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Abstract 
Wide band gap semiconductor single crystals and insulating thin films are emerging as 

promising alternatives to metallic substrates in surface science, offering a means to prevent the 

quenching of electronic and optical excitations in surface-bound atoms, molecules, and 

nanoarchitectures. In this thesis, we explore the potential of GaN and TiO2 single crystals, as 

well as Cu2N thin films, for these applications. The efficacy of these substrates for on-surface 

reactions and subsequent electronic spectroscopy analyses is thoroughly examined in the 

following chapters. 

Gallium nitride (GaN), a wide bandgap semiconductor with absorption and emission in the 

ultraviolet/visible range, is proposed as an alternative to metallic surfaces for assembling 

organic molecular structures aiming at optoelectronic applications. However, the formation of 

a persistent surface oxide layer in air considerably limits the use of GaN for well-defined 

interfaces. In Chapter 3, we have investigated, characterized and processed n-type free-standing 

c-plane hexagonal wurtzite GaN crystals grown by hydride vapor phase epitaxy and 

ammonothermal growth methods. Surface cleaning and full removal of the oxide layer on GaN 

surfaces could be reproducibly achieved via sputtering and annealing cycles, as evidenced by 

X-ray photoelectron spectroscopy and low-energy electron diffraction. Scanning tunneling 

microscopy, however, indicated substantial roughening of the GaN surface and the formation 

of unwanted Ga-rich islands and clusters. Although ammonia (NH3) and bromine (Br) 

treatments compensated the N/Ga atoms ratio reduced by sputtering, the surface morphology 

remained rough, exhibiting randomly shaped and distributed hillocks. In addition, we studied 

the effect of electron bombardment on the surface quality of GaN during NH3 annealing, on-

surface debromination and polymerization of 1,3,5-tris(4-bromophenyl) benzene on GaN and 

the removal of Ga atoms by Br atoms during the desorption. 

Copper nitride (Cu2N) thin films represent a metallic yet stable buffer layer in ultra-high 

vacuum, bearing promise for decoupling functional structures from a metallic copper substrate. 

Although a preparation protocol based on nitrogen ion bombardment has been previously 

applied for in-situ deposition of Cu2N monolayers on Cu surfaces, the reduced domain size 

limits its application potential. In Chapter 4, we have grown extended Cu2N monolayer films 

on a Cu (111) surfaces by ammonia-mediated post-annealing of ultrathin copper oxide films. 

The structure and properties of Cu2N and copper oxide monolayers were characterized by 

scanning tunneling microscopy and low-energy electron diffraction. The exchange of nitrogen 

with oxygen elements in the respective Cu2N and copper oxide layers on Cu (111) surfaces was 

revealed by X-ray photoelectron spectroscopy. This oxidation-reduction two-step strategy 

provides a promising new approach to fabricate Cu2N buffer layers on which we studied 

molecular depositions and assemblies and confirmed their decoupling effect by tunneling 

spectroscopy and DFT calculations. 

Ullmann coupling stands out as one of the most efficient, controllable, and predictable surface-

assisted aryl-aryl coupling reactions, extensively employed for fabricating poly(para-phenylene) 

(PPP) wires, also referred to as the narrowest n-armchair graphene nanoribbons (nAGNRs, n = 

3). These nanostructures are pivotal for next-generation electronic applications due to their 

precisely adjustable band gap. In Chapter 5, we demonstrated the capability of Ullmann 

coupling of 5,15-(di-4-bromophenyl)porphyrin ((BrP)2P) and 4,4”-dibromo-p-terphenyl 

(DBTP) molecules and the formation of PPP wires on Cu2N, highlighting its role as a metallic 

thin film with the decoupling potential, making this an unparalleled substrate for surface science 

techniques and the investigation of electronic and optical excitations and properties of on-

surface atoms, molecules, and nanoarchitectures. Tunneling spectroscopies revealed an 

enlargement of the HOMO-LUMO gap of the decoupled (BrP)2P molecules and PPP wires on 

Cu2N compared to Cu (111) islands, indicating crucial potential for fundamental understanding 

and transformative insights into the electronic and optical phenomena within the surface. 

While the metallic nature of copper nitride (Cu2N) thin films provides a suitable platform for 

surface science techniques such as scanning tunneling microscopy and spectroscopy, the 

decoupling effect of this two-dimensional material holds critical promise for preventing the 
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quenching of optical and electronic excitations or quasiparticles in adsorbed atoms, molecules, 

and nanoarchitectures from the underlying substrate. In Chapter 6, we developed a novel 

replacement method for fabricating Cu2N thin films on Cu (100) by iterative cycles of oxidation 

and nitridation under ultra-high vacuum conditions, with an adjustable coverage and patch size 

distribution controlled by the number of cycles and the surface temperature. Hereby the O atoms 

in a (2√2 × √2)𝑅45° CuO-superstructure are replaced by N atoms from NH3 on the CuO 

surface at 675 K, forming a  (√2 × √2)𝑅45° Cu2N structure, with N atoms residing at hollow 

sites of the Cu (100) surface atomic layer. This nanostructure comprises a square unit cell with 

a lattice parameter of approximately 0.4 nm. The appearance of highly intense and regular 

confinement states in the conduction band of Cu2N patches on Cu (100), quenched at the point 

defects, is intriguing for further investigation of electronic and optical excitations and 

quasiparticles couplings. Due to the high stability of the Cu2N surface, the adsorption enthalpy 

on surrounding Cu stripes and islands is significantly more favorable than on Cu2N patches, as 

monitored by dominant molecular adsorption and assembly on Cu stripes rather than on the 

Cu2N surface. In addition, the enlargement of the HOMO-LUMO gap value indicated the 

decoupling of on-surface pentacene and diaminophenyl-porphyrin molecules from the Cu (100) 

substrate by the Cu2N layer. 

In addition, in Chapter 7, we studied the influence of light and Fe adatoms on the debromination 

of 4,4”-dibromo-p-terphenyl precursors affording poly(para-phenylene (PPP as the narrowest 

GNR) wires through the Ullmann coupling reaction on a rutile TiO2(110) surface, which we 

studied by scanning tunneling microscopy and X-ray photoemission. The temperature threshold 

for bromine bond cleavage and desorption is reduced upon exposure to UV light (240-395 nm 

wavelength), but the reaction yield could not be improved. However, in the presence of 

codeposited iron adatoms, precursor debromination occurred even at 77 K, allowing for 

Ullmann coupling and PPP wire formation at 300-400 K, i.e., markedly lower temperatures 

compared to the conditions without Fe adatoms. Furthermore, scanning tunneling spectroscopy 

data reveal that adsorbed PPP wires feature a HOMO-LUMO gap of ≈ 3.1 eV. 

Although on-surface synthesis provides promising strategies to successfully construct various 

nAGNRs, the use of metal surfaces as substrate cannot avoid the quenching of electronic and 

optical excitations, thus preventing the study on intrinsic electronic structures and resulting in 

contradictory reports in the case of HOMO-LUMO gap of 5AGNRs. In Chapter 8, we prepared 

5AGNRs on semiconducting rutile TiO2 (110) and anatase TiO2 (101) surfaces using 

photocatalysis of surface-assisted Ullmann coupling of 1,4,5,8-tetrabromonaphthalene (TBN) 

molecules. Although annealing monolayers or multilayers on both rutile and anatase TiO2 

favored the TBN debromination on these surfaces, as indicated by X-ray photoelectron 

spectroscopy, rarely C-C coupling and the formation of 5AGNRs were observed in the scanning 

tunneling microscopy images. On the other hand, irradiation of the surface by violet or UV light 

could drastically enhance the formation of 5AGNRs. Light with a shorter wavelength in the UV 

range (265 nm) causes more extensive debromination on this inert surface compared to near-

violet light (377 nm). Furthermore, STS revealed a HOMO-LUMO gap of about 2.1 eV for 

5AGNRs, exhibiting their semiconducting nature. 

Keywords 

Titanium dioxide, Graphene nanoribbons, Hexagonal wurtzite gallium nitride, Surface science, 

X-ray photoelectron spectroscopy, Scanning tunneling microscopy, Copper nitride, on-surface 

synthesis
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Chapter 1 

Introduction 

The objective of this thesis was to develop and investigate new materials to study electronic 

properties, such as electronic transport, optical absorption, and excited state imaging, in highly 

ordered molecular monolayers, polymeric organic wires, and sheet structures [1-7]. 

Nanostructures were examined on the surfaces of wide bandgap semiconductors, particularly 

gallium nitride (GaN) [8-13] and titanium dioxide (TiO2) [14-17], and decoupling thin films 

like copper nitride (Cu2N) [18-24]. These innovative heterostructures were fabricated through 

directed molecular assembly and on-surface synthesis [1-7]. This project integrated advanced 

interfacial molecular engineering on metal surfaces under ultra-high vacuum (UHV) conditions 

[1-7] with expertise in the growth and preparation of wide bandgap semiconductor substrates 

[8-12, 14-17] and decoupling layers [18-24]. Novel nanoscale lateral structuring techniques 

were developed to achieve unprecedented complexity and thoroughly explore the properties of 

these structures, which are promising for organic electronics and other rapidly advancing 

technologies [25-34]. The preparation and molecular-level characterization of highly ordered 

molecular assemblies and polymeric nanostructures on different substrates under UHV 

conditions, utilizing scanning tunneling microscopy (STM), ST spectroscopy (STS), low 

energy electron diffraction (LEED), temperature-programmed desorption (TPD), and x-ray 

photoelectron spectroscopy (XPS), is a rapidly growing field. It opens novel avenues for 

atomically precise fabrication of functional interfaces and heterosystems [35-38], enhanced by 

recent advances in covalent interfacial architectures [39-42]. A notable example is the 

implementation of low-energy electron irradiation on long alkene molecules deposited on an 

Au (110) surface, controlling and inducing structural changes followed by thermo-activated 

polymerization. STM monitored the corresponding detailed packing structures [43].  

However, metallic substrates are unsuitable for investigating the electronic and optical 

properties of molecular nanosystems, such as lateral electronic transport, photoluminescence, 

or STM imaging of optically excited states, because the metallic substrate quenches or short-

circuits the properties of interest [1-7, 35, 44]. An elegant solution is to use wide bandgap 

semiconductors such as GaN [8-12], TiO2 [14-17], or diamond [45-48] as the substrate or to 

employ a decoupling film like Cu2N [18-24] on a metallic surface. These wide band gap 

semiconductors are transparent to light up to the far UV spectral range. They can be 

substitutionally doped to control their electrical conductivity, making them suitable for STM 

imaging or other surface science techniques [8-12]. This enables the partial transfer of self-

assembly strategies to non-metallic substrates, such as graphene monolayers on diamond [46]. 

Molecular self-assembly is a versatile nanofabrication technique that achieves atomic precision, 

paving the way for molecule-based electronic components and devices. For example, 

supramolecular bi-component network architectures on an all-carbon sp2-sp3 transparent 

platform have been reported, with an optimized fabrication procedure providing clear evidence 

for a photoactive molecular sheet structure [45]. The substrate consists of a hydrogenated 

diamond decorated with a monolayer graphene sheet. The bilayer assembly of a 
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melamine−naphthalenetetracarboxylic diimide supramolecular network, exhibiting a 

nanoporous honeycomb structure, was initially explored via STM at the solution-highly 

oriented pyrolytic graphite interface [45-48]. This research opens a new field that offers 

unexplored optoelectronic properties and functionalities and focuses on ordered super-

molecular assemblies and covalent nanostructures on established wide bandgap semiconductor 

substrates. Below, we will briefly introduce the different chapters of this thesis. 

GaN has garnered significant attention in optical and electronic research and devices due to its 

notable properties, including bandgap tunability, dopability, and transparency to light up to the 

UV spectral range [8-12]. GaN-based devices [25-27, 34] have been extensively studied [9, 49, 

50]. As an alternative to metallic surfaces, GaN is a potential candidate for hosting epilayers or 

(self-)assembled molecular structures, preventing the strong quenching of electronic excitations 

[1-7]. Therefore, controlling the surface and interface processes of GaN thin films and single 

crystals is critical for advancing GaN-based devices, as many applications employ 

heterostructures comprising thin films of various materials on the GaN surface [9, 51-55]. Upon 

exposure to air, the surface of wz/zb GaN forms an approximately 1 nm thin gallium oxide film 

[9]. This oxide layer significantly limits surface science research, preventing direct access to 

the pristine GaN surface. Therefore, removing the topmost oxide layer using different cleaning 

methods is crucial for assessing the intrinsic properties of the GaN surface [9, 51, 56-60]. In 

Chapter 3, we investigated free-standing silicon (Si)-, germanium (Ge)-, and oxygen (O)-doped 

C-plane wurtzite (wz) GaN surfaces for potential applications in surface science. We 

investigated the influence of sputtering, annealing, ammonia (NH3), electron bombardment, and 

bromine (Br) desorption on the nitrogen (N) to gallium (Ga) atomic ratio near the surface and 

surface roughness. 

Copper nitride thin films have versatile potential applications, such as microelectronic 

semiconductor materials [23, 61], lithium and sodium-ion batteries [62], and materials for 

maskless laser writing [18, 24]. These thin films exhibit promising physical properties [18, 63], 

low cost [18, 63, 64], non-toxicity [18, 21], high optical absorption coefficients in the solar 

spectrum [65], and high stability [18, 22, 66, 67]. Various mechanisms for the fabrication of 

copper nitride thin films have been reported [18, 23, 64, 68, 69]. Due to the low reactivity of 

copper and nitrogen, replacement methods have been the most common method for preparing 

copper nitride in the past [18, 70, 71]. This approach prepared cuprous oxides using the 

solution-based Russell’s method, converted into copper nitride under NH3 dosage [70-75]. In 

Chapters 4-6, we investigated the fabrication and properties of the Cu2N decoupling layer on 

Cu (111) and Cu (100) surfaces. We developed a new fabrication method in UHV, replacing O 

atoms in copper oxide with N atoms from NH3 gas during the surface annealing. The decoupling 

effect of these films, as well as on-surface molecular adsorption, assembly, and reactions such 

as Ullmann coupling, were investigated.  

TiO2 is the most extensively studied metal oxide in surface science [14-17]. It is used for various 

applications, including solar cells, corrosion protection, catalysis, bioimplants, memristors, and 

gas sensors [14, 76-80]. Anatase [14, 81-87] and rutile [14, 88-95] TiO2 are introduced for on-

surface synthesis of one-dimensional (1D) or two-dimensional (2D) structures to avoid 

hybridization of the electron density of the epilayer molecules and structures with the substrate, 

unlike metallic substrates [1-7, 35, 88, 96, 97]. The rutile TiO2 (110) surface is the most stable 

surface of this crystal [14, 98]. Rutile TiO2, as a semiconducting oxide, is a well-known 

substrate for on-surface reactions and Ullmann coupling, prohibiting the quenching of 

electronic excitations required for reliable optical and electronic measurements [88-93]. 

Ullmann coupling provides a convenient method for producing conjugated polymers on this 

surface [88]. The efficiency of covalent coupling of aryl halides on reduced rutile TiO2 

significantly depends on the density of hydroxyls on the surface [88]. In chapters 7-8, we 

investigated the surface-assisted Ullmann coupling and the formation of n-armchair graphene 

nanoribbons (nAGNRs) on TiO2 surfaces. We studied the catalytic effect of light and Fe ad-

atoms on debromination reactions and C-C coupling.  
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Chapter 2 

Principles of Experimental Methods 

In this section, we describe the various techniques and equipment related to this thesis. The 

experimental setups are located in the laboratories at the Chair of Surface and Interface Physics 

(E20) at the Technical University of Munich (TUM) in Garching, Germany, and at the CAS 

Center for Excellence in Quantum Information and Quantum Physics at the University of 

Science and Technology of China (USTC) in Hefei, Anhui, China. These experiments were 

conducted in different UHV chambers equipped with various techniques, including STM, 

Scanning Tunneling Spectroscopy (STS), XPS, Temperature-Programmed XPS (TPXPS), 

LEED, and TPD. The reduced number of electrons scattered by gases in UHV makes it an 

essential requirement for spectroscopies and microscopies. Additionally, lower gas pressure 

leads to fewer surface reactions and oxidation, resulting in a cleaner surface, which is necessary 

for surface science [99-101]. 

2.1. X-ray Photoelectron Spectroscopy 

XPS is a common spectroscopic technique for surface analysis based on the photoelectric effect, 

electron-surface interactions, and the influence of an element surrounding on its electrons 

binding energy [102-104]. In XPS, X-ray photons excite electrons from the core levels of atoms 

in solids into the vacuum, providing information about the electronic properties and structure 

of the materials with elemental, chemical state, and surface sensitivity. When a photon with 

energy ℏ𝜔 excites an electron with a binding energy Eb, the electron adsorbs the entire energy 

of the photon and moves to an unoccupied state above the vacuum level. Therefore, the incident 

photon emits a photoelectron into the vacuum with a kinetic energy described by Equation 2.1. 

ℏ, 𝜔 , 𝐸𝑏 , and 𝐸𝑘𝑖𝑛  are Planck’s constant, photon frequency, electron binding energy, and 

ejected electron kinetic energy, respectively. A hemispherical electron energy analyzer (HEEA) 

collects and detects the ejected electrons, as shown in Fig. 2.1 [100]. 

ℏ𝜔 − 𝐸𝐵 = 𝐸𝑘𝑖𝑛 Equation 2.1. 

For solids, binding energy (Eb) is calculated based on the Fermi level rather than the vacuum 

level, as shown in Fig. 2.1. Therefore, Equation 2.2 describes the kinetic energy of an emitted 

electron from a solid surface. 𝜙𝜔 is the work function of the materials, which is the minimum 

required energy to eject an electron from the solid surface to the vacuum [100]. 

ℏ𝜔 − 𝐸𝑏 − 𝜙𝜔 = 𝐸𝑘𝑖𝑛  Equation 2.2 
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Fig. 2.1. Schematic views of (a) a photoelectron emission and HEEA setup and (b) the relation 

between the binding and kinetic energies of an electron and its Fermi and vacuum levels. 

 

At a specific incident photon energy, spectra of the number of emitted photoelectrons versus 

the kinetic energy or binding energy, as defined by equation 2.2, can be plotted. This spectrum 

identifies the binding energies of electrons in the core levels of each element. Since no two 

elements have the same set of binding energies, XPS spectra serve as fingerprints for different 

elements. All elements are recognizable by XPS, except hydrogen and helium due to the 

absence of core level electrons in these atoms. Furthermore, various chemical environments 

lead to shifts in the XPS peaks, known as chemical shift. For example, higher positive oxidation 

states shift the peaks to higher binding energies. This shift is due to the presence of stronger 

coulomb interactions with the ion core as a result of a valence electron loss from chemical 

bonding. The shape and width of XPS peaks depend on various parameters, such as instrumental 

variations. For example, the line shape and width of the incident X-ray line used to excite the 

electrons, and the HEEA pass energy and resolution influence the obtained full-width at half 

maximum (FWHM). Broadening effects, such as the lifetime of core holes, thermal effects of 

intramolecular vibration modes (phonons), excitation of electron-hole pairs around the fermi 

level (many-body effect), and shake-up satellites, can affect the obtained spectral peaks. Thus, 

the corresponding FWHM is larger for electrons in inner shells and for atoms with larger atomic 

numbers. The total FWHM is calculated by taking the square root of the quadratic sum of the 

FWHM values caused by each effect. Besides that, core-level line splitting can be monitored 

due to spin-orbit coupling effects, which result from the interaction between an unpaired spin 

and orbital angular momentum [100]. 

The mean free path of electrons (𝜆𝑒) is the average distance an electron can travel within a 

material without experiencing inelastic collision, scattering, or energy loss. Since primarily 

electrons that do not lose energy are important in XPS, the mean free path of electrons is a 

critical parameter. Electron spectroscopies, including XPS, are surface-sensitive due to the 

short mean free path of electrons in solids and the strong interaction between the solid surfaces 

and electrons. In a grazing emission geometry, an incident photoelectron beam is emitted onto 

the sample at an angle of 𝜃 from the surface normal. Therefore, in this case, the sampling depth 

is 3𝜆𝑒cos 𝜃 and the measurement becomes more surface-sensitive [100, 105]. 

Assuming that the excitation of an electron above the vacuum level does not affect the energy 

state of other core electrons, we obtain the binding energy of the electrons using Koopman’s 

theorem, as shown in Equation 2.3. In this equation, 𝐸𝐵(𝜐) , 𝐸𝑓(𝑁 − 1) , 𝐸𝑖(𝑁) , and 𝜀𝜐 

represent the binding energy of an electron, the energy of the ground state of an atom with N 

electrons, the energy of the final state of an atom with N-1 electrons, and the energy of an 

electron in state 𝜐 below the vacuum level, respectively. However, in reality, the emission of a 

core electron influences the energy state of other core electrons. After the removal of a 
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photoelectron, the other core electrons rearrange and relax due to the formation of a positive 

hole in a core-level of the atom. Consequently, Koopman’s binding energy is higher than the 

observed binding energy, leading to a shift in the measured binding energies around 10-20eV 

[100]. 

𝐸𝐵(𝜐) = 𝐸𝑓(𝑁 − 1) − 𝐸𝑖(𝑁) = −𝜀𝜐  Equation 2.3. 

The final relaxed electrons system after photoemission possesses less kinetic energy. 

Photoemission leads to the excitation of a bonded electron to higher unoccupied levels, causing 

satellite peaks to shift to higher binding energies. As shown in Fig. 2.2, shake-up and shake-off 

satellites arises from the excitation of an additional valence electron from an occupied state to 

an unoccupied bonding level and above the vacuum level, respectively. Additionally, as shown 

in Fig. 2.3, plasmon loss satellites result from the excitation of quantized plasma, so-called 

collective oscillations of the free electron gas relative to the cation cores. These satellites are 

shifted to higher binding energies by values 𝑛ℏ𝜔𝑝 + 𝑚ℏ𝜔𝑠 compared to the elastic line. In this 

equation, n and m are integers, and ℏ𝜔𝑝  and ℏ𝜔𝑠  represent the surface and bulk plasmon 

energies, respectively [100].  

 
Fig. 2.2. Schematic view of the shake-up and shake-off transitions in an element. This image is 

sourced from reference [106]. (b) A shift in the Cu 2p peaks of copper oxide due to shake-up loss. 

This image is sourced from reference [106] and adapted from reference [107]. 

 

 
Fig. 2.3. Narrow region Mg 2s core-level XP spectrum, depicting satellites due to plasmon 

losses. This image is sourced from reference [106] and adapted from reference [108]. 

 

a                               b 
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There are two distinct de-excitation mechanisms for an excited electron. This electron can decay 

from a higher energy level to a lower energy level by emitting a photon with energy equal to 

the difference in binding energies of these two levels. This mechanism is known as fluorescence. 

Another mechanism is known as Auger electron emission, in which an electron from an outer 

shell decays to fill a hole in an inner shell, and the energy is transferred to another electron in 

the outer shell, causing its emission. Core level lines and Auger lines can be distinguished from 

each other in the spectrum. By changing the photon energy, the kinetic energy of Auger line 

remains fixed, while it changes linearly for core level lines according to Equation 2.2. 

Furthermore, secondary electrons produced by inelastic scattering contribute to the presence of 

a featureless and step like background on which all photoemission features are superimposed 

[100, 108, 109]. Resultant XPS peaks can be fitted using Voigt, Gaussian, and Lorentzian line 

shapes for further analysis. Metal photoelectron peak fitting exhibits more Lorentzian character 

than Gaussian character. In addition, conducting materials exhibit an exponential tail due to 

conduction band interactions, which can be fitted using a Voigt function [110]. Moreover, there 

is no well-established method for background subtraction in XPS data analysis. One reason is 

that the background of a mixed material can differ from the mixture of the background of the 

related pure materials, even when using the same XPS equipment. To treat and analyze the 

background of the Fe 2p spectrum, either the Shirley or the parametric Tougaard method can 

be used [110, 111]. The Tougaard background reduction method is based on the contribution 

of inelastically scattered electrons losing some amount of energy [102, 107, 110]. For 

quantitative analysis of the ratio of two different atoms in detected molecules or structures in 

XPS spectra, we compare ratio of the corresponding intensities divided by their sensitivity 

factor. In this context, when fitting a core-level electron in XPS peaks, the contributions of 

different possible bonds such as C-C, C-N, C-H, and C-H3 must be considered [103]. 

In XPS, the HEEA analyzes the energy of emitted electrons by dispersing them according to 

their kinetic energy. As shown in Fig. 2.4, electrons are focused by an electrostatic lens and 

enter the HEEA at S point. A potential difference (ΔV) is applied between the inner and outer 

spheres. This potential difference bends the path of electrons according to their kinetic energy. 

Only electrons with a specific kinetic energy, called the pass energy (5-50 eV for XPS 

measurements), can reach the detector at F point. The lower the pass energy, the higher the 

resolution of the energy analysis. For XPS measurements, we set a constant pass energy (EP) to 

achieve a specific resolution [112]. Furthermore, by recording the XPS spectra of a core-level 

electron during precise heating of the surface at a constant rate, a TPXPS profile can be acquired, 

and each XPS spectrum for a given temperature can be plotted. 
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Fig. 2.4. Schematic view of HEEA having two hemispheres at negative potentials. This figure 

has been taken from the reference [112]. 

 

2.2. Temperature-Programmed Desorption 

In the TPD technique, a mass spectrometer monitors the desorption of molecules from the 

surface as it is heated at a constant rate, providing insight into desorption behavior and the 

interactions and bonds between molecules, molecular fragments, and the surface. As illustrated 

in Fig. 2.5, in the mass spectrometer, molecules and atoms are ionized by electron bombardment 

from a hot filament directed toward a positive grid and are then filtered based on their mass-to 

charge ratio (m/e). The positively ionized gas is accelerated by a field axis (FA) potential 

between four parallel rods, which create a quadrupole electric field that filters the cations. The 

resulting output is a plot of quadrupole mass spectrometer (QMS) intensity versus heating 

temperature. The quadrupole electric field is generated by applying an AC voltage with a DC 

offset. Two positively charged rods filter the lighter masses by causing them to collide with the 

rods due to large oscillation induced by the AC voltage. Conversely, two negatively biased rods 

destabilize the heavier masses. The AC field mainly focuses ions, while the DC field defocuses 

them. Consequently, the AC/DC ratio determines the resolution of the measurement [113-116]. 

  

By accounting for the initial temperature and the constant heating rate, the relation between 

time and temperature can be determined to measure molecular desorption at various surface 

temperatures. The desorption rate follows an Arrhenius-type behavior, as described by the 

Polanyi-Wigner equation in Equation 2.4. Here, 𝑛, 𝜈𝑥 ,  𝑥, 𝐸𝑑𝑒𝑠 , 𝑘𝐵 , , 𝛽, and 𝑇 represent the 

concentration of desorbing species on the surface, the frequency factor, the order of desorption, 

the activation energy, the Boltzmann constant, the linear heating rate, and the surface 

temperature, respectively [113, 116]. 

−
𝑑𝑛

𝑑𝑇
=

𝜈𝑥𝑛𝑥

𝛽
𝑒

−
𝐸𝑑𝑒𝑠
𝑘𝐵𝑇   Equation 2.4. 

When 𝑥 = 0, zero-order desorption occurs, which is typically observed in thick multilayers. 

Since the multilayer is considered unlimited in this scenario, desorption is independent of the 

particle concentration (𝑛) and coverage. In first-order desorption, each desorbed particle in the 

gas phase corresponds to one adsorbed particle. This implies that molecules do not dissociate 

 
Fig. 2.5. Schematic representation of a simplified TPD setup. 
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during adsorption or desorption [113, 116-119]. When 𝑥 = 1, the desorption rate is directly 

proportional to 𝑛 . Consequently, maximum desorption occurs at the same temperature for 

varying coverages [116, 117]. In second-order desorption, molecules dissociate upon 

adsorption and reassociate during desorption [113, 116, 117, 120]. 

Key concepts related to TPD include physisorption and chemisorption. As anticipated, in the 

absence of chemical bonds, the adsorption energy for physisorption is significantly lower than 

chemisorption. Therefore, during TPD, physiosorbed compounds desorb at lower temperatures 

compared to chemisorbed specifies. Examples of physiosorbed species include multilayer 

adsorption on various surfaces and the physisorption of rare gases on metal surfaces at 

sufficiently low temperatures [116, 121-123]. 

2.3. Low-Energy Electron Diffraction 

The LEED technique utilizes low-energy electrons primarily for the analysis of 2D atomic 

structure of the surface, as well as the extended order, symmetry, and periodicity of adsorbed 

molecular layers relative to the substrate surface [100, 116, 124]. At typical electron energies 

used in LEED (20-300 eV), the de Broglie wavelength of electrons ranges from 1 to 2 Å, 

comparable to the interatomic distances in crystalline structures [100]. The mean free path of 

low-energy electrons is short enough, on the order of a few atomic layers, ensuring that most 

elastic collisions occur near the surface [100]. In Equation 2.5, 𝜆, ℎ, 𝑚, and 𝐸 denote the de 

Broglie wavelength of electrons, Planck’s constant, electron mass, and the kinetic energy of 

photoelectrons, respectively [100]: 

𝜆 =
ℎ

√2𝑚𝐸
, 𝜆[Å] = √

150

𝐸(𝑒𝑉)
  Equation 2.5. 

 

Constructive interference occurs when diffraction satisfies the Laue condition for elastic 

scattering, as shown in Equation 2.6, where 𝑘 , 𝑘0 , and 𝐺  represent the wavevector of the 

scattered electron beam, the wavevector of the incident electron beam, and the vector of the 

periodic reciprocal lattice [100, 116]: 

𝑘 − 𝑘0 = 𝐺  Equation 2.6. 

As shown in Fig. 2.6, the experimental setup of LEED consists of an electron gun that produces 

a collimated low-energy electron beam to bombard the sample, which is mounted on a holder, 

and a hemispherical fluorescent screen to monitor the diffraction pattern. The sample is centered 

on the curvature of the screen and aligned with its four sets of grids. The electron gun consists 

of a cathode filament, equipped with a Wehnelt cylinder, held at a negative potential, and an 

electrostatic lens. The last aperture of the lens, the sample, and the first grid are held at ground 

potential. Consequently, the cathode emits electrons toward the sample surface. Electrons are 

accelerated through the gun, propagated, and scattered from the sample surface. The second 

and third grids are held at a negative potential, preventing inelastically scattered electrons from 

passing through. The larger the potential difference (ΔV) between the cathode and the second 

and third grids, the more intense LEED patterns and background become. Thus, ΔV is adjusted 

to optimize the contrast between the diffraction spots and the background. The fourth grid, held 

at potential, accelerates the diffracted electrons that pass through the retarding grids to high 

energy for detection on the fluorescent screen [100]. 
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Fig. 2.6. Schematic of a LEED experimental setup and the corresponding LEED pattern of a 

Si(111)7×7 surface. This image is sourced from reference [100]. 

 

The diffraction pattern observed in LEED provides a view of the surface reciprocal lattice, as 

predicted by the Ewald sphere. The radius of the Ewald sphere is proportional to the inverse of 

the electron wavelength [100]. A sharp and bright LEED pattern with low background intensity 

indicates a well-ordered crystalline surface structure. An increase in surface defects and 

imperfections, along with a decrease in surface crystallinity, leads to the broadening of 

diffraction spots. Additionally, these factors reduce the sharpness and brightness of the 

diffraction pattern and decrease the contrast between the LEED spots and the background [100]. 

Two notations are commonly used to describe the surface crystalline structure: matrix and 

Wood’s notation. Matrix notation displays the basic translational vectors of the surface structure 

(superstructure) in relation to those of the substrate crystal. Wood’s notation describes the 

superstructure in terms of the substrate plane on which it is formed, the ratio of translational 

vectors between the substrate and superstructure, and the rotation angle of the superstructure 

relative to the substrate axes, as shown below [100]. A matrix notation of [
𝐺11 𝐺12

𝐺21 𝐺22
] 

represents the correlation between the superstructure and the substrate, as illustrated in Equation 

2.7, where 𝑎𝑠 and 𝑏𝑠 are the basic translational vectors of the superstructures, and 𝑎 and 𝑏 are 

those of the substrate [100]. 

𝑎𝑠 = 𝐺11𝑎 + 𝐺12𝑏, 𝑏𝑠 = 𝐺21𝑎 + 𝐺22𝑏  Equation 2.7. 

Besides that, Wood’s notation is utilized to describe the structure of the superstructure on the 

surface. If the superstructure forms on the substrate 𝑋 on the (ℎ𝑘𝑙) plane. If the vectors of the 

superstructure are defined as |𝑎𝑠| = 𝑚|𝑎| and |𝑏𝑠| = 𝑛|𝑏|, and it is rotated by an angle 𝜑 

relative to the main plane [100], and the adsorbate inducing the superstructure is Y, then 

Wood’s notation is given as shown in Equation 2.8: 

𝑋(ℎ𝑘𝑙)𝑚 × 𝑛 − 𝑅𝜑 − 𝑌  Equation 2.8. 

If no adsorbate induces the superstructure and the rotation angle is 0°, the terms −𝑅𝜑 − 𝑌 are 

omitted from Equation 2.8. 

To better understand atomic positions in the surface structure, a plot of intensity versus primary 

electron energy, known as the IV curve, is highly useful. In the LEED technique, the IV curve 

can be measured using a TV camera or by directly measuring the beam current with a movable 

Faraday cup [100]. To check the consistency between experimental and calculated IV curves, 

a criterion called R-factor (reliability factor) is used. The R-factor takes into account various 

parameters of consistency, such as the shape of the curve, the presence and position of maxima 

and minima, background intensity, and other features. An R-factor below 0.2 indicates good 

agreement between experimental and calculated IV curve. An R-factor of 0.5 indicates a poor 

agreement between IV curves [100]. 
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2.4. Scanning Tunneling Microscopy 

STM, pioneered by Binnig and Rohrer at IBM Zurich in 1981-1982 [125], is a non-destructive 

surface investigation technique that leverages the tunneling current between a probe tip and a 

conductive surface. STM can be operated under diverse conditions, including ambient, UHV, 

and liquid environments. STM is incompatible with insulating materials, as electronic states are 

absent at the energy levels accessible by the applied sample bias. STM offers atomic resolution 

microscopy (Å), making it a powerful tool for surface science by providing detailed information 

on surface topography and the distribution of electronic states [125-128]. This technique 

typically employs atomically sharp tips, usually made of metals such as tungsten (W), platinum-

iridium (Pt-Ir), and gold (Au). Tip preparation methods vary and include grinding, etching, 

cleavage, as well as in situ steps like annealing, evaporation, and soft crashing [100]. 

STM operates primarily in two modes: constant height and constant current, where the 

tunneling current and height profile are measured, respectively. The distance between the tip 

and the conducting sample typically ranges from 4 to 10 Å, with an applied bias voltage 

spanning a few millivolts to several volts. The distance between the tip and the surface is 

precisely controlled by a piezo scanner, as illustrated in Fig. 2.7. The tunneling current can be 

calculated using the Schrödinger equation, as defined in Equations 2.9 and 2.10. In these 

equations, ℏ, 𝑚, 𝑧, 𝜓, 𝑉, 𝐸, 𝐼𝑡, 𝐶, 𝑑, and 𝑉0 denote Planck’s constant divided by 2𝜋, electron 

mass, distance from the zero point, wavefunction, potential energy, electron energy, tunneling 

current, a constant, the distance between the tip and the sample, and the potential barrier, 

respectively. In metals, E corresponds to the Fermi energy (EF), while V equals the vacuum 

energy (Evac). Therefore, the work function (Ф) of the metal, defined as the difference between 

the vacuum and Fermi energies (V0 – E = Evac – EF = Ф), plays a critical role [126, 129-131]. 

 
Fig. 2.7. Schematic of STM operation based on tunneling current between a conducting tip and 

surface under an applied bias voltage. V and I (It) represent the tunneling bias and current, 

respectively. The distance between the tip and surface (d) ranges from 4 to 10 Å. The yellow 

rectangle indicates the piezo scanner. Image sourced from reference [126]. 

 

−
ℏ

2𝑚

𝑑2𝜓

𝑑𝑧2 + 𝑉𝜓 = 𝐸𝜓  Equation 2.9. 

𝐼𝑡 = 𝐶. exp(−2𝜅𝑑) = 𝐶. exp (−2
√2𝑚(𝑉0−𝐸)

ℏ
𝑑)  Equation 2.10. 

 

The direction of the tunneling current depends on the applied bias voltage, considering the band 

alignment and Fermi levels for the tip and the sample, as depicted in Fig. 2.8. A negative sample 

bias raises the sample’s Fermi level relative to the tip, causing the tunneling current to flow 

from the sample to the tip, and in vice versa. Consequently, positive and negative sample biases 

allow the probing of surface’s empty and filled states, corresponding to the highest occupied 
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molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs) of the sample 

[126]. 

 
Fig. 2.8. Schematic representations of Fermi levels and band alignment of a tip and a sample 

under an applied bias voltage. (a) The tip and sample are separated, maintaining the same 

vacuum level. (b) In tunneling contact, the Fermi levels of the tip and sample align. (c) 

Tunneling current flows from the filled states of the sample to the empty states of the tip under 

a negative sample bias. (d) Under a positive sample bias, tunneling current flows from the filled 

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

 

During STM operation, the tip’s position is precisely controlled and adjusted by a piezoelectric 

material. The actuator elements finely adjust the tip position in response to the voltage applied 

to their electrodes. The tip is brought close to the surface until a suitable tip-sample distance is 

achieved for tunneling current generation. The tip then scans the surface line by line, collecting 

tunneling current and apparent height data for constant height and constant current modes, 

respectively as shown in Fig. 2.9. As the tip-sample distance decreases, the tunneling current 

increases. A 0.1 Å decrease in the tip-sample distance can result in a 20% increase in tunneling 

current. Thus, the tunneling current serves as a precise parameter for determining and adjusting 

the tip-sample distance. In constant current mode, a feedback loop adjusts the tip height to 

maintain a constant tunneling current, preventing the tip from crashing into the sample. This 

allows the topography image to be obtained by monitoring changes in the tip's z-axis position. 

On the other hand, in constant height mode, the average distance between the tip and the sample 

surface is maintained without a feedback loop. Here, the tunneling current is continuously 

monitored and measured. The apparent height, inferred from the tunneling current, can be 

influenced by electrical effects. For example, two atoms of the same height on the surface may 

appear differently when measured by the same tip. In an STM image, the more conductive atom, 

located at the same height as the other atom, will appear higher at a constant tunneling current 

[126]. 
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Fig. 2.9. Schematic of STM operation and measurement in (a) constant current and (b) constant 

height modes. Variations in the tunneling current and tip height relative to the sample along the 

scanning axis are represented by green and red lines, respectively. 

 

STM has numerous applications, including investigating the atomic structure and electronic 

properties of single crystal surfaces [132], studying on-surface reactions [35, 133], and 

analyzing nanoarchitectures formed through techniques such as self-assembly [35, 134, 135] 

and nanofabrication [133, 136]. Additionally, STM can track particle movement and diffusion 

on surfaces [137], and monitor the growth of 2D materials, such as boron nitride (BN) 

monolayers, using various techniques on metallic single crystalline substrates [138]. 

