
�� �� �� �� �� �� �� �� �� �	 �
 �� ��
���
�����������������������������
�������������������������������������������������


���
������������������� ���!�����������"���������������#����������������������� �����#�������

�$����������������� ���#����

�%�&�' �( �) �� �*���+ �, �- �.

�����������/�0�0���1���2�������1�����2�������0�3�4�3�5�0�6�7�8�9�3�5�:

�; �< �� �� �= ���
�����������������������������
�*���3�7�3�3�*���> �? �@�� �� �A�*���B�C�> �?
�D�E�
 �F �. �=
�G�H�I �J �=



 
 

Synthesis of Boron Nanostructures on 
Refractory Metal Surfaces  

 

 
 

Shahadat Hossain 
Department of Molecular and Material Sciences 

Interdisciplinary Graduate School of Engineering Sciences 

Kyushu University, Japan 

 

Supervised by 

Assoc. Prof. Dr. Takeshi Nakagawa 

 

 

A dissertation submitted as part of satisfying the degree of 

Doctor of Philosophy 

 

September 2022 



II  
 

ABSTRACT  
 

Boron-based nano-scale structures are at the vanguard of current research due to multifarious 

applications in numerous fields. This thesis focuses on the investigation of boron adsorption 

and formation of nanostructures on two different faces of refractory metals under ultra-high 

vacuum (UHV) condition. The formed structures were studied by low energy electron 

diffraction (LEED), Auger electron spectroscopy (AES), and scanning tunneling microscopy 

(STM) while the electronic properties were studied by X-ray photoelectron spectroscopy 

(XPS) and scanning tunneling spectroscopy (STS). I report the successful synthesis of mono-, 

bi-, and multilayer two-dimensional boron sheets on W(110) by depositing pure boron at 

room temperature followed by annealing at 900 °C. LEED and STM study reveal the high 

form of crystallinity with the formation of single-phase for monolayer. XPS study suggests 

adequate amount of charge transfer from tungsten surface to boron atoms which is required 

for the stability of boron-sheet and STS results indicate metallicity. These results are 

consistent with previous theoretical study and shows promising prospect for employing the 

boron-sheet in electrical device applications. On the other hand, the formation of ordered 

boron structure on Mo(112) was investigated by LEED and STM. While boron does not form 

ordered structure at room temperature, it shows a c(2×2) structure upon heating at 1200 °C. 

STM study shows a regular array of boron clusters on the trench of Mo(112), which does not 

indicate any alloying. Quantitative LEED analysis reveals that the c(2×2) structure is an array 

of boron cluster, B4, which is also supported by STM simulation using density functional 

theory. The formation of B4 cluster is also explained by favorable adsorption sites on the 

trench of Mo(112). The STS study shows the metallic nature of this B nanostructure which 

will be stimulating for practical applications. This novel network formation by boron clusters 

indicates strong inter-atomic as well as intra-cluster bonding. Hence, this study will certainly 

enrich the prevailing knowledge about the chemistry of interaction of boron and refractory 

metal surfaces at nanoscale and invoke future studies for characterization. 
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OUTLINE OF THE THESIS  

 

The research work on investigating the boron nanostructures and electronic properties that 

are synthesized on refractory metal surfaces is presented in this thesis. In the first chapter, 

a general overview of the research work, a brief summary of earlier works related to this 

topic, and the motivation for this research work are described. 

The second chapter contains the basics of surface crystallography required for this research 

work.  

The materials used for this research and the details of experimental procedures adopted to 

determine the surface properties are discussed in the third chapter . 

In the fourth chapter, the obtained results and corresponding discussions for the B 

adsorption on W(110) surface are presented. 

Meanwhile, the fifth chapter presents the results and discussions for the B adsorption on 

Mo(112) surface. 

In the sixth chapter, the main outcome of the experimental results discussed in the previous 

two chapters is delineated along with some future prospects. 

The associated references used to complete this research work are provided at the end of 

chapter six. 

The Appendix contains the results and discussions of the corresponding clean surfaces and 

prepared models for structure determination. 

A complete list of publications during the doctoral study is given at the end of this thesis. 
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Moreover, exfoliation from the substrates is another crucial issue for future practical 

applications. Because B growth is dependent on substrates, there are many more possibilities 

to study the characteristics of B adsorbed surfaces, which will aid in the realization of surface 

structures with additional features for future uses. 

