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As the dimensions of electronic device components shrink, there is a growing 

need for innovative methods and chemical modification strategies to fabricate 

nanometer-sized features. The work outlined in this dissertation focuses on two main 

strategies: the ultra-shallow monolayer doping, and area selective deposition. These 

strategies necessitate a detailed understanding of the interactions between different 

precursors and substrates, as well as the development of innovative techniques for 

governing and manipulating these interactions. 

In the following chapters, a novel chemical method for the monolayer 

functionalization of silicon surfaces with boron- and nitrogen-containing precursors is 

discussed and proposed as a pathway for ultra-shallow monolayer doping. 

Secondly, the monolayer functionalization of metal-oxide surfaces with an 

organic precursor with unique spectroscopic labels was investigated in order to 

understand the attachment chemistry of these materials and to develop spectroscopic 

labels for surface characterization.  

And lastly, the use of an organic molecule with unique spectroscopic labels is 

proposed as an effective resist to block the growth of materials in area selective 

deposition. 

The goals for the research contained in this dissertation are: 

1) Modify the surface of the semiconductor to form direct dopant (B, N)-Si 

bonds and control the concentration of the dopant. 

ABSTRACT 
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2) Explore and control the attachment of the boron-containing precursor 

that contains unique spectroscopic labels (F, B) with the metal-oxide surfaces. 

3) Modify the chemical reactivity of the surfaces with respect to a metal-

organic precursor to inhibit or promote the deposition of TiO2 films. 

To achieve these goals, a combination of spectroscopic, microscopic and 

computational investigations was performed to study the surface chemical 

modifications processes. X-ray photoelectron spectroscopy (XPS), Fourier-transform 

infrared spectroscopy (FTIR), time-of-flight secondary ion mass spectrometry (ToF-

SIMS) and solid-state nuclear magnetic resonance spectroscopy (ss-NMR) were used to 

elucidate the chemical environment and to determine the binding modes of the attached 

compounds on the surfaces. Atomic force microscopy (AFM) was utilized to evaluate 

the surface morphological changes after the surface chemical modifications. Also 

density functional theory (DFT) calculations were utilized to supplement the analysis, 

interpret the results of spectroscopic measurements and to interrogate surface stability 

of possible surface species.  
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INTRODUCTION 

1.1 Monolayer Functionalization of Semiconductor Surfaces 

Surface modification to control the electronic properties of different 

semiconductor materials, especially silicon, has been studied in recent decades, and new 

methodologies to improve and control such modifications are being developed.1,2 As the 

size of the components in electronic devices is shrinking as predicted by Moore’s law, 

new approaches are needed for the semiconductor industry towards nanometer 

dimensions that improve the performance and decrease the cost of the devices. 

Achieving control at the molecular scale is integral to these advancements, with surface 

and interface modifications playing a crucial role. 1,3 

One important motivation for the functionalization of semiconductors, such as 

silicon, with molecular monolayers is to fine-tune the properties of the material toward 

a desired application. Some of the applications expand in a number of fields including 

electronics, sensing, bio-sensing and energy conversion. 4 

Surface functionalization schemes used in this work are summarized in Figure 

1.1. The surface modification usually starts with the introduction of hydrogen5,6, 

hydroxyl groups,7–9 or halogens6,10 (more commonly Cl and Br). These atoms or groups 

of atoms change the reactivity of the semiconductor surface which will influence the 

reactions with the selected boron- and nitrogen-containing precursors that are studied in 

this thesis.11–14 If a covalent bond with the selected boron- and nitrogen-containing 

Chapter 1 
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precursors is formed, this procedure can be followed by capping and rapid thermal 

annealing (RTA), and an ultra-shallow doped surface can be obtained.15–17 

Another pathway, also shown in Figure 1.1, happens when the reaction with the 

boron- or nitrogen-containing precursors is selective. In this case, with further 

modification, one can obtain a surface with two different reactivities, which is important 

in processes like area-selective deposition.18 Therefore, surface functionalization with 

monolayers of atoms or molecules can serve as a preliminary step for further 

modification protocols.  

 The two approaches shown in Figure 1.1 are important for the scaling down of 

devices, and the importance of the ultra-shallow doping and area-selective deposition 

will be discussed in sections 1.2 and 1.3, respectively. 

 

 

Figure 1.1: Schematic representation of the surface modification pathways. 
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1.2 Ultra-shallow monolayer doping 

To control the electronic properties of semiconductors, a process called doping 

is used, which consists of adding impurities to alter these properties and to create p-n 

junctions. This is normally done with trivalent (B, As) and pentavalent (N, P) 

elements.19 This process can be achieved using different techniques including ion 

implantation and plasma doping.20 These are conventional techniques, and their 

principal limitations are the severe crystal damage and issues related to the control of 

the dopant amount required to have an ultra-shallow doping, which is required to make 

devices smaller.17,21,22 Other techniques, including atomic layer deposition (ALD) or 

chemical vapor deposition (CVD), have also been used. They are based on exposing the 

substrate to gas-phase doping precursors. One important drawback of these techniques 

is the expensive equipment required to use, the ultra-high vacuum conditions and the 

toxic gases used in some cases.23,24 

Doping silicon surfaces, especially ultra-shallow doping with high dopant 

concentrations, plays a crucial role in tuning the electrical properties of the 

semiconductor materials.3,17 In 2008, Javey et. al. proposed the technique called 

monolayer doping, that has been used to achieve shallow doping (< 5nm) of silicon with 

high dopant concentrations (>1020 cm-3). The process consists of two main steps, by 

which the silicon surface is first functionalized with a dopant-containing molecule 

followed by a rapid thermal annealing (RTA) to drive dopant into the substrate as shown 

in Figure 1.2.3 
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Figure 1.2: Schematic representation of monolayer doping (MLD) using the B- or N- 

containing precursors. 

This thesis addresses a solution-based route to form direct Si-B bonds by the 

reaction of BCl3 with a Cl-terminated Si (100) surface, described in chapter 3; a 

solution-based route to form direct Si-N bonds by the reaction of hydrazine with H-, Br- 

and Cl-terminated Si (100) surfaces, described in chapter 4; and a solution-based route 

to form Si-O-B bonds, by the reaction of 4-fuorophenyl boronic acid (FPBA) and boric 

acid (BA) with Cl-terminated Si (100) surfaces, described in chapter 5. This study 

provides potential pathways for ultra-shallow and supersaturated monolayer doping of 

the technologically important silicon (100) surface using B- and N-containing 

precursors. 

1.3 Functionalization of Metal Oxide Surfaces 

Metal oxide nanostructures have unique properties that are becoming important 

for applications such as catalysis of chemical reactions, drug delivery, water treatment, 

textile industries, polymer composites, adhesives, and coatings. Metal oxides are 

usually chemically stable; however, the use of some of these materials is limited by their 

wide band gap that reduces their light adsorption in the visible range.25 Another 

challenge in relation to metal oxide nanoparticles is their high tendency to aggregation. 
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Chemical functionalization of metal oxide nanoparticles has gained interest to control 

their dispersion and aggregation.26  

Various classes of organic compounds can be used as metal oxide modifiers, 

among them are thiols, carboxylates, phosphonates and silanes.27–29 A highly promising, 

but not fully explored choice for the attachment group is the boronic functionality (R-

B(OH)2). This functionality may form multiple binding configurations with different 

metal oxides that are not well understood, the types of attachments can be monodentate, 

bidentate chelating, and bidentate bridging. 

New chemical modification strategies of metal oxide surfaces are always in 

demand; however, the chemistry itself is often difficult to follow without specifically 

designed spectroscopic labels. In this thesis, a boronic functionality (R-B(OH)2, 

specifically 4-fluorophenylboronic acid, was tested as a molecular probe that has unique 

spectroscopic labels (F, B) in reaction with common oxide nanomaterials (TiO2 and 

Al2O3),
14 described in chapter 6. The attachment chemistry was investigated by XPS, 

IR and ss-NMR. The spectroscopic measurements were supplemented by DFT 

investigations to define the binding modes for 4-fluorophenylboronic acid on oxide 

surfaces. The well-defined surface modification chemistry and a set of spectroscopic 

labels distributed within this molecule can then be further used to probe the surface 

reactivity of other nanomaterials.  

1.4 Area Selective-Atomic Layer Deposition (AS-ALD) 

Atomic Layer deposition (ALD) relies on self-limiting surface reactions that 

take place between surface functional groups and gas-phase precursors. The precursor 

and co-reactant are alternated during the dosing and an inert gas or pump down steps 
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are followed between each dosing step. This process enables uniform thin film growth, 

conformality and atomically precise thickness control.30 

 

Figure 1.3 shows a representation of an ALD cycle to deposit a TiO2 film, using 

Tetrakis(dimethylamino)titanium (TDMAT) as the precursor for Ti and water as a co-

reactant. In the first half-cycle, the TDMAT reacts with the hydroxyl sites on a OH-

terminated Si surface. In the second half-cycle, the H2O reacts with the remaining 

dimethylamino groups, which leads to the hydroxylation process and the formation of 

Ti-O-Ti bonds in the deposited film. After the completion of the entire cycle, a TiO2 

layer is formed on the surface. The thickness of the TiO2 film depends on the number 

of ALD cycles. 

 

Figure 1.3: Representation of the ALD process using TDMAT and water as precursors 

to deposit TiO2. a) Half-cycle reaction of TDMAT with hydroxyl sites, and 

b) reaction of water molecules with the remaining dimethylamino groups. 
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In Area-Selective Atomic Layer Deposition (AS-ALD) the chemical nature of 

the surfaces allows to control where the reactions take place. This can be achieved by 

chemically modifying the surface, as shown in Figure 1.1, the efficiency of the 

chemisorption of a specific precursor depends on its affinity with specific surface 

functional groups. For instance, it is well known that OH groups on the surface favor 

the growth of TiO2 when using precursors like TDMAT or TiCl4, this surface is called 

the ‘growth area (GA)’. On the other hand, passivating the surface with self-assembled 

monolayers of functional alkyl molecules or recently studied small molecule inhibitors 

(SMIs) are being developed to create ‘non-growth areas (NGA)’. SMIs are very 

effective to block or delay the growth of TiO2 that uses TDMAT or TiCl4 as 

precursors.31–35  

Figure 1.4 shows the schematic of AS-ALD process, this can be achieved by 

modifying the surface to create the GA and NGA or area activation and area 

deactivation.36 Ideally, the deposition occurs only in the desired GA, however a more 

realistic AS-ALD process will form unwanted nuclei in the NGA, causing the loss of 

selectivity.18 A solution to this problem is to implement correction steps like 1) repeating 

the functionalization step to protect the NGA and 2) etching selectively to remove the 

deposited material on the NGA.37  
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Figure 1.4: AS-ALD process schematic showing how a film is selectively deposited in 

the GA 

In chapter 7 of this thesis, 4-fluorophenylboronic acid (FPBA) molecule was 

used as an SMI to passivate the Si (100) surface. FPBA on silicon forms a stable 

passivated surface that efficiently inhibits the deposition of TiO2, up to 20 cycles, in an 

ALD process based on sequential tetrakis(dimethylamido)titanium (TDMAT) and water 

doses. A detailed spectroscopic investigation with XPS confirms the formation of a 

stable monolayer, and ToF-SIMS profiles of this surface confirm that the FPBA 

functionality is still intact at the interface. 
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EXPERIMENTAL PROCEDURES AND CALCULATIONS  

This chapter describes the experimental and computational methods performed 

in this dissertation, including detailed information on the materials, surface 

modifications and the characterization techniques with experimental data collection and 

data fitting parameters. 

2.1 Surface Modification of Silicon 

2.1.1 Materials 

In chapter 3, 4 and 5 p-type one-side polished Si(100) wafers (Prolog Semicor 

Ltd., 380 mm thickness, 5–10 Ω-cm resistivity) were used as substrates, and in chapter 

7 single-side polished Si(100) wafers (p-doped ,Virginia Semiconductors, 400 mm ± 25 

mm, 1-10 Ω·cm resistivity) were used as substrates. All chemicals in chapter 3, 4, 5 and 

7 were reagent grade or better: N2 (research purity), hydrogen peroxide (Fisher, 30% 

certified ACS grade), ammonium hydroxide (Fisher, 29% certified ACS plus grade), 

hydrochloric acid (Fisher, 37.3% certified ACS grade), buffer-HF improved (Transene 

Company, Inc.), chlorobenzene (99+%, Acros), phosphorus pentachloride (≥98.0% 

Sigma-Aldrich), benzoyl peroxide (Acros), boron trichloride 1.0 M in toluene (Sigma-

Aldrich), toluene (99.8%, Fisher), anhydrous hydrazine (98%, Sigma-Aldrich), THF 

(Fisher, distilled from Na/benzophenone), 4-fluorophenylboronic acid (≥95.0% Sigma-

Aldrich), boric acid (≥99.5% Sigma-Aldrich), toluene (Fisher, 99.9% certified ACS), 

and reagent alcohol (Fisher, 99.9% certified ACS ethanol, catalog number A962-4). The 

Chapter 2  



10 

 

deionized water used to rinse the surfaces and containers was from a first-generation 

Milli-Q with 18 MΩ·cm resistivity. 

2.1.2 Preparation of hydrogen-terminated Si(100) surface 

2.1.2.1 Modified Radio Corporation of America (RCA) cleaning method 

The hydrogen-modified Si(100) surface was prepared by the RCA cleaning 

procedure. Standard Cleaning-1 (SC-1) solution was freshly prepared by mixing Milli-

Q water, hydrogen peroxide, and ammonium hydroxide (volume ratio 4:1:1), Standard 

Cleaning-2 (SC-2) solution was freshly prepared by Milli-Q water, hydrogen peroxide, 

and hydrochloric acid (volume ratio 4:1:1). The Teflon beakers and Si(100) wafers were 

cleaned in SC-1 solution for 30 and 10 min, respectively, in an 80 °C water bath and 

under N2 stream. After rinsing with Milli-Q water, the clean wafers were etched in HF 

buffer solution for 2 min and rinsed again with Milli-Q water. Then, the wafers were 

placed in SC-2 solution for 10 min to grow a silicon oxide layer. After that, the rinsed 

silicon wafers were etched in HF buffer solution again for 1 min, followed by a 6 min 

etching process in ammonium fluoride solution to form a hydrogen-terminated Si(100) 

surface. 