2.4.1 Scanning tunneling spectroscopy 

STS determines the density of states (DOS) of the sample by measuring variation in the 

tunneling current as a function of bias voltage across the tunneling junction. During an STS 

measurement, the tip height remains constant, while dI/dV measures the conductance and local 

DOS (LDOS), thereby revealing the HOMOs, LUMOs, and band gap of a specific surface 

location as the bias voltage is varied [100, 126]. DOS represents the number of electronic states 

within the sample in the energy range of 𝐸 to 𝐸 + 𝑑𝐸. The number of states within the energy 

range from 𝐸1 to 𝐸2 can be calculated according to the Equation 2.11, considering 𝜌(𝐸) is the 

distributional function [139]: 

𝑁(𝐸1, 𝐸2) = ∫ 𝜌(𝐸)𝑑𝐸
𝐸2

𝐸1
 Equation 2.11 

The LDOS is illustrated using Equation 2.12, considering 𝜓𝑛(𝑟) and 𝛿 are the probability of 

the particle at a specific position (r) and the Dirac delta function, respectively [139]: 

𝐿𝐷𝑂𝑆 = 𝜌(𝐸, 𝑟) = |𝜓𝑛(𝑟)|2𝛿(𝐸 − 𝐸𝑛)  Equation 2.12 

Beyond point spectroscopy, spatial mapping of the electronic structure in a specific surface 

region can also be achieved. Spectroscopic imaging can be performed by scanning a surface 

feature at a constant current using a specific voltage, thereby mapping the LDOS across 

different pixels [126]. 

2.5. Instrumentation, data acquisition, and analysis 

2.5.1 The Spectroscopy-Based Chambers 

We conducted XPS measurements detailed in this thesis using two custom-built UHV chambers 

at E20 laboratories: The Photo-Stimulated Desorption (PSD) and Electron Spectroscopy for 

Chemical Analysis (ESCA) chambers, depicted in Fig. 2.1a and 2.1b, respectively. UHV 

conditions were achieved through a three-stage pumping process, beginning with primary 

pumping down to 10-3 mbar, followed by turbomolecular pumping to a pressure range of 10-8-

10-9 mbar. The chambers were then baked to reach a final pressure of 10-10-10-11 mbar, which 

was maintained by an ion pump. These chambers were equipped with panchromatic Kα 

radiation sources from Mg and Al anodes, and feature SPECS Phoibos 100 CCD HEEAs for 

XPS. XPS measurements were performed using the SpecsLab2 software (version 2.74-r24090). 

In addition, SPECS LEED instruments are integrated into these chambers. The sample 

temperature can be controlled from 77 K, using liquid nitrogen (LN2), to over 1200 K, using 

heating filaments situated below the supporting plate. Temperature measurements are precisely 

managed a K-type thermocouple affixed to the sample, and controlled by a proportional-

integral-derivative (PID) controller (Schlichting Physikalische Instrumente HS 130), ensuring 

accurate temperature regulation essential for TPXPS and TPD experiments. For TPD 

measurements, a SPECS mass spectrometer is attached to the chamber to monitor desorbing 

masses during controlled heating. The manipulator provides rotational movement along the z-

axis and translational movement along the x-, y-, and z-axes. These chambers are equipped with 

multiple ports, allowing the attachment of various instruments, including costume-built metal 

evaporators, molecular evaporators such as organic molecular beam evaporators (OMBEs), gas 
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dosing systems, and light emitting diodes (LEDs). Detailed images of the chambers interiors 

and further information about the experimental setups are available in the experimental sections 

of different chapters and in the appendix. 

 
Fig. 2.10. Photographs of (a) ESCA and (b) PSD chambers. 

 

2.5.2 Scanning Tunneling Microscopy Chambers 

We carried out STM measurements in two distinct chambers: a commercial SPECS Joule-

Thomson (JT)-STM [140] chamber at E20, TUM School of Natural Science and an Omicron 

low-temperate chamber at the CAS Center for Excellence in Quantum Information and 

Quantum Physics at USTC in Hefei, Anhui, China. The JT-STM chamber operates at 

temperatures of LN2 (77 K), liquid He (LHe) (4 K), and JT-cooler (1.2 K), while the Omicron 

chamber operates only down to LN2 temperature. Both setups consist of separate STM and 

preparation chambers, divided by a shutter. STM head, connected to the cryostat, is housed in 

the STM chambers, alongside sample parking stages. The preparation chambers are equipped 

with an ion sputtering gun, dosing valves, metal evaporators, and molecular evaporators, such 

as OMBEs. Additionally, load lucks are attached to the preparation chambers to facilitate 

sample loading and unloading. The JT-STM chamber is also outfitted with a SPECS LEED 

instrument mounted separately on the chamber. A manipulator allows for precise samples 

positioning for sputtering, annealing, molecular deposition, gas dosing, and transfer. To 

minimize external vibrations and noises, the chambers are mounted on four damping legs, 

which result in a floating instrument with reduced noise levels. Noises from the cooling system, 

particularly from the LN2 and LHe outlets, is mitigated by hanging the STM head an eddy 

current damping spring. Furthermore, the entire instrument is grounded to eliminate electrical 

noise. Most STM data for this project were collected in constant current mode unless otherwise 

specified. The sample bias serves as the reference for mentioned bias voltages. STS data were 

acquired using a digital lock-in amplifier on the JT-STM instrument, with the bias voltage 

modulated by an AC voltage of 1 kHz frequency and 10 mV amplitude. Additional photographs 

of the chamber interiors can be found in the appendix. 
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Fig. 2.11. Photographs of (a) JT-STM and (b) Omicron STM chambers. 

 

Details on samples preparations, substrates, molecules, and specific experimental procedures 

are provided in the experimental sections of each chapter. 

 

2.5.3 DFT Calculations 

All the DFT calculations in this thesis have been done at Türkiye, Turkish Accelerator and 

Radiation Laboratory (TARLA) (Çağıl Kaderoğlu, Cagil.Kaderoglu@eng.ankara.edu.tr), 

Graduate School of Natural and Applied Sciences, Ankara University, 06110, Ankara, Türkiye 

(Pınar Kaya and Mahsa Seyedmohammadzadeh), Department of Physics Engineering, Faculty 

of Engineering, Ankara University, 06100 Ankara, 06830 Ankara, Türkiye (Handan Olgar), 

and Department of Physics, Adnan Menderes University, 09100, Aydin, Türkiye (Ethem Aktür, 

ethem.akturk@adu.edu.tr) and used by their permissions. The first principle plane wave 

calculations in Vienna 𝑎𝑏-𝑖𝑛𝑖𝑡𝑖𝑜 Simulation Package (VASP) program including Projector-

Augmented Wave (PAW) calculations were utilized to obtain the results [141]. 
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Chapter 3 

Influencing the Surface Quality of 

Free-Standing Wurtzite Gallium 

Nitride in Ultra-High Vacuum: 

Stoichiometry Control by Ammonia 

and Bromine Adsorption 

This chapter delves into the Influencing the surface quality of free-standing wurtzite gallium 

nitride in ultra-high vacuum: stoichiometry control by ammonia and bromine adsorption, 

including content that has been published in the following paper: 

Rostami, M., Yang, B., Haag, F., Allegretti, F., Chi, L., Stutzmann, M. and Barth, J.V., 2024. 

Influencing the surface quality of free-standing wurtzite gallium nitride in ultra-high vacuum: 

Stoichiometry control by ammonia and bromine adsorption. Applied Surface Science, 674, 

p.160880. https://doi.org/10.1016/j.apsusc.2024.160880 [142]. 

3.1. Contributions 

Mohammadreza Rostami: Experiments, Data Analysis, Writing, Review & Editing, Model 

drawing. Biao Yang: Experiments, Review & Editing. Francesco Allegretti: Experiment 

Discussion, Review & Editing. Lifeng Chi: Review & Editing, Supervision. Martin Stutzmann: 

Review & Editing, Supervision. Johannes V. Barth: Review & Editing, Supervision. 

https://doi.org/10.1016/j.apsusc.2024.160880
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3.2. Introduction 

In the last few decades, gallium nitride (GaN) as a wide bandgap semiconductor has attracted 

much attention in optical and electronic research and devices. This is due to its interesting 

properties, including bandgap tunability, dopability, and transparency to light up to the UV 

spectral range [8-12], which may foster advanced technological applications. GaN-based light-

emitting diodes [25-27, 34], transistors [28-30], energy production [31-33], and catalyzers [57, 

143-146] have been vastly investigated in, both, the stable hexagonal wurtzite (wz) [9, 49, 50] 

and the metastable cubic zincblende (zb) crystalline structures [147, 148]. In addition, as an 

alternative to metallic surfaces, GaN is a potential candidate for hosting epilayers or 

(self-)assembled molecular structures to avoid strong quenching of the electronic excitations 

[1-7]. Consequently, wide bandgap semiconductors such as GaN are promising alternatives as 

solid substrates for investigation of electronic properties of adlayers [9, 45, 46, 59, 149-151]. 

In this context, the control of the surface and interface processes of GaN thin films as well as 

single crystals is crucial for the development of GaN-based devices, since in many applications, 

heterostructures comprising thin films of various materials on the surface of GaN are employed 

[9, 51-55]. 

As soon as exposure to air occurs, the surface of wz/zb GaN is subjected to the formation of a 

≈ 1 nm thin gallium oxide film [9]. This oxide layer is a major limitation for surface science 

research, preventing direct access to the pristine GaN surface. Therefore, to assess the intrinsic 

properties of the GaN surface, the removal of the topmost oxide layer by different cleaning 

methods is of crucial importance [9, 51, 56-60]. One major strategy to prevent the formation of 

the oxide layer on the GaN surface relies on the in-situ growth by molecular beam epitaxy 

(MBE) of GaN layers under UHV conditions [9, 56, 152-155]. For instance, Smith et al. [60] 

studied the surface reconstruction of GaN (0001̅) films for the first time by STM and reflection 

high-energy electron diffraction (RHEED). They grew a 200nm thick GaN (0001̅)-terminated 

film on a sapphire (0001) substrate in a UHV chamber and reported four dominant surface 

reconstructions [60]. This underlines the importance of investigating the surface cleaning of 

GaN and the resulting GaN surface quality. In addition, cleaving a free-standing GaN sample 

in UHV for cross-sectional STM of the m-plane surface was reported by Banfi and coworkers 

[156]. On the other hand, the removal of the oxide layer on GaN single-crystalline surfaces by 

different cleaning methods was also investigated, employing high temperature annealing, ion 

sputtering and wet etching (Br2) [9, 51, 52, 56, 57, 157, 158], on the metal-organic vapor phase 

epitaxy (MOVPE) [51] and metal-organic chemical vapor deposition (MOCVD) grown GaN 

[52]. However, none of the reported methods was completely successful, since surface quality, 

roughness, surface termination, stoichiometry, decomposition, reactivity and dopant 

segregation pose severe limitations to the surface cleaning process [9, 51, 52, 56, 57, 157, 158].  

In the present work, hydride vapor phase epitaxy (HVPE) and ammonothermal (AMMONO) 

GaN crystals were investigated due to their smoother surface and smaller threading dislocation 

density compared to MOVPE GaN [159-179]. Refined surface cleaning methods were applied 

to O/Si/Ge-doped free-standing gallium (Ga) and nitrogen (N) polar c-plane wz GaN [180], 

with the aim to study the surface quality after removal of the oxide layer. Furthermore, the 

effect of ammonia (NH3) annealing together with electron bombardment and the influence of 

bromine (Br) atoms desorption on the recovery of the preferential removal of N atoms during 

sputtering as well as the resulting surface roughness were investigated. The potential 

application of the resulting oxide-free surfaces as a template for surface-assisted Ullmann 

coupling reactions via debromination of 1,3,5-tris(4-bromophenyl)benzene (TBB) and 4,4′′-

dibromo-p-terphenyl (DBTP) was investigated (Fig. 10A.1, in the Appendix (AP)) [1-3]. 

3.3. Experiments 

10 mm × 10.5 mm HVPE (AP, Table 10A.2) Si/Ge-doped and 10 mm × 10 mm epi-ready 

AMMONO (see the AP, Table 10A.3) O-doped n-type free-standing c-plane wz GaN samples 
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(Fig. 3.1a) were provided from MSE Supplies LLC company (US) and the Institute of High-

Pressure Physics of the Polish Academy of Sciences (IHPP PAS; Warsaw, Poland), respectively. 

These samples have a ≈ 1 nm-thick natural oxide layer on the GaN surface. The properties of 

the Si and Ge-doped samples are nominally the same [9]. We characterized the Ga and N polar 

samples by XPS (photon lines: Mg Kα ≈ 1253.6 eV and Al Kα ≈ 1486.6 eV), LEED, and STM, 

after cleaning the samples by multiple cycles of Ar+ or Ne+-sputtering (1 keV, 10 minutes, Iion 

≈ 20 µA, ≈ 0.012 C) and annealing (950 K, 20 minutes). XPS and LEED measurements were 

performed in home-built UHV chambers. Due to the large thermal conductivity of doped GaN, 

a K-type (Nickel-Chromium / Nickel-Alumel) thermocouple was attached to the molybdenum 

plate supporting the GaN samples. The base pressure of the chambers employed was below 

2×10-10 mbar. 

In a commercial JT-STM (SPECS GmbH) chamber, conversely, the annealing temperature was 

measured via a pyrometer calibrated by a thermocouple. The base pressure of the preparation 

and principal STM chamber was 1.1×10-10 mbar and 8.5×10-11 mbar, respectively. The STM 

scans were acquired at liquid nitrogen (77 K) and close to liquid helium (He) (4.6 K) 

temperatures.  

The TBB and DBTP powders were supplied by Sigma Aldrich (97%) and Shanghai Aladdin 

Bio-Chem Technology, respectively, and loaded into a quartz crucible of home-built OMBE. 

After surface cleaning, TBB and DBTP molecules were deposited on the Ge and Si-doped 

HVPE and O-doped AMMONO GaN surfaces, with the GaN substrates held at 100 or 300 K, 

respectively. The deposited molecular films were characterized by XPS and LEED. 

Subsequently, the samples were heated at certain rates (mostly 1 K/s) and annealed at different 

temperatures to study the onset of TBB debromination on the GaN surfaces by XPS and TPD 

(Fig. 3.1b). 

We heated the sample from the back via radiation and bombardment with electrons emitted 

from a W filament, and dosed NH3 gas at the same time or separately (AP, Fig. 10A.1). We 

investigated different processes by various combinations of Ne+ (20 minutes, Iion ≈ 23 µA, 

0.0276 C, Eion = 1 keV) or Ar+ (30 min, Iion ≈ 5.8 µA, 0.010 C, Eion = 1 keV) sputtering, annealing 

(≈ 950 K), electron bombardment (electron energy = 220 eV/1000 eV, emission current = 1.5 

mA), and NH3 dosing (Pchamber ≈ 3 × 10-8 - 1.3 × 10-6 mbar) (AP, Table 10A.1). The effects of 

these treatments (Fig. 3.1b) on the surfaces of GaN (0001)  and (0001̅)  are discussed in 

Section 3.5. 

 

3.4. Results and Discussion 

3.4.1 HVPE GaN Surface Cleaning 

Sputtering and annealing cycles have been developed to efficiently remove the oxide layer at 

the GaN surface. To this purpose, the optimum annealing temperature must be high enough to 

decompose the oxide layer and below the decomposition temperature of GaN in the UHV 

chamber (see the AP, Fig. 10A.2-AA.4). The cleanliness of the HVPE Si-doped free-standing 

GaN surface was investigated by XPS. The sample was O and C-free after the sputtering and 

 
Fig. 3.1. a) Schematic view of the polar c-plane wurtzite GaN faces and b) our strategy for 

compensation of preferential removal of nitrogen. 



  18 

annealing cycles (see the AP, Fig. 10A.3), the amount of oxygen and carbon contamination 

being below the detection limit. On the other hand, the GaN surface cleaning changes the 

surface stoichiometry due to the preferential removal of the lighter atoms (N) by sputtering and 

annealing (see the AP, Fig. 10A.2-AA.4). The associated change of stoichiometry affects the 

surface morphology and leads to undesired changes in the surface roughness [9, 51, 54, 56, 181, 

182].  

Fig. 3.2 shows LEED patterns and STM images of the HVPE Si and Ge-doped free-standing 

GaN (0001) and (0001̅) samples after cleaning. Fig. 3.2a shows the sharp (1×1) LEED pattern 

of Si-doped free-standing GaN (0001) after 7 sputtering (≈0.007-0.013C) and annealing (< 950 

K) cycles, showing the good single-crystalline quality of the hexagonal wz GaN crystal. Fig. 

3.2b shows an STM image of Si-doped GaN (0001) after these cleaning cycles. By annealing 

to higher temperatures, the oxide layer was also removed, but the surface became even rougher, 

made of randomly sized and shaped hillocks (roughness exceeding 0.75 nm), and with no 

atomically flat domains.  

Prior to the formation of the oxide layer, the Si-doped GaN (0001) surface is nominally Ga 

polar with lattice constant ≈0.32 nm (Fig. 3.1a) [9, 53, 152, 154]. Preferential removal of N 

during sputtering and annealing leads to the presence of a Ga-richer surface. In addition, 

bombardment of the surface by ions forms defects and damaged areas that can not be 

sufficiently repaired by annealing. Moreover, due to the high mobility of Ga at high annealing 

temperatures, the Ga atoms rearrange and form unwanted clusters, crystallites, hillocks or facets. 

These large Ga-rich clusters and crystallites under which the sub-surface crystalline layer of 

GaN is buried increase the surface roughness significantly. A similar phenomenon is also 

observed for the N polar Ge-doped GaN (0001̅) surface (Fig. 3.2c, see the AP, Fig. 10A.3). 

In Fig. 3.2c, the HVPE Ge-doped free-standing GaN (0001̅) sample was cleaned by 7 cycles 

of sputtering (≈ 0.020 C) and annealing (<950 K for 20-60 minutes). Due to the similar 

properties of Ge and Si-doped samples at small concentrations of dopants, we observed similar 

LEED and STM results for these samples (see the AP, Fig. 10A.3). Before cleaning the surface, 

the rms-roughness of the samples was less than 0.2nm. As shown in Fig. 3.2c, the surface 

became rougher and larger crystallites and hillocks formed (rms-roughness exceeding 0.79 nm). 

Therefore, although the surface oxide layer is removed and the surface is cleaned, no atomically 

flat region appears at the surface. Fig. 3.2d displays the size distribution of a disc radius, 

equivalent to the features projected area in the STM images shown in Fig. 3.2b and c. Same as 

for the previous STM image, in spite of the different image sizes, most of the features have 

sizes between 0-7.0 nm. The average features sizes in these two STM images are similar (≈4.5 

nm for Fig. 3.2b and ≈4.1 nm for Fig. 3.2c), proving the similar behavior of (0001) and (0001̅) 

GaN surfaces upon sputtering and annealing. More STM data are discussed in the AP, Fig. 

10A.5 and AA.6. Based on previous studies, the most common surface reconstruction of GaN 

(0001) is a (2×2) reconstruction [9]. LEED patterns combined with the STM results indicate 

that the (1×1) LEED pattern comes from the crystalline bulk layers below the larger 

nanoclusters formed on the surface. This is also consistent with the reported inelastic mean free 

path (IMFP) of the electrons through GaN (IMFP ≈ 0.5 nm for Ekin ≈ 60 eV[52]). 
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Fig. 3.2. (a) (1×1) LEED pattern (electron energy: 63 eV) of cleaned HVPE Si-doped free-

standing GaN (0001). (b) STM image of HVPE Si-doped free-standing GaN (0001) after 

cleaning by seven cycles of sputtering and annealing up to 950 K; 100 nm × 100 nm, Vs=-4.00 

V, It=100 pA, rms-roughness=0.75 nm. STM acquisition temperature: 4.6 K. (c) STM image 

of HVPE Ge-doped GaN (0001̅) after nine cleaning cycles of sputtering and annealing up to 

950 K; 100 nm × 100 nm, Vs = -4.00 V, It = 100 pA, rms-roughness = 0.79 nm. STM acquisition 

temperature: 77 K. (d) Histogram of disc radii, equivalent to the features projected area in Fig. 

3.2b and c. The effective disk radius r is chosen to reproduce the area of the observed features 

as A = 𝜋 × 𝑟2. Features smaller than a pixel are neglected to reduce noise contribution in the 

calculations. The analyses were performed by the Gwyddion software [183]. 

 

3.4.2 Ammonia Annealing of the GaN Surfaces 

As mentioned above, sputtering and annealing of GaN lead to the preferential removal of N and 

enrichment of Ga atoms, with the consequence of roughening and faceting on the surface. To 

overcome this problem, we annealed GaN samples in the presence of NH3 gas, which is a 

reactive precursor for the growth of GaN by the CVD, MOVPE and AMMONO methods [159-

179]. We investigated the influence of annealing in the presence of NH3 in the UHV chamber 

by comparing the ratio of N 1s and Ga 2p XPS intensities after each step of sputtering and 

annealing (Fig. 3.3a and c, see also the AP, Fig. 10A.4). The ratios of the XPS peak area of N 

1s (excluding ammonia-related components, see Fig. 10A.4) to Ga 2p were calculated and 

plotted in Fig. 3.3b and d for normal and grazing angle (70°) emission XPS using Mg Kα 

radiation (1253.6 eV). The grazing angle measurements are more surface-sensitive. In Fig. 3.3b 

and d, by dividing the ratio of N 1s to Ga 2p peak areas by the ratio of the N 1s to Ga 2p 

photoionization cross-sections [184] and IMFPs [185] and calibrating the transfer function of 

the XPS hemispherical analyzer for different kinetic energies (∝  
1

√𝐸𝐾
) [186], the stoichiometric 

ratio of the atoms is estimated. As observed in both graphs, the ratio of N atoms compared to 

Ga atoms is mostly reduced due to preferential removal of the lighter atoms (N) by sputtering. 

Annealing the GaN (0001̅) surface in the presence of NH3 reestablishes a larger proportion of 

N atoms compared to the UHV annealed surface. NH3 molecules were dissociated on the 

surface of GaN providing a source of N atoms. Primarily, NH3 molecules are expected to be 

adsorbed on the gallium-rich surface as N-Hx products and to form Ga-N-Hx bonds, hindering 

the formation of desired Ga-N bonds and the network in the deeper areas of the crystal. We 
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used electron bombardment to break the N-H bonds on the surface and enhance the chance of 

the formation of Ga-N bonds. However, the other obstacle to the formation of "perfect" GaN 

nitride layers is that after the adsorption of the first layer of nitrogen on the surface, there are 

not enough mobile gallium atoms on the top to form the next Ga-N stoichiometric layer. If the 

temperature is sufficiently high, gallium atoms can be very mobile so as to rearrange in a new 

morphology on the surface. This is, in turn, limited by the decomposition temperature that 

would lead to the decomposition of the GaN substrate below. Therefore, a compromise is 

necessary to achieve a surface of good quality. To this end, we annealed the sample, at the same 

time as dosing NH3, to the highest possible temperature at which the crystal does not decompose 

of about 950 K (decomposition temperature: ≈1050 K). Fig. 3.3b reveals that the annealing in 

the presence of NH3 combined with electron bombardment (Iemission = 1.0-1.5 mA, electron 

energy = 220 eV) increases the ratio of N atoms compared to Ga atoms over the sampling depth 

more efficiently than in the absence of electron bombardment. On the other hand, Fig. 3.3d 

displays that NH3 annealing without electron bombardment increases the surface N/Ga ratio 

more pronouncedly. These results suggest that electron bombardment helps to form Ga-N bonds 

in the bulk, while without electron bombardment the Ga-N bonds are more linked to surface 

adsorption and dissociation. Since the Ga-rich clusters are rough and extended vertically, the 

formation of Ga-N bonds in deeper regions is more desirable to increase the probability of 

rearrangement of the Ga-rich rough clusters on the surface and the surface smoothening. In 

addition, an electron bombardment in the absence of NH3 several hours later than the NH3 

annealing, when most of the NH3 gas is already pumped out of the chamber, leads not only to 

the removal of N-H (see Fig. 3.3), but also to Ga-N bond breaking and subsequent N removal. 

Therefore, electron bombardment has a detrimental effect on the surface, as soon as no remnant 

NH3 is present in the chamber, although it has a positive effect on the surface and 

bulk/subsurface when NH3 is present. More details are given in the AP, Fig. 10A.4 and AA.7-

AA.9. 

In Fig. 3.3a and c, we also observe that after NH3 annealing (blue curves), a significant shoulder 

appears due to N-H bonds in the N 1s XPS narrow scan region. The formation of these N-H 

bonds on the surface reduces the formation of the GaN layer on the clean surface [187]. On the 

other hand, after electron bombardment of the NH3 annealed sample (red curves), there is no or 

very little N-H shoulder. In this case, electron bombardment was started several hours after NH3 

annealing, when the pressure due to the presence of remnant NH3 on the chamber walls had 

decayed. When the electron bombardment was done right after NH3 annealing and there was 

remnant NH3 close to the surface of the GaN sample (black curves), the small N-H shoulder 

was still observed, reduced significantly. Therefore, Fig. 3.3a and c confirm that the electron 

bombardment reduced the amount of N-H bonds on the surface. On the flip side, based on Fig. 

3.3b and d, this procedure also removed some Ga-N bonds in the bulk and on the surface and 

reduced the ratio of N atoms to Ga atoms in the absence of the NH3 gas. More details are 

displayed in the AP, Fig. 10A.8-AA.10.  
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Fig. 3.3. (a) N 1s narrow region scan XPS and (b) ratio of the HVPE Ge-doped GaN (0001̅) N 

1s/ Ga 2p peak area at normal emission for XPS with Mg Kα radiation, before or after annealing 

at 950 K for 20 minutes in the presence of NH3 with and without electron bombardment. (c) 

Grazing angle emission narrow region scan XPS for HVPE Ge-doped GaN (0001̅) N 1s by 

Mg Kα radiation after various experiments and (d) their corresponding N 1s/ Ga 2p peak area 

ratio. The peak areas were divided by photoionization cross-sections and IMFPs and multiplied 

by the square root of the kinetic energies for calibrating the transfer function of the XPS 

hemispherical analyzer. The abbreviations Sp, UHV, ann, NH3, and EB refer to sputtering, 

ultra-high vacuum, annealing, NH3 exposure and electron bombardment, respectively. 

 

Fig. 3.4a shows different regions of the HVPE Ge-doped GaN (0001̅) surface after sputtering, 

NH3 annealing with electron bombardment. Although upon NH3 annealing smoother areas were 

observed compared to UHV annealing, still rougher regions of the same sample appeared as 

well (Fig. 3.4b) As shown in Fig. 3.4d and e, the number of the smaller features and hillocks in 

Fig. 3.4b are less than in Fig. 3.4a. On the other hand, the average of the feature size in Fig. 

3.4b (≈6.0 nm) is larger than for Fig. 3.4a (≈3.9 nm). Fig. 3.4c demonstrates that NH3 annealing 

of the AMMONO GaN sample without sputtering and electron bombardment leads to a much 

smoother surface with smaller average feature size. However, this surface was still not 

atomically smooth enough to image adsorbed DBTP molecules by STM (see the AP, Fig. 

10A.13). This implies that NH3 annealing does not sufficiently improve the surface morphology, 

and the desired atomically flat surface necessary for model surface studies cannot be achieved 

by this approach. Furthermore, electron bombardment did not change the surface rms-

roughness significantly. These results are compatible with Fig. 3.3 and Fig. 10A.9. The N 1s/Ga 

2p ratio was found to increase in the bulk/subsurface and decrease on the surface by increasing 

the electron bombardment energy (see the AP, Fig. 10A.11 and AA.12). In fact, sputtering leads 

to preferential removal of nitrogen and permanent surface damage. Upon annealing without 

NH3, Ga atoms tend to aggregate into unwanted islands, clusters, and hillocks. NH3 annealing 

is expected to favor the growth of new GaN layers on the surface. Since the layers below are 

rough, the epilayers on the top follow the underlying morphology and become rough. 

Thermally-induced mobility increase of Ga atoms could promote their rearrangement and the 

formation of a flatter surface. However, the surface did not become smoother and no evidence 

of an atomically flat surface was found (see the AP, Fig. 10A.11-AA.13). By increasing the 
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NH3 annealing temperature close to the GaN decomposition temperature, the probability of 

decomposition of rough clusters and hillocks on the surface and at the same time of formation 

of new flat GaN layers increases. However, we observed that in the presence of NH3 gas in the 

chamber, the decomposition temperature of GaN increases (see the AP, Fig. 10A.2 and AA.11). 

Hence, no strategy was found that could lead to an atomically flat surface by NH3 annealing, 

though in general NH3 annealing improved the rms-roughness locally in small areas. 

Consequently, we were not able to image the TBB and DBTF molecules on the GaN surface 

for further investigation of the polymerization of these molecules on the surface (Fig. 10A.12).  

 
Fig. 3.4. STM images of the HVPE Ge-doped free-standing GaN (0001̅) sample after cleaning 

by five cycles of sputtering (0.010 C) and NH3 annealing up to 923 K together with electron 

bombardment (Iemission = 1.5 mA); (a) 100 nm × 100 nm, Vs = -3.00 V, It = 1 nA, rms-roughness 

= 0.18 nm. (b) another area of the same sample; 100 nm × 100 nm, Vs = -3.00 V, It = 100 pA, 

rms-roughness = 2.48 nm. The STM measurements in (a) and (b) were performed at 4.6 K. (c) 

STM image of the AMMONO GaN (0001) sample after cleaning by four cycles of NH3 

annealing up to 950 K without sputtering and electron bombardment (77 K). 100 nm × 100 nm, 

Vs = -1.00 V, It = 100 pA, rms-roughness = 0.09 nm. (d) Comparison of the height profiles 

through the diagonal of the STM images shown in Fig. 3.4a, b and c, Fig. 2b, and Fig. 2c. The 

lowest point of each STM image is considered the zero height for that image. (e) A disc radius, 

equivalent to the features projected area (nm) in (a), (b) and (c). The effective disk radius r is 

chosen to reproduce the area of the observed features as A = 𝜋 × 𝑟2. Features smaller than a 

pixel were neglected to reduce noise in the calculations. The calculations were done by the 

Gwyddion software. 

 

3.4.3 TBB Deposition on the Cleaned HVPE GaN Surface 

To assess the potential of the free-standing HVPE GaN surface, we deposited TBB on this 

surface at the sample temperature of ≈ 77 K by thermal evaporation (AP, Fig. 10A.14 and 

AA.15). On-surface debromination of TBB is an intermediate step for Ullmann coupling 

reactions routinely observed on metallic single-crystal surfaces [1-3]. After deposition of TBB 

on GaN held at ≈ 77 K, the ability of GaN substrate to promote TBB debromination upon 

annealing at elevated temperatures was monitored by XPS. Fig. 3.5a shows the narrow-scan 

XPS spectra of the Br 3d core level region before (black curve) and after annealing at different 

temperatures. By annealing the sample below 200 K, no significant changes were observed. 

The debromination started slightly at 200 K and more significantly above 300 K, where the 
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corresponding shoulder at 69.3 eV (the red curve in Fig. 3.5a, see the AP, Fig. 10A.14) 

increased by the annealing temperature enhancement. Annealing the sample at 400 K for 10 

minutes was sufficient to ensure the occurrence of the debromination process. However due to 

the surface complexity, some molecules remained stably on the surface, including C-Br bonds. 

After debromination, the Br 3d core level peak binding energy shifted to smaller values (from 

71.65 eV to 71.1 and 69.3 eV), with the Br-C bonds breaking and bromine atoms being adsorbed 

on the surface to likely form Ga-Br bonds. Due to the increased electron density for the bromine 

atoms upon bonding to Ga atoms on the surface, the binding energy of the Br 3d core level 

electrons decreases [102]. This observation supports the conclusion of a Ga-rich surface. 

Furthermore, in addition to some degree of molecular desorption, in Fig. 3.5b, zoomed-in C 1s 

core level spectra after deposition of TBB on HVPE GaN (0001̅) before and after annealing at 

400K confirm the interpretation of Fig. 3.5a. As seen, the C 1s peak binding energy decreases 

after annealing at 400 K upon debromination due to a higher electron density for carbon atoms. 

The broadening of Br 3d peaks is due to a weak C-Br shoulder in the TBB spectrum before 

annealing, at larger binding energies, whereas it vanishes at 400 K. Thus, the GaN substrate 

catalyzes the debromination of TBB. While debromination on the GaN surface starts at about 

200 K, it occurs at 300-600 K for TBB on gold, silver and copper surfaces [1-3, 188]. 

Furthermore, Fig. 3.5c reveals that by increasing the coverage and the multilayer thickness, the 

Br 3d XPS peak total area corresponding to the heating to 400 K increases. These area values 

are normalized to the Br 3d peak area corresponding to 15 layers of TBB on GaN. Although 

our TPD results revealed the multilayer desorption at temperatures below 400 K, XPS results 

show the lack of bromine atom saturation on the GaN surface for below 15 layers of TBB 

deposition (see the AP, Fig. 10A.16). In addition, by increasing the coverage, the Br 3d peak 

binding energy shift due to debromination after heating to 400 K becomes smaller compared to 

the TBB deposition, while we expect a larger shift for the thicker multilayers (see the AP, Fig. 

10A.14). Therefore, the Br 3d binding energy after heating to 400 K stays at higher values for 

larger coverages, which could be a sign of an increase in the Br-to-Ga atomic ratio on the 

surface. 

 
Fig. 3.5. Zoomed-in XP spectra of (a) Br 3d (coverage ≈ 0.9 monolayer (ML)) and (b) C 1s 

(coverage ≈ 0.9 ML) regions after deposition of TBB on HVPE Ge-doped GaN (0001̅) and 

their evolution upon annealing (inset schematic structure of a TBB molecule). (c) The Br 3d 

peak area after debromination by heating to 400 K and bonding some bromine atoms to the Ga 

atoms on the HVPE Ge-doped GaN (0001̅)  surface, normalized by the Br 3d peak area 

corresponding to 15 layers of TBB on GaN versus the deposited TBB coverage. In addition, 

the peak binding energy shift of the Br 3d XPS narrow region scan after heating to 400 K versus 

the TBB coverage (see AP, Fig. 10A.14). 

 

Fig. 3.6a shows the TPD of bromine isotopes (81 amu is similar to 79 amu) and benzene ring 

(75 amu) of ≈ 0.8 and ≈ 0.4 monolayers of TBB molecules deposited on Ge-doped HVPE GaN 

(0001̅). The TBB desorption peak for the ≈ 0.8 submonolayer coverage is around 378 K. For 

bromine isotopes also a broad peak in the range of 400-900 K is observed which corresponds 

to the desorption of bromine atoms that were detached from TBB and bonded to surface atoms. 

Therefore, bromine atoms in the multilayer desorb at around 378 K together with the TBB 

multilayer itself, observed as a mass spectrometry fragmentation of the parent mass (543 amu), 

and bromine atoms bonded to the GaN surface desorb gradually from the surface at 450-850 K, 
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which is compatible with our XPS observations. Interesting results were observed for the TPD 

of ≈ 0.4 monolayer TBB deposition on GaN. As seen, there is no desorption peak related to the 

benzene rings while bromine atoms still desorb at higher temperatures. This implies that the 

TBB molecules debrominated on the surface and the molecular backbone remains adsorbed on 

it, even at much higher temperatures, hinting at the polymerization of debrominated TBB 

radicals on the surface of Ge-doped HVPE GaN (0001̅), the well-known Ullmann coupling 

reaction.  

Fig. 3.6b and Fig. 3.6c show the TPD of clean GaN compared to GaN with TBB sub-monolayer 

and the ratio of a bromine isotope of 79 amu to two different Gallium isotopes of 69 amu and 

71 amu, respectively. The combination of these results with Fig. 3.5 indicates that after 

debromination, Br atoms strongly bond to Ga and H atoms (massHBr = 80 and 82 amu) at the 

surface. Ga atoms are larger than Br atoms, therefore Br can bond to Ga from a one-to-one up 

to a three-to-one ratio [189-201]. In addition to the different Br-to-Ga atomic ratio on the 

surface and the formation of HBr products desorbing at different temperatures, another reason 

for a broad Br TPD peak and the desorption tail at higher temperatures, increasing with 

coverage, could be due to the surface roughness and the presence of clusters and hillocks of 

different sizes. Therefore, bonding to the Ga site on different parts of the hillocks involves 

different binding energies for Br atoms. Therefore, they desorb at a wide temperature range and, 

by increasing the coverage, more Br atoms can chemically bond to Ga atoms on the surface.  

Fig. 3.6b shows that at higher temperatures up to 900 K, Br and Ga atoms bonded to each other 

desorb at the same time. Since there is no Ga desorption for the clean surface and Ga-Ga (138 

kJ/mol [202-205]) bond dissociation energy is smaller than Ga-Br (444 kJ/mol [202, 205, 206]) 

and Ga-N (195 kJ/mol [207, 208]), it is inferred that Br atoms do not desorb singly, but as 

GaBrX products removing the excess Ga atoms of the surface. Notably, the ratio of Br atoms to 

Ga atoms changes upon varying the TBB coverage at the surface (Fig. 3.6c). This finding is 

also promising for the preferential removal of Ga atoms by deposition of Br atoms on the 

surface, in the effort to compensate for the preferential removal of N atoms by sputtering and 

annealing and to etch the Ga-rich islands (see the AP, Fig. 10A.16). 

 
Fig. 3.6. TPD spectra of (a) TBB molecule fragments (75 and 79 amu corresponding to a benzene 

ring and a bromine isotope, respectively) dosed on Ge-doped HVPE GaN (0001̅). (b) TPD 

spectra of Ga (71 amu), Br (79 amu) and HBr (80 amu) for clean GaN and a TBB submonolayer 

on Ge-doped HVPE GaN (0001̅). (c) The ratio of Ga-to-Br TPD peak areas at temperatures 

higher than 470 K. 

 

3.5. Conclusions 

Our XPS results confirm the chemical cleaning of the surfaces of GaN (0001)/(0001̅) 

samples, completely removing the natural oxide layer on the surface by sputtering and 

annealing at 950 K in UHV. However, STM experiments reveal that the surface becomes rough 

after cleaning, and unwanted clusters, hillocks and crystallites of different size form on it. This 

is partially due to the appearance of permanent surface damage and the preferential removal of 

N atoms by sputtering and the rearrangement of mobile Ga atoms at high temperatures to form 

clusters and crystallites that roughen the surface. After sputtering and UHV annealing, a (1×1) 
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LEED pattern is observed, originating from the crystalline sub-surface layers. Furthermore, the 

GaN surfaces were annealed at 950 K in the presence of NH3 gas. This procedure increased the 

ratio of N-to-Ga atoms, whereby electron bombardment of the surface appears to increase the 

number of N atoms in the bulk. This observation is promising for enhancing the surface quality 

of GaN (0001) under UHV conditions. However, STM proved that, while some smoother 

regions could be observed after NH3 annealing, the surface is not yet atomically flat to image 

TBB and DBTP molecules deposited on this surface. In addition, on these rough sputtered and 

annealed GaN surfaces, the debromination reaction can be catalyzed. The separated Br atoms 

can selectively remove Ga atoms from the surface to aid to overcome the problem of the 

preferential removal of N atoms and to favor surface smoothening. Therefore, as a further 

outlook, we envision the on-surface etching of Ga-rich hillocks using pure Br atoms or Br2 

molecules as a potential surface treatment to improve and smoothen the GaN surface in UHV. 
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Chapter 4 

Post-synthesis of Cu2N Monolayers on 

Cu (111) from Copper Oxide Films and 

Their Decoupling Effects 

This chapter explores the post-synthesis of Cu2N monolayers on Cu (111) from copper oxide 

films and their decoupling effects. It includes content that is currently being prepared for 

submission, with permission from Rostami, M., Kaderoğlu, C., Yang, B., 

Seyedmohammadzadeh, M., Kaya, P., Olgar, H., Aktürk, E., Senge, M.O., Chi, L., and Barth, 

J.V., 2024. 

4.1. Contributions 

Mohammadreza Rostami: Experiments, data analysis, writing, review & editing, experiment 

discussion, model drawing. Çağıl Kaderoğlu: DFT calculations. Biao Yang: Experiments, 

Experiment discussion, review & editing, supervision. Mahsa Seyedmohammadzadeh: Density 

Functional Theory (DFT) calculations. Pinar Kaya Fizmuh: DFT calculations. Handan Olgar: 

DFT calculations. Ethem Aktürk: DFT calculations. Peter Fuelner: Experiment discussion, 

review & editing. Mathias O. Senge: Synthesis of molecules. Lifeng Chi: Review & editing, 

supervision. Johannes V. Barth: Review & editing, supervision. 

