in
grey with ring masks. The triangles connect the three maximum intensities with specific
directions. The triangles of rings in the fcc region are yellow, while triangles within the hcp
region have a 60° rotation and are drawn in red.
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The gold substrate is advantageous for studying the impurity ring patterns because the
(22 X \/§) reconstruction gives rise to hcp and fcc domains separated by “soliton” walls
[Figure 4-5(a), (b)] [168]. An interesting phenomenon of the ring patterns can be found in
Figure 4-5(c) when comparing the rings located in the fcc region with those in the hcp region.
By putting ring masks on Figure 4-5(d) and using an equilateral triangle to connect the three
maximum intensities, it can be seen that the rings in the hcp region are rotated by 60° with
respect to those in the fcc regions. This rotation can be explained by the stacking fault due to
the surface reconstruction, as shown in the lower part of Figure 4-5(b). The same phenomena

can also be seen in Figure 4-1(e) and (f) indicated by the black arrows.

4.4 Conclusion

In summary, we investigated a set of ring patterns on the Au(111) surface by STM at room
temperature which are caused by buried substitutional impurity atoms. We demonstrated a
method to precisely determine the impurity sites and construct a 3D map based on the ring radii
and centers. DFT calculations have shown that the <110> directions possess much higher
directional density of states due to small Gaussian curvature of the isoenergy surface, which

gives rise to triangular ring patterns with three bright rounded corners.
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Chapter 5  Nb oxides on the Au(111) substrate

5.1 Introduction

Niobium oxides are well-known for their catalytic properties, for example, Nb.Os is a
promising promoter for V>Os/TiO> catalysts in selective catalytic reduction [223]. A Nb atom
has five valence electrons, and it is capable of oxidation states up to +5. Nb oxides clusters and
thin films have been studied on various substrates including Pt [26], Cu [24,224], CusAu [28],
and Au [27]. It has been found that Nb2Os, which is hardly seen under natural conditions, can
be grown in 10 Pa oxygen on the Au(111) substrates with a (2 x 2) epitaxy relationship [27].
A recent study on the Nb oxide clusters on Au(111) shows that they can exhibit a variety of
structures with stoichiometries NbOyx, x >1.5. This work is in collaboration with our colleagues

from Paris and has not yet been published.

Nb oxides have been studied most intensively and systematically in this DPhil project compared
with Ti, V, and Mn. Nb oxides were prepared under the conditions that oxygen pressure was
preferably less than 10 Pa, and annealing temperature T < 900 °C. Higher oxygen pressure is
not friendly to the UHV system and the e-beam evaporator, and a higher temperature is not
suitable for the Au-mica substrates we used, as discussed in Section 3.6.3. A general description
of experimental results under different conditions will be presented in this chapter. It starts with
the ring patterns caused by Nb-Au substitutions and ends with the (2 x 2) Nb2O3 honeycomb
monolayers, which is the most stable structure within the range of oxygen chemical potential
in our experiments. This chapter aims to set up a systematic understanding of the behavior of
Nb and Nb oxides on the Au(111) substrate. Different structures or characteristics will be

discussed separately and compared with Ti or V oxides in the following chapters.
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5.2 Nband Nb oxides on Au(111)

5.2.1 General description of all observed structures

Figure 5-1 STM images of Nb and Nb oxides on the Au(111) surfaces (25 nm x 25 nm). (a)
Nb-induced rings formed just after deposition at room temperature (Vs = 1.5V, It =0.2 nA). (b)
Abundant Nb-induced rings distributed homogeneously on the surface after annealing at 700 °C
in UHV (Vs =0.7 V, 1:= 0.6 nA). (c) NbOx clusters formed in 1 x 10”7 Pa O at 400°C (Vs = 1.0
V, It =0.35 nA). (d) Triangles and triangle continuous film formed in 1 x 107" Pa O, at 500°C
(Vs =1.0V, It =0.3 nA). (e) Pinwheel structure formed in 1 x 10" Pa O, at 700°C (Vs = 0.7 V,
It = 0.35 nA). (f) (2 x 2) Nb,O3 honeycomb structure formed in 1 x 10 Pa Oz at 500°C (Vs =
1.0V, It=0.5nA). (g) Embedded pinwheel structure with lots of Nb-induced rings. The sample
was oxidized in 5 x 10® Pa O, at 700°C (Vs = 0.8 V, It = 0.3 nA). (h) Embedded NbOs
honeycomb islands (Vs = 1.0 V, It = 0.3 nA).