2.1.2.2 HF dip method (Piranha clean) 

The HF-dip method was used as an alternative to the RCA cleaning procedure 

described above in selected experimental investigations for a quick preparation of H-

terminated silicon surface that is less well-defined chemically than the surface prepared 

according to the procedure described above in section 2.1.2.1. The Si(100) wafer was 

cleaned at room temperature in a 1:4 mixture of hydrogen peroxide and sulfuric acid for 

5 min, followed by 5 min Milli-Q water rinsing. After that, the rinsed silicon wafer was 
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dipped into a 10% HF aqueous solution for 2 min, followed by rinsing with Milli-Q 

water once to form the H-terminated Si(100) surface. 

2.1.3 Preparation of chlorine-terminated Si(100) surface 

The chlorine-terminated Si(100) surface was prepared by a well-established 

procedure using PCl5 that was initially proposed for Si(111).38 Phosphorus 

pentachloride powder was dissolved in chlorobenzene solvent, with a trace amount of 

benzoyl peroxide as a reaction initiator. This solution was purged with nitrogen gas 

under N2 atmosphere for at least 30 min to remove gaseous impurities. A hydrogen-

terminated Si(100) wafer was placed into this solution immediately after the etching 

procedure. The entire setup was placed in an oil bath at 110 °C for 1 h to prepare the 

stable chlorine-terminated Si(100) sample. 

2.1.4 Preparation of the Bromine-Terminated Si(100) Surface (in UHV) and 

Scanning Tunneling Microscopy (STM) Imaging 

Br-terminated Si(100) samples were prepared by a collaborating team in the 

research group of Dr. Robert Butera (The Laboratory for Physical Sciences, MD) in a 

UHV STM system with a base pressure of P < 2.6 × 10−9 Pa (2.0 × 10−11 Torr) using a 

ScientaOmicron VT-STM with a ZyVector STM Lithography control system. The 

Si(100) wafers used were p-type, B-doped with resistivity ρ = 0.07 to 0.09 Ω·cm, and 

were oriented within 0.5° of (100). Si samples were cut to 4 × 12 mm in size, cleaned 

via sonication in acetone, methanol, and isopropanol, mounted on a ScientaOmicron 

XA sample plate, and loaded into an UHV chamber. Clean Si(100)-2 × 1 surfaces were 

then prepared by a standard flash-annealing technique in UHV to 1200 °C, following 

the procedure found in Reference 39.39 This (2 × 1) surface reconstruction results in one 

remaining dangling bond on each Si atom. The clean samples were then exposed to a 
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flux of Br2 to achieve a Br-terminated surface with each Si atom bonding with a single 

Br atom. Br2 was generated from a solid-state, electrochemical cell consisting of AgBr 

doped with 8 wt % CdBr2.
40 Br exposures were done with the sample at ∼250 °C to 

minimize water contamination. After exposure, Br-terminated samples were annealed 

at 375 °C to desorb physisorbed species without activating etching and roughening 

processes.41 During Br2 exposure, the pressure in the chamber remained below 5.3 × 

10−9 Pa (4 × 10−11 Torr). After confirming a fully Br-terminated surface in the STM, 

samples were removed from the UHV chamber and exposed to air for less than 5 min 

before being stored in dry N2. 

2.1.5 Reaction of boron trichloride with Cl- or H-terminated Si(100) surface 

The freshly prepared Cl- or H-terminated Si(100) sample was transferred into a 

clean Schlenk flask filled with nitrogen gas, then evacuated. This fill-evacuate 

procedure was repeated three times. Boron trichloride 1.0 M in toluene solution was 

injected into the Schlenk flask, which was placed in an oil bath at 35, 50, 70 and 114 

°C, using a clean and dry syringe. The silicon wafer was stirred in the boron trichloride 

solution for 1, 3 and 5 h to form a boron-modified Si(100) surface. After the reaction, 

the boron trichloride-modified Si(100) surface was rinsed with toluene to remove any 

residues from the surface, dried with nitrogen gas, and then immediately transferred into 

the vacuum chamber to perform the XPS measurements. 

2.1.6 Reaction of Hydrazine with Cl-, H-, or Br-Terminated Si(100) Surfaces 

The freshly prepared hydrogen- and chlorine-terminated Si(100) samples were 

transferred into a clean Schlenk flask filled with N2(g) and then evacuated. The Br-

terminated Si(100) sample was transported from the Laboratory for Physical Sciences 
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to the University of Delaware in a custom-built sample carrier filled with nitrogen and 

transferred into a clean Schlenk flask with minimal exposure to ambient conditions. 

Then, the anhydrous hydrazine was injected into the Schlenk flask using a clean and dry 

syringe and placed in an oil bath at 35 °C. The terminated silicon wafer was reacted in 

the anhydrous hydrazine for 1 h to form a hydrazine-modified Si(100) surface. After the 

reaction, the hydrazine-modified Si(100) surface was rinsed with THF to eliminate any 

residues from the surface, dried with nitrogen gas, and then immediately transferred into 

the vacuum chamber to perform the X-ray photoelectron spectroscopy (XPS) 

measurements; there was a brief exposure to the ambient atmosphere during the 

transportation of the sample. 

In order to confirm that the Br−Si(100) samples are not altered substantially by 

the transport, which took approximately 2 h in a sample carrier, STM was used to verify 

that the surface passivation of a similarly UHV-prepared Br−Si(100) sample was 

unaltered after exposure to ambient conditions. In addition, once transferred for the 

experiments at the University of Delaware, a part of the Br−Si(100) sample was 

immediately checked for surface oxidation with XPS. 

2.1.7 Reaction of 4-Fluorophenylboronic Acid with the H- and Cl−Si(100) 

Surfaces. 

The 4-fluorophenylboronic acid was dissolved in toluene (30 mM) and mixed 

for 1 h at 100 °C under N2(g) stream. Then, the Cl−Si(100) or H−Si(100) substrate was 

introduced into the flask with the solution and reacted for 3 h at 35, 50, 70, and 110 °C 

under N2(g) stream. Then the sample was cleaned with toluene 3 times, dried with N2(g), 

and immediately transferred to the XPS setup. Toluene was demonstrated not to react 

with these surfaces within the range of conditions tested, similar to previous work.12,13  
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2.1.8 Reaction of Boric Acid with the H- and Cl−Si(100) Surfaces 

The boric acid was dissolved in reagent alcohol in a concentration of 1.0 M and 

kept under N2(g) stream. Once the powder was completely dissolved, the Cl−Si(100) or 

H−Si(100) sample was introduced into the flask and reacted with the solution for 3 h at 

room temperature (25), 50, and 70 °C. Then the sample was cleaned in the same solvent 

used to prepare the solution three times, dried with N2(g), and immediately transferred 

to the XPS sample chamber. Reagent alcohol was demonstrated not to react with these 

surfaces within the range of conditions tested, similar to previous work.12,13 

2.2 Surface Functionalization of Metal Oxide Nanomaterials 

2.2.1 Reaction of 4-fluorophenylboronic acid with TiO2 rutile, TiO2 anatase and 

γ-Al2O3 

Solutions with varying weight percentages (0.5, 1, 5, 10 wt %) of 4-

fluorophenylboronic acid were prepared in ethanol. A 25 mL aliquot of the 4FPBA 

solution was combined with 0.1 g of metal oxide dispersed in an equal volume of DI 

water. The metal oxides used were titanium (IV) oxide rutile nanopowder (Sigma 

Aldrich, <100 nm, 99.5%), titanium oxide(IV) anatase nanopowder (Alfa Aesar, 32 nm, 

99.9%), and gamma aluminum oxide nanopowder (Sigma Aldrich, <50 nm). The 

particle sizes were confirmed by transmission electron microscopy (TEM) and it was 

confirmed that the metal oxide nanoparticle sizes were consistent with manufacturer 

specifications. The mixture was stirred at room temperature for 24 h, the resulting solid 

was retrieved by centrifugation and rinsed with ethanol in triplicate, and finally, the 

powder was dried under N2 gas at room temperature. 
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2.3 Analytical Techniques 

2.3.1 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) is one of the most widely used surface 

analytical techniques. This technique is also known as ESCA (electron spectroscopy for 

chemical analysis). XPS provides the compositional and chemical information of the 

top few nanometers of solid samples.  

Figure 2.1 represents the general principle of the XPS. The surface to be 

analyzed is irradiated with an X-ray beam. When a photon of hv energy interacts with 

an electron in a level with binding energy EB, the entire photon energy is transferred to 

the electron, therefore a photoelectron is ejected with a kinetic energy. The binding 

energy EB can be calculated using the equation (1) 

EB = hv-Ekinetic-Φ … (1), 

where Φ is the work function of the spectrometer. The hv energy must be greater than 

EB. XPS is focused on the electrons in the core-levels, but an electron can also come 

from the occupied portion of the valence band.42 

All elements, except H and He can be measured by XPS, and every element has 

a unique set of electronic binding energies, which enables the elemental surface analysis 

of solid samples. 

 



16 

 

 

Figure 2.1: Schematic illustration of the working principle of X-ray photoelectron 

spectroscopy. a) General principle, and b) X-ray photoelectron excitation. 

In chapters 3-7 the XPS analysis was performed on a Thermo Scientific K-

Alpha+ instrument in the Surface Analysis Facility at the University of Delaware 

equipped with an Al K-alpha source (hν = 1486.6 eV) with a 35.3° take-off angle. The 

measurements were performed with a base pressure of 5x10-9 mBar. Survey spectra 

were collected over a binding energy range of 0–1000 eV, with a pass energy of either 

100 eV (Chapter 3-6) or 200 eV (Chapter 7), step size of 1 eV, and dwell time of 10 ms. 

High resolution spectra were collected with a pass energy of either 20 eV (Chapter 3-

5), 60 eV (Chapter 6) or 50 eV (Chapter 7), step size of 0.1 eV, and dwell time of 50 

ms. The data were processed by CasaXPS software (version 2.3.16). The carbon 1s peak 

at 284.6 eV was used to calibrate all the spectral features.  

2.3.2 Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 

Another mature and highly sensitive surface analytical technique is ToF-SIMS. 

It provides information about the composition of a solid sample within the top 1-2 nm. 

The basic information gathered by the ToF-SIMS is the mass spectrum of the secondary 
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ions generated from a pulsed beam of primary ions (such as Bi+, Bi3
+, Bi3

++) as shown 

in Figure 2.2. The mass m of each ion with charge q is measured via its time of flight 

through an analyzer of length L after an acceleration voltage Ue, according to equation 

(2).43 

𝑡 = 𝐿 𝑥 √
𝑚

2𝑞𝑈𝑒
 … (2) 

ToF-SIMS can be operated in positive or negative ion mode (determined by the 

polarity of the electric field applied between the extractor and the sample stage), in 

which only positively or negatively charged fragments, respectively, are collected. The 

calibration of the masses is usually done with H+, H2
+, H3

+, C+, CH+, CH2
+, CH3

+,C2H3
+, 

C3H5
+, C4H7

+, C5H5
+, C6H5

+, and C7H7
+ in positive ion mode, and  H−, H2

−, C−, CH−, 

CH2
−, CH3

−, C2
−, C2H

−, C3
−, C4

−, C5
−, C6

−, C7
−, and C8

− in negative ion mode. 

 One of the most important capabilities of this technique is the ultra-shallow 

depth profile, which consists of the continuous monitoring of the secondary ions as a 

crater is made. In most cases the crater generated is measured using a profilometer, so 

the depth can be calibrated. Reactive ions such as Cs+ and O2
+ are commonly used for 

elemental depth profiling of metal and semiconductor layers. While Cs, a strong electron 

donor, helps to enhance the ionization of negative ions, oxygen enhances the positive 

ion yields thanks to its electronegativity.44 
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Figure 2.2: Schematic illustration of the working principle of ToF-SIMS. 

The ToF-SIMS analysis shown in chapter 7 was performed on a TOF.SIMS 5 

instrument (ION-TOF USA, Inc.) equipped with a Bin
m+ (n=1-5, m=1,2) liquid metal 

ion gun, Cs, and O2 dual-source ion column for ultra-low energy sputtering, and low 

energy electron flood gun for charge compensation. For the depth profiles, a 500 eV Cs+ 

sputter ion beam with a 30 nA current was applied to create a 200 m x 200 m area. 

The analysis area was a 50 m x 50 m area in the center of the sputter crater, which 

was analyzed by using a pulsed 30 keV, 0.13 pA Bi+ primary ion beam. The negative 

ions were collected, and the sputtering depths were measured with a profilometer to 

obtain corresponding sputtering rates of the Si (100) substrate as described in chapter 7, 

and the thickness of the TiO2 layer deposited by ALD was measured with ellipsometry 

as described in chapter 7 to obtain the corresponding sputtering rate. The ToF-SIMS 

measurements were performed in collaboration with John Mason and Robert Norden in 

the Surface Analysis Facility in the University of Delaware. 
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2.3.3 Fourier Transform Infrared Spectroscopy (FT-IR) 

Fourier Transform Infrared Spectroscopy is an important analytical technique 

that can identify particular functional groups present in a molecule. FTIR spectroscopy 

takes advantage of how IR light changes the dipole moments in molecules that 

correspond to a specific vibrational energy. Infrared spectra result from transitions 

between quantized vibrational energy states. Molecular vibrations can range from the 

simple coupled motion of the two atoms of a diatomic molecule to the much more 

complex motion of each atom in a large polyfunctional molecule. For many vibrational 

modes, only a few atoms have large displacements, and the rest of the molecule is almost 

stationary. The frequency of such modes is characteristic of the specific functional group 

in which the motion is centered and is minimally affected by the nature of the other 

atoms in the molecule. Thus, the observation of spectral features in a certain region of 

the spectrum is often indicative of a specific chemical functional group in the 

molecule.45,46 

Figure 2.3 shows the principle of IR absorption with an example water molecule. 