4.2. Introduction 

Copper nitride thin films are materials of interest for versatile applications in optical 

information storage devices [18-24], microelectronic semiconductor materials like a resistive 

switch [61], magnetic tunnel junction barrier [23], lithium and sodium-ion batteries [62], 

materials for maskless laser writing [18, 24], metal-based catalysts [64], new energy materials 

[18, 65, 209-211], and quantum corrals [210, 212-214]. These thin films have promising 

physical properties [18, 63], low cost [18, 63, 64], nontoxicity [18, 21], high optical absorption 

coefficients in the solar spectrum [65], and high stability [18, 22, 66, 67]. Different mechanisms 

for the fabrication of copper nitride thin films have been reported, including chemical methods 
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[18, 64], molecular beam epitaxy (MBE) [18, 23, 68], atomic layer deposition [211], reactive 

pulsed laser deposition in nitrogen (N) gas [24], chemical vapor deposition [67, 215], 

magnetron-sputtering single-crystal epitaxy [18, 216-218], plasma immersion ion 

implementation on a TaN/SiO2/Si substrate [61], and N sputtering of a copper surface to 

produce either Cu2N [210, 212, 219-229] or Cu3N thin films [18, 217, 230-232]. Because of the 

low reactivity of copper and nitrogen, the most common method of copper nitride preparation 

in the past has been replacement methods [18]. For example, Cu3N powders were produced by 

the replacement of fluorine (F) atoms in CuF2 [18] or oxygen (O) atoms in CuO or Cu2O with 

N atoms upon annealing in the presence of dried ammonia (NH3) at about 250-280 ˚C in a low 

vacuum [70, 71]. In this case, cuprous oxides were prepared by the solution-based Russell’s 

method [70-75]. The production of Cu3N by annealing of a Cu surface in the presence of NH3 

at about 900-1000 ˚C was also reported [70, 233-235].  

Cu3N growth under NH3:H2 gas dosing reveals reproducible band structures, while Cu3N grown 

by reactive sputtering in N2 gas at 300 K (10-2 mbar) shows a different band structure due to a 

smeared density of states, poor crystal quality and a high defect density [236]. The copper 

nitride lattice constant (≈ 0.3385 - 0.382 nm) varies significantly depending on the preparation 

method [18, 70, 215, 237]. This leads to changes in copper nitride conductivity ranging from 

an insulator to a conductor [18, 61]. Some research introduced copper nitride (CuXN, 1 ≤ X ≤ 

3) thin films as insulators, observing a band gap larger than 4 eV by scanning tunneling 

spectroscopy (STS) [18, 61, 219, 220, 224, 230], and as semiconductors with a reported band 

gap of 1.4-2 eV by ultra-fast pump-probe spectroscopy [23, 65, 231, 236]. In addition, Cu or 

N-poor conditions result in Cu and N vacancies, producing p-type and n-type copper nitride 

thin films, respectively, which increase the conductivity of these thin films [18, 61]. On the 

other hand, the Cu3N bandgap increases to 2.25-2.48 eV in strained regions [231, 236, 238]. 

However, Cu3N acts as an insulating layer in both the absence and presence of H atoms in the 

system [23]. By contrast, Cu4N has been reported as a metal [61]. Surprisingly, recent DFT 

calculations have described copper nitride monolayers (MLs) as semimetals [238]. Conversely, 

recent research considers Cu2N as metallic thin films based on DFT calculations, which include 

first-principles calculations and tight-binding (TB) model analysis and experiments including 

angle-resolved photoemission spectroscopy (ARPES) [62, 68]. The metallic nature is due to 

hole pockets near the fermi level, derived from its checkerboard lattice (a 2D line-graph lattice) 

and a hole-like band at each M point of Cu2N [68]. This research suggests the reason for these 

contradictory results is that STS detects the band gap at the Γ point of the Brillouin zone (BZ), 

whereas ARPES reveals that the valence (VB) and conduction bands (CB) of Cu2N thin films 

overlap at the M point of the BZ [62, 68, 239]. However, ultra-fast pump-probe spectroscopy 

reveals the presence of M and R direct band gaps, proving that Cu3N is a defect-tolerant 

semiconductor, with defect states close to CB and VB [236]. 

Despite the metallic behavior revealed by ARPES, copper nitride thin films (Cu2N) provide a 

crucial decoupling effect due to high stability and low interaction with the on-surface molecules, 

as confirmed by phonon simulations and LEED experiments [23, 68]. Therefore, copper nitride 

thin films are promising for preventing the quenching of electronic excitations of epilayers and 

2D structures on the surface [219, 224, 225, 230]. Copper nitride possesses strong potential for 

controlling the coupling between adsorbates and the substrate surface electron density, as well 

as reducing electron transfer between a molecule and the substrate [35, 219, 224, 225, 230]. 

This decoupling effect facilitates the measurement and imaging of the atomic-scale spins 

excitations and interactions in magnetic structures [224], as well as the molecular orbitals and 

vibronic states, by enhancing the lifetime of transient molecular charge states [230]. 

Fabrication protocols for Cu2N in UHV, such as copper evaporation in the presence of N gas 

[69] and sputtering a copper surface with N atoms while annealing [210, 212, 219-229], with 

characterization by XPS, STM, and STS suffer from limited sub-monolayer coverage and lack 

of an extended defect-free single or double layers [210, 212, 218-220, 224, 225, 227, 228]. The 

Cu (100) c(2×2)-N submonolayers formed on Cu surfaces have been reported as commensurate 

superstructures, with coverage controlled by annealing temperature and duration [210, 217, 220, 

228]. However, a Cu2N monolayer is not stable on Cu (111) above 700 K [229]. Besides that, 

a limited number of STM investigations of molecular depositions on copper nitride have been 
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reported, including the deposition of tetraphenylporphyrin on a Cu3N monolayer [230, 240] and 

azobenzene on a Cu2N monolayer [241], and their decoupling from the Cu substrate [230, 240, 

241]. The less nitridated a surface, the smaller the molecular adsorption enthalpy on the Cu2N 

sub-monolayer; however, on a heavily nitridated surface, the molecular adsorption on Cu2N is 

weaker and limited [221, 225]. In this work, we developed a new replacement method for the 

fabrication of Cu2N on Cu (111) by exchanging O atoms in the oxygenated substrate [242-244] 

with N atoms. Since our technique does not involve sputtering or any preparation that 

dissociates the post-synthesized Cu2N layer, such as annealing above 700 K, repeating cycles 

of our replacement method induce Cu2N film formations on Cu (111). In addition, we 

investigated Cu2N properties, atomic structure, molecular depositions on this surface, and its 

decoupling effect using STM, STS, XPS, LEED, and DFT calculations. We thus present a 

multi-technique investigation to better understand the nature, structure, and properties of Cu2N 

thin film, considering the contradictory reports about the system electronic properties. In 

addition, we studied the molecular deposition of diaminophenyl-porphyrins (DAPPor) and their 

assembly on Cu2N, for which there are limited investigations and reports in the literature.  

4.3. Experimental 

Sample preparation: The single crystal Cu (111) surface was cleaned by multiple cycles of 

Ar+ or Ne+-sputtering (≈ 1 keV, 30 minutes, Iion ≈ 7.5 µA, ≈ 0.014 C) and annealing (≈ 700 K, 

30 minutes). Cu2N submonolayers were fabricated by repeating cycles of oxidation by dosing 

60 L oxygen gas at the surface temperature of ≈ 600 K followed by dosing 180 L NH3 at the 

surface temperature of ≈ 625 K. We heated the sample from the back using radiation and 

bombardment with electrons emitted from a W filament, and dosed O2 or NH3 gas 

simultaneously. 

Characterization: We characterized the Cu (111), Cu2N and, molecules by XPS (photon line: 

Mg Kα ≈ 1253.6 eV), LEED, and STM, after cleaning the samples in home-built UHV chambers. 

In the XPS chamber, a K-type (Nickel-Chromium/Nickel-Alumel) thermocouple was attached 

to the molybdenum plate supporting the Cu (111) sample. The base pressure of the employed 

chambers was below 2×10-10 mbar. The XPS acquisition temperature was at liquid nitrogen (77 

K). In a commercial JT-STM (SPECS GmbH) chamber, the thermocouple was directly attached 

to the surface. The base pressure of the preparation and principal STM chambers was 1.1×10-

10 mbar and 8.5×10-11 mbar, respectively. The STM and STS acquisition temperatures were 

liquid nitrogen (77 K) and liquid He (4.6 K).  

Molecular deposition: The DAPPor powder was provided by Mathias O. Senge’s group and 

loaded into a quartz crucible of home-built OMBE. DAPPor molecules were deposited on the 

clean Cu2N/Cu (111) surface at room temperature. The deposited molecular films were 

characterized utilizing STM and STS. Subsequently, the molecular assemblies at room 

temperature by STM and the decoupling effect of Cu2N films by STS on molecules on Cu2N 

and Cu (111) were studied. 

Softwares: The structural models and their freestanding optimizations were done using 

ChemDraw software [245]. In addition, the STM images analyses were done using the 

Gwyddion software [183]. 

DFT calculations: DFT calculations and simulations were conducted to further investigate the 

atomic structure and electronic properties of our Cu2N submonolayer. 

4.4. Results and Discussion 

Nitrogen gas under normal conditions does not interact with the Cu surface [228]. Therefore, 

we developed a new method for fabricating 2D Cu2N on Cu (111) surface by replacing O atoms 

in copper oxide with N atoms through NH3 annealing at 625 K, confirmed by XPS, LEED, 

STM, and STS. In this method, no destructive techniques like sputtering are used for Cu2N 

production. Therefore, by repeating the oxidation and nitridation cycles, the Cu2N film 
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formation is enhanced. In addition, we investigated the band gap and decoupling effect of this 

Cu2N layer using STS and the corresponding on-surface molecular assemblies utilizing STM. 

4.4.1 Growth 

Fig. 4.1a shows three different superstructures of oxygenated Cu (111) imaged by STM after 

dosing 60 L O2 at the Cu (111) surface held at 600 K in UHV. Tow high-order superstructures 

observed in Fig. 4.1a are known as “44” and “29” Cu2O reconstructions [236, 246]. The third 

observed phase is amorphous, different from “5-7” Cu3O2 [246]. The prevailing phase on this 

surface was “44”. Wood’s notation as √13𝑅46.1° × 7𝑅21.8° and √73𝑅5.8° × √21𝑅 − 10.9° 

correspond to “29” and “44” superstructures, which are 29 and 44 times larger than the (1 × 1) 

unit cell, respectively [247]. Fig. 4.1b and 4.1c display zoomed-in STM images of two islands 

with different superstructures after dosing 18 L NH3 at 625 K on the copper oxide surface. Fig. 

4.1 c reveals that by dosing 18 L of NH3 gas at the surface temperature of 625 K, reduction of 

the O/Cu (111) phases happens, initiated by transferring into islands with the (√3  × √3)𝑅30° 

superstructure [248], consisting of a combination of an oxide and a nitride (see the AP, Fig. 

10B.1 and 10B.2). The (√3 ×  √3)𝑅30° superstructure of copper oxide can be formed by the 

removal of one-third of outermost oxygen atoms on the Cu (111) surface [248]. The reduction 

of Cu (111) oxides by gases starts at defect sites and defect boundaries [246]. In Fig. 4.1d, STM 

displays the surface after 30 minutes of annealing at 625 K with a 180 L NH3 gas dosage in 

UHV. The surface reconstructed at a higher NH3 pressure, and as evidenced in Fig. 4.1e and 

4.1f by enlargement of the N 1s and the vanishing of the O 1s XPS peaks, a pure copper nitride 

submonolayer formed. The Cu2N submonolayer possesses distorted features elongated in 

different directions, forming islands surrounded by other Cu2N islands with different elongation 

directions and bare copper patches.  Lu et al. [61] reported a peak containing three different 

components of N 1s XP spectra at binding energies of 397.4 eV, 395 eV, and 396.8 eV, 

speculated to correspond to Cu3N, Cu4N, and an unclear origin, respectively [61]. We observe 

three separate peaks at different stages of our fabrication method at ≈ 400.3 eV, ≈ 397.3 eV, ≈ 

396.9 eV, and 394 eV, corresponding to O-N-H, O-N-Cu, Cu2N, and physiosorbed NH3 on Cu 

(111), respectively. Because O is more electronegative than N, bonding O to N results in the O 

1s and N 1s peak binding energy shifts to lower and higher binding energies, respectively. 

Additionally, a higher ratio of N to Cu then a larger degree of Cu oxidation lead to a higher 

electron density around N atoms and a shift of the N 1s binding energy to lower values. Fig. 

4.1e and 4.1f indicate that by dosing 60 L O2 at 600 K, a sharp O 1s peak arises. Annealing the 

copper oxide sample at 625 K with 18 L NH3 dosage reduced the O 1s peak, and several caused 

small N 1s peaks. Then, by annealing with 180 L NH3 dosage, the Cu2N-related N 1s peak 

dominated, and the O 1s peak vanished. This provides a solid proof for replacement of O atoms 

in copper oxide by N atoms from NH3. Therefore, the most important parameter that can 

significantly change the lattice constant, structure, and properties of copper nitride is nitrogen 

partial pressure (r) [18]. The higher the N concentration, the greater the distortion of the copper 

nitride structure [221]. Furthermore, Fig. 4.1g shows LEED patterns of copper nitride 

submonolayer on Cu (111). The brightest spots belong to the Cu (111) substrate in a hexagonal 

symmetry of the (1×1) Cu (111) surface reconstruction. Between the Cu (111) related LEED 

spots, a highly ordered LEED pattern with an oblique symmetry is observed. This LEED pattern 

is the same as that reported in the literature and its simulations for a deposition of atomic 

nitrogen on the surface of Cu (111) [68, 210, 221]. This pattern belongs to a Cu (100) c(2×2)-

N superstructure, in which the top surface atomic layer of Cu (111) reconstructed to Cu (100), 

and N atoms are placed in the hollow sites [68, 210, 221]. A LEED spot of the Cu (111) 

substrate and the unit mesh of the Cu2N overlayer are shown by a red arrow and a white dashed 

square, respectively. 
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Fig. 4.1. (a) STM image of copper oxide on Cu (111) after dosing 60 L O2 in UHV; The distance 

between the brightest and darkest points (Z-height) = 0.16 nm, Vs = 1.00 V, It = 100 pA, rms-R 

= 0.01 nm. (b) STM image of the intermediate CuOyNx layer on Cu (111) after dosing 18 L NH3 

in UHV; Z-height = 0.09 nm, Vs = 0.50 V, It = 100 pA, rms-R = 0.01 nm. (c) STM image of a 

different region of the intermediate CuOyNx on Cu (111) after dosing 18 L NH3 in UHV; Z-

height = 0.09 nm, Vs = 0.02 V, It = 1 nA, rms-R = 0.01 nm. (d) STM image of Cu2N on Cu (111) 

after dosing 180 L NH3 in UHV; Z-height = 0.20 nm, Vs = -0.10 V, It = 1 nA, rms-R = 0.02 nm. 

STM acquisition temperature: 4.6 K. Zoomed-in XPS spectra of (e) N 1s and (f) O 1s (coverage 

≈ 0.5 ML). (g) LEED pattern (electron energy: 60 eV) of a Cu2N submonolayer on Cu (111). 

The unit mesh of the Cu(100)–c(2 × 2)N overlayer, comprising three domains with orientations 

offset by 60° and 120° relative to each other on the Cu(111) substrate, is outlined by dashed 

white lines. 

 

4.4.2 Structural Analyses 

Fig. 4.2 depicts an atomic resolution STM image and the corresponding atomic structural model 

of the Cu2N sub-monolayer. Fig. 4.2a shows and overview STM image of a Cu2N island next 

to a Cu (111) island measured at bias voltage of 1V. Atomic resolution of the distorted Cu2N 

film elongated in a parallel line shape features are visible in this large-scale image. The border 

of the Cu2N and Cu (111) islands is brighter than other regions which could be due to charge 

confinement in the border, corrugation of the structures close to border due to a large lattice 

mismatch, and accumulation of the excess Cu atoms due to the larger density of the Cu (111) 

surface compared to Cu (100). Fig. 4.2b presents the fast Fourier transform (FFT) of the Cu2N 

domain shown in Fig. 4.2a, calculated using WSxM software. Given that three distinct domains 

of Cu2N on this surface exhibit the same structure but with orientation offsets of 60° and 120°, 

combining this FFT pattern with two additional, similarly rotated patterns produces a 

reasonable match with the Cu(100)–c(2 × 2)N LEED pattern shown in Fig. 4.1g. Fig. 4.2c 

shows that Cu2N on Cu (111) has square-like features elongated in parallel rows, with one- or 

two-unit cells in width, distorted and strained significantly due to the lattice mismatch with the 

substrate. The green square in Fig. 4.2c shows a proposed unit cell for the distorted Cu2N on 

Cu (111). This unit cell parameter (≈ 0.54 nm) is differs from the bulk Cu3N shown in Fig. 4.2d 

and reported Cu2N on Cu (100) [18]. Fig. 4.2d displays the three-dimensional (3D) unit cell of 

the bulk Cu3N in which red and yellow spheres represent the Cu and N atoms, respectively. The 
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lattice parameter is 0.3817 nm. A face of this 3D unit cell of Cu3N is the same as the 2D unit 

cell of Cu2N. Fig. 4.2e indicates the proposed structural model of the Cu2N on Cu (111), where 

the blue, green and red circles represent Cu atoms in Cu (111), Cu atoms in Cu (100) and N 

atoms. The structure is the same as the reported pseudo-(100) structure, having many 

misalignments due to lattice mismatch of Cu (111) surface and copper nitride in Cu <110> 

direction [210, 212, 220]. This means the packing density of the copper surface has changed 

compared to the bulk [228], and the top atomic layer of Cu (111) reconstructed to Cu (100). 

Then N atoms lie between the Cu atoms in the hollow sites, forming covalent bonds with copper 

atoms [210, 219], as an incommensurate superstructure or a (25×7 √3 ) commensurate 

reconstruction [228, 229, 241]. This is compatible with the LEED pattern in Fig. 4.1e and 

reported LEED simulations [210, 221, 229]. The long-range corrugation in Fig. 4.2c comes 

from (25×7√3) super unit cells, similar to the Cu (100) – c (2 × 2) N structure [210, 212, 220, 

229]. Fig. 4.2e indicates that considering the lattice parameter of copper nitride, the diagonal of 

the unit cell is about 0.54 nm. Therefore, either the square-like features of Cu2N on Cu (111), 

shown by the green square in Fig. 4.2c, are equivalent to the Cu2N unit cell diagonal on Cu 

(100), or an enlarged unit cell parameter of Cu2N on Cu (111) due to the significant distortion 

caused by the lattice mismatch of Cu2N and Cu (111).  

Fig. 4.2f shows the DFT simulations of the atomic structure of Cu(100)–c(2 × 2)N on a Cu(111) 

substrate, which becomes cracked after relaxation on the surface due to the significant lattice 

mismatch. This cracking results in the formation of linear elongations within the Cu2N structure, 

matching the shape and density of the features observed in the experimental results. The 

distortion of the Cu–N bonds due to this cracking could explain the increase in the unit cell 

parameter of Cu2N from 0.38 nm in bulk to approximately 0.54 nm in this 2D structure on Cu 

(111). The periodic features observed in the STM simulations, in Fig. 4.2g and Fig. 10B.3-4 

(the AP), provide the best fit among our models for the elongations seen in the experimental 

STM images. However, the elongations in the STM images appear more bent and distorted, 

with a clearer periodicity of a unit cell parameter of 0.54 nm, which slightly differs from the 

simulated case. Furthermore, the growth direction of the elongations in the cracked Cu2N model 

on Cu (111) is preferentially in the higher symmetry direction, compatible with the 

experimental results, considering the step edges of Cu (111). In the following sections, we will 

also compare our results with other proposed models. 

 
Fig. 4.2. (a) High resolution (HR)-STM of the Cu2N sub-monolayer on Cu (111); Z-height = 

0.16 nm, Vs = 1 V, It = 100 pA, rms-R = 0.02 nm. (b) FFT of the Cu2N domain displayed in 

(a), calculated using WSxM software. (c) High resolution (HR)-STM of the Cu2N sub-

monolayer on Cu (111); Z-height = 0.08 nm, Vs = 1 V, It = 1 nA, rms-R = 0.01 nm. (d) A 
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schematic of the bulk Cu3N cubic anti-ReO3 structure. (e) A schematic of the Cu (100) c(2x2)-

N thin film on Cu (111) (Cu2N). (f) DFT simulation of the atomic structure of relaxed Cu (100) 

– c (2 × 2) N on a Cu (111) substrate, and (g) the corresponding STM simulation. The black 

square represents four unit cells of the proposed structure. Blue and white spheres represent the 

Cu and N atoms, respectively. STM and STS acquisition temperature: 4.6 K. 

 

Topographical features, the surface morphology, and electronic properties of the Cu2N layer on 

Cu (111) were investigated more comprehensively by varying the bias voltage of STM. Fig. 4.3 

presents the bias-dependent STM images of Cu2N on Cu (111) (see the AP, Fig. 10B.1). Fig. 

4.3a, b, and c correspond to the bias voltages of 0.1 V, -1 V and 4 V, respectively. Darker spots 

correspond to the lower height or smaller density of states. Fig. 4.3a displays darker features 

for the Cu2N surface, as most of electrons were not excited from the tip to the surface at a bias 

voltage of 0.1 V. The Cu (111) area in the image, which is surrounded normally by Cu2N in a 

larger scale, shows oscillating features due to the formation of standing waves patterns of the 

electron density in these metallic islands called quantum corrals (QCs) as previously reported 

in the literature [210, 214]. The formation of QCs in Cu (111) islands surrounded by Cu2N at 

lower bias voltages indicates the localized electronic states close to the Fermi level [210, 214]. 

Fig. 4.3b exhibits a flat darker Cu (111) patch and slightly brighter Cu2N features at the bias 

voltage of -1 V compared to Fig. 4.3a at the bias voltage of 0.1 V. Furthermore, Fig. 4.3c shows 

a very bright Cu2N layer and an extremely dark Cu (111) surface at the bias voltage of 4 V. 

This figure shows square like regular periodic features of Cu2N which could be due to the 

periodic potential of Cu2N arising from iterative placements of N atoms in the hollow sites of 

Cu (111) surface reconstructed to Cu (100) at the top atomic layer of the surface. 

Two additional atomic structural models were proposed in Figs. 4.3d-i. In Fig. 4.3d, a Cu (100) 

– c (2 × 2) N island has been modeled, embedded within the top atomic layer of Cu (111). The 

corresponding DFT simulations of STM images of this model at bias voltages of -1 V and 4 V 

are shown in Figs. 4.3e and f, respectively. These STM simulations indicate that the Cu2N island 

appears darker than surrounding Cu (111) surface at -1 V, while this contrast is reversed at the 

bias voltage of 4 V, where the islands appear brighter. This change in the electronic states 

between these two bias voltages, however, is not consistent with our experimental STM results 

(see the AP, Fig. 10B.5). On the other hand, Fig. 4.3g presents an alternative structural atomic 

model where a Cu (100) – c (2 × 2) N island is located on the top of the Cu (111) surface. The 

corresponding STM simulations at bias voltages of -1 V and 4 V have been displayed in Figs. 

4.3h and i, respectively. In both cases, the Cu2N island appears brighter than the surrounding 

Cu (111) surface. In Fig. 4.3h, darker features within the Cu2N island can be observed in the 

STM image, likely a combination of both height and electronic state effects. By contrast, in Fig. 

4.3i, the Cu2N island is significantly brighter, displaying a periodic feature dominated by 

electronic states due to the excitation of states above the CB (see the AP, Fig. 10B.6). This 

makes the model shown in Fig. 4.3g more consistent with our experimental STM results, 

supporting it as the expected structural model for the Cu2N islands formed on the Cu (111) 

surface. 
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Fig. 4.3. Bias-dependent STM measurements of Cu2N sub-monolayers on Cu (111) after four 

cycles of dosing with 10-6 mbar O2 and 10-7 mbar NH3 in UHV; (a) STM image with Z-height 

= 0.09 nm, Vs = 0.1 V, It = 1 nA, rms-R = 0.01 nm. (b) STM image with Z-height = 0.11 nm, 

Vs = -1 V, It = 100 pA, rms-R = 0.01 nm. (c) STM image with Z-height = 0.44 nm, Vs = 4 V, It 

= 1 nA, rms-R = 0.10 nm. STM acquisition temperature: 4.6 K. (d) Structural atomic model of 

a Cu (100) – c (2 × 2) N island embedded within the top atomic layer of Cu (111) surface. (e, 

f) DFT simulations of STM images for the structural model in Fig. 4.3d at bias voltages of -1 

V and 4 V, respectively. (g) Structural atomic model of a Cu (100) – c (2 × 2) N island 

positioned on top of the Cu (111) surface. (h, i) DFT simulations of STM images for the model 

in Fig. 4.3g at bias voltages of -1 V and 4 V, respectively. 

 

To tackle the contradictory reports about the electronic conductance of Cu2N, the band gap of 

the Cu2N sub-monolayer on Cu (111) was measured by STS, as shown in Fig. 4.4a. The STS 

measurements were calibrated on a clean Cu (111) surface. There is a CB with a high density 

of states at a bias voltage of 1.8 V. The far smaller VB at a bias voltage of -2 V results in a band 

gap of 3.8 V, which is categorized as a wide-band gap semiconductor. Our STS results reveal 

a large band gap for Cu2N that is comparable with the literature, though STS is dominated by 

information related to the Γ point of the BZ, and M point-related information remains elusive 

[219, 224, 230]. On the other hand, reported (ARPES) measurements and new DFT calculations 

show an overlap of the CB and VB at the M point of the BZ, indicating a metallic behavior of 

Cu2N checkerboard films [62, 68]. 
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Consequently, in Figs. 4.3a-c, at positive bias voltages, CB electrons or the lowest unoccupied 

molecular orbital (LUMO) activate and at negative bias voltages VB electrons and the highest 

occupied molecular orbital (HOMO) were studied, enabling energy-resolved electronic 

structure mapping of the surface. Fig. 4.3a, depicting an STM image below the CB, shows 

height-dominant Cu2N features, indicating the distortion of the elongated features due to lattice 

mismatch of the epilayer and the underlying substrate. At the bias voltage of -1 V below the 

VB in Fig. 4.3b, a brighter contrast of Cu2N features suggests that some VB electrons are 

transferred to the tip, which could be due to some interband states at the distorted, strained, or 

defected parts of the Cu2N film. Fig. 4.3c exhibits the large conductivity of the Cu2N films at 

the bias voltage of 4 V above its CB. At the bias voltage of 2 V (see the AP, Fig. 10B.1m), in 

contrast to the Fig. 4.3c, a distorted feature is observed rather than the iterative electronic 

potential, as it remains closer to the CB position compared to Fig. 4.3c. Consequently, the 

crucial change in states at bias voltages above 2 V causes the Cu2N submonolayer to appear 

significantly brighter, while the Cu (111) substrate surface becomes notably darker. This occurs 

due to the high density of states in Cu2N, which are excited by a bias voltage of 2 V or higher. 

Therefore, this observation confirms the presence of the Cu2N CB below 2 V with a high density 

of states in this region. 

DFT simulations and calculations of the projected DOS (PDOS) (Fig. 4.4b) and the projected 

band structure (PBAND) of a Cu2N ML slice consisting of three atoms (Fig. 4.4c and d) reveal 

the metallic nature of relaxed Cu2N films on Cu (111). The band structure, achieved using the 

Heyd-Scuseria-Ernzerhof hybrid functional (HSE) approach, indicates that the CB and VB of 

Cu2N overlap at the M point of the BZ. On the other hand, a significant band gap of over 5 eV 

is observed at Γ point. The overlap only at a single point implies the complicated characteristic 

of the Cu2N monolayer. However, in the strained regions, and in spin polarized simulations (see 

the AP, Fig. 10B.7), the band gap expands, reaching values typical of semiconductors. Phonon 

simulations and LEED experiments indicated the high stability of Cu2N, suggesting minimal 

interaction with the molecules and atoms on the surface, which is desirable for decoupling the 

electronic excitations of on-surface structures and molecules from the substrate [62, 68]. STM 

simulations of Cu2N without H bonds on Cu (111) across various bias voltages are more 

compatible with the experimental STM data. Moreover, the STS simulations at the Γ point of 

the BZ are fairly close to our experimental STS measurements depending on the simulation 

approaches, confirming the suggested structural model, properties, and nature of our Cu2N films. 
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Fig. 4.4. (a) STS of the Cu2N layer on Cu (111), calibrated on a clean Cu (111) surface. STM 

and STS acquisition temperature: 4.6 K. (b) DFT Simulation of DOS of Cu2N islands on Cu 

(111) substrate corresponding to Fig. 4.3g, and Cu (111) substrate versus the applied bias 

voltages, simulating the STS measurements. (c) DFT simulation of the electron localization 

function on atoms on a Cu2N ML slice confirming the Cu-N covalent bonds and the 

corresponding atomic model including three atoms (2 Cu and 1 N atoms). (d) DFT simulation 

of the PBAND of the Cu2N monolayer shown in Fig. 4.4c, using the HSE approach. 

 

We observed that Cu2N is stable in UHV below 700 K, while heating a Cu2N monolayer above 

700 K leads to its desorption [229]. On Cu (100), the growth of an extended copper nitride 

monolayer in UHV was not successful due to a significant lattice mismatch [210, 212, 219-221, 

224, 225, 227]. Cu2N islands on Cu (111) have three preferential growth directions, resulting 

in intersections at borders, leaving bare copper islands in between, containing a reported QC 

effect [210, 212-214]. By repeating our replacement methods, the coverage of the extended 

Cu2N submonolayer can be adjusted. Fig. 4.5a and 4.5b display the Cu2N submonolayers after 

one and six cycles of oxidation followed by ammonia annealing, resulting in approximately 30% 

and 90% of Cu2N coverage on Cu (111), respectively. In Fig. 4.5a, the red and blue arrows 

highlight the Cu2N and Cu (111) islands, respectively, where, on average, the Cu (111) islands 

are vaster than the Cu2N islands. 
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Fig. 4.5. STM measurements of Cu2N sub-monolayers on Cu (111) after (a) 1 and (b) 6 cycles 

of dosing with 10-6 mbar O2 and 10-7 mbar NH3 in UHV, resulting in coverage of ≈ 30% and ≈ 

90%, respectively. STM parameters are as follows; (a) Z-height = 0.79 nm, Vs = -1 V, It = 100 

pA, rms-R = 0.11 nm. (b) Z-height = 0.74 nm, Vs = 1 V, It = 100 pA, rms-R = 0.01 nm. STM 

acquisition temperature: 4.6 K. 

 

4.4.3 Molecular Deposition 

Fig. 4.6 shows the deposited DAPPor molecules on Cu2N and Cu (111) islands. Due to the high 

chemical and dynamic stabilities of the Cu2N layer, proven by LEED experiments and phonon 

simulations, respectively [68, 225], there is a very low probability that this film interacts and 

hybridizes with adsorbates, reducing adsorption probability on this surface and efficiently 

decoupling the epilayer molecules [68, 225]. As a result, the majority of molecules are adsorbed 

on the Cu areas, and a minority of molecules can be found on Cu2N [241]. Fig. 4.6a display the 

coexistence of both single (blue arrows) and double layers (white arrows) of DAPPor on Cu 

(111) islands, but a very low coverage of DAAPor (red arrows) on, Cu2N below 10%. Varying 

the bias voltage from -0.5 V to -2 V changed the state of the porphyrin layers in STM images 

(see the AP, Fig. 10B.9a) due to the presence of a HOMO between these two values. In Fig. 

4.6a, at bias voltage of -2 V, below the HOMO of these DAPPor molecules, the double layer 

appearance changed to triangular like features, where the horizontal sides of the triangle 

represent the porphin macrocycle and the vertical sides represent the amine-phenyl chains. In 

the single layer DAAPor, the porphin macrocycles appeared as larger spheres, with the amine-

phenyl chains placed at about 10° from the vertical direction and four pyrroles at the sides of 

the porphins emerged as dot- or smaller spheres-like features. Considering the sharp and 

straight step edges of the Cu (111) surface, the vertical direction in these STM images forms an 

angle of ≈30˚ with the [1̅1̅2] crystallographic direction [249].  By increasing the bias voltage 

to -0.5 V (see the AP, Fig. 10B.9a), for both single and double layers, macrocycle porphins are 

seen as circle-like features, linearly assembled with the adjacent molecules from the amines 

side with the angle of 10° compared to the vertical direction. Fig. 4.6b is a zoomed-in STM 

image of the assembly of unreacted DAPPor molecules on a Cu2N island. Single unreacted 

DAPPor molecules tend to assemble either parallel or perpendicular to the elongations of Cu2N. 

Although the assembly of some DAPPor molecules on Cu2N is dominant, high-resolution STM 

images of individual DAPPor molecules reveal four pyrrole rings that appear brighter at a bias 

voltage of 0.5 V (see the AP, Fig. 10B.9b and 10B.9c). DAPPor molecules on Cu2N fit the free-

standing relaxed gaseous model very well. Fig. 4.6c presents a high-resolution STM image of 

DAPPor molecules in a molecular monolayer on a Cu (111) island. The proposed structural 

model based on the observed bias-dependent STM images is exhibited (see the AP, Fig. 10B.9). 

Based on our model in Fig. 4.6c for the single layer of DAPPor on Cu (111), we speculate that 
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the overlap of the density of states of hydrogen atoms from the benzene rings and a neighboring 

pyrrole constructively interferes, making four bright sphere-like features around the DAPPor 

molecules in the STM images. The DAPPor model looks distorted from the free-standing 

equilibrium shape. This confirms the significant interaction of the molecule with the Cu (111) 

surface, while there is limited interaction of the molecule with the Cu2N surface, similar to free-

standing gaseous molecules optimized by the ChemDraw software. Fig. 4.6d shows the STS of 

clean Au (111) (black), DAPPor on Cu2N (red), and DAPPor on Cu (111) (blue). The HOMO-

LUMO gap values of DAPPor on Cu (111) and Cu2N were equal to ≈ 0.9 eV and ≈ 2.4 eV, 

respectively. These results indicate that, based on our STS measurements, the Cu2N layer 

decoupled the DAPPor molecules from the copper substrate due to a reduction in the 

hybridization of the porphyrin C atoms with the substrate atoms [225, 230]. This is evidenced 

by the enlarged STS HOMO-LUMO gap and the distance between the highest occupied 

molecular orbital (HOMO) and LUMO of a DAPPor molecule on Cu2N compared to on Cu 

(111), calibrated by a clean Au (111) STS. In addition, DFT simulations revealed an increase 

in the HOMO-LUMO gap of DAPPor molecules on Cu2N islands (Fig. 4.6f) compared to Cu 

(111) islands (Fig. 4.6e), confirming the decoupling effect of the Cu2N layer. However, the 

simulated HOMO-LUMO gap for these molecules in both cases are smaller than the 

experimental STS measurements (see the AP, Fig. 10B.9). 
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Fig. 4.6. (a) STM image of single and double layers of DAPPor assembly on Cu (111); Z-height 

= 0.38 nm, Vs = -2.0 V, It = 50 pA, rms-R = 0.07 nm. The red, white, and blue arrows indicate 

DAPPor on Cu2N, a monolayer of DAPPor on Cu (111), and a double layer of DAPPor on Cu 

(111), respectively. (b) STM image of DAPPor molecules on a Cu2N sub-monolayer on Cu 

(111) along with the corresponding proposed molecular model; Z-height = 0.36 nm, Vs = -0.5 

V, It = 50 pA, rms-R = 0.09 nm. (c) STM image of single and double layers of DAPPor assembly 

on Cu (111) with the associated proposed molecular model; Z-height = 0.12 nm, Vs = -0.1 V, It 

= 50 pA, rms-R = 0.02 nm. (d) Tunneling spectra of clean Au (111), DAPPor on Cu2N, and 

DAPPor on Cu (111). (e) DFT simulation of PDOS for DAPPor on Cu (111). (f) DFT 

simulation of PDOS for DAPPor on Cu2N. STM acquisition temperature: 4.6 K. 
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4.5. Conclusion 

As a conclusion, we developed a new replacement method for the production of Cu2N 

submonolayers on Cu (111) by exchanging the O atoms of the copper oxide thin films with N 

atoms from NH3 gas. The fabricated Cu2N reveals a Cu (100) c(2×2)-N superstructure on Cu 

(111) with a square-like unit cell parameter of ≈ 0.54 nm, indicating a strain of the Cu2N layer 

on Cu (111) compared to a relaxed free-standing one. This strain causes an increase in the band 

gap of Cu2N, as observed by STS and DFT simulations. STS of Cu2N indicates a band gap of 

≈ 3.8 eV at its Γ point in the BZ, based on DFT calculations. Cu2N islands were grown in three 

dominant distorted elongation directions, crossing each other, forming Cu (111) islands with a 

QC effect, exhibiting standing waves of the electron density. Since our fabrication method 

comprises no destructive technique, we increased and tuned the Cu2N coverage by repeating 

the oxidation and nitridation cycles. In addition, the molecular deposition on this surface reveal 

the high stability of the Cu2N surface reducing the molecular adsorption energy, leading to 

sparse molecular adsorption on Cu2N, while double layers of DAPPor were observed on the Cu 

(111) surface. The limited interaction of Cu2N with the DAPPor molecules is confirmed by the 

STM images, in which the DAPPor molecules on Cu2N fit the relaxed and optimized model of 

free-standing DAPPor molecules. On the other hand, the single DAPPor model on Cu (111) is 

stretched, indicating the strong interaction between a DAPPor molecule and the Cu (111) 

surface. DAPPor molecules on Cu (111) islands assemble exclusively in a parallel orientation 

to one another, forming an angle of 20° relative to the [1̅1̅2] direction. In contrast, on Cu2N, 

these molecules exhibit both parallel and perpendicular orientations, aligning with the 

elongations of Cu2N islands. Furthermore, STS of DAPPor on Cu (111) and Cu2N proves the 

decoupling effect of the Cu2N layer, preventing electronic transports between the molecules 

and the substrate. 
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Chapter 5 

Ullmann Coupling and Poly(para-

phenylene) Wires on Copper Nitride 

Monolayers on Copper (111) 

This chapter explores Ullmann coupling and poly(para-phenylene) wires on copper nitride 

monolayers on copper (111). It includes content that is currently being prepared for submission, 

with permission from Rostami, M., Yang, B., Senge, M.O., Chi, L., and Barth, J.V., 2024. 

5.1. Contributions 

Mohammadreza Rostami: Experiments, data analysis, writing, review & editing, experiment 

discussion, model drawing. Biao Yang: Experiments, Experiment discussion, review & editing, 

supervision. Mathias O. Senge: Synthesis of molecules. Lifeng Chi: Review & editing, 

supervision. Johannes V. Barth: Review & editing, supervision. 

5.2. Introduction 

Ullmann coupling, discovered during synthesis of biphenyls from aryl halides in 1901 [250], 

as an on-surface reaction, can be used for on-surface synthesis of different low-dimensional (D) 

structures and covalent organic networks [1, 3]. This reaction is a form of aryl-aryl coupling 

following session of bonds between halogens and sp2 or sp-hybridized carbons [2, 251-256], 

which is one of the most successful, efficient, simple, predictive and controllable reported on-

surface coupling reactions [1, 251, 257]. For metallic surfaces, another intermediate step in 

Ullmann coupling involves the formation of metal-organic chains or networks [250]. This 

mechanism paves a bottom-up approach for the assembly of nano-architectures and structures 

[258]. The direct bonding of aromatic moieties is a useful method for π-conjugation formation, 

resulting in significant charge transfer [259]. In this case, it is advantageous to implement 

dehalogenation and Ullmann coupling reactions, because of the specific C-halogen bond 

dissociation energies of versatile halogens, allowing for adjustable activation temperatures for 

selective and directional nanoarchitectures [259]. In addition, fewer defects on the surface and 
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using planar precursors increase the temperature of dehalogenation [2]. for example, 

debromination of 1,4,5,8-tetrabromonaphthalene (TBN) [260] and 1,3-bis(p-bromophenyl)-5-

(p-iodophenyl)benzene (BIB) occur at 100°C and 175°C, respectively [2]. Therefore, more 

control over the sequential activation of active sites and nano-architectures is acquired [252, 

259]. This holds promise for designing desired complex structures, and molecular circuits and 

investigating the individual molecular entities electronics [259]. 