 

1.2 Development of borophene research   

To get a clear idea about the current status of borophene research, this section summarizes 

the prior research works on the impact of metal substrates and their corresponding faces on 

the formation of B nanostructure and/or borophene. Figure 1.1 gives an overview of the major 

theoretical and experimental breakthroughs of borophene in a chronological order. 

 

 

 

Figure 1.1 Key revolutions in boron nanostructures. Modified from the reference [41]. 
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the same year, Zhao et al. used ab initio calculations to investigate B monolayers by using B 

clusters on Cu(111) surface [48]. They proposed that most of the B monolayers were stable 

on this surface because of metal passivation effect. Later in 2015, Zhang et al. employed 

cluster-expansion method in combination with first-principles calculations and reported the 

successful formation of 2D B layers on metal substrates such as Au, Ag, Cu and Ni [46]. 

Figure 1.4 shows three most stable 2D B structures on different substrates found by them. 

They also hypothesized that the substrates would donate additional electrons to B for 

stabilizing the electron deficiency of B. The aforementioned theoretical results related to the 

growth of stable 2D B-sheets opened the doors for borophene synthesis on diverse substrates 

in lab-scale.  

 

1.2.2 Experimental synthesis of borophene 

Even though the possibility of borophene formation on different metal substrates has been 

proposed theoretically, very few of them have been synthesized experimentally in recent 

years.  

 

 

Figure 1.5 SEM images for ultrathin B nanosheets grown on Si wafer at various 

magnifications [53]. 

 

In 2015, Xu et al. used CVD approach to produce 2D B-sheets on Si wafer by choosing 

diborane as the B source [53]. In growing B-sheet, they used 8 Pa pressure and 950 °C 
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Figure 1.7 Experimental synthesis of borophene on Ag(111) surface by Mannix et al. (a) 

Schematic diagram and characterization of borophene by Auger electron spectroscopy (AES) 

and STM, (b) atomic model, simulated and real STM images of the homogeneous phase of 

borophene, (c) aberration-corrected scanning transmission electron microscopy (STEM) of 

borophene, (d) STS spectra for both phases [37]. 

 

   

Figure 1.8 Experimental synthesis of borophene on Ag(111) surface by Feng et al. (a) STM 

images of borophene showing two phases (S1 and S2), (b) atomic structural model and 

simulated STM images of both phases [29]. 
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Figure 1.9 Honeycomb borophene synthesis on Al(111) substrate. (a-b) STM images for 

borophene grown on Al(111 substrate), (c) a high-resolution STM image of the region 

indicated by black rectangle in (b) depicting flat honeycomb pattern, (d) 3D STM image of 

the region indicated by white rectangle in (b), (e,f) top and side views of structural model for 

honeycomb borophene (orange sphere represents B atoms while dark yellow represents Al 

atoms), (g) electron density map for honeycomb borophene on Al(111) [28]. 

 

Recently in 2021, Preobrajenski et al. reported that boron on Al(111) actually formed a 

stoichiometric AlB2 layer instead of honeycomb borophene [54]. This boride layer also 

induced a reconstruction in the top Al layer. The triangular-shaped STM images on Al(111) 

actually came from the mismatch between the top AlB2 layer and the underlaying Al layer. 

Their STM, X-ray photoelectron spectroscopy (XPS), near edge X-ray absorption fine 

structure (NEXAFS) spectroscopy, and DFT calculations support the validity of their report 

very well. In both studies, the structure has been searched using the first-principles 
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Figure 1.14 Borophene nanoribbons synthesis on Ag(110) substrate. (a-d) STM images for 

P1, P2, P3 and P4 phases, respectively, (e-h) top view of the atomic structural models for P1, 

P2, P3 and P4 phases, respectively by DFT calculations, (i-l) side view of the atomic 

structural models for P1, P2, P3 and P4 phases, respectively, (m-p) simulated STM images 

for P1, P2, P3 and P4 phases, respectively. The corresponding unit cells are shown in each 

image. For (e-l), the orange spheres represent B atoms, the white balls represent topmost Ag 

atoms while the blue balls represent lower Ag atoms [30]. 
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Figure 1.15 Borophene quasi-1D chains synthesis on Ag(100) substrate. (a-c) STM images 

of 1D borophene chains on Ag(100) surface indicating different phases; high-resolution STM 

images for phase A (d), phase B (e) and phase C (f); simulated STM images of phase A (g), 

phase B (h) and phase C (i) with overlapped atomic model; atomic structures of phase A (j), 

phase B (k) and phase C (l). The red and black spheres indicate B atoms and white spheres 