When IR radiation is incident on a sample (solid, liquid or gas), it absorbs radiation at 

frequencies similar to its molecular vibration frequencies and transmits other 

frequencies. Frequencies of absorbed radiation are detected by infrared spectrometer, 

and a plot of absorbed energy against frequency can be obtained.  
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Figure 2.3: Schematic illustration of the principle of IR adsorption. 

The FTIR spectroscopy shown in chapter 6 was performed using a Nicolet 860 

ESP FTIR at room temperature and pressure using KBr as a background. Sample 

powder was mixed with KBr and pressed into a thin pellet, and transmission IR spectra 

were collected. 

2.3.4 Solid-state Nuclear Magnetic Resonance (ss-NMR) 

Solid-state NMR spectroscopy is a technique that provides information about 

the atomic level structure in solid materials. The NMR principle is based on a physical 

phenomenon in which a nuclei in an uniform magnetic field absorb and re-emit 

electromagnetic radiation. To gain solid-state NMR spectra with higher resolution, 

additional hardware needs to be used, such as magic-angle spinning (MAS) probe which 

spins the sample rapidly at an angle of 54.7° with respect to the external magnetic field 

and averages the chemical shifts to their isotropic value. The principles behind solid-

state NMR are similar to those of liquid-state, and it is a useful method of 

characterization when a sample cannot be dissolved. The peaks reflect the chemical 

environment that a specific type of nucleus exists in. Similar to liquid-state NMR where 
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the instrument can identify 11B, 13C, 19F, etc. Solid-state NMR is capable of looking at 

the same types of nuclei.47 

In chapter 6, the solid-state 11B and 19F NMR measurements were carried out on 

a Bruker Avance III 500 MHz NMR spectrometer (Bruker, Billerica, MA) operating at 

the Larmor frequency of 160.46 MHz for 11B and 470.59 MHz for 19F, respectively. A 

Bruker 4.0 mm multinuclear HX double resonance magic-angle spinning (MAS) probe 

was used to acquire 11B spectra at a spinning rate of 14 kHz within ±3 Hz. The reported 

11B chemical shifts were referenced externally to NaBH4 at −42.06 ppm.48 A Bruker 1.3 

mm triple resonance (HFX) MAS probe was used to collect the 19F MAS spectra at a 

spinning rate of 60 kHz within ±5 Hz. The 19F chemical shift referencing was done with 

the secondary standard of mefloquine at −40.7 ppm, with respect to Trifluoroacetic acid 

(TFA) at 0 ppm. The solid-state cross-polarization (CP) 13C NMR spectra were acquired 

using a Bruker AVIII 600 MHz spectrometer with a Bruker 3.2 mm HXY probe. The 

MAS rate was regulated at 14 kHz within ±3 Hz. The relaxation delay was 3 s, and the 

CP contact time was 2 ms. The chemical shifts were reported by referencing externally 

via a peak at 43.5 ppm for α-carbon of glycine relative to tetramethylsilane (TMS) at 0 

ppm. The sample temperature of all measurements was regulated at 300 K unless 

otherwise noted. The ss-NMR data were collected by Dr. Shi Bai in the NMR 

Laboratory at the Department of Chemist and Biochemistry, University of Delaware. 

Solution 19F NMR was performed using a Bruker AVIII 600 MHz spectrometer 

(Bruker, Billerica, MA) equipped with a BBFO probe using standard proton decoupling 

19F data acquisition parameters. For the calibration curve, a stock solution of FPBA (100 

mM) was prepared, and then serial dilutions were done to obtain concentrations of 50, 

30, and 15 mM. To quantify the number of molecules adsorbed on each surface, 1 g of 
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each nanomaterial was reacted with 10 mL of each diluted solution for 24 h. Then, it 

was centrifuged and washed three times with ethanol. The solutions for the calibration 

curve, the supernatant after the reaction, and the washes were measured in the solution 

19F NMR. The fluorine concentration before and after the reaction was measured to find 

the chemisorbed and physiosorbed molecules after the reaction of each nanomaterial 

with FPBA. Then, the concentration obtained in each of the ethanol washes was 

subtracted to obtain only the chemisorbed molecules. 

2.3.5 Atomic Force Microscopy (AFM) 

Atomic Force Microscopy is a method used to characterize the morphology of 

the surface of a sample. The AFM principle is based on the cantilever/tip assembly that 

interacts with the sample to produce atomic scale resolution images.  

A schematic illustration of the main components of an atomic force microscope 

is shown in Figure 2.4. Imaging is accomplished by measuring the interaction force via 

deflection of a soft cantilever while raster - scanning the tip across the surface. 42 The 

up/down and side to side motion of the AFM tip as it scans along the surface is 

monitored through a laser beam reflected off the cantilever. This reflected laser beam is 

tracked by a position-sensitive photo-detector (PSPD) that picks up the vertical and 

lateral motion of the probe. 
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Figure 2.4: Illustration of the working principle of the atomic force microscopy. 

The AFM images in chapter 4 and 5 were obtained using a tapping mode with a 

J-scanner scanning probe microscope (Multimode Nanoscope V). The sensing tips used 

were aluminum coated (BudgetSensors), which had a frequency of 300 kHz and a force 

constant of 40 N/m.  

The AFM images in chapter 7 were obtained using tapping mode with an Anasys 

Nano IR2 system. The Bruker gold-coated, microfabricated silicon probes that were 

~225 microns long and came pre-mounted on half-washer mounts were used. All the 

images obtained were processed with Gwyddion software (version 2.62) and the line 

profiles were processed with Origin 2019. 
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2.4 Computational Methods 

2.4.1 Density Functional Theory computational details 

To complement the information obtained with experimental techniques 

described above, computational calculations with DFT were performed in the studies 

described in this thesis. DFT is a versatile computational quantum mechanical 

modelling method. The computational calculations performed with DFT provides 

fundamental understanding and allows to optimize structures of interest, calculate 

energies of adsorptions between the substrate and the B- and N-containing precursors, 

comparison between experimental and theoretical core-level energies of 1s elements, 

and the theoretical vibrational frequencies. This theoretical information helps to support 

peak assignments in XPS and FTIR, as well as the thermodynamics of the reactions 

performed with the selected precursors in this thesis.  

In chapter 3, the DFT calculations were performed using the Gaussian 09 49  suite 

of programs in order to determine the binding energy of different boron-containing 

species bonded to the Si(100) surface. The Si21H20 cluster model was used to simulate 

the Si(100) surface with different boron-containing species attached (see Figure A3 in 

Appendix A). The geometry was optimized with the B3LYP functional and the 6-

311G+(d,p) basis set.50,51 In order to compare experimental and computationally 

predicted results for B 1s, additional calibration had to be performed. Koopmans’ 

theorem was used to evaluate the core binding energies for the boron-containing species 

analyzed as the negative of corresponding orbital energies. The approach used in this 

work to calibrate predicted binding energies for a number of light elements had been 

reported by several groups.52–55 Briefly, the negative values of the predicted orbital 

energies are compared for well-known (mostly molecular) species whose XPS spectra 
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are recorded experimentally. The difference between experimental and computationally 

predicted values includes the solid-state work function and depends on the specific 

computational method (functional and basis set). This difference is included as a 

calibration factor for comparing the computationally predicted binding energies for 

possible proposed surface species and experimental XPS results. This approach has 

been successfully applied to nitrogen52,55 and carbon,53 and a good correlation was 

observed for other elements.53,54 In chapter 3, the absolute values of the binding energies 

were calibrated by the comparison of the computationally predicted values with 

reference XPS data for boric acid56 and trimethylborane.57 The correction factor used 

based on the calibration was + 7.52 eV, which is the average difference between the 

binding energies predicted for B 1s level for these two molecules computed by the same 

method as shown above (B3LYP/6-311G+(d,p)) and experimentally recorded XPS 

spectra of these two molecules. 

In chapter 4, geometry optimization calculations were performed using the 

B3LYP functional and 6−311 + G(d,p) basis set.50,51 Three different clusters were 

investigated in order to compare the energy required for the reaction of target surfaces 

with hydrazine. The Si9H12 cluster represents a single dimer on the Si(100)-2 × 1 

surface. A two-dimer cluster Si21H24 represents two neighboring dimers belonging to 

two rows on the Si(100)-2 × 1 surface. It was investigated in order to understand the 

hydrazine binding between two rows of silicon dimers and the influence of neighboring 

silicon atoms on the energy of the systems of interest. A three-dimer Si21H20 cluster 

represents three dimers within the same row on this surface. For discussion purposes, 

these clusters will be referred to as one-, two-, and three-dimer clusters even if the dimer 

bond is broken (e.g., by SiCl2 species formation). The Si and H atoms in the silicon 
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cluster models were kept frozen from the third layer down to the last layer in the cluster 

during the optimization to prevent unrealistic distortion of the cluster models. The 

models were used to simulate the Si(100) surface with different terminations (H, Cl, and 

Br, including the formation of dihydrogenide and dihalide species) and different 

nitrogen-containing species attached to the silicon surface. In order to estimate the 

possible differences in energies predicted by the different model clusters, selected 

reactions have been investigated on all three clusters, and the energetics of these 

reactions are summarized in Table B1 in Appendix B. Despite some minor 

discrepancies, the conclusions in this chapter are not affected by these differences. N 1s 

core-level energy was predicted using Koopman’s theorem, and the correction factor to 

the predicted core-level energy for N 1s was 10.03 eV.55 To predict the stability of 

surface species formed, the energy predicted for the cluster models and molecular 

reactants was subtracted from the energy predicted for the adsorbate attached to the 

cluster model. 

In chapter 5, optimization calculations for geometry were conducted employing 

B3LYP functional and 6-311+G(d,p) basis set50,51 with Grimme’s D3 dispersion 

corrections (Empiricaldispersion = GD3).58 A silicon cluster was studied in order to 

evaluate the energy required for the reaction of boric acid and 4-fluorophenylboronic 

acid with H and Cl-terminated Si(100) surfaces. The two-dimer cluster Si21H24 

represents two neighboring dimers belonging to two rows on the Si(100)-2 × 1 surface. 

The silicon and hydrogen atoms in the silicon cluster models were kept frozen from the 

third layer down to the last layer in the cluster during the optimization to prevent 

unrealistic distortion of the cluster models. The models were used to simulate the 

Si(100) surface with different terminations (dihydride and dichloride species) and 
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different boric- and boronic species attached to the silicon surface. In order to simulate 

the dihydride and dichloride terminations, the Si−Si bond of the two top dimers was 

broken in order to saturate it with two hydrogen or two chlorine atoms. B 1s and F 1s 

core-level energy was predicted using Koopman’s theorem, and the calibration for each 

element was performed by the comparison of the computationally predicted values with 

reference XPS data.55 For the calibration of computationally predicted B 1s features in 

model clusters, previously reported XPS investigations of boric acid56 and 

trimethylborane57 were used as references; and for the calibration of F 1s features, the 

XPS measurements of fluorobenzylphosphonic acid,59 hexafluoroacetylacetone,60 and 

tetrafluoropropanol55,61 were used as references. The calibration was performed 

similarly to the previously reported C 1s and N 1s features to obtain an average 

correction factor translating the computationally predicted values for the 1s orbitals into 

the experimentally observed XPS features. 52,53,55 The correction factors to the predicted 

core-level energy for B 1s and F 1s were +7.52 and +15.16 eV, respectively; these values 

were obtained by averaging the difference between the binding energies predicted of the 

reference molecules by the same method mentioned above (B3LYP/6-311G+(d,p)) and 

the experimentally recorded XPS spectra of the reference molecules.52,53,55 In order to 

evaluate the thermodynamics of surface reactions, the energies predicted for the cluster 

models representing reactive surface sites and molecular reactants were subtracted from 

the energy predicted for the products of the reactions, as discussed in detail below and 

in Tables 5.2 and 5.3. 