Nb was deposited on the Au(111) substrates by e-beam evaporator with an evaporation pressure
around 3 x 10 Pa. Figure 5-1(a) shows an STM image obtained just after the deposition at
room temperature, in which the evaporated Nb atoms are strewed over the Au surface and
generates a few ring patterns. The DFT calculations have confirmed that these ring patterns are
caused by buried Nb atoms, which can form Nb-Au substitutions below the surface. Annealing
the sample at 700°C in UHV results in a surface with abundant rings that are distributed
homogeneously, and the Au(111) herringbone structures are distorted due to the Nb-Au
substitutions, as shown in Figure 5-1(b). It is worth noting that annealing at a higher temperature

also leads to diffusion and substitution at deeper layers so that large-sized rings can be seen in

79



Chapter 5 Nb oxides on the Au(111) substrate

the image. Besides, there are several dark “pits”, which may be resulted from removing a

collection of surface Au atoms.

NbOx clusters start to form by introducing a small amount of oxygen into the chamber and
annealing the substrate at a relatively low temperature (i.e., 400 °C). We found that the clusters
are sensitive to the pressure and annealing time. Usually, we oxidized the sample in 1 x 10”7 Pa
O, for 1 — 2 h or used a higher oxygen pressure (1 x 10 Pa) with a shorter time (~ 15 min).
The NbOx clusters exhibit various structures, including rings, rectangles, bipods, and tripods,
as shown in Figure 5-1(c). In contrast, when oxidizing the sample at a relatively high
temperature (500 — 800 °C) after finishing the deposition, Nb atoms no longer form clusters but
grow into triangles or triangle continuous thin films [Figure 5-1(d)]. A further enhancement of
the annealing temperature results in the (1 x 1) pinwheel structure, which can be regarded as an
aggregation of triangles with different sizes [Figure 5-1(e)]. In other words, Nb oxides prefer
to adopt a condensed growth in the form of triangle structures on the Au(111) surface at a low
oxygen chemical potential. Finally, the (2 x 2) Nb.O3 honeycomb structure [Figure 5-1(f)] has
been proved to be the most stable structure on Au(111) within the range of the experimental
conditions. It was usually synthesized by annealing in 1 x 10 Pa O2 at 500°C for 30 min after
depositing Nb on Au(111). Higher temperatures (up to 900°C) and p(0,) (e.g., 5 x 10 Pa) will
not significantly change the epitaxial structure, although some features in the honeycomb

monolayers may alter.

In addition, we observed that the pinwheel and honeycomb monolayers could grow on the
second Au(111) layers, forming embedded structures that are confined to the surface. Figure
5-1(g) and (h) display embedded pinwheel and HC islands, which possess essentially the same
structures as the free counterparts on the surface. It is worth noting that the embedded
monolayers are accompanied by many ring patterns in the STM images, which indicates that

the Nb-Au substitutions are critical to the embedded structures.
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5.2.2 Structure transitions to honeycomb monolayers

Figure 5-2 STM images of Nb-induced rings and small Nb2Os islands on the Au(111) substrates
(4 nm x 18 nm). (a) Two HCs with a few rings (Vs = 1.0 V, It = 0.3 nA); (b) after oxidizing and
annealing for 30 min, the number of rings was significantly reduced (Vs = 1.0 V, I; = 0.8 nA);
(c) repeated the step, rings were barely seen (Vs = 1.0 V, It =0.5 nA). (d) Close-up of the Nb2O3
island in the white box in (c). The edge of the honeycomb island denoted in the orange line is
completely reconstructed. Nb atoms in the HC lattice are represented by green circles. Nb atoms
involved in the edge reconstruction are marked by orange circles around the island.

Figure 5-2 (a) — (c) are STM images showing the transformation from Nb-induced rings to the
Nb203 honeycomb structure by successive oxidizing in 10”7 Oz at 350 °C. The Nb-induced rings
were turned into the HC rather than forming clusters or triangles in this process, which suggests
that the growth kinetics could play a non-negligible role in the structures of clusters and
triangles. Besides, the resulting small HC islands possess unique edge structures, a close-up can
be seen in Figure 5-2(d). The edge is completely reconstructed as a few protrusions can be
found in the dent sites of the zigzag or armchair units. Notably, they look faint compared with
the Nb atoms in the HC lattice. One of the possible explanations is that these faint protrusions
are Nb atoms that substituted the surface Au atoms and connected to the HC monolayer, so they

may have a lower location than the lattice Nb atoms (see Chapter 7).

The transition from NbOx clusters to Nb2Os HC monolayers is displayed in Figure 5-3.
Similarly, this process also excluded the formation of triangle continuous thin films although
there were some individual single triangles. Small clusters with various structures gradually
grew together and arranged in ordered monolayers with a (2 x 2) epitaxial relationship with

Au(111). Therefore, it can be seen as a ripening process driven by thermodynamics.
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Figure 5-3 (a) STM image of NbOy clusters prepared in 1 x 107 O at 400 °C for one hour on
Au(111) (Vs =0.85 V, I = 1.0 nA). (b) — (d) STM images showing the transition from NbOx
clusters to honeycomb monolayers by successive oxidizing in 107 Oz at (b) 500 °C for one hour
(Vs=0.8V, It=1.0 nA); (c) plus 600 °C for one hour (Vs = 1.0 V, It =0.35 nA); (d) plus 700 °C
for one hour (Vs =0.8 V, It = 0.5 nA). Image size: 30 nm x 30 nm.