Different molecules have been reported for the on-surface synthesis of 2D materials like long-

range order 2D sheets having extended regularity, organometallic networks and nAGNRs 

implementing Ullmann coupling, including iodine- [88, 97, 188, 257, 261], bromine- [1-3, 93, 

259-264], chlorine- [252] and fluorine-containing molecules [265, 266]. nAGNRs are elongated 

graphene stripes with a width of less than 100 nm and contain n C atoms across their width 

[260]. They are classified based on n = 3p, 3p + 1, and 3p + 2, with each type indicates different 

electronic properties [260]. However, there are still many contradictory reports. The group of n 

= 3p + 2 exhibits a metallic nature according to tight-bonding approximation and a 

semiconducting nature according to DFT [260]. nAGNRs are promising structures for next-

generation electronics because they possess a tunable band gap depending on their width and 

edge conformation [44]. 

Brominated porphyrins such as tetra(4-bromophenyl)porphyrin (Br4TPP) [258] and 5,15-

bis(4’-bromophenyl)-10,20-bis(4’-iodophenyl)porphyrin (trans-Br2I2TPP) [259] have been 

developed for Ullmann coupling reactions on metallic surfaces [240]. Porphyrins are 

macrocyclic molecules existing in living organisms and sediments containing organic materials 

such as oil and coal [240]. Porphyrins have various applications in biological and medical 

systems, metal-organic coordination, and covalent networks due to their interesting properties 

such as non-linear optical, field-responsive, catalytic, and photovoltaic properties [240, 267, 

268]. Porphyrin is a building block for functional metalloporphyrin materials. 

Metalloporphyrins are a crucial part of many biomolecules, comprising heme as oxygen-

binding group of red blood cells of mammals and chlorophyll as the basis of photosynthesis in 

plant leaves [240, 267, 268]. Porphyrins consist of peripheral substituents and a parent planar 

heteromacrocycle molecule called porphin, composed of four modified pyrrole subunits [240]. 

Due to their high conductivity and more convenient surface preparations, metals are the most 

compatible substrates with surface science techniques including STM [1-3, 5-7, 35, 269]. On 

the flip side, metallic substrates quench the electronic excitations of the overlying molecules 

and structures, thereby limiting their optical and electronic characterizations [1-3, 5-7, 35, 96, 

97, 269]. Despite being metallic, copper nitride thin films exhibit a remarkable decoupling 

effect, minimizing interactions and electron transfer between the metallic substrates and the 

molecules and structures on top [18, 62, 68, 219, 224, 225, 230, 239, 241]. This strong 

decoupling effect, despite its metallic nature, makes this surface compatible with surface 

science techniques and a promising candidate for investigating on-surface reactions [62, 68, 

238]. The high stability of Cu2N monolayers, confirmed by phonon simulations and LEED 

experiments, reduces atomic and molecular adsorption on this surface and decouples electronic 

excitations of the adsorbents from the metallic substrate [68, 225]. Furthermore, studies on 

molecular depositions such as porphyrins on copper nitride thin films have been reported in the 

literature [225, 230]. 

Ullmann coupling on thin films on metallic substrates benefits from the ad-atoms on these 

surfaces, catalyzing this reaction [257, 270]. Reports on surface-assisted Ullmann coupling on 

semiconductor surfaces are limited due to alleviated catalytic efficiency and molecular 

desorption at the temperatures required for Ullmann coupling [257]. This work introduces the 

debromination of 4,4′′-dibromo-p-terphenyl (DBTP) and 5,15-(di-4-bromophenyl)porphyrin 

((BrP)2P), Ullmann coupling reactions, and on-surface preparation of poly(para-phenylene) 

(PPP) wires (also called the narrowest nAGNRs (n=3) as a large band gap semiconductors [270]) 

on Cu2N surface on Cu (111). The HOMO-LUMO gaps of the porphyrin molecules and PPP 

wires on the Cu2N decoupling layer on Cu (111) were measured using STS and compared to 

results obtained on other substrates. The Cu2N monolayer was produced by the replacement of 

O atoms in copper oxides [242, 246-248] by N atoms through ammonia annealing. 
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5.3. Experimental 

Sample preparation: The single-crystal Cu (111) surface was prepared through iterative cycles 

of Ar+ or Ne+ sputtering (≈ 1 keV, 30 minutes, Iion ≈ 7.5 µA, ≈ 0.014 C) followed by annealing 

at ≈ 700 K for 30 minutes. Cu2N submonolayers were subsequently fabricated via repeated 

cycles of oxidation by dosing 60 L oxygen at the sample temperature of ≈ 600 K under a 

pressure of ≈ 10-6 mbar, and NH3 annealing at ≈ 625 K by dosing 180 L NH3 under a pressure 

of ≈ 10-7 mbar. The sample was heated from the backside using radiative heating and electron 

bombardment from a W filament, with concurrent O2 or NH3 gas dosing. 

Characterization: Cu (111), Cu2N, and adsorbed molecules were characterized by XPS with 

a Mg Kα photon line (≈ 1253.6 eV), LEED, STM, and STS after sample preparation in custom-

built UHV chambers. In the XPS chamber, a K-type (Nickel-Chromium/Nickel-Alumel) 

thermocouple was affixed to the molybdenum plate supporting the Cu (111) sample, with the 

base pressure maintained below 2×10-10 mbar and the XPS acquisition conducted at liquid 

nitrogen temperature (77 K). For STM analysis, conducted in a commercial JT-STM (SPECS 

GmbH), the thermocouple was placed at the surface. The base pressures in the preparation and 

primary STM chambers were 1.1×10-10 mbar and 8.5×10-11 mbar, respectively. STM and STS 

measurements were performed at liquid nitrogen (77 K) and liquid He temperatures (4.6 K).  

Molecular deposition: (BrP)2P and DBTP powders shown in Fig. 5.1, sourced from Mathias 

O. Senge’s group and Shanghai Aladdin Bio-Chem Technology, respectively, were loaded into 

a quartz crucible housed within custom-built OMBEs. Molecular depositions occurred onto the 

as-grown Cu2N/Cu (111) surface at ambient temperature. The resultant molecular films 

underwent rigorous characterization using STM and STS techniques. Subsequently, the 

molecular assemblies were scrutinized at ambient temperature via STM, while STS was 

employed to investigate the decoupling effect of Cu2N films on molecules and polymers 

adhering Cu2N and Cu (111). 

Softwares: Structural models and their optimized freestanding configurations were generated 

using ChemDraw software [245]. Additionally, comprehensive analysis of STM images was 

carried out using Gwyddion software [183]. 

 

 

 
Fig. 5.1. Schematic views of a single (a) (BrP)2P and (b) DBTP molecules optimized by 

ChemDraw software. Gray, white, red and blue spheres represent C, H, Br and N atoms, 

respectively. 
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5.4. Results and Discussion 

Fig. 5.2 shows the deposition of (BrP)2P molecules on Cu2N islands on Cu (111) and Cu (111) 

islands surrounded by Cu2N. The molecules preferentially decorate the copper surface rather 

than Cu2N, since Cu2N possesses a high  chemical stability hindering the interaction and 

hybridization of the epilayer molecules and atoms with the substrate [68]. Fig. 5.2a reveals the 

linear assembly of (BrP)2P molecules on the Cu (111) surface at room temperature in three main 

directions with angles of about 10°, 50°, and -45° compared to [110] direction (see the AP, Fig. 

10C.1). At 300 K, the (BrP)2P molecules at the Cu (111) surface arrange horizontally next to 

each other without any sign of polymerization (see Fig. 5.2b). Fig. 5.2c displays the bromine 

atoms and debrominated (BrP)2P molecules on the Cu (111) surface after annealing at 425 K. 

This figure shows that the all (BrP)2P molecules were already debrominated at this annealing 

temperature, surrounded by separated bromine atoms, and distributed randomly on this surface. 

However, after annealing at 425 K no polymer formation was observed. On the other hand, 

after annealing the sample at 475 K, Ullmann coupling and polymerization of molecules were 

observed as seen Fig. 5.2d. In Fig. 5.2e, unreacted (BrP)2P molecules deposited on Cu2N at 300 

K, exhibiting no occurrence of any reaction such as debromination or aryl-aryl coupling at this 

temperature. After annealing at 425 K, Fig. 5.2f indicates mostly single molecules or clusters 

of uncoupled (BrP)2P monomers, except a linear polymer at this temperature as a candidate for 

Ullmann coupling. This provides evidence that the Cu2N surface catalyzed aryl-aryl coupling 

at lower temperatures than the Cu (111) surface since the Cu (111) islands were populated and 

saturated by molecules and bromine atoms, alleviating the coupling efficiency. By annealing at 

475 K, the number of observed dimers and oligomers on Cu2N increased. The observation of 

linear dimers and oligomers is more expected for Ullmann-type coupling. Fig. 5.2g shows a 

(BrP)2P dimer on Cu2N on Cu (111) after annealing at 475 K. However, this bond as an Ullmann 

coupling candidate is surprisingly bent.  Fig. 5.2h indicates a (BrP)2P oligomer on Cu2N, in 

which four molecules have been assembled together from the phenyl groups side, which is a 

candidate for polymerization. Consequently, on Cu (111), cleavage and coupling occur more 

pronouncedly, and diffusion is significant [188], while on Cu2N, adsorption is reduced, and 

limited C-Br bonds cleavage is observed, acting as a barrier to the formation of this covalent 

network. Versatile linear or zigzag structures of (BrP)2P molecules were found as candidates 

for on-surface coupling and reactions. Fig. 5.2i exhibits STS of (BrP)2P on Cu2N and Cu (111) 

surfaces, calibrated by Cu2N, clean Cu (111), and Au (111) surfaces. As expected, Cu (111) 

and Au (111) show the surface states starting at a bias voltage of about -0.5 V. The STS 

spectrum of Cu2N indicates CB and VB at bias voltages of about 1.9 V and -2 V, respectively, 

exhibiting a band gap of about 3.9 eV at the Γ point of the BZ, which is comparable with the 

literature [219, 224, 230]. The STS spectra of (BrP)2P on Cu (111) reveal the quenching of the 

LUMO and HOMO states at different biases, exhibiting the Cu (111) surface states and 

shrinking the observed HOMO-LUMO gap of (BrP)2P. In contrast to the Cu (111) surfaces, the 

Cu2N surface prevented the transfer of excited electrons into the substrate, decoupling the 

(BrP)2P molecules from Cu (111) and exhibiting intense LUMO and significant HOMO states 

at bias voltages of about 1.6 V and -1.5 V, respectively. 
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Fig. 5.2. (a) STM image of (BrP)2P on Cu (111) at room temperature; The distance between the 

brightest and darkest points (Z-height) = 0.54 nm, Vs = 1 V, It = 100 pA, rms-R = 0.09 nm. (b) 

Corresponding structural model created with ChemDraw software. (c) STM image of 

debrominated (BrP)2P molecules on Cu (111) after annealing at 425 K; Z-height = 0.16 nm, Vs 

= -1 V, It = 100 pA, rms-R = 0.02 nm. (d) STM image of (BrP)2P couplings and chains on Cu 

(111) after annealing at 475 K followed by Ullmann coupling and polymerization; Z-height = 

0.44 nm, Vs = 1 V, It = 100 pA, rms-R = 0.08 nm. (e) STM image of unreacted (BrP)2P molecules 

on Cu2N on Cu (111) at room temperature; Z-height = 0.32 nm, Vs = 0.1 V, It = 1 nA, rms-R = 

0.07 nm. (f) STM image of (BrP)2P couplings and a linear dimer chain on Cu2N on Cu (111) 

after annealing at 425 K; Z-height = 0.36 nm, Vs = -0.1 V, It = 50 pA, rms-R = 0.07 nm. (g) 

STM image of Ullmann coupling of two (BrP)2P molecules on Cu2N on Cu (111); Z-height = 

0.31 nm, Vs = 0.5 V, It = 1 nA, rms-R = 0.05 nm. (h) STM image of an oligomer on Cu2N on 

Cu (111); Z-height = 0.45 nm, Vs = 0.1 V, It = 1 nA, rms-R = 0.07 nm. STM acquisition 

temperature: 4.6 K. (i) STS spectra of Cu (111), Au (111), Cu2N, and (BrP)2P molecules on Cu 

(111) and Cu2N. 

 

To further investigate Ullmann coupling on Cu2N and Cu (111) islands surrounded by Cu2N 

elongations, we examined the on-surface thermal-induced reactions of DBTP molecules. 

However, STM imaging of a sub-monolayer of DBTP on the surface can be challenging, as the 

molecules tend to be mobile. Fig. 5.3 shows the deposition of DBTP molecules on this surface, 

indicating > 90% and ≈ 0% coverage of unreacted DBTP molecules on Cu (111) and Cu2N 

surfaces at 300 K, respectively. Fig. 5.3a displays a large-scale STM image of Cu2N and a Cu 

(111) island after deposition of DBTP at room temperature in UHV. Smaller adsorption 
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enthalpy of DBTP molecules on Cu (111) compared to Cu2N islands, and the respective higher 

interaction between the molecules and the surfaces, are evidenced by the high coverage of 

DBTP molecules on Cu (111), despite the sparse distribution on Cu2N. Fig. 5.3b and 5.3c show 

zoomed-in STM images of this region, revealing the atomic resolution of the Cu2N elongations 

and the unreacted, unbonded molecules with an ellipse-like benzene chains connected to 

smaller, spheres-like bromine atoms on Cu (111) islands. These results highlight the absence 

of on-surface debromination and coupling of DBTP molecules at 300 K or lower temperatures. 

 
Fig. 5.3. STM images of > 90% and ≈ 0% coverages of unreacted DBTP molecules on Cu (111) 

and Cu2N surfaces at room temperature, respectively. (a) Z-height = 0.32 nm, Vs = 1 V, It = 100 

pA, rms-R = 0.04 nm. (b) Z-height = 0.34 nm, Vs = 1 V, It = 100 pA, rms-R = 0.05 nm. (c) Z-

height = 0.31 nm, Vs = 1 V, It = 100 pA, rms-R = 0.04 nm. STM acquisition temperature: 77 K. 

 

To deposit DBTP on Cu2N, we increased the crucible temperature from 390 K (≈ 0.5 L) in Fig. 

5.3 to 410 K (≈ 3.5 L) in Fig. 5.4, maintaining a deposition time of 10 minutes at a substrate 

temperature of 300 K. Subsequently, we annealed the sample at ≈ 475 K to promote on-surface 

debromination and Ullmann coupling. This process increased the coverage on Cu (111) islands 

to full monolayers and on Cu2N islands to over 10%. An STM image at a bias voltage of -0.5 

V (Fig. 5.4a) shows the formation of linear PPP wires on Cu (111) islands, aligned parallel to 

each other and forming an angle of about 45° with respect to the [110] direction of the Cu 

substrate. This finding implies that at 475 K, debromination and aryl-aryl coupling of DBTP 

molecules occurred, although dehydrogenation and lateral fusion of PPP wires to form larger 

GNRs did not occur. In Fig. 5.4b, changing the bias voltage to 0.5 V causes the PPP wires in 

the STM image to become much brighter, indicating a significantly higher density of LUMO 

states compared to HOMO states in these 1D structures. Near the edge of the Cu (111) islands, 

the PPP wires were bent, indicating the presence of crucial strains in these regions. Fig. 5.4c is 

a zoomed-in STM image of the same region, displaying the parallel PPP wires with separated 

bromine atoms regularly aligned between them [270]. This image shows the homogenous 

charge distribution along the PPP wires. Fig. 5.4d exhibits an STM image of a PPP wire on 

Cu2N on Cu (111). This observation confirms the surface-assisted debromination and Ullmann 

coupling of DBTP molecules on Cu2N islands. Annealing DBTP molecules on the Cu2N surface 

at ≈ 475 K leads to the formation of a covalently bonded network of PPP wires, similar to Cu 

(111). However, there is a feature next to this PPP wires reminiscent of wider GNRs, which 

could be due to dehydrogenation and lateral fusion on this surface. By changing the bias voltage 

from -2 V in Fig. 5.4d to 0.5 V and -0.5 V in Fig. 5.4e and 5.4f, respectively, the brightness the 

PPP wire changed, indicating electronic modifications, as the HOMO of PPP wires located 

between -0.5 V and -2 V of the bias voltage (see the AP, Fig. 10C.2).  
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Fig. 5.4. Bias-dependent STM images of PPP wires (or PPP wires) on Cu (111) after annealing 

DBTP molecules at ≈ 475 K. (a) Z-height = 0.20 nm, Vs = -0.5 V, It = 100 pA, rms-R = 0.02 

nm. (b) Z-height = 0.11 nm, Vs = 0.5 V, It = 100 pA, rms-R = 0.02 nm. (c) Z-height = 0.46 nm, 

Vs = -1 V, It = 100 pA, rms-R = 0.01 nm. Bias-dependent STM images of PPP wires on Cu2N 

on Cu (111) after annealing DBTP molecules at ≈ 475 K. (d) Z-height = 0.32 nm, Vs = -2 V, It 

= 100 pA, rms-R = 0.06 nm. (e) Z-height = 0.24 nm, Vs = 0.5 V, It = 100 pA, rms-R = 0.04 nm. 

(f) Z-height = 0.24 nm, Vs = -0.5 V, It = 100 pA, rms-R = 0.04 nm. STM acquisition temperature: 

77 K. 

 

Fig. 5.5a presents an STM image of PPP wires on Cu (111) at a bias voltage of 2V, alongside 

the corresponding designed structural models. The structural models consist of 12 benzene rings 

formed by the polymerization of 4 debrominated DBTP molecules, taking the length of these 

wires (≈ 8 nm) into account, which extend from one edge of a Cu (111) island to the opposite 

edge. Fig. 5.5b depicts a non-uniform conformation and charge distribution along a PPP wire 

on Cu2N. The structural model that fits the STM image shows a PPP wire in which every second 

benzene ring is tilted with alternating angles of ≈ 60° and ≈ -60°. Based on the length of this 

wire (≈ 4 nm), the structural model contains 6 benzene rings resulting from Ullmann coupling 

of 2 DBTP molecules. At the same time, Fig. 5.5c illustrates a longer PPP wire with a flat 

conformation and a homogenous charge distribution along its length and width, located on a 

different region of Cu2N. Given the length of this wire (≈ 8 nm), the structural model, optimized 

by ChemDraw software, comprises 12 benzene rings formed through aryl-aryl coupling of 4 

dehalogenated DBTP molecules. Fig. 5.5d shows the STS spectra of PPP wires on Cu (111) 

and Cu2N islands, calibrated against clean Cu (111), Au (111), and Cu2N surfaces (see the AP, 

Fig. 10C.2f). STS spectra of Cu (111) and Au (111) show only the corresponding surface states 

at the bias voltage of -0.5 V. STS spectra of Cu2N reveal the CB and VB bands at bias voltages 

of about 1.8 V and -2 V, respectively, indicating a band gap of about 3.8 V. STS measurements 

of PPP wires on Cu (111) exhibit a LUMO state below 0.5 V and a HOMO state above -0.5 V, 

resulting in a HOMO-LUMO gap of about 0.6 eV. The STS spectrum of PPP wires is flat near 

the Fermi level. The presence of a LUMO (black line in Fig. 5.5d) and a HOMO state for these 

wires at bias voltages of about 1.23 V and -2.47 V, respectively, results in a HOMO-LUMO 

gap of approximately 3.7 eV. This enlargement of the observed HOMO-LUMO gap of PPP 

wires on Cu2N, which is consistent with the literature [262-264], compared to PPP wires on Cu 
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(111), confirms the decoupling effect of the Cu2N layer preventing the electronic transfer 

between the molecules or 3GNRs and the metallic substrate. 

 
Fig. 5.5. A STM image of PPP wires on Cu (111) and its corresponding molecular model after 

annealing DBTP molecules at ≈ 475 K. (a) Z-height = 0.10 nm, Vs = 2 V, It = 100 pA, rms-R = 

0.01 nm. STM images of PPP wires on Cu2N on Cu (111) and its corresponding atomic models 

after annealing DBTP molecules at ≈ 475 K. (b) An asymmetric tilted PPP wire; Z-height = 

0.26 nm, Vs = -1 V, It = 100 pA, rms-R = 0.04 nm. (c) A symmetric flat PPP wire; Z-height = 

0.34 nm, Vs = 1 V, It = 100 pA, rms-R = 0.06 nm. STM acquisition temperature: 77 K. (d) STS 

spectra of copper, and PPP wires on copper and Cu2N. 

 

5.5. Conclusion 

Due to the high stability of Cu2N and its relatively weak interactions with on-surface molecules 

and structures, the majority of (BrP)2P and DBTP molecules adsorbs on Cu (111) patches. 

However, we managed to deposit over 10% of both molecules on the Cu2N submonolayers as 

well. Although we observed the formation of porphyrinoid oligomers on Cu (111) islands and 

oligomers on Cu2N as candidates of Ullmann coupling on this surface, given the complexity of 

the problem, we also investigated the DBTP molecules on these islands. By annealing these 

molecules at about 475 K, debromination and π-conjugation formation occurred as a result of 

the surface-assisted Ullmann coupling. This caused the formation of PPP wires with flat and 
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tilted conformations on Cu2N, providing a silver lining for future investigations of the electronic 

and optical properties of versatile GNRs. Based on STS measurements, Cu2N layers decouple 

the (BrP)2P molecules and PPP wires from the Cu (111) substrate, with HOMO-LUMO gaps 

of 3.1 eV and 3.7 eV, respectively. The capability of Ullmann coupling and formation of GNRs 

on Cu2N as a stable metallic thin film compatible with surface science techniques and 

possessing the intriguing decoupling effect represents a unique combination of properties as a 

substrate. This finding highlights the promise of this surface, aiming   to   advance   our   

fundamental   understanding and provide transformative insights   into surface   phenomena and 

their future applications. 
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Chapter 6 

Replacement Method Fabrication of 

Cu2N on Cu(100): Analysis of Structure 

and Electronic Properties 

This chapter explores the replacement method fabrication of Cu2N on Cu(100): analysis of 

structure and electronic properties. It includes content that is currently being prepared for 

submission, with permission from Rostami, M., Kaderoğlu, C., Yang, B., 

Seyedmohammadzadeh, M., Kaya, P., Olgar, H., Senge, M.O., Aktürk, E., Chi, L., and Barth, 

J.V., 2024. 

6.1. Contributions 

Mohammadreza Rostami: Experiments, data analysis, writing, review & editing, experiment 

discussion, model drawing. Çağıl Kaderoğlu: DFT calculations. Biao Yang: Experiments, 

Experiment discussion, review & editing, supervision. Mahsa Seyedmohammadzadeh: DFT 

calculations. Pinar Kaya Fizmuh: DFT calculations. Handan Olgar: DFT calculations. Ethem 

Aktürk: DFT calculations. Peter Fuelner: Experiment discussion, review & editing. Mathias O. 

Senge: Synthesis of molecules. Lifeng Chi: Review & editing, supervision. Johannes V. Barth: 

Review & editing, supervision. 

6.2. Introduction 

A wide range of potential applications [18, 23, 24, 62, 64, 210, 212-214], including optical 

information storage devices [18-24], microelectronic semiconductor materials [18, 61, 209, 

210], and new energy materials [65, 211], have made copper nitride thin films an interesting 

subject for surface studies [18, 209, 210]. Cu3N and Cu2N thin films exhibit promising physical 

properties [18, 21, 22, 63-67, 217]. Cu2N [210, 212, 219-221, 224, 225, 227-229] and Cu3N [18, 

217, 230, 231] thin films have been produced by various methods [18, 23, 24, 61, 67, 69, 210, 

215, 224-226, 232, 271], such as magnetron-sputtering single-crystal epitaxy [18, 216-218]. 

The corresponding lattice parameters (≈ 0.3385 - 0.382 nm) vary depending on the preparation 
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methods. Versatile lattice parameters can change the conductivity of copper nitride from an 

insulator to a conductor [18, 61, 215, 236]. The bandgap of these thin films increases in strained 

regions [236, 238]. On the other hand, Cu4N has been reported as a metallic thin film [61]. 

However, there are contradictory reports regarding copper nitride (e.g., Cu2N) thin films, which 

have been described as an insulator with a Scanning Tunneling spectroscopy (STS) band gap 

larger than 3 eV [18, 219, 220, 224, 230, 231] both with and without H atoms [23]; a 

semiconductor with ultra-fast pump-probe spectroscopies band gap value between 1.4-2 eV [23, 

65, 236, 271]; a semimetal by some DFT calculations [238]; and a metallic thin film as claimed 

by theoretical calculations and ARPES measurements [62, 68, 239]. One reason for these 

contradictions could be that STS shows the valence (VB) and conduction bands (CB) at the Γ 

point of the Brillouin zone (BZ), while ARPES indicates that the band gap is zero at the M point 

of the BZ [62, 68, 239]. However, copper nitride thin films have weak interactions with the 

epilayer and provide a promising decoupling behavior of atoms and molecules from the local 

density of states of the copper substrates [1-7, 23, 35, 68, 219-221, 224, 225, 230], leading to 

more accurate molecular orbitals and vibronic states measurement and imaging due to the 

enhancement of the transient lifetime of molecular states [230, 240]. However, there are a 

limited number of reported molecular depositions on copper nitride thin films  [225, 230, 241].  

The challenge of achieving full coverage and a double layer of Cu2N thin films under UHV 

conditions limits its characterization by XPS, STM, and STS, as well as its application as a 

decoupling layer in surface science [210, 212, 218-220, 224, 225, 227, 228]. consequently, the 

physical and chemical properties of Cu2N are not well known [218]. However, the coverage of 

Cu2N can be controlled by temperature; a Cu2N monolayer desorbs from Cu above 700 K [217, 

229]. 

Furthermore, copper nitride nano-islands can be utilized for plasmon-coupled nanostructures, 

plasmonic applications [19], electron confinement [19, 210], and the formation of standing 

waves (known as “quantum corrals") [210, 212-214]. The efficiency of photon emission via 

local electronic states in the tunneling gap can be adjusted by changing the elastic and inelastic 

tunneling rates at 4.9 K [19, 210]. Local electronic states were artificially created by 

synthesizing monoatomic thick copper nitride islands, defects, and clusters on Cu (100) using 

an STM tip [19]. Tip-induced plasmon mode reduction and enhancement on the surface, 

achieved by adjusting the bias voltage, allows for tuning the efficiency of photon emission [19].  

The formation of Cu3N powders by high-temperature annealing of a Cu surface at about 900-

1000 ˚C in the presence of NH3 [70, 233-235, 237] and through the replacement of oxygen or 

fluorine by annealing in the presence of dried NH3 under non-UHV conditions has been 

reported [70-75, 272]. In this work, we produced copper oxides and developed the formation 

of Cu2N submonolayers on a Cu (100) single crystal by replacing the O atoms of a CuO [242, 

246-248] monolayer with N atoms from ammonia (NH3) gas dissociating on the surface in UHV. 

We addressed the contradictory reports regarding the conductivity and band gap of Cu2N and 

conducted further investigations to elucidate the metallic or insulating nature of this monolayer 

film. Besides that, the atomic structure, properties, charge confinement, thermal stability, 

capability of on-surface molecular adsorption, and the decoupling effect of Cu2N were 

investigated using STM, STS, LEED, and DFT calculations. The deposition of pentacene, 

DAPPor, bicyclo[1.1.1]pentane-1,3-dicarboxylic acid (CBCP), and terephthalic acid (TPA) on 

Cu2N/Cu (100), their effects on the Cu2N charge confinement, and the impacts of O2 and air 

exposure were investigated. 

6.3. Experimental 

Sample preparation: The Cu (100) single crystal substrate was subjected to a surface cleaning 

regimen comprising multiple cycles of argon (Ar+) ion sputtering (≈ 1 keV, 30 minutes, Iion ≈ 

7.5 µA, ≈ 0.014 C) and subsequent annealing (≈ 700 K, 30 minutes). Cu2N islands were 

synthesized through a sequence of 10 minutes of controlled oxidation at ≈ 675 K with an oxygen 

pressure of ≈ 10-6 mbar (≈ 800 L) and 20 minutes of annealing at ≈ 575-675 K in NH3 

atmosphere with the NH3 pressure of ≈ 10-6 mbar (≈ 1600 L). Sample heating was handled via 
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a combination of radiative heating and electron bombardment from a W filament, with 

concurrent dosing of O2 or NH3 gas to ensure precise control over the surface reactions. 

Characterization: We characterized the structural and electronic properties of the Cu (100) 

substrate, Cu2N islands, and adsorbed molecular species using a suite of advanced surface 

science techniques, such as LEED, STM, and STS, after surface preparation in custom-built 

UHV chambers. The STM system, housed within a commercial JT-STM (SPECS GmbH) 

chamber, was equipped with a thermocouple directly affixed to the sample surface to ensure 

accurate temperature readings. The base pressures in the preparation and primary STM 

chambers were kept at UHV conditions of 8.5×10-11 mbar and 1.0×10-11 mbar, respectively. The 

STM and STS data were acquired at cryogenic temperatures using liquid nitrogen (77 K) and 

liquid He (4.6 K), enabling high-resolution imaging and spectroscopic analyses of the surface 

and molecular states.  

Molecular deposition: Molecules including DAPPor and CBCP, synthesized by Mathias O. 

Senge’s group, TPA and Pentacene molecules (Sigma Aldrich, 99% purity), were loaded into 

separate quartz crucibles of custom-built OMBEs, and deposited onto the pristine Cu2N/Cu 

(100) surface. These depositions were carried out at the sample temperature of 300 K (room 

temperature) or 77 K (cryogenic liquid nitrogen temperature). The deposited molecular films 

were characterized utilizing STM and STS to study the thermally-induced molecular assemblies. 

The decoupling of on-surface molecules from the Cu (111) substrate by Cu2N films was 

demonstrated by STS. 

Analytical techniques: Detailed image analysis of the STM data was conducted using 

Gwyddion software [183], ensuring accurate measurement and interpretation of the observed 

height and electronic features. The structural models of the molecules and their freestanding 

optimizations were conducted using ChemDraw software [245]. 

Computational methods: DFT calculations were conducted to achieve a comprehensive 

theoretical framework to support the experimental analyses. These calculations and simulations 

provided deep insight into the atomic structure and electronic properties of the Cu2N 

submonolayer, correlating with the experimental STS and STM data to elucidate the nature of 

Cu2N thin films and corresponding electronic and confinement states (CSs). 

6.4. Results and Discussion 

This investigation not only details the nuanced interplay between Cu2N synthesized using the 

O replacement method on Cu (100) and the consequent structural and physical properties of 

Cu2N square-like islands, but also advanced our understanding of the nature of the Cu2N film, 

the CSs formed in the Cu2N islands, and the decoupling effect of the produced Cu2N 

submonolayer. These findings hold critical promise for the applications of Cu2N for the 

measurement of tailored electronic and optical properties of novel surface-assisted 

nanostructures, opening avenues for potential on-surface research in electronic excitations, 

plasmonics [273-277], quantum confinement, molecular electronics, and coupled quasi-

particles [273-277].  

6.4.1 Growth 

Fig. 6.1 details the fabrication steps of our novel replacement method, substituting the O atoms 

in CuO with N atoms via on-surface dissociation of gaseous NH3 using STM and LEED. Fig. 

6.1a displays a STM image of the rectangular-like features of CuO on Cu (100), dosed with 

about 800 L O2 at a surface temperature of 625 K. Smaller rectangular-like features of the Cu-

O on Cu (100) are arranged in a larger repeating rectangular-like shape with an average side 

length of ≈ 5 nm [236]. As seen in Fig. 6.1b, the reduction of the copper oxide film by NH3 

annealing while dosing ≈ 160 L NH3 at a substrate surface temperature ≈ 625 K resulted in the 

formation of twisted stripes resembling Cu(100)-c(2 × 2)-O reconstruction [278, 279], 

coexisting with the original CuO layer in some regions on the surface. At this intermediate stage, 

a combination of oxide and nitride likely exists on the copper surface, although the Cu2N film 
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has not been formed yet. Since the nitrogen partial pressure (r) is a crucial parameter influencing 

the lattice constant, structures, and properties of the produced copper nitride [18, 61], the sample 

was annealed while dosing ≈ 1600 L NH3 at a surface temperature of 675 K. Consequently, Fig. 

6.1c shows the formation of randomly-distributed square-like features of the Cu(100)-c(2×2)N 

on Cu (100) arranged in a repeating square-like shape with an average length side of ≈ 5 nm 

[227] (see the AP, Fig. 10D.1). At a bias voltage of 1 V, the Cu2N islands appear darker and 

the surrounding Cu (100) surface appears brighter, due to larger conductivity of Cu compared 

to the Cu2N submonolayer. However, the border between Cu stripes and the Cu2N islands 

possesses sharp edges, the sides and corners of the square-like features are not perfectly shaped 

and are random in form and size. The LEED pattern of Cu (100) substrate in Fig. 10D.1y (the 

AP) indicates the main diffraction spots of the surface (1×1) reconstruction with square-

symmetry. The LEED pattern in Fig. 6.1d reveals the appearance of three spots between the 

(1×1) spots of the Cu (100) substrate on the diagonal of the unit cell, after the oxidation of Cu 

(100) shown in Fig. 6.1a, leading to the formation of the (2√2 × √2)𝑅45° CuO superstructure 

[243, 280]. In this superstructure, every 4th row of Cu atoms of the surface is missing and 

replaced by rows of O atoms at the edges, forming O-Cu-O chains [68, 244]. Fig. 6.1e shows a 

c(2×2) LEED pattern corresponding to Fig. 6.1b, where Cu (100) (1×1) spots have been 

indicated by bellow arrows, and c(2×2) spots by red arrows. This confirms the presence of a 

Cu(100)-c(2 × 2)-O reconstruction [278, 279] under these preparation parameters. Fig. 6.1f 

displays a (√2 × √2)𝑅45° or c(2×2) LEED pattern of Cu2N on Cu (100) after dosing with 1600 

L mbar at 675 K as in Fig. 6.1c with a square unit cell [68, 241]. In this LEED pattern, one extra 

LEED spot, indicated by a red arrow, appears between two main diffraction spots of the Cu 

(100) substrate on the diagonal of the unit cell.  

 
Fig. 6.1. (a) STM image of (2√2 × √2)𝑅45° Cu (100)-O after dosing ≈ 800 L O2 on Cu (100) 

at 625-650 K; The distance between the brightest and darkest points (Z-height) = 0.07 nm, Vs 

= -0.1 V, It = 100 pA, rms-R = 0.01 nm. (b) STM image of the intermediate CuOYNX layer after 

dosing ≈ 160 L NH3 on copper oxide on Cu (100) at 625 K, reminiscent of Cu(100)-c(2 × 2)-O 

superstructure; Z-height = 0.19 nm, Vs = 0.1 V, It = 1 nA, rms-R = 0.02 nm. (c) STM images of 

Cu2N after dosing ≈ 1600 L NH3 on copper oxide on Cu (100) at 675 K; Z-height = 0.18 nm, 

Vs = 1 V, It = 500 pA, rms-R = 0.06 nm. STM acquisition temperature: 4.6 K. (d) LEED pattern 

of (2√2 × √2)𝑅45° Cu (100)-O on Cu (100) after dosing ≈ 800 L O2 on Cu (100) at 625-650 

K. (e) LEED pattern of Cu (100) c(2×2)-O on Cu (100) after dosing ≈ 160 L NH3 on CuO on 

Cu (100) at 675 K. (f) LEED pattern of Cu (100) c(2×2)-N (Cu2N) on Cu (100) after dosing ≈ 
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1600 L NH3 on copper oxide on Cu (100) at 675 K. ELEED = 180 eV. Blue and red arrows 

indicate the Cu (100) (1×1) and c(2×2) LEED spots, respectively. 

 

6.4.2 Atomic Structure 

Figs. 6.2a-e show high-resolution (HR)-STM images of Cu2N after three cycles of oxidation 

followed by NH3 annealing at a surface temperature of 575 K while dosing ≈ 1600 L NH3. Fig. 

6.2a indicates the formation of larger, randomly distributed square-like Cu2N islands with an 

average side length of about 8 nm, surrounded by Cu stripes. The 𝑐(2 × 2) lattice of Cu2N is 

3% larger than Cu (100), which is incommensurate [241], causing strain in this 2D structure. 

Figs. 6.2b and 6.2c highlight the zoomed-in atomic resolution STM images of Cu2N films. In 

Cu2N islands, the sequence of darker and brighter features forms a regular atomic structure with 

a square symmetry. Additionally, brighter spots on Cu stripes correspond to excess Cu atoms 

displaced due to lattice mismatch between Cu2N and underlying Cu substrate. The periodic 

features and brightness on Cu stripes around the Cu2N islands indicate a non-uniform oscillating 

charge distribution in Cu (100) stripes between Cu2N rectangles. Figs. 6.2d and 6.2e show the 

atomic model of the Cu2N nanostructure on Cu (100), with Cu atoms represented by blue circles 

and N atoms by red circles, located at the brightest points of the iterative regular pattern of STM 

images of the Cu2N submonolayer at the bias voltage of -1 V. Applying a positive bias voltage 

can invert the states, causing the N atoms to appear as the darkest features in STM images (see 

the AP, Fig. 10D.2 and 10D.3). Cu atoms in the Cu2N epilayer are located between every two 

adjacent bright spots. Nitrogen atoms are situated between the copper atoms in the hollow sites, 

forming covalent bonds with the copper atoms [210, 219, 223-225, 227]. The unit cell, indicated 

by a black square in Fig. 6.2e, has a parameter of about 0.4 nm and an angle of 90°. Two types 

of defects are observed in this regular pattern of Cu2N atomic resolution: dominant darker 

blackish spots, indicated by red arrows, and sparse brighter spots, matching the color of the Cu 

stripes around the Cu2N, shown by blue arrows in Figs. 6.2b and 6.2c. The blackish and brighter 

defects in the Cu2N islands in the STM images represent the missing N and Cu atoms, 

respectively, in the Cu2N structures [241]. The Cu2N structures remain in phase across the 

boundaries, with no antiphase boundary between two domains [227]. Fig. 6.2f is an STM image 

of Cu2N on Cu (100) after three cycles of oxidation and NH3 annealing at 575 K followed by 

one cycle oxidation and ammonia annealing at 675 K. The copper stripes between the Cu2N 

islands shrank in width, and the Cu2N coverage increased compared to Fig. 6.1c, which 

corresponds to one cycle of oxidation and ammonia annealing at 675 K. Besides that, Fig. 6.2f 

shows the temperature dependence of the shape of Cu2N islands, which became more uniformly 

distributed, smaller, square-like islands with an average side length of about 5 nm, compared 

to Fig. 6.2a (see the AP, Fig. 10D.2 and 10D.3). 



  54 

  
Fig. 6.2. (a) HR-STM and atomic models of Cu2N on Cu (100) annealed at 575 K while dosing 

1600 L NH3. (a) Z-height = 0.48 nm, Vs = -1 V, It=100 pA, rms-R = 0.07 nm. (b) Z-height = 

0.30 nm, Vs = -1 V, It = 100 pA, rms-R = 0.02 nm. (c) Z-height = 0.12 nm, Vs = -1 V, It = 100 

pA, rms-R = 0.02 nm. (d) Z-height = 0.02 nm, Vs = -1 V, It = 100 pA, rms-R = 0.01 nm. (e) Z-

height = 0.04 nm, Vs = -1 V, It = 100 pA, rms-R = 0.01 nm. The sample in (a) was annealed at 

675 K while dosing 1600 L NH3; (f) Z-height = 0.15 nm, Vs = -1 V, It = 100 pA, rms-R = 0.03 

nm. STM acquisition temperature: 77 K. 