In chapter 6, the TiO2 and Al2O3 surfaces were modeled by cluster models: 

Ti2O7H6 for TiO2 and Al2O5H4 for Al2O3. The geometry was optimized with the B3LYP 

functional49,62 and LANL2DZ51,63 basis set. The 6-311+g(d,p)50,51,63–66 basis set was 
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used for single point energy calculations with Grimme’s d3 dispersion correction67 and 

was chosen to calculate the core-level 1s binding energies of the boron and fluorine 

atoms. The FPBA molecule was optimized at monodentate, bidentate, and bridging 

bidentate attachment positions, with the removal of two hydrogens and an oxygen in the 

form of H2O for each B−O−Ti bond formation. Core-level 1s energies of the models 

were predicted using Koopmans’ theorem,68,69 which states that the binding energy of 

one electron, measured by XPS, is a negative of the orbital energy of that electron. This 

approach was used to predict the theoretical binding energies of the FPBA attachment 

to the Ti and Al clusters at the B3LYP/6-311+g(d,p) level. The absolute values for 

fluorine 1s were calibrated by comparing the computationally predicted values of core-

level energies in molecular species predicted by the same method with the 

experimentally measured F 1s spectra of fluorobenzylphosphonic acid,59 

hexafluoroacetylacetone,60 and tetrafluoropropanol,61 resulting in a correction term of 

+15.16 eV, and the boron was calibrated with experimental data for boric acid56 and 

trimethyl borane,57 which produced a correction term of +7.5 eV. The validity of such 

an approach for calibrating core-level energies with computational methods has been 

discussed extensively.11,52,53,70 

Amsterdam DF (ADF) package71 was used to predict 11B, 19F, and 13C chemical 

shifts for all of the FPBA-attached structures: monodentate, bidentate, and bidentate 

bridging. The full set of predicted chemical shifts can be found in Tables D1−D6. The 

revised Perdew−Burke−Ernzerhof (revPBE)72 functional was used for 11B and 13C, the 

hybrid PBE0 functional73 with 50% HF exchange was used for 19F, and the Slater-type 

TZ2P57 all-electron basis set (no frozen core) was used for all elements. The numerical 

quality was set to “very good” for each calculation using the Becke integration. The 
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chemical shifts of the 13C model structures were calculated according to δ = (σref − σ)/ 

(1 − σref), where the constant (σref = 189.05 ppm) was obtained from an optimized 

structure of tetramethylsilane (TMS). The chemical shifts of the 11B model structures 

were calculated according to δ = (σref − σ)/(1 − σref), where the constant (σref = 80.4 

ppm) was obtained from an optimized structure of boric acid. Chemical shifts of the 19F 

model structures were calculated according to δ = (σref − σ)/(1 − σref), where the constant 

(σref = 195.72 ppm) was obtained from an optimized structure of trichlorofluoromethane. 
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REACTION OF BCl3 WITH H- AND Cl-TERMINATED Si(100) AS A 

PATHWAY FOR SELECTIVE, MONOLAYER DOPING THROUGH 

SOLUTION CHEMISTRY  

3.1 Abstract 

This chapter explores the interaction of boron trichloride with H- and Cl-

terminated Si(100) surfaces, aiming to comprehend how this molecule interacts with the 

surface. The objective is to design a solution chemistry-based silicon surface doping 

processes using a precursor that is free of carbon and oxygen. The process was followed 

with X-ray photoelectron spectroscopy (XPS). Within the reaction conditions 

investigated, the reaction is highly effective on Cl-Si(100) for temperatures below 70 

°C, at which point both surfaces react with BCl3. The XPS investigation followed the 

formation of a B 1s peak at 193.5 eV corresponding to (B-O)x species. Even the briefest 

exposure to ambient conditions lead to hydroxylation of surface borochloride species. 

However, the Si 2p signature at 102 eV allowed for a confirmation of the formation of 

a direct Si-B bond. Density functional theory was utilized to supplement the analysis 

and identify possible major surface species resulting from these reactions. This work 

provides a new pathway to obtain a functionalized silicon surface with a direct Si-B 

bond that can potentially be exploited as a means of selective, ultra-shallow, and 

supersaturated doping. The material in this chapter is based on a published manuscript12.  

 

 

Chapter 3  
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3.2  Introduction 

As described in section 1.1, silicon surfaces that are selectively terminated (or 

functionalized) are considered a benchmark for the chemical modification of 

semiconductors, encompassing both fundamental and applied perspectives. Several 

reviews have emphasized the essential aspects of how these single-crystalline surfaces 

undergo modification and are used in practical applications.1,74–76 Doping silicon 

surfaces, especially ultra-shallow doping with high dopant concentrations, is at the core 

of many of these applications.17,77 Recently, monolayer doping has been used to achieve 

shallow doping (< 5 nm) of silicon with relatively high dopant concentrations (> 1020 

cm−3) through a process by which the silicon surface is functionalized with a dopant-

containing molecule followed by a rapid thermal anneal (RTA) to drive the dopant into 

the substrate.3 Monolayer doping provides a relatively quick and low-cost solution 

chemistry-based method to dope silicon substrates without having to work in high 

vacuum environments and to control the dopant concentration by chemical design.78 

Recent studies have even demonstrated the use of boron-containing and phosphorous-

containing molecular precursors with self-capping properties. 79–82 However, the use of 

carbon and oxygen containing precursor molecules, as well as a commonly used oxide 

capping layer to prevent desorption, leads to significant amounts of undesirable 

contaminants diffusing into the substrate along with the dopant.83 Additionally, the high 

annealing temperatures (typically > 900 °C) required to break the Si–C bonds formed 

during traditional monolayer doping chemistries lead to diffusion-limited doping levels 

and may be incompatible with existing device features or structures on the chip. To 

circumvent these issues, in this chapter we propose that a more ideal monolayer doping 
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process would instead utilize carbon- and oxygen-free precursors that form a direct Si-

dopant bond, e.g. Si–B or Si–P, thereby reducing contaminants, significantly lowering 

the thermal budget, and providing a route towards supersaturation ultra-shallow doping. 

These characteristics have been demonstrated with advanced manufacturing techniques 

that use gas-phase surface chemistry in ultra-high vacuum environments, 84,85 but a more 

accessible solution chemical pathway holds considerable promise to accelerate 

discovery of device functionality and process flexibility in microelectronics unavailable 

to conventional doping pathways. 86 

Many solution chemistry-based silicon functionalization schemes leverage the 

formation of a halogen-terminated surface from an initial hydrogen terminated surface 

to drive a desired chemical reaction. 87–89 This implies some level of selectivity between 

the target reactant and the chosen substrate termination, i.e. a favorable reaction occurs 

on a halogen terminated surface, while no reaction occurs on a hydrogen terminated 

surface. Several reports have investigated the ordering of mixed hydrogen/halogen 

adsorbates on silicon surfaces, 90–92 the halogen-halogen interaction of halogen-

terminated Si(100), 93 and the ability to place halogen adatoms within patterned, 

depassivated areas on an otherwise fully hydrogen passivated Si (100) surface has been 

demonstrated.93,94 With proper substrate patterning to achieve the desired termination in 

a predefined area, one could envision a selective-area monolayer doping process in 

which the dopant-containing precursor was chosen not only for its ability to foster a 

direct Si-dopant bond, but also for its selective reaction with the substrate termination. 

One of the issues with selectively terminated silicon surfaces is that the primary target 

of those investigations has been the well-defined Si(111) single crystal face. At the same 

time, the more technologically relevant Si(100) crystal face has received substantial 
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attention mostly in ultra-high vacuum studies (see review 74 and references therein) 

supported by computational investigations,76,95,96 and relatively little work has 

investigated the reactions of the type of condensation on H-terminated Si(100).97,98 In 

general, the modification of the Si(100) surface by using solution chemistry appears to 

yield more complex species compared to those on Si(111).6,89,99,100 

The study in this chapter compares the reactivity of boron trichloride (BCl3) with 

Cl-Si(100) and H-Si(100) surfaces as the basis for developing future processing for a 

selective area monolayer doping that forms direct Si-dopant bonds and that also utilizes 

an O- and C-free dopant precursor. The entire process is performed using wet chemistry 

(solution) methods. We find that under a relatively wide range of experimental 

conditions, BCl3 exhibits very high selectivity towards a reaction with Cl-Si(100) at 

temperatures below 70 °C. The reaction in an oxygen-and water-free atmosphere could 

clearly yield an unoxidized surface and lead to the formation of direct Si-B bonds. 

3.3 Results and discussions 

All substrates and chemicals used in this chapter can be found in chapter 2, 

section 2.2.1. The preparation of H-, Cl-Si(100) and the reaction with boron trichloride 

can be found in sections 2.1.2, section 2.1.3 and section 2.1.5 respectively. 

The XPS analysis was performed as described in chapter 2, section 2.1.1. To 

quantify surface coverages of boron and chlorine, an overlayer model was used 6 with 

the following assumptions: 

(1) chlorine- or boron-containing molecules are on the silicon substrate, and the 

adventitious hydrocarbon and oxygen layer is on top of that overlayer; 

(2) all the chlorine and boron atoms in the overlayer are in the solid state. 
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The equivalent monolayer coverage of an overlayer species was calculated from 

the equation: 

Φ = [(
𝜆 𝑠𝑖𝑛𝜃

𝑎𝑜𝑣
) (

𝑆𝐹𝑆𝑖

𝑆𝐹𝑜𝑣
) (

𝜌𝑆𝑖

𝜌𝑜𝑣
) (

𝐼𝑜𝑣

𝐼𝑆𝑖
)]           (1) 

Where Φ is the overlayer coverage; λ is the penetration depth (4.0 nm in this 

instrument); θ is the photoelectron takeoff angle with respect to the analyzer (35.3°); 

aOv is the atomic diameter of the overlayer species. The value of aOv was obtained using 

the following equation: 

𝑎𝑜𝑣 = (
𝐴𝑜𝑣

𝜌𝑜𝑣𝑁𝐴
)

1/3
       (2) 

AOv is the atomic weight of the overlayer species: 35.45 g/mol and 10.81 g/mol 

for Cl and B atoms, respectively. NA is Avogadro’s constant. I is the integrated area 

under the overlayer or substrate peaks, determined by Casa XPS software (version 

2.3.16). 

The objective of this chapter is to compare the reactivity of boron trichloride 

with H- and Cl-terminated Si(100) surfaces, for designing solution chemistry-based Si 

surface doping processes using a carbon- and oxygen-free precursor. Figure 3.1 

summarizes the preparation of and possible reaction pathways for BCl3 with H-Si(100) 

and Cl-Si(100) surfaces. 
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Figure 3.1: Comparison of the reactivity of the H-terminated and Cl-terminated Si(100) 

surfaces. 

As will be demonstrated in this chapter, the reaction of BCl3 with H-Si(100) is 

only initiated at elevated temperatures and yields largely partial chlorination of this 

surface and partial oxidation. In contrast, Cl-Si(100) is very efficient in reacting with 

BCl3, and it will be shown that direct Si-B bonds are formed on this surface. However, 

any boron-chloride species formed on this surface are highly susceptible to oxidation 

even following very brief exposure to ambient conditions upon sample transfer, such 

that a number of possible boron-containing oxidized surface species are formed. 

Possible species are discussed later. The top two panels of Fig. 3.2 show the B 1s, Cl 

2p, and Si 2p XPS spectral regions of the H-terminated surface carefully prepared by 

the so-called modified RCA procedure (as described in section 2.1.2.1) before and after 

reaction with BCl3 at three different temperatures. At 35 °C and 50 °C there is no 

indication of boron being present, which suggests that boron trichloride does not react 

with the H-terminated Si(100) at these lower temperatures to introduce boron, and only 

some chlorination is observed. However, when the reaction is performed at 70 °C a 

distinct B 1s peak at 193.5 eV corresponding to (BO)x 
101–103 is observed, indicating that 

boron is introduced. As will be discussed below, these boron-containing species may 
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also contain chlorine atoms, but will be referred to as (B-O)x within this chapter. It 

should be noted that the chlorine presence on the surface increases with temperature and 

is the highest for the reaction performed at 70 °C, which suggests that the chlorine comes 

from the BCl3 
101 since this surface was not in contact with the PCl5 reagent used to 

prepare the Cl-terminated surface (see details in the experimental section). The Si 2p 

spectral region shows a peak corresponding to the SiOx species at approximately 103 

eV 104,105 in addition to the bulk signature, indicating that the surface is susceptible to 

oxidation even upon very brief exposure to ambient upon transfer to the XPS instrument.  
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Figure 3.2: XPS spectra of Cl 2p, B 1s and Si 2p spectral regions for H-terminated 

Si(100) before reaction (a1), after BCl3 reaction (b1) at 35 °C for 3 h, (c1) 

at 50 °C for 3 h and (d1) at 70 °C for 3 h (the inset shows the zoomed-in 

region of the spectrum corresponding to the formation of Si-Bx and Si-Ox 

species) and for Cl-terminated Si(100) before reaction (a2), after BCl3 

reaction (b2) at 35 °C for 3 h, (c2) at 50 °C for 3 h and (d2) at 70 °C for 3 

h (the inset shows the zoomed-in region of the spectrum corresponding to 

the formation of Si-Bx and Si-Ox species). Each spectrum is the result of 

averaging three different experimental spectra. 

The reaction of BCl3 with Cl-terminated Si(100) surface (prepared starting with 

the H-Si(100) surface prepared by the RCA procedure (see experimental section 
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2.1.2.1)) is summarized in the bottom two panels of Fig. 3.2. For all the reaction 

temperatures tested, there is a peak of B 1s present at around 193.5 eV corresponding 

to the (B-O)x species. The intensity of the B 1s peaks increases at higher temperatures, 

having the highest intensity at 70 °C. Additionally, it is observed that the Cl 2p feature 

decreases with reaction temperature. Another interesting feature observed in the Si 2p 

region is the peak at 102.1 eV corresponding to the Si-B bond.106–108 This feature is very 

prominent and is clearly distinguishable from the SiOx signature around 103 eV, which 

is indeed observed but is minimal at the optimized reaction conditions at 70 °C. Surface 

B-Cl groups are expected to rapidly oxidize upon even brief exposure to ambient 

conditions during sample transfer following the reaction to the XPS instrument. 

Previous studies demonstrated the deposition of B2O3 films formed by atomic layer 

deposition on Si surfaces using BCl3/H2O and BCl3/O2, where the B 1s feature is also 

observed at ∼ 193 eV and chlorine contamination is recorded at high temperatures.101,103 

Even at room temperature, it was shown that a complex mixture of species including B-

Si, BCl, BCl2 and BCl3 formed on silicon.106 In fact, boron trichloride gas reacts with 

the Si(100) causing both etching and boron introduction, with the deposition rate of 

boron higher at lower temperatures and etching of silicon more favorable at higher 

temperatures.109 Most importantly, however, the Si-B bond in the set of investigations 

presented here is preserved and oxygen is not incorporated into the silicon wafer when 

BCl3 reacts with Cl-Si(100). Thus, boron trichloride does react preferentially with the 

Cl-terminated vs the H-terminated surface, where a peak for B 1s around 193.5 eV 

corresponding to (B-O)x
101–103 is present at all the temperatures tested for the Cl-Si(100) 

surface and the highest intensity for the B 1s is obtained for the reaction performed at 

70 °C. 
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Figure 3.3: Comparison of the peak position in the experimental XPS spectra of B 1s 

obtained from the reaction with BCl3 at 70 °C for 3 h (a) before the reaction 

(showing a Si 2 s plasmon feature) and (b) following the reaction and the 

computationally predicted values for the models indicated, shown as black 

bars underneath the experimental spectrum. 