indicate underneath Ag(100) atoms. The unit cells of the corresponding phases are marked 

by black rectangles [34]. 
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borophene but multiple phases or single-phase with several domains were found on this 

surface. The mismatch between surface symmetry and synthesized borophene symmetry 

were mainly responsible for this. Even growth temperature could not solve the issue. A 

comparison between the syntheses demonstrates that the formation mechanism of 2D B-sheet 

is subjected to some crucial factors like deposition method, deposition rate, growth or 

annealing temperature and the type of the substrate used for growth. So far, the reported 

parameters are noticeably different from each other which can be a substantial hitch for 

practical applications.  It is also evident that freestanding borophene is energetically unstable 

and it requires a substrate for stability. As a result, extensive investigation is essential to 

fabricate superior borophene along with optimized control over the affecting parameters. 

Moreover, the substrate not only affects the stability but also influences the structural and 

electronic features of the borophene. Hence, research on new substrates can ameliorate 

existing knowledge and may unlock new window for successful implementation of 

borophene in the desired practical arena. Additionally, all the structures had been searched 

based on the STM images in combination with first-principles calculations which lack 

experimental analysis of the formed structure. As a result, a confusion has arisen between the 

formation of borophene or boride on some metal substrates. A solution to this could be the 

LEED I(E) analysis of the structure which has been used for many years in structure 

searching and this analysis is based on experimental data. Therefore, combined LEED I(E) 

analysis and first principles calculations may lead to the removal of confusion in determining 

the structures. 

Given the significance of substrates and their crystalline faces for 2D B-sheet formation, B 

adsorption on refractory metal surfaces, such as W and Mo has lately been a key research 

focus. Figure 1.19 shows the phase diagrams of W-B and Mo-B systems, which shows that 

distinct metal borides are formed depending on B concentration and temperature. It also 

designates the presence of significant interaction between B and refractory metals. Due to 

their almost identical qualities, such as nearly identical lattice constant and a high melting 

temperature, W and Mo substrates display comparable characteristics.  
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domain boundary and the periodicity of the overlayer structure is broken across these domain 

boundaries. Various kinds of domains are found such as translational, rotational, mirror, or a 

mixture of them.  

 

2.6 Basic growth modes of overlayer 

Three kinds of growth mechanisms can be classified in overlayer formation based on the 

interaction between adsorbate atoms themselves and between adsorbate and substrate atoms. 

These are: (i) Frank-van der Merwe or layer-by-layer growth, (ii) Volmer-Weber or island 

growth, and (iii) Stranski-Krastanov growth.  

 

2.6.1 Frank-van der Merwe growth 

In this growth mode, planar sheets are formed as a result of the smallest nucleus extending 

in 2D. The atoms or molecules that are depositing in a layer-by-layer development process 

are more tightly bound to the substrate than they are to one another, and each subsequent 

layer is successively less strongly attached. Until the bulk bonding strength is attained, this 

effect continues. Recent 2D borophene syntheses have also followed this kind of growth 

mechanism [56,57]. The Figure 2.4(a) depicts the schematic diagram of the Frank-van der 

Merwe growth mode. 

 

2.6.2 Volmer-Weber growth 

Nucleation of smallest stable clusters on the substrate in 3D island fashion gives rise to this 

type of growth mode. The atoms or molecules that are being deposited are more tightly bound 

to one another than to the substrate, which is a simplified cause of this growth tendency. This 

frequently occurs when the materials of the substrate and adsorbate are different. The Figure 

2.4(b) depicts the schematic diagram of the Volmer-Weber growth mode. 
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Figure 3.3 Different planar or quasi-planar B clusters [14]. 
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Figure 3.4 Various 2D B structures. (a) Definition of 1212 and 1221, (b) hexagonal 

graphene-like B-sheet, (c) idealized and buckled B-sheet {1212}, (d) reconstructed B-sheet 

{1221}, (e) icosahedral B-sheet, (f) low symmetrical B-sheet , and (g) hybrid B-sheet [134].    
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3.1.2 Refractory metals  

Refractory metals are one-of-a-kind metals because of their extreme resistance to heat, wire, 

and corrosion. In our experiments, we have used single-crystal Mo(112) disk (manufactured 

by MaTecK, Germany) with a diameter of 10 mm and a thickness of 1.5 mm and single-

crystal W(110) disk (manufactured by MaTecK, Germany) with a diameter of 10 mm and a 

thickness of 0.5 mm as adsorbent materials.  