 

Figs. 6.3a and 6.3b present the top-view and side-view of a computational modeling Cu2N 

monolayer on Cu (100). The Cu atoms in the substrates depicted as blue spheres, while the Cu 

atoms in the on-surface Cu2N monolayer are shown as orange spheres, and the N atoms as gray 

spheres. Corresponding STM images at various bias voltages were simulated using DFT, with 

Fig. 6.3c showing the simulation at a bias voltage of -1 V. The features in this simulation closely 

resemble those observed in experimental STM images in Fig. 6.2d. At negative bias voltages, 

both the simulated and experimental STM images show N atoms as the brightest spots, while 

at positive bias voltages, the states are inverted, and N atoms centered at the darkest spots of 

the iterative features (see the AP, Fig. 10D.4).  

Fig. 6.3d shows the DFT simulation of the electron localization function on atoms on a Cu2N 

ML slice confirming the Cu-N covalent bonds and the corresponding atomic model including 

twelve atoms (eight Cu and four N atoms). DFT simulations in Fig. 6.3e depict the projected 

band structure (PBAND) of the Cu2N ML in Fig. 6.3d, using the Heyd-Scuseria-Ernzerhof 

hybrid functional (HSE) approach. The CB and VB overlap at the M point of the BZ, confirming 

the metallic nature of this 2D nanostructure. However, strain due to lattice mismatch between 

the epilayer and substrate, as well as spin-polarized simulations, introduces a band gap in Cu2N, 

transforming it into a semiconductor (see the AP, Fig. 10D.5). Phonon simulations and LEED 

experiments further confirm the high stability of the Cu2N layer, disfavoring molecular 

adsorption and enhances its decoupling effect [68]. Fig. 6.3f illustrates the PDOS simulation, 

confirming the VB and CB of the Cu2N layer, consistent with its metallic nature.  

Experimental STM images of Cu2N islands on Cu (100) at bias voltages of -2 V and 4 V are 

shown in Figs. 6.3g and 6.3h, respectively. STM results reveal that the states of the islands, 

relative to the Cu (100) substrate, reverse between 3-3.5 V (see the AP, Fig. 10D.2-3). Below 

3 V, the Cu2N islands appear darker than the Cu (100) substrate, while above 3.5 V, the Cu2N 

islands appear brighter. Two models for the Cu2N islands on Cu (100) are proposed. Fig. 6.3i 
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shows the atomic model of an epilayer Cu2N island on a Cu (100) substrate. DFT simulations 

of STM images of four adjacent islands, based on this model, are shown in Figs. 6.3j and k at 

bias voltages of -2 V and 4 V, respectively (see the AP, Fig. 10D.6). However, these simulation 

results are not consistent with the experimental data, as the states of the islands and substrate 

did not reverse between -2 V and 4 V. The second model proposes that the Cu2N islands are 

embedded within the top atomic layer of the Cu (100) substrate, where only N atoms occupy 

hollow sites in the Cu (100) surface lattice, covalently bonded to four adjacent Cu atoms. 

Corresponding DFT simulations of STM images of four adjacent embedded Cu2N islands on a 

Cu (100) surface at bias voltages of -2 V and 4 V are shown in Figs. 6.3m and 6.3n, respectively 

(see the AP, Fig. 10D.7). These simulations align with the experimental results, showing that 

the states of the Cu2N islands and the Cu (100) substrate reverse at bias voltages between 3 to 

3.5 V. This reversal is attributed to a significant CB-II feature of the Cu2N monolayer at the 

bias voltage of ≈3.3 V (see the AP, Fig. 10D.2f). 

 
Fig. 6.3. (a) Top-view and (b) side-view DFT model of the atomic structure of Cu2N on a Cu 

(100) substrate, and (c) the corresponding STM simulation at bias voltage of -1 V. Blue, orange, 

and white spheres represent the Cu atoms in the Cu (100) substrate, Cu atoms in the Cu2N 

monolayer, and N atoms, respectively. (d) DFT simulation of the electron localization function 

on atoms on a Cu2N ML slice confirming the Cu-N covalent bonds and the corresponding atomic 

model including twelve atoms (eight Cu and four N atoms). DFT simulations of (e) the PBAND 

and (f) the PDOS versus energy corresponding to applied bias voltages of the STS measurements 

of the Cu2N monolayer, shown in Fig. 6.3d, performed using the HSE approach. Bias-dependent 
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STM measurements of Cu2N islands on Cu (100); (g) STM image with Z-height = 0.13 nm, Vs 

= -2 V, It = 0.5 nA, rms-R = 0.04 nm. (h) STM image with Z-height = 0.24 nm, Vs = 4 V, It = 0.5 

nA, rms-R = 0.07 nm. STM acquisition temperature: 4.6 K. (i) Structural atomic model of a 

Cu2N island positioned on top of the Cu (100) surface. (j, k) DFT simulations of STM images 

for four Cu2N islands on a Cu (100) substrate as shown in the model in Fig. 6.3i at bias voltages 

of -2 V and 4 V, respectively. (l) Structural atomic model of a Cu2N island embedded within the 

top atomic layer of Cu (100) surface. (e, f) DFT simulations of STM images for four embedded 

islands within the Cu (100) surface as depicted in the structural model in Fig. 6.3l at bias voltages 

of -2 V and 4 V, respectively. 

 

6.4.3 Molecular adsorption and robustness 

We investigated the stability of the Cu2N submonolayer by dosing with various molecules, O2, 

and air as shown in Fig. 6.4 (see the AP, Fig. 10D.8). Fig. 6.4a displays the deposition of 

pentacene molecules on the surface. Pentacene molecules assembled mostly either 

perpendicular to the linear stripes between two square-like Cu2N islands and parallel or 

perpendicular to each other at an angle of about 45° with respect to the [001] direction in the 

small islands between four square-like Cu2N islands. Furthermore, sparse pentacene molecules 

were observed in the middle of the Cu2N islands, moving orientation simply by applying larger 

bias voltages above 2V. Additionally, the pentacene molecules and Cu2N islands remained 

intact after adsorption, exhibiting the high stability of Cu2N films and negligible interaction 

between pentacene molecules and the Cu2N surface. Fig. 6.4b shows a similar adsorption 

behavior for TPA molecules on this surface. TPA molecules accumulated on the Cu surface 

and mostly diffused closer to the edge of the Cu2N stripes, although sparse TPA molecules in 

the middle of Cu2N squares were also observed. Fig. 6.4c shows the sample after deposition of 

DAPPor molecules on Cu2N on Cu (100). DAPPor molecules arranged either parallel to or at 

an angle of 45° with respect to the linear Cu stripes between two adjacent Cu2N islands. Similar 

to pentacene molecules, DAPPor molecules did not react with the Cu2N surface and were 

sparsely observed in the middle of Cu2N squares, rotating by applying larger bias voltages 

above 2 V. In all three mentioned adsorption cases, the Cu2N islands were recovered by 

ammonia annealing of the surface at 10-6 mbar of NH3 at 675 K. However, the 3D CBCP 

adsorption behavior on Cu2N is different from the other three molecules due to its O 

constituents as shown in Fig. 6.4d. After accumulating on Cu stripes and islands, CBCP 

molecules start reacting, oxidizing, and dissociating the Cu2N islands, initiating from the edge 

and moving toward the center. A full monolayer of CBCP molecules on this surface completely 

decomposes the Cu2N layer. Surprisingly, direct ammonia annealing of this surface does not 

recover the Cu2N square patches but leaves the defected bare Cu (100) surface. Generally, the 

adsorption of these four molecules on Cu (100) is significantly more favorable compared to the 

Cu2N layer; therefore, the majority of molecules were adsorbed on Cu stripes and islands [241]. 

The Cu2N surface is very tolerant against adsorbents due to its significant stability indicated by 

LEED experiments, DFT, and phonon simulations [68, 225]. Cu2N edges and defects are the 

most favorable spots for molecular adsorption in this monolayer [241]. Fig. 6.4e is an STM 

image of Cu2N on Cu (100) after dosing with 800 L O2 under UHV condition. As an 

intermediate phase on the Cu (100) surface, twisted stripes of copper oxynitride similar to 

Cu(100)-c(2 × 2)-O reconstruction [278, 279] formed, similar to those observed in Fig. 6.1b, 

with square-like features in between. At lower oxygen contents (< 10%), copper oxide does not 

form, and only copper nitride exists on the surface. The presence of Cu-O bonds reduces the 

copper nitride lattice and increases the compactness of copper nitride on the weakly bonded 

copper nitride islands. Copper oxynitride decomposes above 360˚ C [66]. The formation of 

Cu2O and CuO phases on Cu2N thin films was evidenced by resonance Raman spectroscopy 

[67]. However, previously reported LEED experiments indicate that Cu2N thin films are stable 

in O2 and ambient atmospheres [68]. Fig. 6.4f shows an STM image of Cu2N on Cu (100) after 

14 hours of exposure to atmospheric air. Recovering the previously observed Cu2N square 

islands was not successful, neither by UHV nor NH3 annealing. Although our STM results 
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highlight the instability of the pristine Cu2N surface in the presence of O2 and air, previous 

reports reveal that the Cu2N monolayer LEED patterns were stable after exposure to air and 

solvents [68]. Therefore, there are two scenarios: the first scenario is the oxidation and 

dissociation of Cu2N films by the molecules containing O atoms. The second scenario is that 

Cu2O or CuO layers form above the Cu2N layer, which is less likely [67]. 

 
Fig. 6.4. (a) STM image of pentacene molecules on Cu2N and Cu (100) after room temperature 

deposition; Z-height = 0.29 nm, Vs = 1 V, It = 200 pA, rms-R = 0.08 nm. (b) STM image of TPA 

molecules on Cu2N and Cu (100) after room temperature deposition; Z-height = 0.60 nm, Vs = 

1 V, It = 100 pA, rms-R = 0.10 nm. (c) STM image of DAPPor molecules on Cu2N and Cu (100) 

after room temperature deposition; Z-height = 0.54 nm, Vs = -0.5 V, It = 100 pA, rms-R = 0.11 

nm. (d) STM image of CBCP molecules on Cu2N and Cu (100) after room temperature 

deposition; Z-height = 0.38 nm, Vs = 1 V, It = 200 pA, rms-R = 0.07 nm. STM acquisition 

temperature: 4.6 K. (e) STM image of Cu2N on Cu (100) after dosing with about 800 L O2 at 

room temperature; Z-height = 0.20 nm, Vs = -1 V, It = 100 pA, rms-R = 0.03 nm. (f) STM image 

of Cu2N on Cu (100) after 14 hours of exposure to air at room temperature; Z-height = 2.17 nm, 

Vs = -1 V, It = 100 pA, rms-R = 0.43 nm. STM acquisition temperature: 77 K. 

 

Fig. 6.5 shows the tunneling spectra of pentacene and DAPPor on Cu2N and Cu (100) surfaces, 

calibrated by STS of bare Cu, Au, and Cu2N surfaces. The spectra of Cu (100) (red curve, Fig. 

6.5a), Au (111) (black curve), and Cu (111) (purple curve, Fig. 6.5b) exhibit no peak for positive 

and negative bias voltages, except for the presence of the step-like features due to surface states, 

starting at a bias voltage of approximately -0.5 V. In addition, STS results reveal a large band 

gap of over 3.5 eV for Cu2N (green curve in Fig. 6.5a and blue curve in Fig. 6.5b), which is 

comparable with the Γ point of the BZ reported in the literature [219, 224, 230] and our DFT 

simulations (see Figs. 6.3 and the AP, 10D.5). The high chemical stability of the Cu2N 

monolayer makes hybridization with molecules and atoms on this surface unlikely; therefore, 

this thin film is an ideal decoupling layer [68, 225]. Pentacene and DAPPor molecules were 

decoupled from the Cu (100) substrate by the Cu2N layer due to the reduction of hybridization 

between the C atoms and Cu atoms, as concluded from the enlargement of their HOMO-LUMO 

gap on Cu2N compared to on Cu (100) [224, 225, 230]. For pentacene molecules, the gap 

measured using STS enlarged from approximately 0.7 eV (black curve in Fig. 6.5a) to about 

2.4 eV (blue curve in Fig. 6.5a). The HOMO-LUMO gap of DAPPor increased from below 1 

eV (red curve in Fig. 6.5b) to about 2 eV (orange curve in Fig. 6.5b), as shown in Fig. 6.5b. 
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Fig. 6.5. STS spectra of (a) pentacene and (b) DAPPor on Cu2N and copper surfaces, calibrated 

against bare Au, Cu, and pristine Cu2N surfaces. 

 

6.4.4 Confinement states 

Fig. 6.6a shows a larger-scale STM image of Cu2N islands at a bias voltage of 1 V. There are 

brighter point defects, due to missing N atoms, indicated by a blue arrow on darker Cu2N islands, 

appearing as bright as the surrounding Cu stripes and island. Fig. 6.6b is the dI/dV map at a 

bias voltage of 2.2 V corresponding to the STM image in Fig. 6.6a, showing an intense state 

peak in the STS spectra, observed in the CB of the Cu2N layer in Fig. 6.5. Cu2N squares appear 

as extremely bright features compared to the surrounding Cu stripes, revealing the formation of 

CSs in these Cu2N. Brighter point defects indicated by blue arrows in Fig. 6.6a appear darker 

in the middle of the CSs, indicating that the states are quenched at the defect points by the 

substrate. These defects are related to missing Cu atoms at a bias voltage of 1 V, as explained 

in Fig. 6.2. A better understanding of the nature of these CSs and the atomic-scale charge 

confinement in the defects in 2D Cu2N atomic structure holds critical promise for quasiparticles 

formation, coupling, and investigations, useful for quantum emitters and quantum sensing [273-

277]. At other bias voltages, including 2.4 V, no perfect CSs are observed. Figs. 6.6c-f display 

zoomed-in STM images of Cu2N islands at a bias voltage of 2.2 V and corresponding dI/dV 

maps at this bias voltage. Brighter spots on the Cu stripes around the Cu2N islands in the STM 

images correspond to excess Cu atoms due to the lattice mismatch between Cu (100) and Cu2N 

submonolayer. Zoomed-in STM images of Cu2N islands at a bias voltage of 2.2 V reveal that 

the brightness distributions of these islands are not uniform; the center of the islands and the 

edges near the borders appear darker than the regions in between. CSs have a dumbbell-like (or 

donut-like similar to a ring torus) charge distribution in the Cu2N islands, which is darker at the 

edges near the Cu stripes and at the center of Cu2N, and brighter between the edge and the 

center. The reason could be that the maximum strain due to lattice mismatch forms in the 

regions with larger charge density and brighter features. The larger the strain, the larger the 

band gap of Cu2N appears [236, 238]. Further investigation of the molecular adsorption on these 

CSs are shown in Fig. 10D.8 (the AP). 
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Fig. 6.6. (a) An STM image of Cu2N square patches on Cu (100); Z-height = 0.37 nm, Vs = 1 

V, It = 100 pA, rms-R = 0.07 nm. (b) A dI/dV map of Cu2N CSs on Cu (100); Vs = 2.2 V, It = 

500 pA, rms-R = 0.30 V. (c) An STM image of Cu2N islands on Cu (100); Z-height = 0.10 nm, 

Vs = 2.2 V, It = 500 pA, rms-R = 0.02 nm. (d) A dI/dV map of Cu2N CSs on Cu (100); Vs = 2.2 

V, It = 500 pA, rms-R = 0.32 V. (e) An STM image of Cu2N square patches on Cu (100); Z-

height = 0.10 nm, Vs = 2.2 V, It = 500 pA, rms-R = 0.02 nm. (f) A dI/dV map of Cu2N CSs on 

Cu (100); Vs = 2.2 V, It = 500 pA, rms-R = 0.32 V. STM acquisition temperature: 4.6 K. 

 

6.5. Conclusion 

The fabrication of (2√2 × √2)𝑅45° Cu2N square patches on Cu (100) were developed by a 

novel replacement method under UHV conditions, replacing the O atoms in (√2 × √2)𝑅45° 

CuO with N atoms in NH3 gas by NH3 annealing at 675 K, as evidenced by LEED and STM. 

The coverage and size distribution of the Cu2N islands were controlled meticulously using 

repeating oxidation followed by NH3 annealing cycles and the substrate temperature.  Atomic 

resolution STM images and atomic structural model of Cu2N on Cu (100) were investigated 

using STM experiments and DFT simulations, indicating a square unit cell with a lattice 

parameter of approximately 0.4 nm. N atoms in 2D Cu2N submonolayers are located in the 

hollow sites of the Cu (100) top atomic layer. The presence of N and Cu atom vacancies and 

defects were monitored by atomic resolution STM. These square patches of Cu2N possess 

intense donut-like CSs at a bias voltage of 2.2 V, in which the states were quenched at the point 

defects, which are promising for future investigations of electronic and optical excitations and 

quasiparticles. The adsorption and assembly of pentacene, TPA, DAPPor, and CBCP molecules 

on Cu2N is limited compared to Cu (100) stripes and islands. The Cu2N layer possesses a 

decoupling effect, preventing hybridization of the epilayer molecules with the substrate, which 

is observed by the enlargement of the molecular HOMO-LUMO gap on Cu2N compared to the 

metallic Cu surface. Exposure of this surface to O2 and air either modifies and dissociates the 

Cu2N islands or makes it non-recoverable for STM measurements, even using NH3 annealing.  
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Chapter 7 

Catalytic Effects of Iron Adatoms in 

Poly(para-phenylene) Synthesis on 

Rutile TiO2(110) 

This chapter delves into the catalytic effects of iron add-atoms and light on poly(para-phenylene) 

wires on TiO2 surfaces, including content that has been submitted to Nanoscale and presented 

here with permission from Rostami, M., Yang, B., Ma, X., You, S., Zhou, J., Zhang, M., Cui, 

X., Zhang, H., Allegretti, F., Wang, B., Chi, L. and Barth, J.V., 2024.  

7.1. Contributions 

Mohammadreza Rostami: experiments, data analysis, writing, review and editing, scientific 

discussion, model drawing. Biao Yang: review and editing, scientific discussion. Xiaochuan 

Ma, Sifan You: assistance in experiments, scientific discussion. Jin Zhou, Meng Zhang, and 

Xuefeng Cui: assistance in experiments. Haiming Zhang: scientific discussion. Francesco 

Allegretti: review and editing, scientific discussion. Lifeng Chi: review and editing, scientific 

discussion, supervision. Johannes V. Barth: review and editing, scientific discussion, 

supervision. 

7.2. Introduction 

Ullmann coupling, a widely employed, controllable reaction for on-surface synthesis, is a 

versatile tool for fabricating surface-confined low-dimensional molecular nanostructures [1, 2]. 

Ullmann coupling is a simple, predictive, and efficient on-surface reaction [281], typically 

involving two main steps: the dehalogenation of molecules and the coupling of the resulting 

radicals to generate a desired product[1, 2]. Often the metal substrate initiates dehalogenation 

reactions [2], whereby the abstracted halogen atoms resulting from the dissociation of carbon-

halogen (C-X) bonds remain chemisorbed at the substrate [250, 260]. This widespread 

mechanism enables the direct bonding of aromatics and the synthesis of π-conjugated structures. 

Selective and directional nanoarchitecture can be achieved by using different halogen 

substituents and molecular moieties, exploiting the associated specific C-X bond dissociation 

energies. This promising control of on-surface reaction paves the way for designing complex 

nanoarchitectures and molecular electronics [259]. Many custom-designed precursors have 

been reported [265] for the fabrication of 0D, 1D, and 2D covalent nanostructures, such as 

cyclic structures, linear or zigzag wires and ribbons, and 2D porous or dense networks [2] with 

extended regularity and long-range order through Ullmann coupling reactions. These include 

mostly brominated [1-3, 258, 259] and iodinated compounds [2, 188, 259]. 
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Poly(para-phenylene) (PPP) wires, which represent the narrowest n-armchair graphene 

nanoribbons (nAGNRs) (n=3) are large band gap semiconductors [270]. The parameter “n” 

refers to the number of carbon atoms defining the width of an nAGNR [260]. PPP wires feature 

great potential for next-generation electronics due to their promising mechanical properties, 

high stability, low density, and tunable band gap controlled by doping [44, 270]. nAGNRs are 

typically formed via the polymerization of precursors containing bromine (Br) [44, 97, 260, 

261], such as 4,4”-dibromo-p-terphenyl (DBTP) [262-264], or iodine [261]. The on-surface 

synthesis strategy offers a promising route to the successful preparation of nAGNRs, but 

unfortunately the typically applied metal surfaces limit the further study and application due to 

the quenching of electronic and optical excitations [270]. Thus, non-metal substrates, with well-

defined surface structures and interactions, need to be explored for further studies of nAGNRs 

[260].  Utilizing such alternative substrates [15, 16, 96, 97] including semiconductors [1-3, 5-

7, 44, 269, 282] or insulating oxides [242, 283-286], results in more reliable information about 

the electronic properties of nAGNRs [8, 46, 47, 282, 287-290].  

Notably titanium dioxide (TiO2) surfaces, as semiconducting oxide surfaces like rutile (011) 

[14, 88, 266], rutile (110) [14, 89-95], and anatase (101) [14, 81-87], are promising substrates 

for surface-assisted reactions, preventing electrons transfer between the on-surface structures 

and the substrate [14, 17]. The most energetically favorable and stable TiO2 crystalline surface 

is rutile (110) [14, 76, 77, 79, 80, 94, 291]. Rutile is commonly synthesized in laboratories, 

reducing its price and promoting its applications [14, 82]. Although the absence of catalytically 

active metal substrates/adatoms and metal-organic intermediates reduces the efficiency of on-

surface Ullmann coupling [88, 281], UV light can induce debromination of precursors, followed 

by Ullmann coupling and GNR formation, as confirmed by corresponding density functional 

theory (DFT) calculations and experiments [2, 76, 251, 253, 255, 256, 292, 293]. Additionally, 

the lower conductivity of semiconducting TiO2 crystals compared to metals may hinder the 

implementation of surface science techniques, such as X-ray photoelectron spectroscopy (XPS), 

scanning tunneling microscopy (STM), and low-energy electron diffraction (LEED) [92]. 

Therefore, shrinking the rutile TiO2 band gaps through reducing the crystal due to the creation 

of crystallographic shears, O vacancies, and anti-phase domains by repeated cycles of 

sputtering and annealing facilitates their application as substrates [14, 92, 94, 294, 295]. 

Annealing at temperatures lower than ≈ 973 K affords a clean surface with distinct LEED 

pattern [91]. Annealing at temperatures exceeding ≈ 973 K without O dosing results in the 

formation of (1×2) defects aligned along the 〈11̅0〉 direction [91]. Annealing at temperatures 

above 1200 K causes unwanted surface faceting and corrugating [91]. 

Debromination and Ullmann coupling of DBTP molecules [93] and 10,10”-dibromo-1',4'-

difluoro-9,9':10',9”-teranthracene (DBDFTA) [266], leading to the formation of PPP wires [93], 

and 7AGNRs [266, 296] on rutile TiO2(110) [297] and (011), respectively, have been reported. 

Moreover, recent findings report Ullmann coupling of DBTP and diiodo-terphenyl on TiO2 

boosted by the addition of cobalt (Co) adatoms, as demonstrated through XPS and angle-

resolved photoelectron spectroscopy (ARPES) [281]. However, further and more detailed STM 

studies on the catalytic effects induced by different metallic adatoms and light irradiation on 

the on-surface synthesis of PPP wires are lacking.  In this work, we investigated both iron (Fe) 

adatom and photo-catalytic effects[270] on the debromination of DBTP molecules, the 

subsequent Ullmann coupling on rutile TiO2, and the desorption of the resulting Br atoms using 

STM and XPS. Moreover, the band gap of the prepared PPP wires could be determined using 

scanning tunneling spectroscopy (STS). 

7.3. Experimental 

Sample preparation: High-purity single crystals of rutile TiO2(110) (10 mm × 5 mm) were 

purchased from Princeton Scientific Corporation, Pennsylvania, USA, and MaTecK, Jülich, 

Germany, respectively. O vacancies were engineered into these substrates through an extensive 

8-hour process of argon ion (Ar+) sputtering (≈ 2 keV, 10 minutes, Iion ≈ 24 µA, ≈ 0.014 C) 

followed by annealing (≈ 900 K, 10 minutes). This treatment enhanced the substrate 
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conductivity, enabling the application of surface science techniques such as XPS, STM, and 

LEED. The treated TiO2 crystals changed from transparent to a dark bluish color. Notably, the 

rutile TiO2 surface emitted blue luminescence during sputtering and turned dark reddish upon 

annealing. Iterative sputtering and annealing cycles yielded atomically flat surfaces. 

Characterization: Comprehensive characterization of the rutile TiO2(110) and molecular 

samples was performed using XPS (Mg Kα ≈ 1253.6 eV), TP-XPS, LEED, STS, and STM, 

following meticulous cleaning in various UHV chambers. In the custom-built XPS chamber at 

the Technical University of Munich (TUM), a K-type (Nickel-Chromium/Nickel-Alumel) 

thermocouple was affixed between molybdenum stripes attached to the TiO2 surfaces and 

secured by screws to a molybdenum plate supporting the TiO2 samples. The chamber 

maintained a base pressure below 2×10-10 mbar, and XPS and LEED measurements were 

conducted at liquid nitrogen temperature (77 K). In the Omicron STM chamber at the 

University of Science and Technology of China (USTC), a constant current was applied via a 

tantalum (Ta) plate directly attached to the rutile TiO2 underside of the sample. This setup 

allowed specific voltage applications, inducing resistance changes (𝑅 =
𝑉

𝐼
) and enabling precise 

sample temperature control according to a parabolic resistance-temperature relationship (see 

the AP, Fig. 10E.1). The preparation and principal STM chambers maintained base pressures 

below 4.0×10-10 mbar and 8.0×10-11 mbar, respectively. STM and STS measurements were 

performed at 77 K using a digital lock-in amplifier with a set point of 1.0 V, 10 pA, an 

oscillation frequency of 973 Hz, and an amplitude of 10-20 meV. 

Molecular deposition: The DBTP molecules were obtained from Shanghai Aladdin Bio-Chem 

Technology and loaded into quartz crucibles of custom-built molecular organic beam 

evaporators (OMBEs) for deposition onto pristine TiO2 (110) surfaces at controlled 

temperatures (300 K and 77 K). STM and STS characterization of the deposited films revealed 

insights into thermally- and photo-induced molecular assemblies. Sample heating was achieved 

through a combination of radiative heating and electron bombardment from a W filament in the 

XPS chamber, and by passing a constant current through a Ta plate in the STM chamber. In 

both the STM and XPS chambers, custom-built Fe evaporators facilitated the deposition of 

approximately 0.1-0.2 monolayer (ML) of Fe atoms at temperatures below 273 K to investigate 

the catalytic effects of adatoms on the formation of 3AGNRs on these surfaces. The CB and 

VB states of the rutile TiO₂(110) surface as well as the HOMO and LUMO of the synthesized 

PPP wires, and the resulting band gaps of both, were characterized via STS. Furthermore, 

surface irradiation in the STM chamber was ensured by a Xe lamp from Hamamatsu Photonics 

K. K. (C7535), with a round color filter (FGUV5) from Thorlabs filtering wavelengths below 

240 nm and above 395 nm. A filtered Xe lamp beam with a size of about 20 mm × 25 mm and 

a power of 250 mW reached the sample surface in UHV in the STM chamber to study the 

influence of light on these surfaces. 

Analytical techniques: Image processing of STM data was conducted using Gwyddion 

software [183], ensuring precise measurements and interpretations. Atomic structural models 

of molecular structures and 3AGNRs were generated and optimized using ChemDraw software 

[298]. 

7.4. Results and Discussion 

The rutile TiO2(110) surface was prepared by repeated cycles of sputtering and annealing at 

approximately 900 K. Fig. 7.1a shows a LEED pattern of rutile TiO2(110) surface, indicating a 

(1×1) atomic lattice without interfering charging effects, i.e., there is an unperturbed clean 

surface, in agreement with the  literature [14, 299]. Fig. 7.1b depicts corresponding large-scale 

STM data, displaying terraces of various sizes. The STM imaging is primarily influenced by 

the density of states rather than morphological features [14]. The Ti and O rows manifest as 

bright and dark lines, respectively [14], with an inter-row distance of approximately 6.5 Å, 

consistent with the reported unit cell lattice parameter [14]. The formation of some TiO2 clusters 

and (1×2) defects (missing O rows, green arrow in Fig. 7.1b) was also observed. Heating the 
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rutile TiO2(110) surface to approximately 973 K without O2 treatment resulted in the formation 

of a (1×2) superstructure and likely TiO2 strings oriented parallel to O and Ti rows ([001]) [91, 

266, 300-305]. The zoomed-in STM image in Fig. 7.1c shows some TiO2 clusters (marked by 

white arrows) centered on the Ti rows and on-surface hydroxyls (yellow arrow) at O rows. The 

most abundant surface donors, O vacancies, appear as bright bridges spanning the dark stripes 

of the O rows, connecting the bright O atom rows on the TiO2 surface [295]. Fig. 7.1d shows 

an STM image of a DBTP submonolayer on rutile TiO2(110) deposited at room temperature. 

Single, unreacted DBTP molecules (white arrow) are mostly adsorbed on the Ti rows, similar 

to isolated Br atoms (blue arrow) abstracted from DBTP. Hydroxyls (yellow arrow) located on 

O rows appear as smaller and darker spheres compared to the Br atoms in the STM image. In 

addition, the green arrow indicates an O vacancy in this region. Fig. 7.1e shows a zoomed-in 

STM image of a densely packed DBTP cluster, indicating the coexistence of a longer unreacted 

DBTP (≈ 1.9 nm, blue arrow, with the Br indicated by a green arrow) and an adjacent shorter 

debrominated DBTP species (≈ 1.6 nm, white arrow), reflecting some degree of on-surface 

debromination at 300 K. Fig. 7.1f presents structure models of the resulting rutile TiO2(110) 

surface [306], including key features such as a bridging hydroxyl (yellow arrow) [307], a 

surface-bonded Br atom (red arrow), an O vacancy (green arrow), and both unreacted (blue 

arrow) and debrominated (white arrow) DBTP molecules (see the AP, Fig. 10E.1). 

 
Fig. 7.1. (a) A (1×1) LEED pattern (primary energy: ELEED = 109 eV) and (b, c) STM images 

of a clean rutile TiO2(110) surface; the distance between the brightest and the darkest point in 

the STM image corresponds to z-height = 1.25 nm in (b) and z-height = 0.18 nm in (c). The 

white and yellow arrows highlight a TiO2 cluster and a hydroxyl, respectively. (d, e) Zoom-in 

STM images of a DBTP sub-monolayer amount on the rutile TiO2(110) surface with z-height 

= 0.27 nm (d) and z-height = 0.19 nm (e). In (d) blue, white, yellow, and green arrows denote 

a Br atom, a DBTP molecule, a hydroxyl, and an O vacancy, respectively. In (e) blue, white, 

and green arrows indicate a DBTP molecule, a debrominated DBTP molecule, and a Br atom 

in the DBTP molecule, respectively. (f) Schematic atomic models of the rutile TiO2(110) 

surface, highlighting key features such as a bridging hydroxyl (yellow arrow), a surface-bonded 

Br atom (red arrow), an O vacancy (green arrow), an integral DBTP (blue arrow), and a 

debrominated DBTP (white arrow). The color scheme for the atomic species is as follows: 

bridging O atoms in dark rows in the STM images (yellow spheres), subsurface O atoms 

(orange spheres), titanium atoms (blue spheres), C atoms (gray spheres), hydrogen atoms (white 
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spheres), and Br atoms (red spheres). The surface covalent bonds are represented by purple 

cylinders. STM acquisition temperature: 77 K, tunneling parameters: Vs = -1 V, It = 10 pA. 

 

Fig. 7.2a illustrates a DBTP submonolayer after annealing a 300 K-deposited DBTP monolayer 

at 400 K. Ullmann coupling and the formation of DBTP dimers on the Ti substrate rows are 

clearly observed, as indicated by blue arrows. The presence of Br adatoms and hydroxyl species 

is also inferred. Upon annealing at 500 K, PPP short wires formed and prevail on the surface, 

as seen in Fig. 7.2b, running parallel to the O and Ti rows, centered on the Ti rows (still 

coexisting with Br adatoms and hydroxyl compounds). Two types of PPP wires exist: one group 

appears thinner and darker with an asymmetrical shape and charge distribution, the other type, 

observed sparsely, appears wider and brighter with a symmetrical shape. As indicated in the 

STM image in Fig. 7.2c by yellow and blue arrows, we interpret the asymmetrical wires in 

terms of tilted PPP wires, as previously reported on rutile TiO2 [93], and the symmetrical ones 

as flat PPP wires, similar to those reported on metallic surfaces, respectively [262-264]. 

Schematic atomic models of these two different wire conformations are shown in Fig. 7.2d, 

Additionally, upon annealing at 600 K, most Br atoms and hydroxyl compounds desorbed from 

the substrate (see Fig. 7.2c). Moreover, some ribbons shifted from their primary stable 

orientations to different orientations, such as a bent conformation extending at an angle of 

nearly 45° relative to the 〈11̅0〉 substrate direction. The appearance of shorter wires and more 

clusters indicates the onset of PPP wire dissociation. Upon annealing at 700 K, we ensured the 

complete desorption of Br atoms and hydroxyls (see STM image in Fig. 7.2e, whereby on the 

flip side, PPP wires were frequently dissociated, and the density of molecular clusters exceeds 

that of wires or ribbons (see the AP, Figs. 10E.2-4).  

This process was further characterized chemically by XPS. The data in Fig. 7.2f, reveal, after 

deposition at liquid nitrogen (LN2) temperature, a Br 3d signature with broad peak due to spin-

orbit coupling [262-264]. By annealing at higher temperatures, as debromination increasingly 

occurs, the distinct shoulder at lower binding energies, related to separated Br atoms, is 

enhanced. In addition, with the formation of a covalent network, the C 1s XPS peak shifts to 

lower binding energies (see the AP, Fig. 10E.5). At approximately 500 K, the C-Br component 

vanished and Ti-Br counterpart dominates the Br 3d XP spectrum, in agreement with STM 

observations. Br desorption was also observed upon increasing the annealing temperature, 

which could be completed by further increasing the temperature and time. 
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Fig. 7.2. (a) STM image of a DBTP sub-monolayer coverage on a rutile TiO2(110) surface after 

annealing a DBTP monolayer at 400 K (z-height = 0.22 nm). The blue arrow denotes a DBTP 

dimer after Ullmann coupling. STM images of PPP wires on the rutile TiO2(110) surface after 

annealing at (b) 500 K (z-height = 0.45 nm) and (c) 600 K (z-height = 0.68 nm). Yellow and 

blue arrows mark tilted and flat conformation of adsorbed PPP wires, respectively. Br atoms 

were desorbed at 600 K and the rutile TiO2 surface appears cleaner. (d) Schematic atomic 

models of a flat (left) and a tilted (right) PPP wire made in ChemDraw software. Gray and 

white spheres represent C and H atoms, respectively. (e) STM image of the sample after 

annealing at 700 K, showing the dissociation of PPP (z-height = 0.78 nm). STM parameters: 

Vs = -1 V, It = 10 pA. (f) Br 3d narrow region scan XPS spectra of a rutile TiO2(110) surface 

after deposition of a DBTP monolayer at 77 K and annealing it at different temperatures. All 

STM and XPS data were acquired at 77 K.  

 

Leveraging light for on-surface reactions and polymerizations holds significant promise for 

promoting Ullmann coupling at reduced temperatures and on less reactive surfaces as compared 

to thermal activation [251]. Photo-induced coupling can improve the control of on-surface 

reactions through the precise adjustment of photon intensity and wavelength [251]. Photons 

with specific energies can selectively break various covalent bonds [251]. Therefore, we studied 

the effect of illuminating the surface with a Xe lamp filtered to deliver wavelengths in the UV 

range (240 - 395 nm). However, irradiation with Xe light did not change the onset temperature 

or the density of PPP evolution significantly; instead, the desorption of separated Br atoms from 

the surface was favoured by illumination. Figs. 7.3a and b depict PPP wires after annealing at 

500 K without and with irradiating by the Xe lamp, respectively. Yellow, white, and blue arrows 

indicate a PPP wire with a flat conformation, a PPP wire with a tilted conformation, and a 

separated Br atom, respectively. At first glance, the surface exposed to irradiation appears 

cleaner, with fewer Br atoms compared to the surface without irradiation. Fig. 7.3c compares 

the Br surface density with and without irradiation. For each case, four different STM images 

were analyzed, the Br atoms were counted, normalized by area, and the average values were 

calculated and plotted in this histogram. As illustrated, an average of 0.34 and 0.06 Br atoms 

per nm2 was measured on the surface without and with irradiation of a DBTP multilayer (≈ 3 × 

monolayer), respectively. Consequently, these measurements confirm photostimulated 

desorption of Br atoms after debromination of DBTP, and the formation of PPP wires upon 

annealing at 500 K. 

 
Fig. 7.3. (a) STM image of PPP wires on a rutile TiO2(110) surface after annealing at 500 K 

without Xe lamp irradiation; z-height = 0.77 nm. Yellow, white, and blue arrows indicate PPP 

wires with flat conformation, PPP wires with tilted conformation, and a bromine atom, 

respectively. (b) STM image of PPP wires on the rutile TiO2(110) surface after annealing at 

500 K in the presence of a Xe lamp irradiation (wavelengths: 240-395 nm); z-height = 0.54 

nm, Vs = -1 V, It = 10 pA. (c) Histogram of the average number of bromine atoms per nm2 as 

detected on the surface with (orange) and without (blue) the Xe lamp irradiation. STM 

acquisition temperature: 77 K. 

 

While light enhances the cleavage of Br bonds on the surface and possibly within the molecules, 

the length of the PPP wires remains limited to below 10 nm. Thus, the efficiency of PPP 

formation is limited, presumably due to the absence of the metal adatoms needed for the chain 
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formation of metal-organic intermediates. These reaction intermediates are frequently 

encountered as the second step of the Ullmann coupling on metallic surfaces before C-C 

coupling [262-264]. Therefore, we investigated the influence of codeposited Fe adatoms as 

catalysts. Fig. 7.4a shows the surface of rutile TiO2(110) after deposition of a DBTP monolayer 

and annealing at 400 K, whereupon most of the molecules are single without any 

polymerization. Fig. 7.4b depicts an STM image after deposition of 0.1 ML coverage of Fe 

atoms at temperatures below 273 K and a DBTP monolayer using the same parameters as in 

Fig. 7.4a, followed by annealing at 400 K. The Fe atoms (white arrow) primarily assembled in 

lines perpendicular to the O and Ti rows. The formation of organometallic chains of 

debrominated DBTP and Fe atoms was both expected [281] and observed. Ullmann coupling 

was catalyzed by Fe adatoms, resulting in PPP wires (blue arrow) becoming dominant, mostly 

appearing around Fe adatoms, although Fe does not remain in the polymer chains. To confirm 

these results quantitatively, we analyzed four STM images of the surface and DBTP monolayer 

deposition after annealing at 400 K without Fe adatoms and four STM images with a 

precoverage of 0.1 ML Fe. In each case, the ratio of the DBTP monomers to polymers was 

counted, normalized by the area, and the average values were calculated and plotted in the 

histogram shown in Fig. 7.4c. As illustrated, for pure DBTP monolayer deposition and 

annealing, only ≈ 3% of adsorbed DBTP undergo a coupling reaction at 400 K. On the other 

hand, in the presence 0.1 ML Fe using the same procedure, about 77% of the DBTP compounds 

covalently connected at the same temperature, and merely ≈ 23% remaining in form of 

monomers. This finding thus supports the conclusion that Fe adatoms catalyze and enhance 

Ullmann coupling and the formation of PPP wires at reduced temperatures (see the AP, Figs. 