The possible species formed on the surface during the reaction of boron 

trichloride with Cl-terminated Si(100) followed by a brief exposure to ambient were 

modeled using the Gaussian 09 suite of programs49  utilizing the B3LYP functional and 

6-311G+(d,p) basis set (section 2.4.1).50,51 The results for the calculated binding 

energies of the modeled species are shown in Fig. 3.3 where the different species are 
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projected to have their XPS signature very close to the experimental peak position 

obtained after the reaction with BCl3 at 70 °C for 3 h. The expected positions of the B 

1s features were calibrated as described in the computational methods section 2.4.1. The 

experimental data are fully consistent with boron introduction, but the nature of the 

attached boron species is difficult to determine based on these calculated binding 

energies alone, since the expected position of the B 1s features all fall within the 

experimentally observed peaks. 

 

 

Figure 3.4: Relative Cl/Si monolayer coverage after BCl3 reaction with Cl-Si(100) 

(dashed red line), relative B/Si monolayer coverage after BCl3 reaction 

with Cl-Si(100) (solid red line), relative Cl/Si monolayer coverage after 

BCl3 reaction with H-Si(100) (dashed blue line) and relative B/Si 

monolayer coverage after BCl3 reaction with H-Si(100) (solid blue line), 

calculated from the Briggs and Seah equation, as described in detail in 

reference.110 
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Fig. 3.4 shows the surface coverage of boron and chlorine on Cl-Si(100) and H-

Si(100) surfaces after reaction with BCl3 as a function of reaction temperature, as 

estimated according to the calculations obtained from equation (1) in the experimental 

section 3.3.5. These results clearly show that for the Cl-Si(100) surface the chlorine 

coverage decreases significantly after the reaction with BCl3 at any temperature studied, 

with a slight temperature dependence, while the presence of boron increases 

significantly as the temperature increases. Opposite to that, for H-Si(100) the amount of 

chlorine increases with temperature, but the presence of boron is only appreciable at 70 

°C. It appears that the BCl3 does react preferentially with the Cl-terminated surface, and 

only introduces chlorine to the H-Si(100) surface. We surmise that once the amount of 

chlorine on that surface is substantial, the reaction proceeds similarly to how it would 

proceed on Cl-Si(100). However, surface chlorine concentration produced on the H-

Si(100) surface by BCl3 at temperatures below 70 °C (e.g. < ∼20%) at these reaction 

conditions is not sufficient for the boron-introducing reaction to occur at significant 

rates. 

The reaction of BCl3 with H-Si(100) and Cl-Si(100) surfaces prepared with a 

simple HF-dip method, rather than the careful RCA procedure, was also investigated. It 

has been shown that a simple dip into a 10% HF solution (see details of the HF-dip 

method in the experimental section 2.1.2.2) can produce an H-terminated silicon surface 

that is poorly defined chemically but has superior electrical properties.5,111,112 Fig. 3.5 

summarizes the results. Similar to the results presented above for the Si(100) surfaces 

carefully prepared by the RCA procedure, there is a clear selectivity for the reaction of 

BCl3 with Cl-Si(100) compared to H-Si(100) at 50 °C, and the reaction loses its 

selectivity at 70 °C. However, one noticeable difference is that the Si-B peak at around 



42 

 

102 eV is not observed for the simple HF-dip prepared samples. Silicon surface 

oxidation is observed, as clearly evidenced by the presence of the SiOx peak in the Si 

2p region recorded for all the samples, regardless whether they are H- or Cl-terminated. 

This difference between the reactivities of differently prepared H- and Cl-terminated 

Si(100) surfaces implies that better defined RCA-prepared surfaces, likely consisting 

mostly of dihydride/dichloride species,99 show better propensity towards formation of 

Si-B bond in a reaction with BCl3, and/or better resistance to subsequent oxidation of 

any initial Si-B bonds formed during the exposure to ambient. The HF-dip prepared 

surfaces, which likely have a wider variety of surface species both in H-terminated and 

in Cl-terminated samples, also form B-containing surface species; however, the position 

of boron in those species appears to quickly shift towards arrangements that do not 

contain a direct Si-B bond, possibly Si-O-B, upon exposure to ambient. 
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Figure 3.5: XPS spectra of B 1s and Si 2p spectral regions for H-terminated and Cl-

terminated Si(100) surface prepared by HF-dip method: H-Si(100) after 

BCl3 reaction at 50 °C (a1), after BCl3 reaction at 70 °C (b1) for 3 h; Cl-

Si(100) after BCl3 reaction at 50 °C (a2), after BCl3 reaction at 70 °C (b2) 

for 3 h. 

3.4 Conclusions 

In this chapter a solution chemistry-based route to form direct Si-B bonds by the 

reaction of BCl3 with a Cl-terminated Si(100) surface was demonstrated. This provides 

a potential pathway for ultra-shallow and supersaturated monolayer doping of the 

technologically important silicon (100) surface using a carbon- and oxygen-free 
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precursor. Additionally, the results indicate that BCl3 reacts preferentially with the Cl-

Si(100) surface compared to H-Si(100), providing a potential method for selective 

functionalization with BCl3 of surfaces co-patterned with both Cl and H terminations. 

The doping level can be controlled by the reaction conditions, and a number of post-

processing reduction schemes 101,103,106,113 can be potentially used to remove remaining 

contaminants. An example of the use of low energy Ar+ sputtering to remove carbon 

contamination resulting from a brief exposure of the sample to ambient conditions 

during the transfer to the XPS instrument is provided in the supporting information 

section. A fully enclosed glove box can also be used to maintain an oxygen- and water-

free atmosphere during the experiments to minimize oxidation. 
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REACTION OF HYDRAZINE WITH SOLUTION- AND VACUUM-

PREPARED SELECTIVELY TERMINATED Si(100) SURFACES: 

PATHWAYS TO THE FORMATION OF DIRECT Si-N BONDS 

4.1 Abstract 

In this chapter, the reactivity of liquid hydrazine (N2H4) toward H-, Cl-, and Br-

terminated Si(100) surfaces was explored to unveil the principles governing nitrogen 

incorporation into the surface. This process has important implications in a wide variety 

of applications, including semiconductor surface passivation and functionalization, 

nitride growth, and many others. The use of hydrazine as a precursor allows for reactions 

that exclude carbon and oxygen, the primary sources of contamination in processing. In 

this chapter, the reactivity of N2H4 with H- and Cl-terminated surfaces prepared by 

traditional solvent-based methods and with a Br-terminated Si(100) prepared in 

ultrahigh vacuum was compared. The reactions were studied with X-ray photoelectron 

spectroscopy, atomic force microscopy, and scanning tunneling microscopy, and the 

observations were supported by computational investigations. The H-terminated surface 

led to the highest level of nitrogen incorporation; however, the process proceeds with 

increasing surface roughness, suggesting possible etching or replacement reactions. In 

the case of Cl-terminated (predominantly dichloride) and Br-terminated (monobromide) 

surfaces, the amount of nitrogen incorporation on both surfaces after the reaction with 

hydrazine was very similar despite the differences in preparation, initial structure, and 

chemical composition. Density functional theory was used to propose the possible 

Chapter 4  
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surface structures and to analyze surface reactivity. The material in this chapter is based 

on a published manuscript13. 

4.2 Introduction 

The fundamental concept underlying numerous industrial processes, such as 

doping, etching, catalysis, and film growth, involves the insertion of atoms or small 

fragments into the lattice of a substrate. As discussed in chapter 1, emerging molecular-

level technologies and advanced manufacturing demand novel approaches to govern the 

mechanisms of these surface reactions. These new approaches in the field of 

semiconductor surface modification, specifically for silicon functionalization, have 

been regularly reviewed in the literature, and a number of important points about them 

are highlighted in references 1,74,114–116. Reactions of nitrogen-containing molecules with 

silicon surfaces have been a subject of substantial research over several decades (see, 

for example, references 114,115,117 and multiple references therein). In addition to the 

fundamental intricacies of surface reactions in ultrahigh vacuum,118–120 more recently, a 

number of condensation processes on selectively terminated silicon surfaces with 

nitrogen-containing compounds have been investigated by solution-based approaches. 

The condensation reactions included investigations of the reactivity of nitro- and 

nitroso-compounds with H-terminated silicon and amine reactions with halogen-

terminated silicon surfaces.97,121 Both efforts have been inspired by surface 

functionalization; however, the key target has been the formation of a direct Si−N bond 

for the ultimate formation of silicon nitride (SiN) layers. SiN layers on Si surfaces are 

very effective in suppressing interface reactions between Si and a metal oxide layer 

(high-k gate dielectrics), such as in ultra-large-scale integration (ULSI) technology.122 

They are widely used as passivating and dielectric thin films in semiconductor 



47 

 

technology.123,124 However, it is extremely difficult to form atomically flat and uniform 

interfaces based on the Si−N bonds, which is necessary for scaling down and improving 

the performance of miniaturized devices.122,125,126  

There are a number of fundamental and practical issues that need to be addressed 

in order to control the Si−N bond formation. The first problem is contamination, 

especially with carbon or oxygen, an integral part of many proposed nitrogen-containing 

precursor molecules,97,121,127 which affects the electrical and optical properties of 

silicon; the second is the often necessary use of ultrahigh vacuum (UHV);127,128  and the 

third is that model reactions are often performed on a convenient Si(111) surface that is 

stable following hydrogen or halogen termination, but Si(100) is rarely used in model 

studies outside the UHV conditions, despite the fact that it is the most commercially 

relevant surface. 

In order to address the first issue, O- and C-free precursors can be used. Among 

them, certainly ammonia (NH3)
120,129–133 has received the most attention; but hydrazine 

(N2H4) has also been investigated.110,134–136 In some of the previous studies, the 

nitridation of silicon surfaces and interfaces employed thermal reactions of N2, NH3, or 

mixtures of N2/H2 in the gas phase.124,129,137,138 By and large, these reactions require high 

temperatures and UHV conditions. Solution-based chemistry, on the other hand, can be 

performed at much lower temperatures, and it has been shown recently to produce easily 

controlled interfaces at relatively low expense.139,140 Ammonia and hydrazine can be 

used at these conditions both neat and in a variety of solvents,132,141 and H- or halogen-

terminated silicon surfaces can be produced to passivate the silicon after oxide removal 

and can survive outside UHV for the time needed for further surface modification. In 

fact, H and halogen-terminated silicon surfaces have been shown to be stable in several 
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solvents during reactions with BCl3, 
12 ammonia, 132 and alkyl silanes.38 Compared to 

the reaction with ammonia and its derivatives, the reaction of hydrazine on 

semiconductor surfaces has been studied to a much lesser extent. The reaction of 

modified silicon with anhydrous hydrazine requires lower processing temperatures than 

that needed for ammonia as a nitriding agent for silicon surfaces.110 In addition, 

hydrazine has two nitrogen atoms that can act as electron donors and can form more 

stable surface species compared to those formed with ammonia.110,135  

It should be noted that a number of studies have computationally investigated 

reactions of a chlorine-terminated Si(100) surface with ammonia142,143 or phosphine 

(PH3)
144 molecules and compared the results with selected experimental data available 

for ammonia reacting with Cl-covered Si(100) surfaces in ultrahigh vacuum (UHV).145 

There is also some mechanistic insight available for the interaction of ammonia with H-

covered Si(100), again under UHV conditions.145,146 The previous computational work 

on the PH3 reaction with ideally monochloride-terminated Si(100) surface explicitly 

attempted to investigate this process without the presence of surface defects and found 

only very weak interaction, so the rest of that work focused on reactions with the 

defective surface.144 However, accomplishing the reaction in liquid phase not only 

allows for the kinetically hindered processes to occur but also changes the 

thermodynamics of the process by introducing the interaction of the HCl molecule, the 

key product of the reaction with Cl-Si(100), with excess ammonia (or in our case with 

hydrazine). 

The work presented in this chapter demonstrates that a well-defined interface 

can be formed in a reaction of appropriately terminated Si(100) surfaces with hydrazine 

via solution-based chemistry. The results show that the nitrogen incorporation into the 
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H-Si(100) surface can exceed monolayer coverage, possibly at the expense of surface 

roughening or subsurface insertion. We also investigate and compare the reaction of 

hydrazine with a solution chemistry-prepared Cl−Si(100) (which is mostly covered with 

silicon dichloride species99,147) and on a Br−Si(100) prepared in UHV (which is 

primarily covered with silicon monobromide species148). Finally, we show that despite 

different surface preparations, the halogen-terminated Si(100) surfaces react with 

hydrazine to produce similar surface species and coverage, suggesting that a 

technological bridge can be formed between UHV processing and solution-based 

chemistry of silicon. 

4.3 Results and discussions 

All materials used in this chapter can be found in chapter 2, section 2.2.1.  The 

XPS analysis was performed as described in chapter 2, section 2.1.1. And the AFM 

images were obtained as described in section 2.1.5 

The objective of this chapter is to showcase the creation of a well-defined 

interface through a reaction involving H-, Cl- and Br-terminated Si(100) surfaces and 

hydrazine using solution-based chemistry. 