Figure 5-4 (a) STM image of an embedded pinwheel island prepared in 5 x 10 Pa O at 700°C
for one hour. The bright region attached at the edge of the island is Nb oxide triangles grown
on the surface layer (12.5 nm x 20 nm, Vs = 1.3V, It = 0.5 nA). (b) — (d) STM images showing
the transition from the pinwheel structure to the HC structure by successive oxidizing in 1 x 10°
703 at (b) 500 °C for one hour (12.5 nm x 20 nm, Vs = 1.0 V, It = 0.2 nA); (c) plus 600 °C for
one hour (17.5 nm x 23.5 nm, Vs =0.8 V, It = 0.5 nA); (d) plus 700 °C for one hour (17.5 nm x
23.5nm, Vs =0.8 V, I = 0.5 nA).

The structure transition process shown in Figure 5-4 started from an embedded pinwheel
structure and ended with an embedded HC structure. The pinwheel structure is supposed to
have a (1 x 1) relationship with Au(111) and therefore, an area can accommodate more Nb
atoms in the form of the pinwheel structure compared with the (2 x 2) honeycomb structure. In
other words, the transition from the (1 x 1) pinwheel to the (2 x 2) honeycomb requires
rearrangement of the excessive Nb atoms. That is why we can see lots of bright protrusions on

the top of the embedded islands in Figure 5-4(b), and still some sharp spots in Figure 5-4(c).
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These bright protrusions can be regarded as adatoms at the second or third layer above the
embedded monolayer. It is difficult to judge their oxidation states or bonding characteristics,
and the analysis of growth kinetics is beyond the scope of the present work. The transition
between Figure 5-4(c) and (d) reflects that the number of the adatoms was further reduced, and

the embedded HC islands were turned into a larger HC monolayer due to ripening.

5.3 Nb-induced ring patterns on the surface

L,

L; L,

Figure 5-5 (a) STM image of Nb-induced rings formed by annealing at 400 °C in UHV (Vs =
1.7V, 1t=0.5nA). (b) - (d) STM images of Nb-induced rings with deposition amount gradually
increased. Samples were annealed at 700 °C in UHV. (b) Vs = 0.8 V, It = 0.3 nA; (c) Vs = 1.0
V, 1t=0.4nA; (d) Vs =1.0 V, I = 0.5 nA; image size: 10 nm x 10 nm. (e) — (i) DFT simulated
STM images of surface pattern induced by a Nb atom substituting an Au atom at L1 (surface),
Lo, L3, L4, and Ls layers (Vs = 0.5 V).

In the 2D transition metal oxides studies, few papers have reported the interaction between the
pure transition metal and the substrate metal because researchers generally pay more attention
to the resulting oxide structures and manage to prevent the studied metal from diffusing into
deep regions in the substrate. The investigation of Nb oxides on Au(111) in the present work
started with the pure Nb metal deposited on Au(111). From Figure 5-1(a) we can see that the
Nb-induced ring patterns can be created just after deposition at room temperature. The gaseous
Nb atoms generated by the e-beam evaporator possess relatively high kinetic energy, which

allows them to impinge on the Au(111) surface. They can substitute Au atoms at the top layers
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or be captured by vacancies in the deep layers. The study of Ti-induced rings shows that

substitutions can occur at the seventh layer (L7) after metal deposition at room temperature.

Figure 5-5(a) shows the Au surface with Nb-induced rings after annealing at 400 °C in UHV.
Compared with the surface condition just after the deposition [Figure 5-1(a)], moderate
annealing can stabilize the evaporated Nb atoms on the substrate, so the ring patterns in Figure
5-5(a) have a higher SNR and clearer perimeters. According to the ring size, these rings are
results of the Nb-Au substitutions at L> as the ring radius is about 1.7 nm (see Section 4.3). The
deposition amount was gradually increased in Figure 5-5(b) — (d), and the samples were
annealed at 700 °C in UHV. We can resolve individual rings with a variety of sizes in Figure
5-5(b). The size of the Nb-induced rings expands with increasing the substitution depth. In other
words, a Nb-Au substitution at a deeper layer gives rise to a larger ring pattern on the Au(111)
surface. A detailed discussion and the relationship between the ring radius and the substitution
layer has been presented in Chapter 4. The DFT simulated STM images of the surface Nb and
buried Nb atoms are displayed in Figure 5-5(e) — (i), which confirms that the ring patterns are

caused by Nb-Au substitutions in the bulk.

Another significant feature that can be observed from the experimental and simulated STM
images is that we can always find three intensity maxima of a ring pattern along [110], [011],
and [101] on the Au(111) surface. This can be explained by the small curvat