10E.4).  

Further XPS investigations were conducted to provide additional evidence and insight into this 

catalytic effect. After deposition a DBTP monolayer at LN2 temperature on the rutile TiO2(110) 

surface, 0.1 ML of Fe atoms were initially deposited, followed by an additional 0.1 ML (totaling 

0.2 ML). Somewhat surprisingly, Fig. 7.4d shows an increase in the Br 3d shoulder for Br atoms 

detached from DBTP molecules and bonded to the surface and likely to the Fe adatoms at 77 

K, in contrast to Fig. 7.2f. Therefore, the debromination reaction was initiated even at LN2 

temperature in the presence of Fe adatoms, demonstrating the remarkable catalytic effect of 

these metallic adatoms entailing PPP wire formation. Conversely, upon higher temperature 

annealing, more complexed Br atoms remain on the surface, pointing to strong bonds between 

Fe and Br that prevent Br desorption at lower temperatures. In addition, the C 1s core level XPS 

spectra in Fig. 7.4e also show different behavior in the presence of Fe adatoms. After Fe 

deposition on a DBTP monolayer, the C 1s core level peak initially shifts to higher binding 

energies and upon annealing at higher temperatures, to lower binding energies due to 

debromination and C-C coupling, whereby significant C desorption occurred, which is 

consistent with the STM results. Fig. 7.4f presents the XPS spectra of Fe 2p core level electrons 

on this surface. After deposition at 77 K, the Fe 2p peak is broadened, presumably due to the 

presence of various bonds involving Fe on the surface, such as Fe-O (≈ 710-711 eV [308, 309]), 

Fe-Br (≈ 710-711 eV [310, 311]), Fe-C (≈ 707-708 eV [312-314]), and Fe-Fe (≈ 707 eV [315]). 

Upon annealing, interestingly, we find a reduced full width at half maximum (FWHM), and a 

peak shift to higher binding energies, characteristic of Fe-halogen bonds, indicating that Fe-Br 

atoms clusters accumulate on the surface. Moreover, spectra by temperature-programmed XPS 

(TP-XPS) show that in the absence of Fe adatoms a significant debromination shift for both Br 

3d (Fig. 7.4g) and C 1s (see the AP, Fig. 10E.5) core level regions occurs at ≈ 450 K (thus 

clearly above the 400 K used otherwise). In contrast, the dominant debromination shift for both 

the Br 3d (Fig. 7.4h) and C 1s (Fig. 7.4i) core levels in the presence of Fe ad-atoms starts already 

at 350 K. Consequently, Ullmann coupling and formation of 3AGNRs (PPP wires) are 

consistently catalyzed by Fe adatoms.  
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Fig. 7.4. (a)  STM image of a DBTP monolayer on a rutile TiO2(110) surface after annealing at 

400 K; z-height = 0.62 nm. (b) STM image of PPP wires on rutile TiO2(110) after DBTP 

molecule and Fe atom deposition on this surface and annealing at 400 K; z-height = 0.84 nm, 

Vs = -1 V, It = 10 pA. White and blue arrows indicate the Fe adatoms and PPP wires, 

respectively. (c) Histogram of the average number of the monomers and polymers observed on 

the surface with and without Fe atoms. (d) Br 3d, (e) C 1s, and (f) Fe 2p narrow region XP 

spectra of a rutile TiO2(110) surface after deposition of a DBTP monolayer and subsequently 

an Fe sub-monolayer (coverages of 10% and 20%) at 77 K and annealing the sample at different 

temperatures. (g) TP-XPS of the zoomed-in Br 3d core level region after deposition of DBTP 

molecules on the surface. TP-XPS of the zoomed-in (h) Br 3d and (i) C 1s core level regions 

after deposition of DBTP molecules and Fe ad-atoms on the surface. XPS, STS, and STM 

acquisition temperature: 77 K. 

 

Finally, Fig. 7.5a shows a flat adsorbed PPP wire along with the proposed, optimized atomic 

structural model. The PPP shape and extension suggests that it results from the Ullmann 

coupling of three DBTP units. Red, blue, and black crosses denote the PPP edge and center, 

and rutile surface, respectively, where STS studies were conducted and plotted in Fig. 7.5b. The 

corresponding black curve depicts spectra of a clean rutile TiO2 surface, where the conduction 

band (CB) onset is located at a bias voltage of ≈ 0.3 V and the valence band (VB) appears at a 

bias voltage of approximately -3 V [316-320] (see the AP, Fig. 10E.1g). The overlap of the CB 

states with the PPP lowest unoccupied molecular orbital (LUMO) complicates their 

identification, yet the latter is visible as a shoulder at ≈ +0.8 V. Since the STS curves of rutile 

TiO2 are flatter for negative bias, the highest occupied molecular orbital (HOMO) appears more 

pronounced in this region, peaking at -2.3 V and -2.4 V for the PPP center and edge, 

respectively. Thus, a band gap value of ≈ 3.1 and ≈ 3.2 eV can be assigned to the PPP center 

and edge, respectively, confirming wide-band gap semiconducting behavior. The band gap 

values of ≈ 3.3 eV [321], ≈ 3.2 eV [322], and ≈ 3.0 eV [323] for PPP on Au (111) and ≈ 1.1 eV 
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[324] on Cu (110) were reported in the literature. In addition, this demonstrates the decoupling 

effect of the surface, preventing the quenching of the electronic excitation of the fabricated 

GNRs, which is required for precise measurements of the electronic and optical properties of 

the on-surface nanoarchitectures. 

 
Fig. 7.5. (a) STM image with proposed atomic model of a flat PPP wire on rutile TiO2 after 

annealing a DBTP monolayer at 500 K; z-height = 0.51 nm, Vs = -1 V, It = 10 pA. (b) Tunneling 

spectra of the spots shown in (a). STM / STS data acquisition at T=77 K. 

 

7.5. Conclusion 

In conclusion, we have investigated the behavior of DBTP submonolayers, monolayers, and 

multilayers on atomically well-defined rutile TiO2(110). The debromination of DBTP 

molecules sets in at 200 K, and the desorption of the Br atoms abstracted from the molecules 

becomes appreciable for temperatures above 400 K. After annealing at 400 K, sparse DBTP 

dimers evolve through on-surface Ullmann coupling. Upon further annealing at 500 K, PPP 

wires prevail on the surface, undergoing dissociation reactions for T ≥ 700 K. Upon irradiating 

the surface with UV light (wavelength range 240-395 nm), Br-substrate and Br-C molecular 

bonds were cleaved at lower annealing temperatures, entailing desorption of most Br at a 

reduced temperature of ≈ 500 K, thus yielding a cleaner surface following PPP wire formation. 

Furthermore, the deliberate deposition of Fe adatoms exerts a remarkable catalytic effect on the 

Ullmann coupling reaction. Thus, with small doses of these metal adatoms partial 

debromination of DBTP occurs even at LN2 temperature (77 K). This significant influence of 

Fe codeposited with DBTP entails a dominance of PPP wires upon annealing at 400 K, while 

under the same conditions but without Fe adatoms, molecular monomers prevail. Fe atoms and 

debrominated DBTP at low temperature (77 K) reduced the activation temperature required for 

aryl-aryl coupling to 300-400 K. On the other hand, upon higher temperature annealing, more 

Br atoms bind to Fe atoms on the surface, accumulating in unwanted clusters accounting for a 

rougher surface with the length of PPP wires limited to below 10 nm. This general feature is 

ascribed to weaker molecule-surface interactions as compared to metals, causing partial 

molecular desorption prior to coupling reactions. Furthermore, the reduced rutile substrate 

exhibits a semiconducting behavior, favoring the electronic and optical measurements of PPP 

wires. This property hinders the hybridization and charge transfer between the prepared wires 

and the substrate, making it suitable for more elaborate studies of the excitation of the on-

surface nanostructures. STS results indicate PPP with a wide band gap, holding significant 

promise for next-generation electronics or other applications.  
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Chapter 8 

Photocatalytic Fabrication of 5-

Armchair Graphene Nanoribbons on 

TiO2 Surfaces 

This chapter explores the photocatalytic fabrication of 5-armchair graphene nanoribbons on 

TiO2 surfaces. It includes content that is currently being prepared for submission, with 

permission from Rostami, M., Yang, B., Ma, X., You, S., Zhou, J., Zhang, M., Cui, X., Zhang, 

H., Allegretti, F., Wang, B., Chi, L., and Barth, J.V., 2024. 

8.1. Contributions 

Mohammadreza Rostami: experiments, data analysis, writing, review and editing, scientific 

discussion, model drawing. Biao Yang: review and editing, scientific discussion. Xiaochuan 

Ma, Sifan You: assistance in experiments, scientific discussion. Jin Zhou, Meng Zhang, and 

Xuefeng Cui: assistance in experiments. Haiming Zhang: scientific discussion. Francesco 

Allegretti: review and editing, scientific discussion. Lifeng Chi: review and editing, scientific 

discussion, supervision. Johannes V. Barth: review and editing, scientific discussion, 

supervision. 

8.2. Introduction 

n-Armchair graphene nanoribbons (n-AGNRs) with n carbon atoms and thus fixed widths[260] 

hold great promise for next-generation electronics because their band gap can be significantly 

tuned by varying their width and edge form [44, 260, 261, 325, 326].  n-AGNRs can be 

produced by various techniques, including nanotomy [327], epitaxy [328], and surface-assisted 

Ullmann coupling of halogenated molecules containing bromine [261-264] and iodine [261, 

326] atoms. The later process leads to a well-controlled bottom-up on-surface synthesis of 

molecular nanoarchitecture using the corresponding building blocks [1, 250, 257, 259]. Single 

crystal metal surfaces are normally chosen as substrates for the fabrication of nAGNRs under 

thermal excitation conditions. Technological semiconductors and insulators are much less used 
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in on-surface synthesis due to the lack of metallic atoms, which play the catalytic roles and 

favor the formation of metal-organic intermediates. On the other hand, the direct syntheses 

using non-thermal techniques like photodissociation of halogens attracted increased attention[2, 

3, 76, 142, 188, 258, 265]. The use of a UV light source alleviated the required temperature for 

the formation of n-AGNRs [2, 251-256]. 

Transition metal oxides have an important role in surface science and some surface-related 

applications [92, 242, 246, 284, 285, 329]. Titanium dioxide (TiO2) is the most investigated 

metal oxide in the surface science field  [14-17]. TiO2 is used for various applications, including 

solar cells, corrosion protection, catalysis, bioimplants, memristors, and gas sensors [14, 76-80, 

82]. Anatase [14, 81-87] and rutile [14, 88-95, 98] TiO2 are introduced for the on-surface 

synthesis of 1D or 2D structures to avoid hybridization of the electron density of the epilayer 

molecules and structures from the substrate, unlike metallic substrates [1-7, 35, 88, 96, 326]. 

Reducing a TiO2 crystal increases its conductivity and facilitates STM measurements of TiO2 

[92, 294]. Titania can exhibit varying levels of oxygen deficiency as n-type doping [14] due to 

a defect called crystallographic shear (CS) [92]. This occurs through several hours of repeating 

sputtering and annealing at an optimum temperature of about 900 K [92, 94]. Annealing at ≈ 

973 K in the absence of oxygen treatment leads to the formation of a (1×2) superstructure and 

probable TiO2 strings along 〈11̅0〉 direction [91]. Rutile TiO2, as a semiconducting oxide, is a 

well-known substrate for on-surface reactions and Ullmann coupling, avoiding the quenching 

of electronic excitations as required for reliable optical and electronic measurements [88-93]. 

Surface-assisted Ullmann coupling of DBTP [93] and 10,10”-dibromo-1',4'-difluoro-

9,9':10',9”teranthracene (DBDFTA) [266] molecules, then the formation of 3AGNRs 

(poly(para-phenylene) (PPP) wires), and 7AGNRs on clean reduced rutile TiO2 (110) and (011), 

respectively, have been previously indicated.  

5AGNRs have been produced on various metallic surfaces [44, 325, 326, 330, 331], including 

Au (111) [260] and Ag (111) [44]. 5AGNRs belong to 3p + 2 category group, which are  

predicted to possess a metallic nature by tight-binding approximations, while a semiconducting 

nature is suggested by DFT calculations [260]. There are contradictory reports on the band gap 

of 5AGNRs [44, 260, 325, 326, 330] and limited studies on the capability of TiO2 surfaces for 

dehydrogenation to form n-AGNRs [266, 296, 297, 332]. In this work, we investigated the 

surface-assisted Ullmann coupling of TBN molecules on TiO2 surfaces using x-ray 

photoelectron spectroscopy (XPS), LEED, temperature-programmed (TP)-XPS, and STM. We 

studied the possibility of debromination of TBN molecules on rutile (110) and anatase (101) 

surfaces, as well as the effect of photo-catalysis of the debromination and subsequent Ullmann 

coupling on TiO2 surfaces. A schematic model of the rutile TiO2 (110) surface and the Ullmann 

coupling of debrominated TBN molecules is described in Fig. 8.1. In this model, the yellow, 

orange, blue, gray, white, and red spheres correspond to oxygen (O) atoms in the dark rows of 

STM images, O atoms in the substrate plane, titanium (Ti), carbon (C), hydrogen (H), and 

bromine (Br) atoms, respectively. The blue, green, and red arrows represent a bridging hydroxyl, 

an O vacancy, and a surface-bonded Br atom. The band gap of the synthesized 5AGNRs was 

determined through STS and compared to the reported values obtained on other substrates. The 

STS measurements of 5AGNRs on rutile TiO2 provided reliable information about the 

measured HOMO and LUMO states of these nanoribbons, which have been reported and 

discussed contradictorily in the literature. 
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Fig. 8.1. Schematic view of our strategy for on-surface synthesis of 5AGNRs. Yellow, orange, 

blue, gray, white, and red spheres correspond to oxygen (O) atoms in the dark rows of STM 

images, O atoms in the substrate plane, titanium (Ti), carbon (C), hydrogen (H), and bromine 

(Br) atoms, respectively. 

  

8.3. Experimental 

Sample preparation: The 10 mm × 5 mm rutile TiO2 (110) and the 5 mm × 5 mm anatase TiO2 

(101) single crystals were purchased from Princeton Scientific Corporation in Pennsylvania 

(USA) and Material-Technologie & Kristalle GMBH (MaTecK) in Jülich, Germany, 

respectively. Oxygen vacancies were produced in the rutile and anatase TiO2 substrates by 

approximately 8 hours of multiple cycles of argon (Ar+) ion sputtering (≈ 2 keV, 10 minutes, 

Iion ≈ 24 µA, ≈ 0.014 C) and subsequent annealing (≈ 900 K, 10 minutes) to enhance 

conductivity, facilitating the implementation of surface science techniques including XPS, 

STM, and LEED on their surface. After these operations, the transparent TiO2 crystals turned 

dark bluish. During sputtering, the rutile TiO2 surface emitted a blue luminescence, and upon 

annealing, the sample turned a dark reddish color (see the AP, Fig. 10F.1.). Atomically flat 

surfaces were achieved after sputtering and annealing cycles. 

Characterization: We characterized the rutile (110) TiO2, anatase (101) TiO2, and molecules 

using XPS (photon line: Mg Kα ≈ 1253.6 eV), temperature-programmed (TP) XPS, LEED, STS, 

and STM, after cleaning the samples in various UHV chambers. In the home-built XPS chamber 

at the Technical University of Munich (TUM), a K-type (Nickel-Chromium/Nickel-Alumel) 

thermocouple was pressed between the molybdenum stripes attached to the TiO2 surfaces, with 

screws securing the stripes to a molybdenum plate supporting the TiO2 samples. The base 

pressure of the employed chamber was below 2×10-10 mbar. The XPS and LEED acquisition 

temperature was at liquid nitrogen (77 K). In a commercial Omicron STM chamber at the 

University of Science and Technology of China (USTC), a constant current was applied through 

a thin tantalum (Ta) plate directly attached to the bottom of the rutile TiO2 sample by applying 

specific voltages leading to changes in resistance (𝑅 =
𝑉

𝐼
) and sample temperature following a 

parabolic relationship between the resistance and temperature (see the AP, Fig. 10F.1). The 

base pressures of the preparation and principal STM chambers were below 4.0×10-10 mbar and 

8.0×10-11 mbar, respectively. The STM and STS acquisition temperatures were liquid nitrogen 

(77 K). STS measurements were conducted using a digital lock-in amplifier with a set point of 

1.0 V, 10 pA, an oscillation frequency of 973 Hz, and an amplitude of 10-20 meV. 

Molecular deposition: TBN molecules were synthesized by Long Chen’s group, loaded into 

quartz crucibles of custom-built molecular organic beam evaporators (OMBEs), and deposited 

onto clean TiO2 (100) surfaces. These depositions were carried out at different sample 

temperatures, including 300 K (room temperature) and 77 K (cryogenic liquid nitrogen 
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temperature). The deposited molecular films were characterized using STM and STS to study 

thermally- and photo- induced molecular assemblies. Sample heating was managed through a 

combination of radiative heating and electron bombardment from a W filament in the XPS 

chamber and by passing a constant current through a Ta plate in the STM chamber after dosing 

of TBN molecules through an OMBE or a dosing valve to control the surface reactions. 

Additionally, light-emitting diodes (LEDs) with wavelengths of 377 nm and 265 nm, used in 

the XPS chamber, were supplied by OSRAM LED ENGIN (LZ1-00UV00) in San Jose, 

California (USA) and Crystal IS, Inc., Asahi Kasei Company (Klaran® LA Series UVC LEDs) 

in New York (USA), with measured powers of 106 mW and 6.5 mW reaching the sample 

surface, respectively. LED beams were focused by a lens to about a 10 mm × 10 mm square 

placed at the center of the sample. A standard 400 W mercury lamp (Osram) was also used for 

surface irradiation in the home-built XPS chamber. Furthermore, a Xe lamp from Hamamatsu 

Photonics K. K. (C7535) in Japan, with a power of 250 mW reaching the surface and a beam 

size of about 20 mm × 25 mm, was used in the STM chamber. A round color filter (FGUV5) 

from Thorlabs company was used to filter wavelengths below 240 nm and above 395 nm. 

Custom-built Fe evaporators were used in the STM chamber for approximately 0.1 ML 

deposition of Fe atoms at temperatures below 273 K (filament current ≈ 2 A, flux ≈ 4 nA, 

emission current ≈ 10 mA, and voltage ≈ 800 V) as well as in the XPS chamber. HOMO and 

LUMO states and the consequent band gap of the rutile (110) TiO2 surfaces and the produced 

5AGNRs were demonstrated by STS. For further investigations, deposition and debromination 

of TBB molecules, supplied by Sigma Aldrich (97%), on rutile and anatase surfaces were 

studied. 

Analytical techniques: Further image analysis of the STM data was achieved using Gwyddion 

software [183], confirming accurate measurement and interpretation of the obtained height and 

electronic features. The atomic structural models of the molecular structures and 5AGNRs and 

the corresponding freestanding optimizations were conducted using ChemDraw software [245]. 

8.4. Results and Discussion 

After deposition of TBN molecules on rutile TiO2 (110) at 77 K and annealing at various 

temperatures, XPS measurements were performed. Br 3d and C 1s core levels were studied to 

explore the activation of coupling by dehalogenation and the metastable intermediate 

transformation into the final covalent structure by heating, respectively. Fig. 8.2a and 8.2b show 

XPS spectra of zoomed-in Br 3d and C 1s core level regions, respectively. In Fig. 8.2a, the Br 

3d component at a binding energy of 71.1 eV reduced, and the shifted component at 69.1 eV 

enlarged upon annealing the sample. Besides that, in Fig. 8.2b, the C 1s peak binding energy 

shifted from 285.1 eV to 284.7 eV. Since C-halogen bond strength is lower than C-C bonds, 

dehalogenation can occur without cleavage of C-C bonds [3]. After debromination of TBN on 

the surface, Br 3d and C 1s shifted to lower binding energies due to an increase in electron 

density around the Br atoms after bonding to titanium (Ti) atoms of the surface. C-Br and 

molecule bonds after lower temperatures annealing, and C-C coupling and surface-Br bonds 

after higher temperatures annealing dominate the XP spectra [3]. Most of the Br atoms desorb 

from the surface upon annealing at about 600 K. Complementary LEED patterns and XPS 

spectra (see the AP, Figs. 10F.2-5) reveal that the debromination of TBN molecules on rutile 

TiO2 (110) and anatase (101) surfaces is limited compared to other molecules, such as 1,3,5-

Tris(4-bromophenyl)benzene (TBB). This limitation is due to the weak interactions of TBN 

molecules with inert TiO2 surfaces compared to metallic surfaces [260], the low evaporation 

temperature of the TBN molecules compared to TBB molecules, and the lack of free metallic 

atoms on TiO2 [257]. 

Consequently, we investigated the catalytic effects of light on surface-assisted debromination 

of TBN molecules on rutile TiO2 (110) surfaces. Photo-induced coupling increases the control 

over on-surface reactions by optimizing the light intensity and wavelength [251]. Different 

covalent bonds can be broken by a photon having a specific energy [251], and a wavelength of 

about 265-377 nm was sufficient for debromination in TBN molecules on TiO2 surfaces. This 
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corresponds to the dissociation energy of a C-Br bond, which is about 276 kJ/mol [333]. 

Considering the equation of 𝐸 =
ℎ𝑐

𝜆
, where 𝐸, ℎ, 𝑐  and 𝜆 are a photon energy, the Planck’s 

constant, the speed of light, and photon wavelength, respectively [139], a photon with a 

wavelength below 400 nm has sufficient energy to dissociate a C-Br bond [252]. Therefore, 

using light for catalyzing on-surface reactions and polymerizations holds a great promise for 

developing debromination required for Ullmann coupling at lower temperatures and on more 

inert surfaces compared to thermally induced chemistry [251]. C-Br bond fission through 𝜋 →
𝜋∗ excitation by light at a wavelength of 248 nm was evidenced in previous reports [256]. Figs. 

8.2c-f exhibit XPS spectra of the Br 3d core level region after TBN deposition on rutile (110) 

TiO2 surfaces at 300 K and then kept at room temperature for 20 minutes or 40 minutes without 

irradiation, with irradiation by a mercury lamp, with irradiation by the 377 nm LED (106 mW), 

and with irradiation by the 265 nm LED (6.5 mW), respectively. At each step XPS 

measurements in the absence of any irradiations took about 1.5 hours. In all cases, due to 

desorption at room temperature, the main Br 3d peak related to Br atoms in the unreacted 

molecules on the surface decreased over time. While for the test experiment in Fig. 8.2c, the 

debromination shoulder at 69.1 eV did not increase, a clear increase in the debromination 

shoulder of the Br 3d core level was observed under irradiation from both the mercury lamp 

and the LEDs. Generally, the mercury lamp increased the ratio of separated to unreacted Br 

atoms comparable to the surface irradiated by the LED at a wavelength of 377 nm, due to the 

high intensity of the LED lamp for this specific wavelength (see the AP, Fig. 10F.6u). By 

dividing the mentioned ratio by the power of LEDs reaching the surface, the efficiency of 

debromination by the LED at a wavelength of 265 nm (6.5 mW) compared to 377 nm (106 mW) 

was found to be drastically higher, resulting in 8 times more debromination at the same power 

(see the AP, Fig. 10F.6v and Table. 10F.1). These results are also consistent with previous 

reports. For example, since C-Cl bonds are stronger than C-Br or C-I bonds, higher energy 

violet light with wavelength of 405 nm and 254 nm is sufficient for the corresponding bond 

cleavage [252]. For both wavelengths, dechlorination starts at about 365 K [252]. Using light 

with shorter wavelength leads to the formation of longer polymer chains [252]. However, in 

general, due to lower substrate temperature and limited molecular diffusion, shorter chains form 

compared to thermally-induced coupling [252]. As a result, not only UV light but also violet 

light is energetically sufficient to cause dehalogenation [252]. Higher energy, longer 

illumination time, and greater light intensity increase the efficiency of on-surface photo-

induced reactions [252]. The transition state comprises the C-Br cleavage, leaving positively 

charged molecules with an empty p-orbital [255, 256]. Despite the fact that (𝜋, 𝜋∗) is a bonding 

state of the C-Br coordinate, during a rotational displacement due to the high translational 

distribution of Br (2P3/2 and 2P1/2), the destruction of C-Br bonds begins [255]. See Fig. S6 for 

more detailed XPS and TPXPS results. 
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Fig. 8.2. (a) Br 3d and (b) C 1s narrow region scan XPS spectra of a rutile TiO2 (110) surface 

after deposition of a TBN monolayer at 77 K, followed by annealing at different temperatures. 

XPS acquisition temperature: 77 K. Br 3d narrow region scan XPS spectra of a rutile TiO2 (110) 

surface after deposition of a TBN monolayer at 300 K: (c) without any irradiation, (d) with 

irradiation by a mercury lamp, (e) with irradiation by a 377 nm LED (106 mW), and (f) a TBN 

≈ 1.5 monolayer at 300 K with irradiation (f) a 265 nm LED (6.5 mW). XPS acquisition 

temperature: 300 K. 

 

Same as XPS, for STM measurements, clean rutile TiO2 (110) surfaces were prepared through 

iterative cycles of sputtering and annealing. The annealing temperature was optimized at about 

900 K to avoid the formation of defects and remove the contaminations. Annealing at ≈ 973K 

in the absence of oxygen treatment leads to the formation of (1×2) superstructure and probable 

TiO2 strings along 〈11̅0〉 directions [91]. Fig. 8.3a shows an STM image of a clean rutile TiO2 

(110) surface revealing the (1×1) surface reconstruction with brighter and darker stripes. The 

contrast of the (1×1) rutile TiO2 (110) surface STM images is often dominated by electronic 

properties rather than morphology. This means the brighter lines indicate the Ti rows, and the 

darker lines display the O rows [14]. The row distance is about 6.5 Å, consistent with the 

expected unit cell [14]. The hydroxyls were highlighted as brighter spheres placed on darker O 

rows. O vacancies, as the most abundant TiO2 surface donors, appear as bright bridges on the 

dark stripes belonging to O atom rows, bridging two adjacent Ti rows [295]. In addition, a few 

intact TBN molecules with a width of approximately 0.7 nm remained on the surface, 

preferentially on Ti rows, where the benzene chains are perpendicular to, and C-Br bonds are 

parallel to, the Ti rows. Fig. 8.3b shows the surface after annealing the on-surface TBN 

multilayer at 400 K. TBN molecules desorbed from the rutile TiO2 (110) surface. However, the 

surface is not as clean as after cleaning, due to the presence of more hydroxyls deposited at the 

same times as the TBN molecules, which have a high evaporation pressure even at room 

temperature, and remnant bromine atoms separated from TBN molecules before desorption. To 

this end, despite XPS indicating the thermally-induced debromination reaction upon annealing, 

STM shows sparsely C-C coupling (see the AP, Fig. 10F.7j), leading to the formation of 

5AGNRs. We distinguished the 5AGNRs and (1×2) defects on the rutile TiO2 (110) surface 

[334] (see the AP, Fig. 10F.8). The (1×1) LEED pattern in Fig. 8.3c indicates the clean, defect-

free surface of the prepared rutile TiO2 (110), as observed in the literature [14, 335], which is 

consistent with the STM image in Fig. 8.2a. Fig. 8.3d displays a LEED pattern of the surface 

after deposition of TBN molecules and annealing at 400 K, indicating the attenuated LEED 

spots of the substrate with extremely weak linear shadows, which could be due to the extremely 
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sparse distribution of the formed 5AGNRs on the surface upon annealing, consistent with the 

STM image in Fig. 8.3b and Fig. 10F.7 (the AP). However, LEED measurements after 

deposition might have a destructive effect on the top molecular layer [1]. Therefore, thermally-

induced dehalogenation and Ullmann coupling, especially on inert surfaces, are limited by the 

low desorption temperature [253]. This is why photocatalysis by a photon source is a useful 

and promising method to diminish the energy barrier of this surface-assisted reaction [253]. 

 
Fig. 8.3. (a) An STM image of a > 95% cleaned rutile TiO2 (110) surface, with a few TBN 

molecules on this region of the surface; the distance between the darkest and brightest spots of 

the STM image (Z-height) = 339 pm. (b) An STM image of a TBN multilayer on a clean rutile 

TiO2 (110) surface after annealing at 400 K and the desorption of the molecules; Z-height = 

917 pm, Vs = 1 V, It = 10 pA. (c) A LEED pattern of a clean rutile TiO2 (110) surface (ELEED = 

60 eV). (d) A LEED pattern of a TBN multilayer on a clean rutile TiO2 (110) surface after 

annealing at 400 K (ELEED = 60 eV). STM and LEED acquisition temperature: 77 K. 

 

Consequently, we irradiated the TBN multilayer on the surface at room temperature with light 

of wavelength 240-395 nm using a filtered Xe lamp. Fig. 8.4a reveals a significantly increased 

number of 5AGNRs formed on the rutile TiO2 (110) surface after irradiation with the Xe lamp. 

A more zoomed-in STM image of the surface in Fig. 8.4b indicates that the width of the formed 

ribbon is about 0.7 nm, comparable to the width of a single TBN molecule observed in Fig. 

8.3a. Considering the width of the ribbons, we could distinguish them from other polymers, 

such as alkanes (see the AP, Fig. 10F.7j). In addition, there are a significant number of 

hydroxyls on O rows and Br atoms on Ti rows. Fig. 3c shows a zoomed-in STM image of an 

5AGNR with a width of 0.7 nm and a uniform charge distribution along its length. More 

5AGNRs nucleated from the defects and step edges of the rutile TiO2 (110) surface. Defects on 

the surface act as catalysts, increasing the rate and decreasing the temperature of dehalogenation 

and polymerization [2]. Upon annealing at about 325 K, Fig. 8.4d shows fewer 5AGNRs on the 

surface, revealing that desorption had already started at this temperature. Fig. 8.4e indicates 

that after annealing this sample at about 400 K, more significant desorption of 5AGNRs 

occurred. However, the desorption of more hydroxyls and bromine atoms results in a cleaner 

rutile TiO2 (110) surface, facilitating the STM and STS measurements. In Fig. 8.4f, a structural 

model of a 5AGNR, formed using Xe light, is exhibited. Considering its dimensions, this 

5AGNR is formed through aryl-aryl couplings of three debrominated TBN molecules. 

Conversely, introducing Fe ad-atoms did not increase the number of 5AGNRs on the rutile TiO2 

(110) surface (see the AP, Fig. 10F.7).  

Two mechanisms for photopolymerization are suggested: one is the excitation of single 

molecules followed by relaxation to the ground state through dehalogenation and the production 

of radicals. After debromination of TBN molecules, these extremely reactive radicals bond to 

each other and polymerize to form 5AGNRs due to the octet rule. The other is the excitation of 

molecules and direct coupling to adjacent molecule to relax into a covalently bonded polymer 

[253]. In the second mechanism, the pre-assembly of molecules is required, increasing the 

polymerization probability for molecules with a smaller evaporation barrier [253]. This is why 

neither annealing a TBN monolayer or submonolayer, nor their irradiation by light, has led to 

a significant number of 5AGNRs observed on the surface, despite the multilayer. Therefore, C-

C coupling is significantly catalyzed upon surface irradiation by violet and UV light. On the 

flip side, we have not seen any sign of dehydrogenation and lateral fusion of the 5AGNRs to 

form wider GNRs upon annealing, irradiation by the Xe lamp, or catalysis by Fe atoms. 

However, applying a large bias voltage to a few adjacent 5AGNRs led to an STM image of a 
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wider feature, suspicious of a wider ribbon due to dehydrogenation and subsequent lateral 

fusion (see the AP, Fig. 10F.8). 

 
Fig. 8.4. STM images of 5AGNRs (width ≈ 0.7 nm) on a rutile TiO2 (110) surface after 

irradiating a TBN multilayer with a Xe lamp; (a) Z-height = 1.31 nm. (b) Z-height = 598 pm. 

(c) Z-height = 111 pm. (d) An STM image of 5AGNRs on a rutile TiO2 (110) surface after 

irradiation a TBN multilayer with a Xe lamp and concurrently annealing at 325 K; Z-height = 

642 pm. (e) An STM image of 5AGNRs on a rutile TiO2 (110) surface after irradiating a TBN 

multilayer with a Xe lamp and concurrently annealing at 400 K; Z-height = 841 pm. (f) An 

STM image of a 5AGNR on a rutile TiO2 (110) surface after irradiation a TBN multilayer with 

a Xe lamp and the corresponding speculated atomic structural model of the 5AGNRs; Z-height 

= 190 pm. Vs = 1 V, It = 10 pA. STM acquisition temperature: 77 K. 

 

Fig. 8.5a shows a zoomed-in STM image of two adjacent 5AGNRs nucleated from a step edge, 

characterized by STS. The measured spots are depicted by colored crosses on the image. At the 

bottom of the image, a clean region of the rutile TiO2 (110) surface is used for calibration of 

the STS measurements. The thinner bright spheres on the O rows are hydroxyls, and the wider 

brighter spheres on the Ti rows are Br atoms. 5AGNRs are formed mostly parallel to the O and 

Ti rows, with a greater tendency to be centered on the Ti rows. The limited interactions between 

5AGNRs and the surface were concluded from bias-dependent STM measurements, which 

showed changes in the orientation of the 5AGNRs when a larger bias voltage, either larger than 

2 V or lower than -0.5 V, was applied. Due to the weak interactions of the TBN molecules and 

5AGNRs with the rutile TiO2 (110) surface, their high mobility results in noise on the 5AGNR 

features in the STM image. Fig. 8.5b displays STS spectra of a clean TiO2 surface, showing a 

VB at about -3 eV and a CB at about 0.3 eV. This is why STM measurements at a bias voltage 

of 1 V are more stable, while STM at a bias voltage of -1 V, which is within the band gap of 

rutile TiO2 (110), is less stable. To elucidate the contradictory reports about the band gap and 

nature of the 5AGNRs, we conducted STS of 5AGNRs on rutile TiO2 (110) surfaces to avoid 

coupling and hybridization with the substrate, thereby improving the precision of the electronic 

excitation measurements. With the VB and CB of 5AGNRs at bias voltages of about -1.35 V 

and 0.75 V, respectively, a band gap of about 2.1 eV is obtained. This finding reinforces that 

these ribbons are semiconductors, though in some previous reports have discussed the presence 

of some in-gap excitonic states and a smaller band gap for 5AGNRs on Au (111) and NaCl 

islands [96]. 
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Fig. 8.5. An STM image of 5AGNRs on a rutile TiO2 (110) surface after irradiation of a TBN 

multilayer with a Xe lamp; (a) ≈ 8.7 nm × ≈ 8.7 nm, Vs = 1 V, It = 10 pA, Z-height = 341 pm. 

(b) STS spectra of the 5AGNRs and rutile TiO2 shown in (a). STM and STS acquisition 

temperature: 77 K. 

 

8.5. Conclusion 

Although the debromination of TBN molecules on rutile TiO2 (110) and anatase TiO2 (101) 

surfaces upon annealing are indicated by XPS, STM observations revealed limited C-C 

coupling and 5AGNR formation. However, exposure to violet and UV light significantly 

increased the number of products. The produced 5AGNRs were identified by comparing their 

width in STM images to those of intact single TBN molecules on these surfaces. The photo-

induced reaction occurs due to the relaxation of excited molecules by dehalogenation and 

consequent aryl-aryl coupling with adjacent molecules. XPS analysis reveals that the most 

efficient wavelength for boosting the debromination reactions on these surfaces corresponds to 

UV light at 265 nm. However, light with a wavelength of 377 nm, near the violet range, also 

enhances the surface-assisted debromination required for Ullmann coupling. In addition, the 

higher the intensity of light, the more on-surface debromination occurs. Using a semiconducting 

substrate like rutile TiO2 for the on-surface preparation of 5AGNRs can avoid the charge 

transfer between the nanostructures and the substrate, allowing for more accurate electronic and 

optical excitation measurements. Our STS study of 5AGNRs on this surface indicated a band 

gap of ≈ 2.1 eV, suggesting the semiconducting nature of this nanoarchitecture. 
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Chapter 9 

Conclusion and Outlook 

The key conclusions from each chapter have been summarized in their respective sections, and 

here, we compare and assess the potential of various wide band gap semiconducting single 

crystals and decoupling layers as alternatives of metallic substrates for surface science. This 

approach aims to avoid quenching the electronic and optical excitations of on-surface 

nanostructures, enabling more precise electronic and optical measurements. However, 

insulating substrates can cause charging effects during surface science techniques such as XPS 

and LEED, limiting elaborate measurements. If the substrate is not sufficiently conductive, 

tunneling does not occur between the tip and the substrate, preventing STM and STS 

measurements on these surfaces. To this end, we evaluated HVPE and AMMONO free-

standing wurtzite GaN (0001) and (0001̅), rutile TiO2 (110), and the more expensive anatase 

TiO2 (101) single crystals, and Cu2N thin films on Cu (111) and Cu (100) for surface studies 

and on-surface reactions/assemblies, such as surface-assisted dehalogenation and Ullmann 

coupling. In this section, we compare the critical parameters, characteristics, and limitations of 

these substrates for surface science studies, and for each substrate, we present the outlook and 

suggested future directions. 

The first critical characteristic that limits the implementation of surface science techniques on 

a substrate is conductivity. A proper substrate must be sufficiently conductive to allow the 

tunneling current to pass from the tip to the surface when a bias voltage is applied. For instance, 

electrons did not tunnel from the tip to the undoped diamond (001) surface with a band gap of 

about 5.5 eV, preventing our STM measurements [45-48]. In addition, the conductivity of the 

substrate leads to charging effects in XPS and LEED measurements. For example, if rutile TiO2 

is not reduced by creating O vacancies to increase its conductivity, unwanted binding energy 

shifts are observed in XPS spectra, and sharp LEED patterns are not obtained. We observed 

that Si- and Ge-doped HVPE GaN (0001) and (0001̅), O-doped AMMONO GaN (0001), 

reduced rutile TiO2 (110), and reduced anatase TiO2 (101) single crystals, despite their wide 

band gaps, are conductive enough to allow tunneling between a tip and their surface and to 

avoid charging effects in XPS and LEED. A sample with a conductivity below 10-10 Ω-1m-1 

shows a significant charging effect [336], such as a non-reduced rutile TiO2 [337]. Furthermore, 

Cu2N monolayers exhibit metallic natures, making them highly compatible substrates for 

surface studies, facilitating tunneling and preventing any charging effect in XPS and LEED 

measurements. Besides that, low conductivity limits the achieved STM resolution. 