Figure 4.1 summarizes the preparation of the Br−, H−, and Cl−Si(100) surfaces 

followed by the reaction with hydrazine, starting with a clean Si(100) surface in UHV 

and with silicon covered with a native oxide layer in solution chemistry experiments 

(the details of each preparation are described in chapter 2). 
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Figure 4.1: Schematic comparison of the reaction sequences for the H-, Cl-, and Br-

terminated Si(100) surfaces 

As will be shown in this chapter, hydrazine reacts with all the surfaces 

investigated, and a direct Si−N bond is formed. Note that the product shown in the 

scheme is only used to illustrate that the reaction has occurred. It is well known that the 

solution chemistry-prepared H-terminated Si(100) surface consists mostly of the 

dihydride species,149 so it is expected that the chlorinated surface prepared starting with 

this H-Si(100) substrate would be mostly covered with silicon dichloride species, as 

previously reported.12,99 Comparing the H- and Cl-terminated silicon surfaces prepared 

by the solution chemistry with a Cl−Si(100) surface prepared in UHV would have been 

ideal to uncover the differences between silicon monochloride and silicon dichloride 

surface species; however, in the tests, the Cl−Si(100) surface did not survive outside 

UHV for a time that would be sufficient to transfer it from the Laboratory for Physical 

Sciences for further modification at the University of Delaware. Thus, the more stable 

monobromide-terminated Si(100) surface prepared in UHV was used. 
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Figure 4.2: XPS spectra of the Si 2p spectral region for (a) H-terminated Si(100) that is 

the starting point, (b) H−Si(100) following the reaction with hydrazine, (c) 

Cl−Si(100), (d) Cl−Si(100) following the reaction with hydrazine, (e) 

Br−Si(100) and (f) Br−Si(100) following the reaction with hydrazine. 

Each spectrum is the result of averaging three different experimental 

spectra. The fits include the features corresponding to Si−Cl and Si−Br 

surface species on Cl−Si(100) and Br−Si(100) surfaces (c and e) that do 

not appear on the same surfaces following their reaction with hydrazine (d 

and f). The same spectra are shown in the insets as zoomed-in versions. 
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Figure 4.2 shows the XPS spectra of the H−, Cl−, and Br−Si(100) surfaces 

before and after the reaction with hydrazine. Based on the Si 2p spectra shown in this 

figure, the H-terminated Si(100) has an intense Si 2p3/2 feature at 99.4 eV corresponding 

to elemental silicon and a small peak at 103.7 eV corresponding to (Si−O)x species from 

brief exposure to the ambient conditions upon its transfer to the XPS chamber.150 

Following the reaction of this surface with hydrazine, there is a clear spectroscopic 

difference observed for the higher binding energy peak, which now appears at 102.7 eV 

and corresponds to (Si−N)x species. This shift to a lower binding energy is due to the 

lower electronegativity of nitrogen compared to oxygen, and it can be clearly 

differentiated on the silicon surface.110,132,151 It should be noted that on H−Si(100) 

reacted with hydrazine (Figure 4.2 b)), the intensity of the peak that corresponds to 

partial oxidation at 103.7 eV is much smaller than that on H−Si(100) before the reaction 

with hydrazine (Figure 4.2 a)). This may be the result of shorter exposure time for 

transferring the H−Si(100) sample for the hydrazine reaction compared to that required 

to transfer it to the XPS chamber or may indicate oxide removal during hydrazine 

modification. Although specific reactions of hydrazine with H−Si(100) are very difficult 

to pinpoint within the framework of this investigation, this compound is a known 

reducing agent, and it is possible that some reduction processes involving surface oxide 

or Si- OH groups could proceed in series of reactions similar to those reported by Gao 

et al.152 The Cl-terminated Si(100) in Figure 1c shows a very small feature 

corresponding to oxidation, and after the reaction with hydrazine the position of the 

higher binding energy peak is at approximately 102.7 eV, indicating the formation of 

(Si−N)x. The spectrum shown in Figure 4.2 c) for the Cl−Si(100) surface can be fitted 

with a pair of the spin-orbit coupled peaks corresponding to the Si−Cl species, based on 
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literature data,153  in addition to the main silicon 2p features. These additional features 

disappear after the reaction with hydrazine, as shown in the corresponding insets in 

Figure 4.2. There have been previous attempts to identify and quantify the types of 

Si−Cl species formed on Si(100), for example, with soft X-ray photoelectron 

spectroscopy in a two-step chlorination/alkylation process99,154 or by angle-resolved 

XPS for Cl2 plasma etching; 154 however, for this study, the weak signals and possible 

inhomogeneity of the surfaces make it difficult to perform the quantitative assignment, 

although the position of the Si−Cl peaks shown in Figure 1c is consistent with the 

dichloride formation.155 The Cl 2p spectra may be much more informative in the 

quantification of chlorine amount on this surface.  

Finally, for the Br−Si(100) surface shown in Figure 1e, no oxidation is observed 

despite brief exposure of the samples to ambient conditions and transporting them to a 

different location under nitrogen. We attribute the stability of the UHV-prepared 

Br−Si(100) surface to its nearly defect-free character in combination with steric 

hindrance associated with the relatively large halogen adatom that inhibits the 

accessibility of Si−Si and Si−Br bonds by impinging oxygen-containing molecules. 

After the reaction with hydrazine, this surface clearly exhibits the formation of the 

Si−Nx species indicated by the peak at 102.7 eV as shown in Figure 4.2 f). Similarly to 

the chlorinated surface, the spectrum shown in Figure 4.2 e) for the Br−Si(100) surface 

can be fitted with a pair of the spin-orbit coupled peaks corresponding to the Si−Br 

species, based on literature data,153  in addition to the main silicon 2p features. These 

additional features disappear after the reaction with hydrazine, as clearly shown in the 

corresponding insets for Figure 4.2 e,f. Again, examining the Br 3d spectra instead of 
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quantifying these weak signals may be more informative, especially when compared 

with independent Br coverage determination by STM. 

 

 

Figure 4.3: XPS spectra of the Cl 2p spectral region for (a) Cl−Si(100) before surface 

modification and (b) Cl−Si(100) after surface modification with hydrazine. 

The H-, Cl-, and Br-terminated surfaces all show the formation of direct Si−N 

bonds; however, they show different N coverages and they form different N-containing 

species, as will be discussed below. 

Figure 4.3 shows the XPS spectra of the Cl 2p region of the chlorine-terminated 

silicon surface prepared with a saturated solution of PCl5. Before the reaction with 
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hydrazine, the Cl 2p region exhibits the 2p3/2 and 2p1/2 features at 199.6 and 201.1 eV, 

respectively. The small width of the peaks suggests that there is only one type of Cl-

containing surface species formed on this sample. It is most likely that the peaks 

observed correspond to dichloride species since they would be expected to form on a 

solution chemistry-prepared surface. 153 After the hydrazine treatment of this surface, 

chlorine is removed completely, confirming that it has been consumed by a chemical 

reaction and is likely replaced by nitrogen. 

 

 

Figure 4.4: XPS spectra of the Br 3d spectral region for (a) Br−Si(100) before surface 

modification and (b) Br−Si(100) following the surface modification with 

hydrazine. 
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Figure 4.4 shows the XPS spectra of the Br 3d region of the bromine-terminated 

silicon surface prepared in UHV. Before the reaction with hydrazine, the Br 3d region 

shows the 3d5/2 and 3d3/2 features at 69.1 and 70.1 eV, respectively.153 With the 

preparation in UHV, monobromide sites are mostly present on the surface, as was 

confirmed with STM and discussed below. After the reaction of this surface with 

hydrazine, the bromine is removed completely. 

 

 

Figure 4.5: XPS spectra of the N 1s spectral region for (a) H−Si(100) surface before the 

reaction with hydrazine, (b) H−Si(100) surface following the reaction with 

hydrazine, (c) Cl−Si(100) before the reaction with hydrazine, (d) 

Cl−Si(100) following the reaction with hydrazine, (e) Br−Si(100) before 

hydrazine treatment and (f) Br−Si(100) following the reaction with 

hydrazine (each spectrum is the result of averaging three different 

experimental spectra). The computationally predicted values for the 

species indicated (A, B, C, D, E, F, G, H, and I) are shown as black solid 

bars in the right panel with the experimental features indicated by the red 

gradients. 
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The N 1s experimental spectrum shown for the H−Si(100) surface following the 

reaction with hydrazine in Figure 4.5 exhibits a single-peak N-containing functionality 

at 400.8 eV in spectrum 4.5 b). The chlorine-terminated surface after the reaction with 

hydrazine also shows a single peak in spectrum 4.5 d) for N-containing functionality at 

401.0 eV. The experimental spectrum in Figure 4.5 f) shown for the Br−Si (100) surface 

reacted with hydrazine indicates a predominant N-containing functionality at 400.7 eV 

and a minor species at 398.5 eV. The experimental binding energies that correspond to 

the observed features were compared to selected computationally predicted models (A, 

B, C, D, E, F, G, H, and I) from the DFT study, which is shown in Figure 4.5 with 

corresponding binding energies indicated by solid bars. The models correspond to the 

possible reaction paths leading to the N-containing products following the reaction with 

hydrazine. The main products of the reaction can be bonded to the surface with a N−N 

bond arranged vertically or horizontally with respect to the surface or hydrazine can 

dissociate forming two NH2 species.110 The presence of chlorine in species E and F after 

the treatment with hydrazine was considered, as well as the presence of bromine in 

species G, H, and I; however, these species are not expected to be present on the final 

surfaces reacted with hydrazine, since the XPS investigations confirm that the halogens 

are removed. Nevertheless, it is important to understand the role of halogen atoms 

possibly remaining on the surface in the appearance of the XPS spectra obtained. 

Models A through D describe the most likely species that could form on Si(100) during 

its reaction with hydrazine. Among these models, A, which is formed without breaking 

the Si−Si bond of the underlying dimer, is the least likely to form on the Cl−Si(100) or 

H−Si(100) surface, since these surfaces are likely primarily covered with dichloride or 

dihydride species, respectively. The position of the features corresponding to model B 
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is the most consistent with the minor feature experimentally observed at 398.5 eV and 

suggests the presence of surface −NH2 species following the N−N dissociation. This 

feature is only observed for the Br−Si(100) surface. Similar features have been reported 

for reactions of ammonia132 and hydrazine 110 with the Cl-terminated Si(111) surface 

and were also assigned to the presence of −NH2 species. Thus, species of type C or D 

would be expected to be the most likely on H− Si(100) and Cl−Si(100) based on this 

subset of XPS studies; however, species C contains two very different nitrogen atoms 

and should result in a broad feature in the N 1s spectral region, which is not the case. In 

other words, among models A−D, species D is the most consistent with the observations 

reported in Figure 4.5. Additional surface chlorine or bromine could potentially shift 

the N 1s peaks of the proposed species toward higher binding energies, as suggested by 

the computed peaks predicted for species E through I; however, as noted above, there is 

no chlorine or bromine remaining on the surfaces following the reaction with hydrazine. 

It is also known that the N 1s signal can be shifted toward higher binding 

energies by surface oxidation110,132 but with minimal surface oxidation that would not 

be expected. Nevertheless, selected models containing oxygen are presented in Figure 

B1 in Appendix B for comparison. Of these models, only the model that includes the 

selective oxygen insertion into the N−N bond of the surface-bound hydrazine resembles 

the experimentally recorded spectra; however, this model is also the least likely to form, 

since N−H dissociation or oxygen insertion into Si−Si surface bonds would be much 

more thermodynamically favorable. Thus, according to all these results, it is most likely 

that the hydrazine is bonded to the surface with its N−N bond parallel to the surface and 

without substantial oxidation. It is interesting, however, that the surface that appears to 

exhibit the most inhomogeneous behavior in the reaction with hydrazine is the one that 
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is the most ordered and covered with the most well-defined monohalide species, 

Br−Si(100). The detailed investigation of the reaction mechanisms causing this 

discrepancy may not be possible solely based on the results presented in this work; 

however, some conclusions on the reactivity of Si−Cl and Si−Br in a reaction with 

hydrazine can be reached based on the coverage analysis and computational 

investigation summarized in this chapter. 

Before proceeding to evaluate surface coverages of halogens and nitrogen using 

XPS following a surface modification, it is important to calibrate the absolute coverage 

based on an independent measurement. STM provides an opportunity to use such an 

approach. 

 

 

Figure 4.6: Filled-state STM images (a): −2.5 V, 0.1 nA, (b): −2.0 V, 0.1 nA of fully 

Br-terminated Si(100)-(2 × 1) surfaces. Each Si dangling bond of the 

surface is passivated with one Br atom, preserving the dimer rows of the 

(2 × 1) reconstruction of the bare surface. A single atomic step runs across 

the center of (a). Several darker Si dimer vacancies are visible in (b). 

Figure 4.6 shows representative filled-state images of a fully Br-terminated 

Si(100)-2 × 1 surface from one of the samples used in this study. A single atomic step 

is visible running through the image in (a), while (b) shows a magnification of a terrace 
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in a different area of the surface. The images were acquired after the atomically clean 

Si(100) surface was exposed to Br2. Br2 dissociatively chemisorbs on the surface with 

each Br atom passivating the single dangling bond of each Si atom and maintaining the 

(2 × 1) reconstruction of the bare Si surface. The appearance of continuous dimer rows 

on the surface indicates that the surface is fully Br-terminated as remaining Si dangling 

bonds would appear bright in comparison. Dark features visible on single-dimer rows 

in (b) are Si dimer vacancies that were present in the starting Si surface. 

Most importantly, this microscopic technique allows us to compare the absolute 

coverages for halogens and nitrogen on the surfaces investigated. 

 

H-Si(100) Φ N/Si 7.0 ± 1.0 

Cl-Si(100) 
Φ Cl/Si 1.0 ± 0.3 

Φ N/Si 1.2 ± 0.1 

Br-Si(100) 
Φ Br/Si 0.4 ± 0.1 

Φ N/Si 1.4 ± 0.1 

 

Table 4.1: Surface Coverage (Φ) Comparison for the Differently Terminated Si Surfaces 

before and after Their Reaction with Hydrazine Based on XPS measurementsa 

aOne monolayer refers to the model ideally terminated with the dichloride Si(100) 

surface. 