 

3.2 Deposition method (molecular beam epitaxy)  

Molecular beam epitaxy (MBE) is a technique for producing thin epitaxial films of a wide 

range of materials, including oxides, semiconductors, and metals. Because of the tremendous 

technological significance of compound semiconductors to the electronics industry, it was 

initially applied to their growth. Günther was the one who first proposed the MBE process 

[135]. He did not deposit epitaxial films, but rather films on glass substrates. With the 

advancement of vacuum technology, Davey and Pankey were able to demonstrate the MBE 

technique by growing epitaxial GaAs films on single crystal GaAs substrates using Günther's 

approach [136]. In 1969, A. Y. Cho reported in situ observation of the MBE growth 

procedure utilizing reflection high-energy electron diffraction (RHEED) which paved the 

way for further development of MBE films [137]. 

In this method, atoms or molecules collide with a crystal that has been priorly treated to 

achieve an almost atomically pristine surface in an UHV environment. The constituent atoms 

produce a crystalline epitaxial film upon arrival on the substrate. The composition of these 

films can be changed rapidly, resulting in crystalline surfaces that are nearly atomically 

abrupt. So, a wide range of unique structures such as quantum well devices and superlattices 

have been created, all benefiting from precise compositional control during growth.  

In our experiment, we have used MBE technique for the deposition of B on a single crystal 

(Mo or W) substrate. A schematic diagram of the experimental setup is shown in Figure 3.5. 
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All the experiments were performed in UHV environment. To do so, four types of pumps 

were used to obtain the expected low pressure (below 2×10-8 Pa). Initially, the rotary vane 

pump was used which reduced the pressure to ~10-2 Pa. Next, the turbo molecular pump 

further reduced the pressure level to ~10-5 Pa. Subsequently, using ion and Ti sublimation 

pumps together reduced the pressure of the chamber to ~10-8 Pa. The sample was mounted 

on a non-magnetic sample holder, which was attached to a manipulator for 360° rotation of 

the sample. The substrate was cleaned either by sputtering or by exposing the sample to an 

oxygen atmosphere inside the chamber. Adsorbate material (B) was placed in a boat that was 

evaporated by means of e-beam evaporation and the rate of deposition was monitored using 

a quartz crystal microbalance (QCM). The post-deposition annealing of the sample was done 

by means of resistive heating and the corresponding temperature of the sample was measured 

by using an infrared pyrometer. 

 

 

Figure 3.5 Schematic diagram of MBE chamber used in our experiment. 
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Figure 3.12 Auger peaks in the KLL, LMM and MNN portions of the spectrum [collected 

from Auger data book]. 

 

 

Figure 3.13 Schematic diagram depicting the Auger process. 
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The Auger process can be explained from the series of events as shown in Figure 3.13.  

(1) An electron beam from the Auger source is projected to the sample with sufficient 

energy to interact with core level electron.  

(2) The incident electron having sufficient energy removes a core electron and creates a 

vacancy. 

(3) The creation of vacancy at lower energy level causes the electron from higher energy 

level drops down to fill in the spot. 

(4) Simultaneously, energy is released due to the dropping down of electron from higher 

to lower energy level and causes another electron, also known as Auger electron, to 

eject from higher energy level. The kinetic energy of this Auger electron is unique 

and dependent to the binding energy of the type of element.   

Generally, AES analysis is carried out by scanning different kinetic energies. The Auger 

spectrum is represented in a plot which shows the intensity of electrons detected as a function 

of kinetic energy of the electrons. However, frequently AES spectra are shown as the first 

derivative of the number of electrons emitted as a function of electron kinetic energy in order 

to demonstrate the small Auger peaks. As a result, the Auger peaks are enhanced while the 

background caused by secondary and backscattered electrons is suppressed. 

AES is actively used today beside other surface analysis/determination techniques such as 

LEED/STM to give valuable information about the surface cleanliness, composition and 

coverage of adsorbate surface layer.  

 

3.3.3 X-ray photoelectron spectroscopy 

The X-ray photoelectron spectroscopy (XPS) is one of the most accurate methods to analyze 

the chemical properties of surfaces which uses the photoelectric effect. Heinrich Rudolh 

Hertz initially identified the photoelectric effect in 1887, and Albert Einstein described it in 

1905. Kai Siegbahn and his research group developed the XPS technology in the mid-1960s 

and in 1969, they produced the first monochromatic XPS system.  
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Figure 3.17 Schematic diagram of the tunneling effect in STM. 

 

 

Figure 3.18 Different modes of STM operation. 
















































































































































































