In addition to conductivity, the stability of the substrates plays a key role in surface studies, 

such as surface-assisted synthesis and reactions, and the application of on-surface 

nanoarchitectures in ambient conditions. Based on our observations, reduced TiO2 surfaces are 

very stable in ambient conditions, except for the adsorption of contaminations such as C 

compounds. Both experiments and simulations indicate that Cu2N thin films are also very stable 

against molecular adsorption, although we observed the modification of Cu2N on Cu (100) 
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under O2 conditions in UHV and upon exposure to air. Generally, exposing crystals and surfaces 

to air or gases such as O2 and CO in UHV chambers results in surface contamination, impurities, 

and modifications. Therefore, cleaning is a crucial step to access pristine surfaces for precise 

surface studies and on-surface reactions. For example, it is reported that sputtering the diamond 

surface using gas ions in UHV leads to the formation of a graphene monolayer, preventing 

direct access to the diamond surfaces [45-48]. Additionally, upon exposure to air or O2 gas, 

about 1 nm of an oxide layer forms on the reactive GaN surface. Thereby, surface studies of 

ex-situ grown GaN single crystals are limited. Complete removal of the gallium oxide layer on 

GaN and C and other contaminants on GaN, TiO2, and Cu surfaces was reproducibly attained 

after sputtering and annealing these surfaces. Although sputtering and annealing result in the 

surface cleaning, they have some disadvantages. Sputtering causes permanent damage to the 

surface of GaN, which is not compensated by high-temperature annealing with or without NH3 

gas and electron bombardment. Another consequence of sputtering surfaces with gas ions is the 

preferential removal of lighter atoms in the diatomic lattices. An elaborate control over this 

selective removal of lighter atoms is advantageous for TiO2 surfaces, forming CS planes, O 

vacancies, and reduced crystals, making them conductive. On the flip side, sputtering TiO2 

surfaces using heavier gases like Ne for extended periods, in the absence of O2 in the chamber, 

results in surface reconstruction and faceting, similar to what we observed for FeSi crystals 

[213, 214, 338-344]. This preferential removal of N atoms was also observed for GaN crystals 

upon sputtering, leading to the formation of randomly shaped and sized unwanted hillocks on 

the surface, limiting further STM studies. Although, we compensated for the preferential 

removal of N atoms by adding N atoms to the surface during annealing under NH3 and etching 

excess Ga atoms and Ga-rich hillocks using Br atoms from TBB molecules, we were unable to 

achieve an atomically flat GaN surface. Moreover, sputtering the surfaces causes the removal 

of the Cu2N thin film on Cu surfaces. Therefore, although we cleaned the Cu surfaces using 

sputtering and annealing, we avoided sputtering in our developed technique for fabricating 

Cu2N films to achieve better control over the coverage of these submonolayers. Cu2N 

submonolayers are obtained by replacing O atoms in copper oxides with N atoms cleaved by 

annealing them on the surface at 625-675 K. Without sputtering, repeating the oxidation and 

nitridation cycles can increase the coverage. However, annealing at an optimized temperature 

and conditions compensates for the preferential removal of lighter atoms to some degrees, as 

we observed for FeSi crystals [213, 214, 338-344]. Nevertheless, annealing at very high 

temperatures can also cause negative preferential removal of lighter atoms, faceting on the 

surfaces and in the bulks, and dissociation of the crystals or films. Annealing temperature is a 

crucial parameter for achieving atomically flat TiO2 surfaces. Annealing rutile TiO2 (110) at 

825-925 K results in the formation of an atomically flat (1×1) surface reconstruction, suitable 

for STM measurements. However, preparing an atomically flat anatase TiO2 (101) surface 

proper for STM is more challenging. This surface is more sensitive to annealing temperature 

and at around 900 K, it slowly begins a phase transformation to rutile, as reported previously 

[345, 346]. For metallic substrates like our Cu (111) and Cu (100) surfaces, optimized cycles 

of sputtering and annealing are sufficient to gain an atomically flat and clean surface for the 

fabrication of flat Cu2N submonolayers and molecular depositions. 

Achievement of atomically flat surfaces provides more information about the superstructures 

and atomic defects on the surfaces. These surface defects exhibit both advantages and 

disadvantages. Extreme damage and defect on the surface, such as those on GaN surfaces after 

UHV treatments, prevent STM studies. Annealing rutile TiO2 (110) at higher temperatures leads 

to the formation of (1×2) defects, which makes identifying 1D structures, such as ribbons and 

wires, on these surfaces more difficult. In addition, O vacancies are easily recognized on rutile 

TiO2 (110) surfaces as bridges between two Ti rows, which are necessary to increase 

conductivity, facilitating the STM of these crystals. Furthermore, atomic resolution STM 

images of Cu2N films on Cu surfaces reveal different defects on these surfaces as well. The 

lattice mismatch of the Cu2N layer with both Cu (111) and Cu (100) surfaces prohibits the 

formation of an extended full monolayer, resulting in the formation of Cu2N islands forms on 

both surfaces. On Cu (111), Cu2N appears as adjacent elongations in three directions. These 

adjacent elongations are nearly parallel, but corrugate without order and have varying distances 
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from each other along their length. These Cu2N islands, elongated in different directions, cross 

each other and form Cu islands, indicating standing wave features characteristic of the formed 

QCs. On Cu (100), Cu2N islands possess two dominant defects: N atom vacancies and Cu atom 

vacancies. These atomic vacancies quench the confinement states formed on Cu2N islands at 

the defected point, indicating the possibility of electronic modifications on these surfaces at the 

atomic scale. This could be promising for the investigations of versatile quasi-particles and their 

couplings. 

Our STS measurements indicated band gaps of approximately 3.4 eV, 3.3 eV, and 3.8 eV for 

GaN, rutile TiO2, and Cu2N, respectively, all of which fall within the range of wide band gap 

semiconductors. This is promising for avoiding hybridization and charge transfer between the 

on-surface molecules, atoms, and structures, and the surface. However, DFT simulations and 

reported ARPES measurements have introduced Cu2N thin films as metals [68]. This 

inconsistency arises because STS results are dominated by information about the Γ point of the 

BZ, while Cu2N CB and VB overlap at the M point in the band structure. Nonetheless, phonon 

simulations, LEED [68], and STS reveal the high stability of these thin films and the weak 

interaction between the Cu2N surfaces and on-surface atoms, molecules, and nanostructures, 

known as the decoupling effect. The significant stability of the Cu2N surface and its high 

adsorption enthalpy compared to Cu islands make the adsorption of molecules on Cu2N less 

probable, although it is still possible depending on the substrate and the molecule. Greater 

molecular adsorption was observed on Cu2N on Cu (111) compared to Cu (100). In both cases, 

STS confirms the decoupling effect of these films, preventing the hybridization of the C 

compounds in the adsorbed molecules and the surface. 

While molecular adsorption was more convenient on single crystals, achieving proper 

adsorption on Cu2N islands was more difficult, as molecules tended to adsorbed on Cu islands 

or stripes instead. However, we developed methods for adsorbing different molecules on these 

surfaces to investigate surface behaviors and on-surface self-assembly and reactions. Here, we 

concisely mention the different molecules investigated in this thesis on various surfaces. 

DAPPor molecules assembled with highly extended order on Cu (111) islands and were less 

ordered on Cu2N on Cu (111). Ullmann coupling of (BrP)2P and DBTP molecules on Cu (111) 

and Cu2N islands were demonstrated. Aryl-aryl coupling of debrominated DBTP molecules on 

Cu (111) and Cu2N islands led to the formation of PPP wires on both surfaces. On Cu (100), 

Pentacene, TPA, DAPPor, and CBCP molecules adsorbed on Cu stripes and islands around 

Cu2N square-like islands, although fewer molecules on Cu2N were also observed. For all the 

measured molecules and nanostructures, Cu2N submonolayers exhibited a decoupling property, 

preventing hybridization and charge transfer with the metallic substrate. STM of molecules on 

GaN single crystals was not successful due to their rough surface, while XPS revealed the 

debromination of TBB molecules on these surfaces. TPD revealed the preferential etching of 

Ga-rich hillocks through the preferential removal of Ga atoms by desorbing Br atoms. 

Moreover, XPS monitored the compensation of the N to Ga ratio upon NH3 annealing. These 

treatments favor the reversal of the near-stochiometric ratio of N to Ga atoms and the 

smoothening of the surface. On rutile TiO2 (110) and anatase TiO2 (101), the debromination of 

DBTP, TBN, and TBB molecules was monitored using XPS. Using STM, C-C coupling and 

the formation of 3AGNRs and 5AGNRs on rutile TiO2 (110) were monitored, although no 

strong evidence for dehydrogenation and lateral fusion to form wider GNRs was collected. STS 

measurements were fulfilled on these surfaces, demonstrating the excellent capability of these 

substrates for electronic and optical measurements of on-surface molecules and structures. 

Additionally, the catalytic effects of light and Fe ad-atoms on Ullmann coupling and the 

formation of GNRs on rutile TiO2 (110) surfaces were studied and confirmed, lowering the 

debromination and C-C coupling temperatures. Our further investigation of on-surface 

reactions and Ullmann coupling on FeSi substrates (beyond the scope of this thesis) shows a 

strong interaction between the molecules and the surface, preventing diffusion and coupling. 

However, debromination occurred based on XPS measurements. 

Looking ahead, we propose several future directions for these substrates. For GaN surface 

preparation, we propose using pure Br atoms and Br2 molecules to etch the Ga-rich hillocks, 

favoring surface smoothening and flattening. Besides, the AMMONO GaN surface we prepared 
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is flat enough to deposit supra-large molecules for STM investigations. Furthermore, further 

molecular studies on atomically flat Cu2N and TiO2 surfaces are proposed, given their 

promising capability for molecular assemblies, reactions, and measurements of electronic and 

optical properties of on-surface nanostructures. Additionally, utilizing atomic defects in Cu2N 

on Cu (100), considering the CSs on these islands, holds promise for future investigations of 

versatile quasiparticles. Further investigations and growth of Cu2N on different surfaces to 

achieve a full monolayer or multilayer growth are of great importance. Besides that, as the 

future step, we propose depositing a Cu monolayer on Cu2N on Cu (111), oxidizing it, and 

annealing it in NH3 to facilitate the growth of multilayer Cu2N on these surfaces. 
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Chapter 10 

Appendix 

Appendix A: Influencing the Surface 

Quality of Free-Standing Wurtzite 

Gallium Nitride in Ultra-High Vacuum: 

Stoichiometry Control by Ammonia 

and Bromine Adsorption 

                                                                                                                                                                                                                                                                                                                       

Experimental setup and detailed 

parameters 

Fig. 10A.1 shows the experimental setup used for ammonia annealing in the XPS (a) and STM 

(b) chambers. Using these instruments, we performed various experiments as shown in Table 

10A.1. For the gallium nitride (GaN) substrates, two different photon energies (1253.6 eV and 

1486.6 eV) were used to disentangle the intense Auger and core-level C 1s, N 1s, and O 1s 

peaks. The HVPE (Table 10A.2) and AMMONO (Table 10A.3) samples were mounted on 

molybdenum plates.  

Overview and narrow scans XPS in normal (0˚) and grazing (70˚) emission geometries were 

used. XPS peak fitting analyses were performed with Casa XPS [347], IGOR, and OriginPro 

software. All XP spectra are calibrated by the Ga 2p3/2 and N 1s core levels at 1117.8 eV and 

397.1 eV binding energies, respectively [348, 349].  

Respectively, TBB (Fig. 10A.1d) and DBTP evaporators were baked at 363 K and 373 K for 

18 hours. Upon introduction into the UHV chamber, the powders were outgassed by slowly 

ramping the temperature to the sublimation temperature of 413 K in steps of 10 K and keeping 

the powder at the sublimation temperature for several minutes. 
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Fig. 10A.1. Experimental setup for the ammonia annealing experiment in an (a) XPS and 

TPD chamber having a Phoibos 100 Specs analyzer and a (b) JT-STM UHV chamber. (c) 

Schematic structure of GaN supported on a solid substrate. (d) Schematic structure of free-

standing GaN in air. (e) Schematic structure of a TBB molecule. 

 

Table 10A.1. Different experiments including ammonia annealing for HVPE Gallium Nitride 

(GaN) (0001) surface preparation done in the PSD chamber. 

Label Experiment 

1 7 × (Sputtering (300K) + UHV annealing (950K)) 

2 … + 2 × (Sputtering (300K) + UHV annealing (950K)) 

3 … + NH3 annealing together with electron bombardment (220V, 950K) 

4 … + 2 × (Sputtering (300K) + NH3 annealing together with electron bombardment 

(220V, 950K)) 

5 … + 2 × (Sputtering (300K) + NH3 annealing together with electron bombardment 

(220V, 950K)) + UHV annealing (950K) 

6 … + 2 × (Sputtering (300K) + NH3 annealing together with electron bombardment 

(220V, 950K)) + UHV annealing (950K) 

7 … + 3 × (Sputtering (300K) + NH3 annealing together with electron bombardment 

(220V, 950K)) + UHV annealing (950K) 

8 … + Electron bombardment (220V, ≥245K) 

9 … + 2 × (Sputtering (300K) + NH3 annealing together with electron bombardment 

(220V, 950K)) + UHV annealing (950K) + UHV annealing (950K) and electron 

bombardment (220V) + Electron bombardment (220V, ≥245K) 

10 … + 2 × (Sputtering (300K) + NH3 annealing together with electron bombardment 

(220V, 950K)) + UHV annealing (950K) and electron bombardment (220V) + 

Electron bombardment (220V, ≥245K) 

11 … + 2 × (Sputtering (300K) + NH3 annealing together with electron bombardment 

(220V, 950K)) + UHV annealing (950K) and electron bombardment (220V) + 

Electron bombardment (220V, ≥245K) 

12 … 5 × (Sputtering (300K) + UHV annealing (950K)) 

Heating filament 
a                                   b 

c             d                           e 

inlet 

inlet 
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13 … + Electron bombardment (220V, ≥245K) 

14 Without preparation 

15 … + 3 × (Sputtering (300K) + NH3 annealing without electron bombardment 

(950K)) 

16 … + Electron bombardment (220V, ≥245K) 

17 … + 2 × (Sputtering (300K) + High energy electron bombardment in the presence 

of NH3 (1000V, 300K) + NH3 annealing without electron bombardment (950K) + 

UHV annealing (950K)) 

18 … + Sputtering (300K) 

19 … + UHV annealing (950K) 

 

Table 10A.2. Properties of Si and Ge-doped free-standing wz GaN (0001)/(0001̅) from 

MSE supplies1. 

Thickness Resistivity 

(300K) 

Carrier 

Concentration 

rms-

roughness 

Mobility dislocation 

density 

350 ± 25 um <0.05 

Ohm.cm 

1018cm-3 <0.2 nm 220 cm2V-

1s-1 

5x105 - 

3x106 cm-2 

 

Table 10A.3. Properties of O-doped free-standing wz GaN (0001) from IHPP PAS2. 

Thickness Resistivity 

(300K) 

Carrier 

Concentration 

rms-

roughness 

Mobility dislocation 

density 

350 ± 100 

um 

~0.01 

Ohm.cm 

2 x 1017 - 2 x 

1018cm-3 

<0.5 nm 250 cm2V-

1s-1 

5x104 cm-2 

Results and Discussion 

HVPE GaN (0001) Surface Cleaning 

As shown in Fig. 10A.2, 10mm × 10.5mm HVPE free-standing Silicon (Si) (Fig. 10A.2a) and 

Germanium (Ge) (Fig. 10A.2b and c)-doped c-plane wz HVPE GaN samples are transparent, 

having mostly the same properties (Table S2 and S3). Fig. 10A.2b displays a Ge-doped N polar 

GaN sample on the STM holder before loading into the UHV chamber undergoing any cleaning 

cycles. Fig. 10A.2c shows the same sample after heating from the bottom (Ga polar surface 

[350-354]) by electron bombardment (high voltage). We speculate that the bottom was heated 

locally to a temperature higher than 1050K, where it was close to the filaments, while the 

temperature of the surface was lower. A whitish color appeared at the region of contact between 

filaments and the bottom of the sample which is due to faceting caused by the high temperature 

close to the decomposition temperature of GaN (>1050 K [52]).  

   
Fig. 10A.2. HVPE free-standing Ga polar Si-doped GaN (0001) and N polar Ge-doped GaN 

(0001̅). (a) A sample before mounting on a holder. (b) A sample after mounting on the JT-

STM holder and before any cleaning cycle. (c) A sample on the holder of JT-STM after the 

                                                     
1https://www.msesupplies.com/collections/free-standing-gan-crystal 
2https://www.unipress.waw.pl/growth/images/Articles/Ammono_GaN_wafers_sales/Ammono_GaN_
High_electron_concentration_v_20220830.pdf 

a               b           c 
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last annealing step, and observation of faceting (whitish color). Faceting occurred at the 

bottom of the sample attached to the heating filament. 

 

Different GaN crystal surface cleaning and preparation methods have been reported in the 

literature [355-357]. Fig. 10A.3 shows an overview and zoomed-in XPS spectra of a cleaned 

HVPE GaN sample after 7 cycles of sputtering (Eion = 0.5 keV for 5-10 minutes (min) and Iion 

= 10-15 µA corresponding to 0.003-0.010 C) and annealing (600-950K for 5-20min), recorded 

with Mg Kα and Al Kα radiation, respectively. The most important spectroscopic features are 

assigned in Fig. 10A.3a and b. Fig. 10A.3e shows the (1×1) LEED pattern of the HVPE Ge-

doped free-standing GaN (0001̅) sample after the removal of the oxide layer. 

  

  

 

 

Fig. 10A.3. XP spectra of the cleaned surface of Si-doped free-standing Ga polar c-plane wz HVPE 

GaN. Overview scan by (a) Mg and (b) Al anode-based X-ray sources (photon energy: 1253.6 eV 

and 1486.6 eV, respectively). Zoomed-in scans into the (a) O 1s and (b) C 1s core level regions for 

the Mg and Al sources (photon energy: 1253.6 eV and 1486.6 eV), respectively. (e) (1×1) LEED 

pattern (electron energy = 63eV) of cleaned HVPE Ge-doped free-standing GaN (0001̅). 
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Fig. 10A4a shows the component analyses of an XPS Ga 2p narrow region scan of the HVPE 

GaN (0001̅) surface after 7 cycles of sputtering and annealing (950 K). A pass energy of 5 eV 

is used to achieve a better resolution for comparison of GaN and atomic Ga components. The 

presence of an atomic Ga component in the spectrum proves the existence of Ga-rich clusters 

on the surface of GaN. Furthermore, Fig. 10A4b shows the component analysis of an XPS N 

1s narrow region scan of the HVPE GaN (0001̅) surface after ammonia exposure. 

 

 

Fig. 10A.4. (a) XPS Ga 2p narrow region scan of a clean HVPE GaN (0001̅) surface with a pass 

energy (EP) is 5 eV. (b) An example of the N 1s peak area fitting (EP = 15 eV) used for calculation of 

the N 1s to Ga 2p ratio in Fig. 10A.11 and AA.12, after several cycles of sputtering and UHV 

annealing.  

 

Fig. 10A.5a and b show STM results of Si-doped HVPE GaN (0001) after specific cleaning 

cycles involving sputtering (10 min at ≈ 400 K, Iemission ≈ 11.0 µA, ≈ 0.007-0.013 C, Esputtering = 

1 kV) and subsequent annealing at 773 K and 873 K, respectively. After annealing at 773 K, 

we still observed the oxide layer surface by XPS, but was removed by annealing at higher 

temperatures. 

  
Fig. 10A.5. (a) STM images of Si-doped free-standing HVPE GaN (0001) after cleaning with four 

cycles of sputtering and annealing up to 773 K; 50 nm × 50 nm, Vs = -4.00 V, It = 100 pA, rms-

roughness (rms-R) = 0.20 nm. (b) STM images of Si-doped HVPE GaN (0001) after an additional 

cycle of sputtering and annealing up to 873 K; 50 nm × 50 nm, Vs = -3.00 V, It = 100 pA, rms-R = 0.34 

nm. STM was performed at 4.6 K. 

 

Fig. 10A.6a and b depict the surface of Ge-doped HVPE GaN (0001̅) after four cycles of 

sputtering (10-20min at ≈ 400K, Iemission ≈ 11.0µA, ≈ 0.007-0.013 C, Esputtering = 1 keV) and 

annealing (at 643-823 K for 10-30 min). The surfaces appear rough, lacking atomically flat 

areas, thereby precluding atomic resolution. The rms roughness is around 0.21 nm for Fig. 
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10A.6a, similar to the surface roughness before cleaning. Therefore, based on these findings 

and previous XPS results, the surface is not completely cleaned by four cycles of sputtering and 

annealing up to 823 K. Subsequently, the sample undergoes further cleaning with three cycles 

of sputtering (30 min, ~0.020 C) and annealing (853-873 K for 60 min). As depicted in Fig. 

10A.6c and d, these seven cleaning cycles result in an increased surface rms roughness 

exceeding 0.5 nm, accompanied by surface faceting and the formation of larger clusters and 

crystallites. 

  

  
Fig. 10A.6. STM images of Ge-doped free-standing HVPE GaN (0001̅) after cleaning by four cycles 

of sputtering and annealing up to 823 K; (a) 100 nm × 100 nm, Vs = -3.00 V, It = 100 pA, rms-R = 0.21 

nm and (b) 500 nm × 500 nm, Vs = -5.00 V, It = 2 nA, rms-R = 0.49 nm. STM images of Ge-doped 

HVPE GaN (0001̅) after three additional cycles of sputtering and annealing up to 873 K; (c) 200 nm 

× 200 nm, Vs = -3.00 V, It = 20 pA, rms-R = 0.59 nm. (d) 500 nm × 500 nm, Vs = -3.00 V, It = 20 pA, 

rms-R = 0.56 nm. STM was performed at liquid nitrogen (77 K) temperature. 

 

Ammonia Annealing of the Surface of GaN Samples 

For various sequences of experiments in Table. S1, overview XPS scans of a Ge-doped HVPE 

GaN (0001̅) are shown in Fig. 10A.7a, b and c for normal emission and grazing emission XPS 

by Mg Kα radiation (1253.6 eV) and normal emission XPS by Al Kα radiation (1486.6), 

respectively. It is important to avoid water and oxygen in the UHV chamber to prohibit the 

formation of N-O bonds, reducing the efficiency of the GaN formation on the surface. Using a 

cold trap and titanium sublimation pump (TSP) with liquid nitrogen cooling significantly helps 

to remove the reactive oxygen species in the chamber. 

a                                         b         

c                                         d         
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Fig. 10A.7. (a) Normal emission and (b) grazing emission XPS overviews of the Ge-doped HVPE 

GaN (0001̅) surface using Mg Kα radiation, and (c) normal emission XPS overview using Al Kα 

radiation for different experiments detailed in Table 10A.1. 

 

Fig. 10A.8 shows the ratio of XPS peaks between N 1s (GaN component) to Ga 2p for normal 

and grazing (70°) emission XPS using Mg Kα radiation (1253.6 eV) for different experiments 

shown in Table S1. In this figure, simply the ratio of the peaks area without any cross-section, 

mean free path and analyzer transfer function corrections is displayed.  

 

 
Fig. 10A.8. Ratio of the N 1s / Ga 2p peak areas for Ge-doped HVPE GaN (0001̅) using (a) 

normal emission and (b) grazing angle emission XPS by Mg Kα radiation, before or after 
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annealing at 950K for 20 minutes in the presence of ammonia with and without electron 

bombardment for different experiments shown in Table 10A.1. 

 

Fig. 10A.9a, b display normal emission and grazing emission narrow region scan XP spectra, 

respectively, for Ge-doped HVPE GaN (0001̅) N 1s using Mg kα radiation, corresponding to 

different experiments categorized in Table S1.  
 

  
Fig. 10A.9. (a) Normal emission and (b) grazing angle emission narrow region XPS spectra of Ge-

doped HVPE GaN (0001̅) N 1s using Mg Kα radiation, corresponding to different experiments 

shown in Table. 10A.1. 

 

Notably, Fig. S10a and b prove the absence of C atoms on the surface and in the bulk of HVPE 

GaN (0001), confirming the cleanness of the surface. 

  
Fig. 10A.10. Normal emission and grazing angle emission narrow region XPS spectra of (a) Ge-

doped HVPE GaN (0001̅) for C 1s with Al Kα radiation and (b) C KVV Auger region with Mg Kα 

radiation, respectively. The abbreviations Sp, UHV, ann, NH3, and EB refer to sputtering, ultra-high 

vacuum, annealing, ammonia and electron bombardment, respectively. 

 

Fig. 10A.11 and Fig. 10A.12 show the Ge-doped HVPE GaN (0001̅) surface after ammonia 

annealing together with and without electron bombardment. In Section 3.5.1 (Fig. 10A.2), we 

have shown that the GaN surface decomposition starts at temperatures higher than 1000 K, 

leading to a significant faceting and changing of the color of the substrate. On the other hand, 

in this experiment (Fig. 10A.11e and f) we observed that annealing the sample to temperatures 

higher than 1000 K in the presence of ammonia gas in the chamber does not lead to significant 

GaN decomposition, faceting and changes in crystal color. 
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Fig. 10A.11. STM images of Ge-doped HVPE GaN (0001̅) after several cycles of sputtering and 

ammonia annealing up to 923 K without electron bombardment; (a) 200 nm × 200 nm, Vs = -3.00 V, 

It = 100 pA, rms-R = 0.28 nm and (b) another region of the same sample; 200 nm × 200 nm, Vs = -3.00 

V, It = 100 pA, rms-R = 0.28 nm. STM images of Ge-doped HVPE GaN (0001̅) after one additional 

cleaning cycle of sputtering and ammonia annealing up to 973 K together with electron bombardment 

(Iemission = 1.5 mA); (c) 100 nm × 100 nm, Vs = -3.00 V, It = 100 pA, rms-R = 0.33 nm and (d) another 

region of the same sample; 200 nm × 200 nm, Vs = -3.00 V, It = 100 pA, rms-R = 1.05 nm. STM images 

of Ge-doped HVPE GaN (0001̅) after one more cleaning cycle of sputtering and ammonia annealing 

up to 1010 K together with electron bombardment (Iemission = 1.5 mA); (e) 200 nm × 200 nm, Vs = -

3.00 V, It = 100 pA, rms-R = 0.79 nm and (f) another region of the same sample; 200 nm × 200 nm, 

Vs = -3.00 V, It = 100 pA, rms-R = 1.10 nm. STM was done at 4.6 K. 

 

In addition, we deposited TBB molecules on the surface of Ge-doped HVPE GaN (0001̅) to 

investigate if we can image these molecules on the slightly flatter areas of the surface. As seen 

in Fig. 10A.12a and b, since the GaN nitride surface is not flat enough, we cannot image the 

a                                         b         

c                                         d         

e                                        f         



92 

TBB molecules on the surface to learn more about these molecules. Our XPS intensity and 

resolution are also limited; however, the potential Ullmann coupling reaction can be understood 

more by monochromatic XPS by Synchrotron radiation. Nonetheless, the appearance of this 

rough surface can limit the Ullmann coupling and its potential applications. For investigation 

of the effect of the orientation of the GaN sample on the surface quality after ammonia 

annealing, we also imaged the Ge-doped free-standing HVPE GaN (0001) surface. As 

displayed in Fig. 10A.12c, d, e, and f, after ammonia annealing at different temperatures, the 

surface was still rough and no significant changes compared to the previous results were 

observed. Since the surface at the beginning was not atomically flat with rough areas and facets, 

an atomically flat surface is still not achieved. The epitaxial formation of GaN layers on the 

rough surface maintains the rough morphology. 

  

  

  
Fig. 10A.12. STM images of Ge-doped HVPE GaN (0001̅)  after one more cleaning cycle of 

sputtering and ammonia annealing up to 963 K together with electron bombardment (Iemission = 1.5 

mA) followed by deposition of TBB molecules on the surface at room temperature; (a) 200 nm × 200 

nm, Vs = -3.00 V, It = 100 pA, rms-R = 0.45 nm and (b) another region of the same sample; 20 nm × 

a                                        b         

c                                        d         

e                                        f         
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20 nm, Vs = -3.00 V, It = 100 pA, rms-R = 0.07 nm. STM images of Ge-doped free-standing GaN 

(0001) after cleaning by seven cycles of sputtering (0.010 C) and annealing up to 900 K; (c) 200 nm 

× 200 nm, Vs = -3.00 V, It = 100 pA, rms-R = 0.18 nm and (d) another region of the same sample; 

200 nm × 200 nm, Vs = -3.00 V, It = 100 pA, rms-R = 1.08 nm. (e) STM images of Ge-doped free-

standing GaN (0001) after cleaning by one more cycle of sputtering (0.010 C) and annealing up to 

933 K; 100 nm × 100 nm, Vs = -3.00 V, It = 100 pA, rms-R = 0.44 nm and (f) another region of the 

same sample; 200 nm × 200 nm, Vs = -3.00 V, It = 100 pA, rms-R = 0.55 nm. STM was done at 4.6 

K. 

 

In addition to HVPE GaN, different properties and aspects of MBE and AMMONO GaN also 

have also been investigated and compared in the literature. MBE GaN crystal surface 

preparation by UHV annealing at 800 ˚C was reported by Lamnet et al. [358]. Fig. 10A.13 

shows STM images and STS of O-doped AMMONO GaN (0001)  after four cycles of 

ammonia annealing (1.3 x 10-06 mbar) up to 950 K, without sputtering and electron 

bombardment, followed by the deposition of DBTP. The DBTP molecules are not 

distinguishable; however, the surface is much smoother than that of the HVPE GaN samples. 

STS data show a band gap of about 3.4 eV that is comparable with the literature [359-366]. STS 

measurements were conducted using a digital lock-in amplifier belonging to the JT-STM 

instrument, in which the bias voltage was modulated by an AC voltage with a frequency and 

amplitude of 1 kHz and 10 mV, respectively.  

  

  

a                                        b         

c                                        d         
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Fig. 10A.13. STM images of O-doped AMMONO GaN (0001)  after four cycles of ammonia 

annealing up to 950 K without sputtering and electron bombardment. (a) 200 nm × 200 nm, Vs = -

1.00 V, It = 100 pA, rms-R = 0.12 nm and (b) another region for the same sample; 10 nm × 10 nm, 

Vs = -1.00 V, It = 100 pA, rms-R = 0.06 nm. STM images of O-doped free-standing AMMONO GaN 

(0001) after deposition of DBTP molecules on the surface at room temperature and 10 min annealing 

at 200 ˚C. (c) 20 nm × 20 nm, Vs = -1.00 V, It = 100 pA, rms-R = 0.06 nm and (d) another region for 

the same sample; 30 nm × 30 nm, Vs = 1.50 V, It = 100 pA, rms-R = 0.10 nm. (e) 30 nm × 30 nm, Vs 

= 1.50 V, It = 100 pA, rms-R = 0.10 nm and (f) STS of O-doped AMMONO GaN (0001) . STM and 

STS were done at liquid N2 temperature (77 K). 

 

Deposition of TBB on HVPE GaN 

In Fig. 10A.14, we observed two components of the C 1s peak after annealing the TBB 

monolayer on Si-doped HVPE GaN (0001) at 400 K. The main peak of the organic backbone 

before annealing was at ≈285.7 eV. After annealing at 400 K, two main components of the C 

1s spectrum were observed at binding energies of 285.3 eV and 284.5 eV. The appearance of 

an asymmetric C 1s peak and an increase in two different components corresponding to C atoms 

of the organic backbones were observed in the literature when the polymerization and Ullmann 

coupling occurred on different surfaces [1-3]. Therefore, these results are promising for the 

observation of Ullmann coupling on the GaN surfaces. Fig. 10A.14a and b show the 

dehalogenation shift of the Br 3d core level and C KVV Auger peaks of a TBB sub-monolayer 

on Ge-doped HVPE GaN (0001̅). Similar as for the Si-doped HVPE GaN (0001), both peaks 

shift to smaller binding energies due to the achievement of more negative charge during the 

debromination procedure. Fig. 10A.14c and d show Ga 2p and N 1s peaks for the same surface. 

By adsorption of TBB on the surface, three components appear for the Ga 2p core level peak. 

The peak at the lower binding energies is related to Ga atoms adsorbing molecules, the middle 

component is the GaN peak, and at larger binding energies the Ga 2p component related to 

brominated Ga atoms is observed. This third peak shifts to higher binding energies as the 

debromination is enhanced by increasing the annealing temperature. Fig. 10A.14e and f show 

Br 3d and C 1s narrow region XP spectra, respectively, corresponding to the deposition of ≈ 5 

layers of TBB and heating to 400 K, 600 K, and 800 K, then cooling immediately. The results 

are compatible with the observed TPD measurements. In addition, Fig. 10A.14g-l show the 

component analyses of Br 3d after TBB deposition and annealing at different temperatures for 

10 minutes. 
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Fig. 10A.14. Zoomed-in XPS spectra of (a) Br 3d and (b) C 1s core-level regions after the deposition of 

TBB on Si-doped HVPE GaN (0001) and their evolution upon annealing. Zoomed-in XPS spectra of 

the (c) Ga 2p (coverage ≈ 1.7) and (d) N 1s (coverage ≈ 1.7) regions after the deposition of TBB on Ge-

doped HVPE GaN (0001̅) and their evolution upon annealing. (e) Br 3d and (f) C 1s narrow region XP 

spectra after the deposition of ≈5 layers TBB and heating to 400 K, 600 K, and 800 K, then cooling 

immediately, measured by irradiation energies of 1253.6 and 1486.6 eV, respectively. Component 

analyses of zoomed-in XPS spectra of Br 3d core-level regions after (g) deposition of a TBB monolayer, 

then annealing at (h) 200 K, (i) 300 K, (j) 400 K, and (k) 500 K for 10 minutes, measured with an X-

ray energy of 1253.6 eV. (l) The ratio of the debromination component area to the total area of Br 3d 

shown in g-k versus the annealing temperature. 

 

After the deposition of TBB molecules for 5 min (Fig. 10A.15b) and 10 min (Fig. 10A.15c) on 

Si-doped HVPE GaN (0001), LEED patterns did not change, and an attenuated pattern with 

(1×1) periodicity was observed. This observation reinforces the conclusion that the surface is 

rough, and only the LEED pattern related to the sub-surface crystalline layers is detected. After 

15 min of deposition, the LEED pattern completely disappeared, showing that the thickness of 
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the deposited organic layer is greater than the electron inelastic mean free path in the multilayer 

regime. Therefore, considering the inelastic mean free path of electrons and our XPS studies, 

we investigated a 10 min deposition of TBB on HVPE GaN (0001) to achieve a near monolayer 

deposition. 

   
Fig. 10A.15. (a) The ratio of the Br 3d XPS peak area right after deposition of different TBB coverages 

on the Si-doped HVPE GaN (0001)  surface with respect to the shifted Br 3d peak area due to 

debromination by 15 minutes annealing at 300K and bonding the bromine atoms to the Ga atoms at the 

surface. In addition, the peak binding energy of the Br 3d XPS narrow region scan versus increase in 

deposited TBB coverage is shown. (1×1) LEED patterns of Si-doped free-standing HVPE GaN (0001) 

after (b) 5 min and (c) 10 min deposition of TBB on the as-cleaned surface. 

 

Depositions of different elements on GaN have been reported in the literature [367]. While the 

reaction of bromine (Br) with the GaN surface in solutions has been reported [368, 369], 

bromine deposition on GaN in UHV has not been investigated. Fig. 10A.16a displays the mass 

spectrometry of TBB molecules evaporated from a crucible of an OMBE at approximately 

200 °C. The largest peak is related to the parent molecules’ mass at 543 amu. The other peaks 

correspond to Br isotopes at 79 and 81 amu and benzene rings at around 75 amu. In addition, 

two other large peaks at 151 and 302 amu are observed that are related to debrominated 

molecules containing a benzene ring bonded to one and three phenyl rings, respectively. These 

results prove that the molecule batch has negligible impurities. 

Fig. 10A.16c indicates the TPD of about 0.8 layers of TBB deposited on Ge-doped HVPE GaN 

(0001̅) right after annealing at 950 K (black) or sputtering by Ne ions (red). Sputtering makes 

the surface rougher, leading to the formation of deeper holes and rougher hillocks, resulting in 

a reduction of the coverage by deposition at the same OMBE crucible, sample temperatures, 

and deposition time. However, as the coverage decreased due to roughening from sputtering, 

the ratio of separated bromine to the total amount of bromine increased. In addition, the surface 

roughening and the presence of more edges lead to a decrease in the activation energy of 

molecules to diffuse to edges and a reduction in desorption temperature.  

Fig. 10A.16d and e show the TPD of parent mass (543 amu) and bromine atoms (79-81 amu) 

of TBB molecules for different coverages, respectively. By increasing the coverage, the 

desorption peak temperature increases, indicating the zero-order desorption [370-372] of TBB 

on Ge-doped HVPE GaN (0001̅) . There is a significant decrease in desorption peak 

temperature when moving from the multilayer desorption to near monolayer desorption, 

indicating that the interactions between molecules are stronger than those between molecules 

and the rough Ga-rich Ge-doped GaN (0001̅) surface. Since the molecules at the surface 

polymerize due to Ullmann coupling, the excess molecules in the monolayer became more 

unstable, reducing the desorption energy and peak temperature compared to the multilayer 

regime. The larger the coverage (near monolayer regime), the more molecules are present on 

the surface to form larger TBB polymers, desorbing at higher temperatures due to difficult 

diffusion on the rough surface. For multilayer spectra, a smaller peak is observed at the lower 

temperatures, having the same edges as the monolayer desorption peak reducing by increasing 

coverage. This phenomenon could be due to the presence of more TBB on the surface and a 

longer time to diffuse and react for higher coverage multilayers to form larger polymers. 

Therefore, by increasing the multilayer thickness, less unstable and smaller polymers and 
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clusters stay on the surface, still desorbing from the surface at lower temperatures compared to 

the multilayer regime due to the rough and nonuniform surface. A second reason for the 

reduction of the smaller peak by increasing the coverage is that the larger the coverage of the 

multilayer, the molecular epilayer becomes more uniform on the surface, and fewer small 

polymers and clusters can desorb before the multilayer regime. The other interesting 

observation is that by reducing the coverage from about 1.7 to 0.6 layer, the reduction in the 

parent mass area is more significant than the bromine mass area. This observation displays that 

for sub-monolayers, there are more debrominated molecules staying on the surface which, 

could be another indication for Ullmann coupling and polymerization of the debrominated 

molecules at the surface. 

Surprisingly, in Fig. 10A.16e, we observed that the high-temperature tail area of the Br (79-81 

amu) TPD peak and the Br-to-Ga ratio (X) increase with the multilayer thickness, while the tail 

is expected to be saturated for thicker multilayers. One reason could be that, in addition to 

bromine atoms in GaBrX products desorbed at higher temperatures, thicker multilayers provide 

more bromine-contained molecules on the surface and, allowing for a longer time for diffusion 

and reaction of the molecules on the surface to form larger polymers that desorb at higher 

temperatures. Another reason could be that a thicker multilayer provides more bromine atoms 

on the surface and, allowing for more on-surface debromination during multilayer desorption 

and increasing the stochiometric ratio of Br-to-Ga in desorbed GaBrX products (see Fig. 3.6.).  
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Fig. 10A.16. (a) mass spectrometry of TBB molecules evaporated from a crucible of an OMBE at 

200 °C. (b) Side-view schematic of TBB molecules adsorbed on the HVPE GaN (0001̅) surface. TPD 

of (c) ~0.8 layers TBB molecules on Ge-doped HVPE GaN (0001̅) and multilayers of TBB molecules 

on HVPE GaN related to masses of (d) 543 and (e) 79-81 amu. (f) TPD spectra of Ga (69 and 71 amu) 

and Br (79 amu) for clean GaN and a TBB submonolayer on Ge-doped HVPE GaN (0001̅). 
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Appendix B: Post-Synthesis of Cu2N 

Monolayers on Cu (111) from Copper 

Oxide Films and Their Decoupling 

Effects 
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Fig. 10B.1. Bias-dependent STM measurements at LHe temperature (≈ 4.6 K) of Cu2N sub-

monolayers on Cu (111) after dosing with 10-7 mbar NH3 in UHV; (a) 50 nm × 50 nm, Vs = 2 

V, It = 1 nA, rms-R = 0.06 nm. (b) 20 nm × 20 nm, Vs = 1 V, It = 300 pA, rms-R = 0.02 nm. (c) 

20 nm × 20 nm, Vs = -0.5 V, It = 300 pA, rms-R = 0.03 nm. (d) 100 nm × 100 nm, Vs = 1.5 V, 

It = 100 pA, rms-R = 0.03 nm. (e) 100 nm × 100 nm, Vs = 1 V, It = 100 pA, rms-R = 0.02 nm. 