Table 4.1 summarizes these studies. It assumes that the absolute Cl signal in 

XPS measurements corresponds to a monolayer of chlorine-containing SiCl2 species on 

a Si(100) surface. In other words, this signal is used to indicate the surface structure 

where one silicon surface atom is bonded to two chlorine atoms. This approach to 

evaluate the surface coverage results in a relative coverage of 0.5 monolayers for a 

perfect Br-terminated and fully reconstructed Si(100)-2 × 1 surface prepared in UHV. 

This is due to half of the Si dangling bonds being eliminated in the formation of the Si 
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dimers. The absolute signal intensity in the XPS may depend on a number of factors; 

however, the relative signals (Br/Cl/N) should be very reliable, as long as the recorded 

spectra reflect the formation of surface species approximately within a monolayer. 

Based on the results shown in Table 4.1, the chlorine coverage on a Cl−Si(100) surface 

used in this work is approximately twice that for bromine on Br−Si(100) (confirmed to 

correspond to one Br to one surface Si by STM), as would be expected for dichloride 

termination of the Cl−Si(100) surface used in this work. Interestingly, the Cl−Si(100) 

surface reacted with hydrazine results in an almost perfect one-for-one replacement of 

every surface chlorine atom with nitrogen. This would correspond to every silicon 

surface atom being bound to two nitrogen atoms. Even more important is the 

observation that the Br−Si(100) surface, which has half the halogen centers as 

Cl−Si(100), after reacting with hydrazine, results in the attachment of approximately 

the same amount of nitrogen as Cl−Si(100). Although this does not necessarily mean 

that the species formed on both surfaces are identical (and certainly, the mechanisms 

could be completely different for monobromide and dichloride interaction with 

hydrazine), it does show that the reaction of both surfaces with hydrazine leads to the 

same level of nitrogen incorporation. This last point leads to an important parallel 

between wet chemistry processing and UHV-prepared surfaces in a reaction with 

hydrazine: The amount of nitrogen introduced onto the surface in both sets of 

experiments is approximately the same, despite the differences in surface preparation, 

initial structure, and chemical composition. This bridge between UHV-preparation 

surface schemes and solution-based chemistry may be extremely important for 

monolayer doping. 
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Figure 4.7: Left panels: AFM image of (a) hydrogen-terminated Si(100) and (b) 

H−Si(100) after the reaction with hydrazine and (c) chlorine-terminated Si 

(100) and (d) Cl−Si(100) after the reaction with hydrazine. Right panels: 

Line profiles of each of the AFM images. The RMS was determined for 

areas of 500 × 500 nm. 

Significantly, the incorporation of nitrogen from hydrazine on the H−Si(100) 

surface leads to a large increase by nearly an order of magnitude compared to the 
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halogenated surfaces. This suggests that the reaction of hydrazine with the H− Si(100) 

surface is more complex and results in additional insertion pathways likely based on 

etching processes. In order to investigate this possibility, AFM evaluation of the 

resulting surfaces was undertaken and is summarized in Figure 4.7. 

The AFM images in Figure 4.7 a,b) show that the RMS roughness of the 

H−Si(100) increases after the reaction with hydrazine, indicating that the surface has 

been altered, probably by etching processes, during the reaction with hydrazine. For 

comparison, the changes in the morphology of the Cl−Si(100) surface after its reaction 

with hydrazine are shown in Figure 4.7 c,d). The RMS roughness of the Cl−Si(100) 

increases only from 0.50 to 0.80 nm, which is consistent with the observation that 

coverage of chlorine on a Cl−Si(100) surface is approximately the same as coverage of 

nitrogen on the same surface reacted with hydrazine (in other words, the nearly 

atomically flat surface remains flat following the reaction, suggesting the displacement 

or condensation reactions as opposed to etching). The mechanism of possible etching 

of the H−Si(100) surface by hydrazine is outside the scope of this work. It could involve 

steps described in previous investigations of high-temperature processes,39 

electrochemical etching,156 possible involvement of partially hydrated surface 

species,157 and subsurface nitrogen insertion.158–161 Nevertheless, the end result of 

incorporating a larger amount of nitrogen in this process as compared to the reaction of 

hydrazine with the halogenated silicon surfaces may be important for practical 

applications. 

Reactivity of hydrazine with the native oxidized silicon surface is outside the 

scope of this work, but it is important to note that this reaction does occur and was 

briefly tested as summarized in Figures B1 and B2 in Appendix B; however, as noted 
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in this chapter, there is minimal oxidation of the starting surfaces used in this work; 

therefore, it is not expected to significantly affect the results reported. In addition, to test 

the stability of the hydrazine-modified Cl− Si(100) surface, it was dipped in deionized 

water, and the majority of nitrogen remained bound to this surface, although some 

oxidation did occur as would be expected. This set of experiments is also summarized 

in Figure B2 in Appendix B. 

To provide some molecular-level understanding of the possible chemical 

processes leading to nitrogen incorporation into halogen-terminated silicon surfaces 

from hydrazine, a set of computational studies analyzing possible surface species and 

their stability were performed. The formation and some reactivity of monohalogenide 

or dihalogenide species on a Si(100) surface have been previously considered in a 

number of studies including energetics evaluation by STM162 and first-principle 

calculations,147 and interaction of an ideal mono-chloride-terminated surface with 

ammonia.142  The brief investigation summarized below focuses on the monobromide 

species of Br−Si(100) and dichloride species of Cl−Si(100), which were suggested by 

the experimental investigation. In this analysis, the formation of HCl (which could be 

possible in a gas phase process) leads to the immediate formation of the ionic complex 

with excess hydrazine. This additional reaction step results in extra stabilization 

(exothermicity) for each reaction considered. 
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Table 4.2: Thermodynamic Requirements for the Reaction of Hydrazine with Single-

Dimer (Si9H12), Two-Dimer (Si21H24), and Three-Dimer (Si21H20) Clusters. 

From the results summarized in Table 4.2, it is immediately apparent that the 

reaction of hydrazine is more favorable when the surface is terminated with dichloride 

(see reactions A, B, F, G, and H) than when the surface is terminated with monochloride 

(reactions C and D) or monobromide (reactions E, I, and J) where endothermic energy 

changes are predicted. In addition, these model calculations show that the energy 

required to attach one, two, and three molecules of hydrazine simultaneously to the 

Cl−Si(100) surface as −165.1 KJ/mol with one hydrazine attached (reaction F), −216.3 
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KJ/mol with two hydrazine molecules attached (reaction G), and−306.5 KJ/mol with 

three hydrazine molecules attached to the silicon surface(reaction H), respectively. 

Thus, there is a profound thermodynamic driving force for the formation of the surface 

fully covered with hydrazine starting from the dichloride-terminated Si(100) surface. 

The hydrazine can be attached to the surface with its N−N bond parallel to the Si−Si 

dimer (reactions A and C) or perpendicular to it (reactions B and D), based on the results 

in Table 4.2, with both possibilities ultimately leading to the formation of a surface 

where each chlorine atom is replaced with a nitrogen atom of a hydrazine molecule. In 

other words, these models are fully consistent with the XPS observations reported 

above. Again, although both species are predicted to be thermodynamically stable, XPS 

suggests that the model with the N−N bond parallel to the surface (reaction A) is most 

likely the dominant one on these Si(100) surfaces.  

As noted above, it is unlikely that the reaction of hydrazine with Br−Si(100) 

surfaces proceeds by a simple substitution of every two surface bromine atoms with 

nitrogen atoms from a single hydrazine molecule, since the coverage of nitrogen in the 

case of a monobromide-covered surface is the same as in the case of dichloride on a 

Cl−Si(100) surface. This suggests that the reaction mechanism on a Br−Si(100) surface 

is different from that on a Cl−Si(100) surface. In fact, all the computational attempts to 

evaluate the energy required to make the hydrazine-reacted Si(100) surface starting with 

monobromide resulted in strongly endothermic processes (E,I, J), perhaps suggesting 

that fundamentally different reactions drive the interaction of hydrazine with a 

Br−Si(100) surface. However, one interesting point of this computational set of studies 

is that the Si−Cl bonds in similar structures to those with the Si−Br bond are more 
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reactive and lead to less endothermic processes (for example, one can compare reactions 

C and E). 

Importantly, there are a number of exothermic reactions with Cl−Si(100) models 

consistent with the products observed in this work, as opposed to the products 

previously reported for ammonia110,132 and hydrazine reactions110 with the Cl-

terminated Si(111) surface, where all the proposed species were the results of 

endothermic processes. 

4.4 Conclusion 

Within this chapter, silicon surfaces terminated with H, Cl, and Br underwent 

reaction with anhydrous hydrazine through solution-phase chemistry. In all cases, the 

reaction resulted in the formation of a direct Si-N bond. Even though the chlorine-

terminated surface and bromine-terminated surface followed different preparation 

procedures that resulted primarily in the formation of dichloride- and monobromide-

covered surfaces, respectively, they lead to a similar surface coverage of nitrogen 

following the reaction with hydrazine. The H−Si(100) surface apparently undergoes 

more complicated reactions rather than condensation processes resulting in surface 

roughening. According to the DFT investigations, the energy requirement for the 

hydrazine reaction with halogen-terminated silicon is more favorable when the surface 

is terminated with dichloride, and there is a substantial thermodynamic driving force for 

the formation of a fully reacted surface where each silicon surface atom is connected 

with two nitrogen atoms from the hydrazine. Despite the differences in preparation, 

initial structure, and chemical composition for Br−Si(100) and Cl−Si(100) surfaces used 

in this work, both surfaces exhibit similar nitrogen coverage following the reactions 

with hydrazine. Thus, the mechanism of nitrogen incorporation in monohalide- and 
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dihalide-covered silicon surfaces requires further investigation; however, the goal of 

controlled nitrogen introduction to the silicon surface for further practical applications 

is achieved and can provide a bridge for engineering processes that utilize solution 

chemistry and UHV methods for the preparation of selectively terminated silicon 

surfaces. 
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SOLUTION CHEMISTRY TO CONTROL BORON-CONTAINING 

MONOLAYERS ON SILICON: REACTIONS OF BORIC ACID AND 4-

FLUOROPHENYLBORONIC ACID WITH H- AND Cl-TERMINATED Si(100) 

5.1 Abstract 

In this chapter, the interactions between boric acid and 4-fluorophenylboronic 

acid with H- and Cl-terminated Si(100) surfaces were explored using solution-phase 

chemistry. X-ray photoelectron spectroscopy (XPS) studies reveal that both molecules 

react preferentially with Cl−Si(100) and not with H−Si(100) at identical conditions. On 

Cl−Si(100), the reactions introduce boron onto the surface, forming a Si−O−B structure. 

The quantification of boron surface coverage demonstrates that the 4-

fluorophenylboronic acid leads to ∼2.8 times higher boron coverage compared to that 

of boric acid on Cl−Si(100). Consistent with these observations, density functional 

theory studies show that the reaction of boric acid and 4-fluorophenylboronic acid is 

more favorable with the Cl- versus H-terminated surface and that on Cl−Si(100) the 

reaction with 4-fluorophenylboronic acid is ∼55.3 kJ/mol more thermodynamically 

favorable than the reaction with boric acid. The computational studies were also used to 

demonstrate the propensity of the overall approach to form high-coverage monolayers 

on these surfaces, with implications for selective-area boron-based monolayer doping. 

The material in this chapter is based on a published manuscript11. 

 

 

Chapter 5 
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5.2 Introduction 

The process of organic modification of inorganic surfaces holds significant 

relevance and versatility across diverse applications. Among these applications are 

ultra-shallow doping, materials design, sensing, photovoltaics, and many 

others..2,74,75,163 The majority of current surface modification approaches rely on 

anchoring the organic molecules to the desired surface via specific functional groups.164 

For example, carboxylic and phosphonic acids, nitro- and nitroso functional groups, as 

well as various silicon-based functionalities, such as silanes or siloxanes, have been 

employed for surface modification of a wide variety of materials.98,121,165–167 

Additionally, in some recent investigations, boron-containing functional groups have 

also been explored, especially when the electrical properties of the interfaces created 

are targeted.81,168 Many of these approaches have also been used to introduce high 

surface concentrations of desired elements for ultra-shallow doping using monolayer 

doping. In this case, a precise concentration of an element needed for the application is 

introduced chemically by the monolayer reactions and then treated thermally or 

photochemically to produce ultra-shallow doping profiles required for 

microelectronics.3,77,80,81 Monolayer reactions of N-,169 P-,165 and B-containing12,81 

molecules have been explored for this purpose. 

The investigations of the chemistries of boron-containing molecules on 

chemically functionalized semiconductor surfaces are limited. Dilute solutions of boric 

acid have been utilized for solar cell applications, where boron doping is required;170,171 

however, in these reports boric acid was used only as a component for spin coating, and 

the process was followed by high-temperature annealing, with no surface reactions 

investigated. A molecular-level investigation of boric and boronic acids was reported to 

direct growth of thin films of polydopamine on solid surfaces, including commercial 
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Si(111) wafers.172 However, this investigation was focused on the interaction of boric 

acid with catechol moieties of dopamine rather than with the surfaces themselves. 

Phenylboronic and fluorinated phenylboronic acids can serve as attractive spectroscopic 

and chemical labels. These compounds in solution have been used to modify organic 

monolayers prepared on silicon,173,174 metal oxides,175,176 and metals.177,178 The boronic 

acid functionality (−B(OH)2) has high affinity for diols and can be used for selective 

biosensing in nucleic acid recognition and sugar or glycoprotein detection.173,175,177,178 

The fluorinated phenylboronic acid can enhance the electron transport properties 

because of the presence of π-conjugated structure of the phenyl group, and the boronic 

acid group can be easily chemically bonded to the surface of oxide materials, such as 

TiO2.
175 However, understanding the chemical interaction of the −B(OH)2 functionality 

with modified silicon surfaces leading to the direct formation of B−Si or B−O−Si 

linkages is lacking. Among other sources of boron for ultra-shallow doping processes, 

BCl3 has been considered. Recently, the solution chemistry of BCl3 has been 

investigated on silicon surfaces terminated with hydrogen or chlorine.12 A mechanistic 

understanding of that process was, however, complicated by partial oxidation of surface 

species in ambient and also possible etching processes. The reactions of boric and 

boronic acids on silicon surfaces may also shed light onto the formation of oxidized 

surface boron species that are produced in other boronation approaches. 