(f) 50 nm × 50 nm, Vs = 1 V, It = 100 pA, rms-R = 0.02 nm. (g) 20 nm × 20 nm, Vs = -1 V, It = 

300 pA, rms-R = 0.02 nm. (h) 20 nm × 20 nm, Vs = -2 V, It = 300 pA, rms-R = 0.02 nm. (i) 20 

nm × 20 nm, Vs = -2.5 V, It = 300 pA, rms-R = 0.02 nm. (j) 200 nm × 200 nm, Vs = 4 V, It = 

1 nA, rms-R = 0.20 nm. (k) STM of DAPPor molecules on a Cu2N sub-monolayer on Cu (111); 

10 nm × 10 nm, Vs = -0.5 V, It = 50 pA, rms-R = 0.08 nm. (l) STM of single and double layers 

of DAPPor assembly on Cu (111); 20 nm × 20 nm, Vs = 0.5 V, It = 50 pA, rms-R = 0.04 nm. 

(m) A Cu2N island on Cu (111); Vs = 2 V, It = 1 nA, rms-R = 0.05 nm. (n) LEED pattern 

(electron energy: 60 eV) of an intermediate oxynitride submonolayer on Cu (111), resembling 

a coexistence of (√3 × √3)𝑅30°  and additional superstructures [248]. 

 

 

Cu 2P peak binding energy shifts to a higher binding energy upon the formation of copper 

nitride [24]. Du and coworkers studied the influence of oxygen inclusion on the microstructure 

and thermal stability of copper nitride thin films. They produced copper oxynitride by reactive 

magnetron sputtering in the presence of nitrogen and oxygen gases. At lower oxygen contents 

(< 10%), XRD does not show copper oxide, but only copper nitride. The presence of Cu-O 

bonds reduces the copper nitride lattice and increases the compactness of copper nitride on 

weakly bonded copper nitride crystallites. Copper oxynitride decomposes at temperatures 

above 650 K [66]. Mavridou and coworkers studied the formation of copper oxide (Cu2O, CuO) 

phases on copper nitride thin films by resonance Raman spectroscopy [67]. 
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Fig. 10B.2. Zoomed-in XPS spectra of (a) Cu 2p, (b) N 1s, and (c) O 1s after copper surface 

cleaning and fabrication of copper oxide and nitride films (coverage ≈ 0.5 monolayer (ML)), 

and (d) C 1s after Cu (111) surface cleaning. 

 

 

    

    

 
Fig. 10B.3. DFT simulation, bias-dependent STM images of Cu2N on Cu (111), represented in (a) and 

(b). The blue, white, and green spheres represent Cu atoms in Cu (111), Cu atoms in reconstructed top 

layer, and N atoms, respectively. STM images simulated at various bias voltages and currents: (c) V = -

0.10 V, I = 1 nA. (d) V = 1.00 V, I = 100 pA. (e) V = 1.00 V, I = 1 nA. (f) V = -0.50 V, I = 300 pA. (g) 

V = 2.00 V, I = 1 nA. (h) V = 4.00 V, I = 1 nA. (i) V = -2.5 V, I = 300 pA. DFT simulation of bias-

dependent STM images of Cu2N on Cu (111) shown in (j) and (k). Bias voltages and tunneling currents 

are as follows: (l) V = -0.10 V, I = 1 nA. (m) V = 1.00 V, I = 100 pA. (n) V = 1.00 V, I = 1 nA. (o) V = 

-0.50 V, I = 300 pA. (p) V = 2.00 V, I = 1 nA. (q) V = 4.00 V, I = 1 nA. (r) V = -2.5 V, I = 300 pA. 
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Fig. 10B.4. DFT simulations of (a) Cu2N elongations on Cu (111) after reconstruction and relaxation 

of the top atomic layer to Cu (100) superstructure. DFT model showing cracked Cu2N elongations on 

Cu (111), with Cu atoms represented in blue and N atoms in gray. The work function for these DFT 

simulations is calculated to be 4.85 eV. DFT-simulated, bias-dependent STM images of the model 

shown in (a) at various bias voltages: (b) -1.0 V, (c) -2.0 V, (d) -2.5 V, (e) 1.0 V, (f) 2.0 V, (g) 2.5 V, 

(h) 3.0 V, and (i) 4.0 V. All at It = 1 nA. The scale unit is given in Å. DFT simulations of Cu2N 

elongations: (j) Top view of free-standing Cu2N elongations, (k) Cu2N elongations on Cu (111), and 

(l) side view of the model shown in (k). Bias-dependent DFT-simulated STM images of four adjacent 

Cu2N elongations on Cu (111), as modeled in (j-l), at the following bias voltages: (m) -0.5 V, (n) -2.0 

V, (o) -4.0 V, (p) 0.5 V, (q) 1.0 V, (r) 2.0 V, (s) 3.0 V, (t) 4.0 V, and (u) -2.5 V. It = 0.1 nA. The scale 

unit is Å. (v) DFT models of top and side views of Cu2N elongations embedded in the top atomic 

layer of Cu (111). Bias-dependent DFT-simulated STM images of three adjacent Cu2N elongations 

on Cu (111), similar to the model shown in (v), at the following bias voltages: (w) 2.0 V, (x) -0.1 V, 

(y) -0.5 V, (z) 1.0 V, (aa) 4.0 V, and (ab) -2.5 V. It = 1 nA. (ac) DFT models of a side view of Cu2N 

elongations buckled on the Cu (111) surface. Bias-dependent DFT-simulated STM images of two 

adjacent buckled Cu2N elongations on Cu (111), similar to the model shown in (ac), at the following 

bias voltages: (ad) 1.0 V, It = 1 nA. The scale unit is Å. 
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Fig. 10B.5. DFT simulations of (a) a Cu2N island embedded within the top atomic layer of Cu (111), 

where Cu atoms in the top layer have been reconstructed to Cu (100), and some bonds were cleaved 

after relaxation. Cu and N atoms are represented by blue and gray spheres, respectively. DFT-

simulated, bias-dependent STM images of the model in (a) at various bias voltages: (b) -2.0 V, (c) -

1.5 V, (d) -1.0 V, (e) -0.5 V, (f) 2.0 V, (g) 2.5 V, (h) 3.0 V, (i) 3.5 V, (j) 4.0 V, (k) 4.5 V, (l) 5.0 V, 

and (m) 5.5 V. It = 0.5 nA. The scale unit is Å. 

 

DFT simulation reveal that the Cu2N islands rotated by 45˚, as shown in Fig. S6b, are more 

stable than those aligned parallel to the edges, depicted in Fig. S6a. 
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Fig. 10B.6. DFT simulations of (a) Cu2N islands aligned parallel to the Cu (111) high density 

direction and (b) more stable Cu2N islands rotated by 45˚. The substrates exhibit (7 × 12) periodicity 

across two atomic layers, containing a total 336 Cu atoms (blue spheres). The islands are composed 

of 40 Cu (orange spheres) and 25 N (gray spheres) atoms. DFT simulations of bias-dependent STM 

images of the structural model shown in (b) are presented for bias voltages of (c) -2.35 V, (d) 0.5 

V, (e) 2.5 V, (f) -1 V, (g) 1 V, (h) 3 V, (i) -0.5 V, (j) 1.5 V, (k) 4V, and (l) 5 V. The scale unit is Å. 
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Fig. 10B.7. DFT simulations of (a) the projected density of states (PDOS) for a free-standing 

Cu2N monolayer without strain. The band structure (BS) under (b) 3% and (c) 2% 

compression strains, and (d) 3% and (e) 2% expansion strains, were calculated using the 

Heyd-Scuseria-Ernzerhof hybrid functional (HSE) method without spin polarization. Spin-

polarized DFT simulations of (f) PDOS and the corresponding BS are shown (g,h) without 

strain, together with BS under (i) 3% (Spin-UP: band gap ≈ 1.88 eV, Spin-DOWN: band gap 

= 0 eV), and (j) 2% (Spin-UP: band gap ≈ 1.94 eV, Spin-DOWN: band gap = 0 eV) 

compression strains. Expansion strains are analyzed in (k) 3% (Spin-UP: band gap ≈ 2.18 

eV, Spin-DOWN: band gap ≈ 0.01 eV) and (l) 2% (Spin-UP: band gap ≈ 2.23 eV, Spin-

DOWN: band gap ≈ 0.05 eV). DFT simulations of PDOS of Cu2N on Cu (111) are provided 

(m) without and (n) with spin polarization. (o) Side-view schematic atomic model of the 

Cu2N monolayer on Cu (111) (dAds= 2.00 Å) and (p) the electron localization function on 

atoms on the corresponding Cu2N ML slice confirming the Cu-N covalent bonds. The BS of 

Cu2N on Cu (111) is shown (q,r) without and (s,t,u) with spin polarization (Spin-UP: band 

gap ≈ 0.01 eV, Spin-DOWN: band gap = 0.02 eV, Total: band gap = 0.01 eV). 
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Fig. 10B.8. Schematic atomic models of (a) a free-standing DAPPor molecule, a DAPPor molecule 

on Cu (111), and (c) a DAPPor molecules on Cu2N. These models were used for DFT simulations 

of PDOS to investigate the decoupling effect of the Cu2N layer. The blue, gray, brown, and pink 

spheres represent Cu, N, C, and H atoms, respectively. 

 

Fig. 10B.9 illustrates the coexistence of both single and double layers of DAPPor on Cu (111), 

and along with DAPPor molecules assembled on Cu2N at different bias voltages. 

 
Fig. 10B.9. (a) STM image of single and double layers of DAPPor assembly on Cu (111); Z-height = 

0.35 nm, Vs = -0.5 V, It = 50 pA, rms-R = 0.07 nm. Yellow, white, and red arrows indicate DAPPor on 

Cu2N, a monolayer of DAPPor on Cu (111), and a double layer of DAPPor on Cu (111), respectively. 

(b) STM images of DAPPor molecules on a Cu2N sub-monolayer on Cu (111); Z-height = 0.36 nm, Vs 

= -0.5 V, It = 100 pA, rms-R = 0.07 nm. (c) Z-height = 0.28 nm, Vs = -0.5 V, It = 50 pA, rms-R = 0.08 

nm. (d) STM image of single and double layers of DAPPor assembly on Cu (111), along with the 

proposed molecular model; Z-height = 0.25 nm, Vs = -0.1 V, It = 100 pA, rms-R = 0.04 nm. STM 

acquisition temperature: 4.6 K. 
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Appendix C: Ullmann Coupling and 

Poly(para-phenylene) Wires on Copper 

Nitride Monolayers on Copper (111) 

Fig. 10C.1d displays the presence of two triangle-like and bent (BrP)2P dimers next to each 

other. These are candidates of Ullmann coupling. 

s 

Fig. 10C.1. (a-c) Ullmann coupling of (BrP)2P molecules on Cu (111) islands surrounded by 

Cu2N after annealing 400 K. (d) STM image of (BrP)2P molecules assemblies, showing two 

dimers in the red circle on Cu2N on Cu (111) after annealing at 475 K. Z-height = 0.35 nm, 

Vs = 0.5 V, It = 1 nA, rms-R = 0.06 nm. STM acquisition temperature: 4.6 K. 

 

 

 
Fig. 10C.2. (a) DBTP on a Cu (111) island surrounded by Cu2N, (10 nm × 10 nm) Vs = -2.00 

V; It = 100 pA, rms-R ≈ 0.03 nm. (b) Cu2N on Cu (100), (100 nm × 100 nm) VS = -1.00V; It = 

100 pA, rms-R ≈ 0.11 nm. Bias-dependent STM images of PPP wires on Cu (111) after 

annealing DBTP molecules at ≈ 475 K. (c) 10 nm × 10 nm, Vs = 1 V, It = 100 pA, rms-R = 

0.03 nm. Bias-dependent STM images of 3AGNRs on Cu2N on Cu (111) after annealing DBTP 

molecules at ≈ 475 K. (d) 10 nm × 10 nm, Vs = 1 V, It = 100 pA, rms-R = 0.05 nm. (e) 10 nm 
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× 10 nm, Vs = 2 V, It = 100 pA, rms-R = 0.04 nm. (f) Tunneling spectrum of Au (111). STM 

acquisition temperature: 77 K. 
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Appendix D: Replacement Method 

Fabrication of Cu2N on Cu(100): 

Analysis of Structure and Electronic 

Properties 
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Fig. 10D.1. Bias dependent STM images of Cu2N on Cu (100). (a) 20 nm × 20 nm, Vs=-1 V, 

It=500 pA, rms-R=0.05 nm. (b) 20 nm × 20 nm, Vs=1 V, It=500 pA, rms-R=0.06 nm. (c) 20 

nm × 20 nm, Vs=0.1 V, It=500 pA, rms-R=0.05 nm. (d) 20 nm × 20 nm, Vs=0.5 V, It=500 pA, 

rms-R=0.06 nm. (e) 20 nm × 20 nm, Vs=1.5 V, It=500 pA, rms-R=0.06 nm. (f) 20 nm × 20 

nm, Vs=2 V, It=500 pA, rms-R=0.06 nm. (g) 20 nm × 20 nm, Vs=2.5 V, It=500 pA, rms-R=0.02 

nm. (h) 20 nm × 20 nm, Vs=3 V, It=500 pA, rms-R=0.01 nm. (i) 20 nm × 20 nm, Vs=3.5 V, 

It=1 nA, rms-R=0.02 nm. (j) 20 nm × 20 nm, Vs=4 V, It=500 pA, rms-R=0.07 nm. (k) 20 nm 

× 20 nm, Vs=4.5 V, It=500 pA, rms-R=0.06 nm. (l) 20 nm × 20 nm, Vs=5 V, It=1 nA, rms-

R=0.07 nm. (m) 20 nm × 20 nm, Vs=-2 V, It=500 pA, rms-R=0.04 nm. (n) 20 nm × 20 nm, 

Vs=-3 V, It=500 pA, rms-R=0.05 nm. (o) 20 nm × 20 nm, Vs=-4 V, It=500 pA, rms-R=0.05 

nm. (p) 20 nm × 20 nm, Vs=-5 V, It=500 pA, rms-R=0.04 nm. (q) 50 nm × 50 nm, Vs=3.8 V, 

It=100 pA, rms-R=0.04 nm. (r) 100 nm × 100 nm, Vs=2.15 V, It=500 pA, rms-R=0.07 nm. (s) 

100 nm × 100 nm, Vs=2.2 V, It=100 pA, rms-R=0.03 nm. (t) 50 nm × 50 nm, Vs=0.2 V, It=500 

pA, rms-R=0.05 nm. (u) 20 nm × 20 nm, Vs=3.7 V, It=100 pA, rms-R=0.04 nm. (v) 10 nm × 

10 nm, Vs=-0.01 V, It=100 pA, rms-R=0.05 nm. (w) 10 nm × 10 nm, Vs=0.01 V, It=100 pA, 

rms-R=0.05 nm. (x) 10 nm × 10 nm, Vs=-0.1 V, It=100 pA, rms-R=0.05 nm. STM acquisition 

temperature: 4.6 K. (y) (1×1) LEED pattern of clean Cu (100). 

 

   

        
Fig. 10D.2. (a) TPA on Cu2N on Cu (100), (50nm×50nm) Vs=2.20V; It~500 pA, rms-R~0.11 

nm. (b) CBCP on Cu2N on Cu (100), (50nm×50nm) Vs=2.20V; It~500 pA, rms-R~0.12 nm. 

STM acquisition temperature: 4.6 K. (a) HR-STM and atomic models of Cu2N on Cu (100) 

annealed at 575 K in the presence of NH3. (c) 2 nm × 2 nm, Vs=-1 V, It=100 pA, rms-R=0.01 

nm. (d) 3 nm × 3 nm, Vs=-1 V, It=100 pA, rms-R=0.01 nm. Cu2N on Cu (100) annealed at 

675 K in the presence of NH3 (e) 50 nm × 50 nm, Vs = -1 V, It = 100 pA, rms-R = 0.06 nm. 

(f) STS of Cu2N layer on a Cu surface. STM acquisition temperature: 77 K. 
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Fig. 10D.3. Bias dependent HR-STM images of Cu2N on Cu (100) after oxidation and NH3 

annealing at about 575 K. (a) 1 nm × 1 nm, Vs = -1 V, It = 100 pA, rms-R = 0.03 nm. (b) 20 

nm × 20 nm, Vs = -0.5 V, It = 100 pA, rms-R = 0.07 nm. (c) 20 nm × 20 nm, Vs = -2 V, It = 

100 pA, rms-R = 0.07 nm. (d) 20 nm × 20 nm, Vs = 0.5 V, It = 100 pA, rms-R = 0.07 nm. (e) 

20 nm × 20 nm, Vs = 1 V, It = 100 pA, rms-R = 0.05 nm. (f) 20 nm × 20 nm, Vs = 2 V, It = 

100 pA, rms-R = 0.04 nm. (g) 20 nm × 20 nm, Vs = -3 V, It = 100 pA, rms-R = 0.03 nm. (h) 

20 nm × 20 nm, Vs = 3 V, It = 100 pA, rms-R = 0.02 nm. STM acquisition temperature: 77 

K. 

 

   

 
Fig. 10D.4. DFT simulation, bias-dependent STM images of Cu2N on Cu (111), represented in 

Fig. 6.3a and 6.3b. STM images simulated at various bias voltages and currents: (a) V = -1.0 V, 

I = 0.1 nA. (b) V = -0.5 V, I = 0.1 nA. (c) V = -2.0 V, I = 0.1 nA. (d) V = 0.50 V, I = 0.1 nA. (e) 

V = 1.0 V, I = 0.1 nA. (f) V = 2.00 V, I = 0.1 nA. (g) V = -3.0 V, I = 0.1 nA. (h) V = 3.0 V, I = 

0.1 nA. DFT simulation of bias-dependent STM images of bilayer Cu2N on Cu (111) shown in 

(i) and (j). The blue, orange, and gray spheres represent Cu atoms in Cu (100), Cu atoms in the 

bilayer Cu2N, and N atoms, respectively. Bias voltages and tunneling currents are as follows: (k) 

V = -1.0 V, I = 0.1 nA. (l) V = -0.5 V, I = 0.1 nA. (m) V = -2.0 V, I = 0.1 nA. (n) V = 1.0 V, I = 

0.1 nA. (o) V = 2.0 V, I = 0.1 nA. (p) V = -3.0 V, I = 0.1 nA. (q) V = 3.0 V, I = 0.1 nA. (r) V = 

-2.5 V, I = 300 pA.  
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Fig. 10D.5. (a) Structural atomic model of a free-standing Cu2N unit cell including twelve atoms 

(8 Cu (yellow spheres) and 4 N (gray spheres) atoms). DFT simulations of the band structure 

(BS) under (b) 3% and (c) 2% compression strains, and (d) 2% and (e) 3% expansion strains, 

were calculated using the Heyd-Scuseria-Ernzerhof hybrid functional (HSE) method without 

spin polarization. Spin-polarized DFT simulations of (f) PDOS and the corresponding BS are 

shown (g,h) without strain (Spin-UP: band gap ≈ 2.01 eV, Spin-DOWN: band gap = 0.05 eV), 

together with BS under (i) 3% (Spin-UP: band gap ≈ 1.86 eV, Spin-DOWN: band gap = 0.02 

eV), and (j) 2% (Spin-UP: band gap ≈ 1.89 eV, Spin-DOWN: band gap = 0.05 eV) compression 

strains. Expansion strains are analyzed in (k) 2% (Spin-UP: band gap ≈ 2.11 eV, Spin-DOWN: 

band gap ≈ 0.04 eV) and (l) 3% (Spin-UP: band gap ≈ 2.18 eV, Spin-DOWN: band gap ≈ 0.05 

eV). (m) Side-view structural atomic model of a Cu2N monolayer on a Cu (100) substrate (dAds= 

2.14 Å) and (n) the electron localization function on atoms on the corresponding Cu2N ML slice 

confirming the Cu-N covalent bonds. Blue spheres represent the Cu atoms in the substrate. DFT 

simulations of PDOS of Cu2N on Cu (111) are provided (o) without and (p) with spin 

polarization. The BS of Cu2N on Cu (111) is shown (q,r) without and (s,t,u) with spin polarization 

(Spin-UP: band gap ≈ 0.01 eV, Spin-DOWN: band gap = 0.01 eV, Total: band gap = 0.01 eV). 
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Fig. 10D.6. Side-view structural atomic model for DFT simulations of (a) Cu2N islands rotated 

by 45˚ compared to and (b) aligned parallel to the Cu (100) high-density direction. (c) Top-view 

structural atomic model for (a). DFT simulations of bias-dependent STM images of the structural 

model shown in Fig. 10D.6a and Fig. 6.3i are presented for bias voltages of (d) -1.5 V, (e) -1.0 

V, (f) 0.4 V, (g) 1.0 V, (h) 1.5 V, (i) 1.7 V, (j) 2.0 V, (k) 2.1 V, (l) 3.5 V, and (m) 6 V. DFT 

simulations of bias-dependent STM images of the structural model shown in Fig. 10D.6b and 

Fig. 10D.6c are presented for bias voltages of (n) -1.3 V, (o) -1.0 V, (p) 0.5 V, (q) 1.0 V, (r) 1.5 

V, (s) 2.0 V, and (t) 3.0 V. The scale unit is Å. (u) and (v) represent the DFT simulation of PDOS 

versus applied bias voltage for islands shown in (a) and (b), respectively. 
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Fig. 10D.7. DFT simulations of (a) a Cu2N island embedded within the top atomic layer of Cu 

(100) as shown in Fig. 6.3l. Cu and N atoms are represented by blue and gray spheres, 

respectively. DFT-simulated, bias-dependent STM images of the model in (a) at various bias 

voltages and tunneling currents: (b) 0.5 V, It = 0.5 nA. (c) 1.0 V, It = 0.5 nA. (d) 1.5 V, It = 0.5 

nA. (e) 2.0 V, It = 0.5 nA. (f) 2.5 V, It = 0.5 nA. (g) 3.0 V, It = 0.5 nA. (h) 3.4 V, It = 0.5 nA. (i) 

3.5 V, It = 1.0 nA. (j) 3.7 V, It = 0.1 nA. (k) 3.8 V, It = 0.1 nA. (l) 4.5 V, It = 0.5 nA. (m) 5.0 V, 

It = 1.0 nA. (n) -3.0 V, It = 0.5 nA. (o) -4.0 V, It = 0.5 nA. (p) -1.0 V, It = 0.1 nA. The scale unit 

is Å. (q) DFT simulation of PDOS versus applied bias voltage for islands shown in (a). 

 

 
Fig. 10D.8. (a) An STM image of Pentacene on Cu2N and Cu (100); 10 nm × 10 nm, Vs = 2.2 

V, It = 500 pA, rms-R = 0.06 nm. (b) A dI/dV map of Pentacene on Cu2N and Cu (100); 10 nm 

× 10 nm, Vs = 2.2 V, It = 500 pA, rms-R = 0.63 V. (c) An STM image of TPA on Cu2N and Cu 

(100); 50 nm × 50 nm, Vs = 2 V, It = 100 pA, rms-R = 0.11 nm. (d) A dI/dV map of TPA on 

Cu2N and Cu (100); 50 nm × 50 nm, Vs = 2.2 V, It = 500 pA, rms-R = 0.27 V. (e) An STM 

image of CBCP on Cu2N and Cu (100); 50 nm × 50 nm, Vs = 2.2 V, It = 500 pA, rms-R = 0.23 

nm. (f) A dI/dV map of CBCP on Cu2N and Cu (100); 50 nm × 50 nm, Vs = 2.2 V, It = 500 pA, 

rms-R = 1.44 V. STM acquisition temperature: 4.6 K. 
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Appendix E: Catalytic Effects of Iron 

Adatoms in Poly(para-phenylene) 

Synthesis on Rutile TiO2(110) 

Supplement measurements and results 

In Fig. 10E.1g, STS exhibits a band gap of about 3.3 eV for rutile TiO2 (110) surface [373-377]. 

                            

 
Fig. 10E.1. STM images of a clean rutile TiO2 (110) surface; (a) 50 nm × 50 nm, Vs = -1 V, 

It = 10 pA. (b) 20 nm × 20 nm, Vs = -1 V, It = 10 pA. (c) ≈ 8.8 nm × ≈ 8.8 nm, Vs = -1 V, It = 

10 pA. (d) An STM image of a DBTP monolayer after deposition at room temperature on a 

rutile TiO2 surface; 50 nm × 50 nm, Vs = -1 V, It = 10 pA. STM acquisition temperature: 77 

K. (1×1) LEED patterns of a clean rutile TiO2 (110) surface with (e) ELEED = 60 eV and (f) 

ELEED = 90 eV. (g) Tunneling spectra of rutile TiO2 (110). STM / STS data acquisition at T=77 

K. 
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Fig. 10E.2. Bias-dependent STM images of DBTP dimers after annealing at 400 K on a rutile 

TiO2(110) surface and subsequent coupling. (a) ≈ 7 nm × ≈ 7 nm, Vs = -1.5 V, It = 10 pA. (b) 

≈ 7 nm × ≈ 7 nm, Vs = -2 V, It = 10 pA. (c) ≈ 7 nm × ≈ 7 nm, Vs = -2.5 V, It = 10 pA. (d) ≈ 

7 nm × ≈ 7 nm, Vs = 1 V, It = 10 pA. STM acquisition temperature: 77 K. 

 

 
Fig. 10E.3. Bias-dependent STM images of 3AGNRs after annealing at 600 K on a rutile TiO2 

(110) surface. (a) 10 nm × 10 nm, Vs = -1 V, It = 10 pA. (b) ≈ 15 nm × ≈ 15 nm, Vs = -1.5 V, 

It = 10 pA. (c) ≈ 10 nm × ≈ 10 nm, Vs = -0.5 V, It = 10 pA. (d) ≈ 10 nm × ≈ 10 nm, Vs = -0.5 

V, It = 10 pA. (e) ≈ 10 nm × ≈ 10 nm, Vs = -2 V, It = 10 pA. (f) ≈ 10 nm × ≈ 10 nm, Vs = -2.5 

V, It = 10 pA. STM acquisition temperature: 77 K. 

 

   

 
Fig. 10E.4. An STM image of a 2×1 defect on rutile TiO2 after annealing at 600 K. (a) ≈ 7.4 

nm × ≈ 7.4 nm, Vs = -1 V, It = 10 pA. STM images of a clean rutile TiO2 (110) surface; (b) ≈ 

10 nm × ≈ 10 nm, Vs = -1 V, It = 10 pA. (b) ≈ 6.2 nm × ≈ 6.2 nm, Vs = -1 V, It = 10 pA. An 

STM image of a 3AGNR on a clean rutile TiO2 (110) surface after annealing at 600 K; (c) ≈ 
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3.7 nm × ≈ 4.8 nm, Vs = -0.5 V, It = 10 pA. (e) An STM image of DBTP molecules on a clean 

rutile TiO2 (110) surface after annealing at 100 ˚C; ≈ 13.2 nm × ≈ 13.2 nm, Vs = -1 V, It = 10 

pA. (f) An STM image of rutile TiO2 (110) after Fe atoms deposition on this surface; 20 nm × 

20 nm, Vs = -1 V, It = 10 pA. (g) An STM image of 3AGNRs on rutile TiO2 (110) after Fe 

atoms and DBTP molecules deposition on this surface (sample temperature ≤ 0 ˚C) and 

irradiation by a Xe lamp (filter: 240-395 nm); ≈ 15.4 nm × ≈ 15.4 nm, Vs = -1 V, It = 10 pA. 

(h) An STM image of PPP wires on a clean rutile TiO2 (110) surface after annealing a DBTP 

multilayer at 600 K, in the absence of Fe ad-atoms; Vs = -1 V, It = 10 pA. STM acquisition 

temperature: 77 K. 

 

In Fig. 10E.5, annealing DBTP molecules on TiO2 surfaces leads to the breaking of C-halogen 

bonds, which are replaced by C-C coupling with lower binding energies. Furthermore, the 

presence of oxygen vacancies leads to turning Ti+4 cations into Ti+3 cations, which can be 

detected by the related shoulder in XPS spectra [77]. 

        

   

 
Fig. 10E.5. (a) Br 3d, (b) O 1s, and (c) Ti 2p narrow region XP spectra of a rutile TiO2 (110) 

surface after deposition of a DBTP monolayer and annealing the monolayer at different 

temperatures. (d) O 1s and (d) Ti 2p narrow region XP-spectra of a rutile TiO2 (110) surface 

after deposition of a DBTP monolayer and sub-monolayer coverage of Fe atoms (coverages 

of 10% and 20% ML) and annealing at different temperatures. (f) Temperature-programmed 

TP-XPS contour of the zoomed-in C 1s core level region after deposition of DBTP molecules 

on the surface without Fe atoms. (g) Br 3d narrow region XP spectra of a rutile TiO2 (110) 

surface after cleaning. XPS acquisition temperature: 77 K. 
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Appendix F: Photocatalytic 

Fabrication of 5-Armchair Graphene 

Nanoribbons on TiO2 Surfaces 

Experimental section 

 
Fig. 10F.1. Photos of a rutile TiO2 (110) sample during (a) sputtering, (b) annealing at 

approximately 900 K, and (c) Xe light irradiation. 

 

Results and discussion 

     
Fig. 10F.2. (a) A (1×1) LEED pattern of a cleaned rutile TiO2 (110) surface (ELEED = 90 eV). 

(b) An attenuated (1×1) LEED pattern of a TBN multilayer on a clean rutile TiO2 (110) 

surface after annealing at 400 K (ELEED = 90 eV). (c) A LEED pattern of a TBN monolayer 

on a clean anatase TiO2 (101) surface after annealing at 350 K (ELEED = 120 eV). LEED 

acquisition temperature: 77 K. 

 

   
Fig. 10F.3. (a) C 1s narrow region scan XPS spectra of a rutile TiO2 (110) surface after 

deposition of a TBN monolayer and annealing the monolayer at different temperatures. XPS 
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acquisition by a Mg anode at 77 K. (c) An overview scan XPS spectrum of a clean (C- and 

N-free) rutile TiO2 (110) surface. XPS acquisition by an Al anode at 77 K. 

 

   
Fig. 10F.4. (a) Br 3p, (b) C 1s narrow region and (c) an overview XPS spectra of a rutile 

TiO2 (110) surface after deposition of a TBB monolayer at 77 K and annealing the monolayer 

at different temperatures. XPS acquisition using a Mg anode at 77 K. 

 

The presence of oxygen vacancies leads to the reduction of Ti+4 cations to Ti+3 cations, which 

can be detected by the corresponding shoulder in XPS spectra [77]. When Ti is fully oxidized 

to Ti+4, the XPS Ti 2p3/2 symmetrical peak appears at binding energies of 458.4 eV (for the (101) 

surface) to 458.8 eV (for the (001) surface), while the shoulder corresponding to the Ti+3 

component is observed at ≈ 1.7 eV lower binding energy. This shift in binding energy is likely 

due to different band bending of these two distinct anatase surfaces [82]. 

   

   

   
Fig. 10F.5. (a) O 1s, (b) Ti 2p, (c) C 1s, (d) Br 3p, and (e) Br 3d narrow region scan XPS 

spectra of an anatase TiO2 (101) surface after deposition of a TBB monolayer and annealing 

at different temperatures. (f) O 1s, (g) Ti 2p, (h) C 1s and (i) Br 3d narrow region scan XPS 

spectra of an anatase TiO2 (101) surface after deposition of a TBN monolayer and annealing 

at different temperatures. XPS acquisition by a Mg anode at 77 K. 
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Both Br (2P3/2) and Br* (2P1/2) distributions feature high translational energy components with 

vigorous angular anisotropy [255]. The excitation by UV light can cause the 𝜋 → 𝜋∗  band 

transition, resulting in the (𝜋, 𝜋∗) state photoexcitation [255]. Despite the fact that (𝜋, 𝜋∗) is a 

bonding state of the C-Br coordinate, during a rotational displacement due to the high 

translational distribution of Br (2P3/2 and 2P1/2), the destruction of C-Br bonds begins [255]. 

Optically-excited (𝜋, 𝜋∗) and repulsive (𝑛(𝐵𝑟) 𝑜𝑟 𝜋(𝐵𝑟), 𝜎∗(𝐶 − 𝐵𝑟)) states of the halogen 

interfere destructively, leading to C-Br bond cleavage [255]. Another dissociation channel is 

the internal conversion of the Br atom in the C-Br bond, with low translational energy, to the 

ground state [255]. 
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Fig. 10F.6. (a) Br 3p, (b) O 1s and (c) Ti 2p narrow region scan XPS spectra of a rutile TiO2 

(110) surface after deposition of a TBN monolayer and annealing at different temperatures. 

(d) Br 3d narrow region XPS spectra of a rutile TiO2 (110) surface after deposition of a TBN 

monolayer followed by specific measurement times to assess the impact of X-ray radiation 

on the TBN monolayer. (e) Br 3d, (f) C 1s, (g) O 1s, and (h) Ti 2p narrow region scan XPS 

spectra of a rutile TiO2 (110) surface after deposition of a TBN monolayer and irradiation for 

20 and 40 minutes using a mercury lamp. XPS acquisition temperature: 77 K. (i) C 1s, (j) O 

1s and (k) Ti 2p narrow region scan XPS spectra of a rutile TiO2 (110) surface after deposition 

of a TBN monolayer and holding at 300 K for a specific duration without irradiation. (l) C 

1s, (m) O 1s, and (n) Ti 2p narrow region scan XPS spectra of a rutile TiO2 (110) surface 

after deposition of a TBN monolayer and irradiation with a mercury lamp at 300 K for a 

specific duration. (o) C 1s, (p) O 1s, and (q) Ti 2p narrow region scan XPS spectra of a rutile 

TiO2 (110) surface after deposition of a TBN monolayer and irradiation with a 377 nm LED 

at 300 K for a specific duration. (r) C 1s and (s) O 1s narrow region scan XPS spectra of a 

rutile TiO2 (110) surface after deposition of a TBN monolayer and irradiation with a 265 nm 

LED at 300 K for a specific duration. (t) Br 3d and (u) C 1s narrow region scan XPS spectra 

of a rutile TiO2 (110) surface after deposition of a TBN monolayer at 77 K, followed by 

annealing at different temperatures. XPS acquisition temperature: 77 K. 
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Fig. 10F.7. (a) A Br 3d narrow region XPS spectrum of a rutile TiO2 (110) surface after deposition 

of a TBN monolayer with fitting of the main Br 3d peak and the debromination shoulder. (b) An 

increase in the ratio of the debromination shoulder area to the main Br 3d peak after holding at 300 

K with and without irradiation compared to TBN deposition at 300 K. (c) An increase in the 

normalized area of the Br 3d debromination shoulder relative to TBN deposition at 300 K, divided 

by LED power, plotted versus irradiation time for 265 nm and 377 nm LEDs. LED powers reaching 

to the surface are 6.5 and 106 mW, respectively. XPS acquisition temperature: 300 K. Temperature-

programmed (TP) XPS of zoom-in (d) Br 3d and (e) C 1s core level regions after TBN deposition 

on the surface. TPXPS of zoom-in (f) Br 3d and (g) C 1s core level regions after TBN deposition 

on the surface with 377 nm LED irradiation. TPXPS of zoom-in (h) Br 3d and (i) C 1s core level 

regions after TBN deposition on the surface with 265 nm LED irradiation. XPS acquisition 

temperature: 77 K. 

 

Table. 10F.1. The ratio of the debromination shoulder area to the main Br 3d peak area of 

TBN molecules on rutile TiO2 and the corresponding increase in the ratio compared to TBN 

deposition at 300 K. 

TBN deposition 

at 300 K 

Kept at 300 K 

without 

irradiation for 

20 min 

Increase in the 

ratio after 20 

min compared 

to deposition 

Kept at 300 K 

without 

irradiation for 

40 min 

Increase in the 

ratio after 40 

min compared 

to deposition 

0.0319 0.02697 -15.43 % 0.052976415 66.11 % 

TBN deposition 

at 300 K 

20 min mercury 

lamp irradiation 

Increase in the 

ratio after 20 

min compared 

to deposition 

40 min mercury 

lamp irradiation 

Increase in the 

ratio after 40 

min compared 

to deposition 

0.0207 0.02888 39.60 % 0.07447 259.98 % 
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TBN deposition 

at 300 K 

20 min LED 

irradiation (377 

nm) 

Increase in the 

ratio after 20 

min compared 

to deposition 

40 min LED 

irradiation (377 

nm) 

Increase in the 

ratio after 40 

min compared 

to deposition 

0.0204 0.0505 147.54 % 0.0696 241.08 % 

TBN deposition 

at 300 K 

20 min LED 

irradiation (265 

nm) 

Increase in the 

ratio after 20 

min compared 

to deposition 

40 min LED 

irradiation (265 

nm) 

Increase in the 

ratio after 40 

min compared 

to deposition 

0.0286 0.0402 40.86 % 0.0621 117.34 % 

 

Fig. 10F.8l exhibits the multilayer deposition of TBN molecules on a clean rutile (110) TiO2 

surface at a cryogenic temperature close to LN2 temperature. Since the image has a larger scale 

compared to Fig. 8.2a, the flat steps on the surface are visible, although the mobility of the 

deposited TBN molecules at 77 K makes it difficult to achieve higher resolution at this stage. 

  

 

 
Fig. 10F.8. STM images of 5AGNRs on a rutile TiO2 (110) surface after irradiating a TBN 

multilayer with a Xe lamp; (a) ≈ 25.7 nm × ≈ 25.7 nm, Vs = 1 V, It = 10 pA. (b) ≈ 22.6 nm × ≈ 

22.6 nm, Vs = 1 V, It = 10 pA. (c) ≈ 1.4 nm × ≈ 1.4 nm, Vs = 1 V, It = 10 pA. (d) An STM image 

of 5AGNRs on a rutile TiO2 (110) surface after irradiating a TBN multilayer with a Xe lamp 

before STS measurements; 30 nm × 30 nm, Vs = 1 V, It = 10 pA. (e) An STM image of 5AGNRs 

on a rutile TiO2 (110) surface after irradiating a TBN multilayer with a Xe lamp and performing 

STS measurements; ≈ 16.9 nm × ≈ 16.9 nm, Vs = 1 V, It = 10 pA. (f) An STM image of 5AGNRs 

on a rutile TiO2 (110) surface after irradiating a TBN multilayer with a Xe lamp and annealing at 
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325 K; 40 nm × 40 nm, Vs = 1 V, It = 10 pA. (g) An STM image of 5AGNRs on a rutile TiO2 

(110) surface after irradiating a TBN multilayer with a Xe lamp and annealing at 400 K; 14 nm × 

14 nm, Vs = 1 V, It = 10 pA. STM images of 5AGNRs on a rutile TiO2 (110) surface after 

deposition of Fe atoms and irradiation of a TBN multilayer with a Xe lamp; (h) ≈ 27.3 nm × ≈ 

27.3 nm, Vs = 1 V, It = 10 pA. (i) ≈ 1.2 nm × ≈ 0.9 nm, Vs = 1 V, It = 10 pA. (j) An STM image 

of a TBN multilayer on a clean rutile TiO2 (110) surface annealed at 325 K without irradiation 

and limited formation of 5AGNRs; 50 nm × 50 nm, Vs = 1 V, It = 10 pA. (k) An STM image of 

5AGNRs on a rutile TiO2 (110) surface after irradiating a TBN multilayer with a Xe lamp; ≈ 21.7 

nm × ≈ 21.7 nm, Vs = 1 V, It = 10 pA. (b) An STM image of a TBN multilayer on a clean rutile 

TiO2 (110) surface; 100 nm × 100 nm, Vs = 1 V, It = 10 pA. STM acquisition temperature: 77 K. 

 

 
Fig. 10F.9. Bias-dependent STM images of GNRs on a rutile TiO2 (110) surface after 

irradiating a TBN multilayer with a Xe lamp; (a) 11 nm × 11 nm, Vs = 1 V, It = 10 pA. (b) 

11 nm × 11 nm, Vs = 1.5 V, It = 10 pA. (c) 11 nm × 11 nm, Vs = 2 V, It = 10 pA. (d) 11 nm 

× 11 nm, Vs = 2.5 V, It = 10 pA. (e) 11 nm × 11 nm, Vs = 0.5 V, It = 10 pA. (f) 20 nm × 20 

nm, Vs = 1 V, It = 10 pA. STM acquisition temperature: 77 K. 
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Chapter 11 
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