This chapter compares the reactivity of solutions of boric acid (B(OH)3) and 4-

fluorophenylboronic acid (F−C6H4−B-(OH)2) with Si(100) surfaces terminated with 

chlorine (Cl−Si(100)) or hydrogen (H−Si(100)). The presence of fluorine atoms in 4-

fluorophenylboronic acid allows for quantitative experiments using X-ray photoelectron 

spectroscopy and allows for an additional tracking label.179 The reactivity, efficiency, 
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and thermodynamics of the reactions of boric and boronic compounds with H−Si(100) 

and Cl−Si(100) are investigated. The reaction conditions allowing controlled 

introduction of boron-containing functionalities to differently terminated silicon 

surfaces are compared, suggesting a pathway for selective-area monolayer doping. 

5.3 Results and discussions 

All materials used in this chapter can be found in chapter 2, section 2.2.1.  

The AFM images were obtained as described in section 2.1.5. And the XPS 

analysis was performed as described in section 2.1.1. To quantify surface coverages of 

boron, an overlayer model was used, using the same equation as in section 3.4, with the 

following assumptions: 

(1) A monolayer is defined for Cl−Si(100) as a surface covered by dichloride 

species (2 chlorine atoms per 1 silicon surface atom);13 

(2) Following the reaction with boric acid and 4-fluorophenylboronic acid, two 

atoms of chlorine are replaced by a molecule of boric or boronic acid to form an ideal 

termination. This will be equivalent to one atom of boron per one atom of silicon, 

therefore forming nominally half a monolayer. 

This chapter aims to investigate the reactivity, efficiency, and thermodynamics 

of the reactions involving boric and boronic compounds with H−Si(100) and 

Cl−Si(100). Furthermore, this research explores the reaction conditions that enable the 

controlled introduction of boron-containing functionalities to differently terminated 

silicon surfaces, suggesting a pathway for selective-area monolayer doping. 

Figure 5.1 summarizes the experimental procedure followed for the preparation 

of the H- and Cl-terminated surfaces (described in sections 2.1.2 and 2.1.5 respectively) 
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and the subsequent reactions with 4-fluorophenylboronic acid and boric acid (described 

in sections 2.1.7 and 2.1.8 respectively) by solution chemistry. 

 

 

Figure 5.1: Schematic Comparison of the Reaction of 4-Fluorophenylboronic Acid 

(4FPBA) and Boric Acid (BA) with Cl-Terminated and H-Terminated 

Si(100) Surfaces 

For the reaction of boric and boronic acids with Cl−Si(100), an optimization of 

conditions was performed (summarized in Figures C1 and C2 in Appendix C) with 50 

°C selected as the best temperature for both reactions and HCl as the byproduct. At this 

optimized temperature, the reactions show the highest intensity of boron and fluorine 

(in the 4-fluorophenylboronic acid) XPS signals on the surface of the Cl-terminated 

Si(100) and also indicate lowest surface oxidation. A comparison between the reactivity 

of the H-and Cl-terminated surfaces was studied for both reactions, and it was shown 

that the H-terminated surface does not react with the boric and 4-fluorophenylboronic 
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acids, as there was no evidence of boron introduction in both cases within the range of 

reaction conditions investigated, as shown later in this chapter. 

 

 

Figure 5.2: XPS spectra of B 1s spectral region (showing a Si 2s plasmon feature). The 

left panel shows the (a1) H-terminated Si(100) as the starting point, (b1) 

H−Si(100) after the reaction with boric acid (BA) at 50 °C for 3 h and, (c1) 

H−Si(100) after the reaction with 4-fluorophenylboronic acid (4FPBA) at 

50 °C for 3 h; and the right panel shows the (a2) Cl-terminated Si(100) as 

the starting point, (b2) Cl−Si(100) after the reaction with boric acid at 50 

°C for 3 h, and (c2) Cl−Si(100) after the reaction with 4-

fluorophenylboronic acid at 50 °C for 3 h. 

Figure 5.2 compares the B 1s spectral regions before and after the reaction of H- 

and Cl-terminated Si(100) surfaces with boric acid and 4-fluorophenylboronic. The left 

panel summarizes the reactions on H−Si(100) in plots a1, b1, and c1. Only the broad 

peak corresponding to the Si 2s plasmon is present at 186 eV with no evidence of boron 
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observed after the reaction of H−Si(100) with boric acid or 4-fluorophenylboronic acid. 

In the right panel, the Si 2p plasmon is also observed at approximately 186 eV on 

unreacted Cl−Si(100) (a2). Following the reaction with boric acid, in addition to the 

plasmon feature, there is also a clearly recorded B 1s feature at 193.5 eV corresponding 

to B−Ox species.12,101–103  After reaction with 4-fluorophenylboronic acid, the B 1s peak 

is also observed, but it is shifted to lower binding energy at 191.8 eV. This difference 

can be explained by the reactions summarized in Figure 5.1. Specifically, the surface 

species expected to form during the reaction of boric acid with Cl−Si(100) have a 

general structure with a BO3 fragment. The reaction of the same surface with 4-

fluorophenylboronic acid molecules is expected to produce surface species with one 

C−B bond and two O−B bonds. The higher electronegativity of an oxygen atom is 

expected to shift toward a higher binding energy of the resulting species compared to 

the species containing C−B bond. Qualitatively, this shift in binding energy is also 

confirmed in the computational models where the position of the B 1s feature in the 

model systems with boric acid and 4-fluorophenylboronic acid molecules was found to 

be ∼193.8 and ∼193.1 eV, respectively. The computationally predicted difference is 

smaller than that experimentally recorded, but that could probably be explained by a 

limited number of available experimental and calibration points for B1s. 

 

  Relative B/Si coverage 
 (Φ) on Cl-Si(100) 

Ratio C/F Ratio B/F 

4-Fluorophenylboronic 
Acid  

0.57 ± 0.07 6.20 ± 0.20 0.70 ± 
0.07 

Boric acid 0.20 ± 0.02 …... ….. 

 

Table 5.1 Comparison of the Relative B/Si Coverage (Φ) on Cl−Si(100) after the 

Reaction with 4-Fluorophenylboronic Acid and Boric Acid at 50 °C, Calculated by 
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Using the Overlayer Model; C/F and B/F Ratios after the Reaction with 4-

Fluorophenylboronic Acid at 50°C. 

 

The relative B/Si surface coverage was calculated with the overlayer model 

described elsewhere,6,12 and the results of this analysis are summarized in Table 5.1. 

This comparison shows that the boron coverage is approximately 2.8 times higher for 

the reaction of Cl−Si(100) with 4-fluorophenylboronic acid compared to boric acid. 

 

 

Figure 5.3: XPS spectra of Si 2p spectral region. The left panel shows the (a1) H-

terminated Si(100) as the starting point, (b1) H−Si(100) after the reaction 

with boric acid (BA) at 50 °C for 3 h, and (c1) H−Si(100) after the reaction 

with 4-fluorophenylboronic acid (4FPBA) at 50 °C for 3 h; and the right 

panel shows the (a2) Cl-terminated Si (100) as the starting point, (b2) 

Cl−Si(100) after the reaction with boric acid at 50 °C for 3 h, and (c2) 

Cl−Si(100) after the reaction with 4-fluorophenylboronic acid at 50 °C for 

3 h. 
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Figure 5.3 shows the XPS spectra of the Si 2p spectral region for the H- and Cl-

terminated Si(100) surfaces before reaction and after the reactions with boric acid and 

4-fluorophenylboronic acid. The H-terminated surface (a1) shows the characteristic Si 

2p3/2 bulk peak at 99.4 eV and the absence of oxidation. Following the reaction of 

H−Si(100) with boric acid (a2) and 4-fluorophenylboronic acid (a3), the spectra do not 

change noticeably within the range of conditions studied. The Cl-terminated Si(100) 

surface also shows the intense Si 2p3/2 feature at 99.4 eV corresponding to the silicon 

crystal and a very small peak at around 103 eV corresponding to the Si−Ox species from 

the brief exposure to ambient conditions upon transfer to the XPS chamber after the 

monolayer formation. The formation of Si−Clx species can be confirmed by fitting the 

spectra according to previous investigations within the Si 2p spectra region;13,153  

however, the Cl 2p region is more informative to confirm the reaction (Figure C3 in 

Appendix C shows a nearly complete removal of surface chlorine from the Cl−Si(100) 

surface in reactions with both boric acid and with 4-fluorophenylboronic acid). 

Following the reaction of this surface with boric acid (plot b2 in Figure 5.3), it can be 

noticed that the peak at higher binding energy corresponding to SiOx species at 

approximately 103 eV is slightly increased and is significantly higher in intensity for 

the same surface reacted with 4-fluorophenylboronic acid (plot c2 in Figure 5.3). This 

is consistent with high coverage of 4-fluorophenylboronic acid on this surface following 

the reaction, as discussed further. Specifically, at this high coverage the reaction 

described in Figure 5.1 leads to the formation of Si−O linkages, similar to the formation 

of surface oxide. Some of the potential processes will be discussed with the help of 

computational investigations described in Tables 5.2 and 5.3. 
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Figure 5.4: The left panel shows the XPS spectra of C 1s spectral region for the H- and 

Cl−Si(100) surfaces after the reaction with 4-fluorophenylboronic acid 

(4FPBA) at 50 °C for 3 h. The right panel shows the XPS spectra of F 1s 

spectral region for the H- and Cl−Si(100) surfaces after the reaction with 

4-fluorophenylboronic acid at 50 °C for 3 h. The computationally 

predicted result is shown as a solid vertical bar underneath the 

experimental data. 

The structure of 4-fluorophenylboronic acid offers an opportunity to 

complement the surface coverage studies based on the B 1s spectral region with an 

investigation of the carbon and fluorine chemical environments. Figure 5.4 shows the 

representative XPS spectra of C 1s and F 1s for H and Cl−Si(100) following the reaction 

with 4-fluorophenylboronic acid. Although the C 1s spectral region may be affected by 

the presence of adventitious carbon that could be accumulated during the brief exposure 

of the sample to ambient conditions during its transfer to the XPS setup, the left panel 

of Figure 5.4 shows three main peaks for Cl−Si(100) and two main peaks for H−Si(100). 
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The peak at 284.6 eV corresponds to the C−C bonds, and the feature at 288.9 eV, present 

only on Cl−Si(100), indicates the presence of a C−F functionality in a fluorophenyl 

group in this molecule.61,174,180–182 The peak at 286.2 eV also corresponds to adventitious 

carbon. The F 1s spectral region can be fitted with a single peak at 687.1 eV, consistent 

with the typical value for C−F species174,182,183  for the Cl-terminated surface, while this 

feature is not present on the H-terminated surface. The computationally predicted (in 

this work) F 1s peak for the models describing the 4-fluorophenylboronic acid molecule 

attached to the Si(100) is at 687.3 eV, which agrees well with the experimental results 

and is in agreement with fluorine label bound to organic functional group.184 In order to 

know if the fluorine atom in the 4-fluorophenylboronic acid affects the reactivity with 

the Cl−Si(100), computational calculations with a molecule of phenylboronic acid 

attached to a dichloride terminated Si(100) were performed (Table 8.3 in Appendix C), 

and the results show that fluorine substitution does not substantially affect the reactivity 

of the 4-fluorophenyl boronic acid compared to the phenylboronic acid in this process. 

The molecular coverage calculated based on B concentration can be reevaluated 

independently based on the presence of C, B, and F in the 4-fluorophenylboronic acid 

molecule reacting with Cl−Si(100). The C/F and B/F ratios are provided in Table 5.1. 

The C/F ratio is expected to be 6, because the 4-fluorophenylboronic acid molecule has 

6 carbon atoms in the phenyl ring and 1 fluorine atom, and the B/F ratio is expected to 

be 1 because there is only 1 boron atom per molecule. The experimental ratios obtained 

are fully consistent with these expectations, with the C/F ratio being just slightly higher 

than 6, likely because of adventitious carbon present, as discussed previously, and the 

B/F ratio was found to be slightly lower than expected. The small underestimation is 
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possibly due to screening of the B atoms attached directly to the surface by the phenyl 

groups. 

It is interesting to note that the reaction of Cl−Si(100) with both boric acid and 

4-fluorophenylboronic acid leads to nearly complete removal of surface chlorine 

(Figure C3 in Appendix C) despite the fact that the boron coverage following the 

reaction with boric acid is nearly three times lower than that with 4-fluorophenylboronic 

acid, suggesting that the overall reaction mechanisms are quite different. Given 

complete chlorine removal in both cases, it appears that in the case of boric acid, the 

reaction is more complicated and leads to surface oxidation and chlorine removal even 

without attachment of boron-containing functionalities. The AFM images summarized 

in Figure C4 in Appendix C demonstrate that surface roughness does not change 

substantially following the chemical modification of the surface investigated here, 

supporting the absence of etching processes. To better understand the basic 

thermodynamics of the simplest reactions of H−Si(100) and Cl−Si(100) with boric and 

boronic acids, a set of computational studies were performed. This investigation is 

summarized below in Tables 5.2 and 5.3 and targets the dihydride species for H−Si(100) 

and dichloride species for Cl−Si(100), which are expected to be the major species on 

the respective solution-prepared surfaces.12,99,149 This computational modeling is also 

fully consistent with the previously described computational characterization of BCl3 
12 

and N2H2 
13 reactions with selectively terminated Si(100) surfaces. 
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Reaction 
Energy 

(KJ/mol) 

 

 

 

 

 

-86.2 

 

 

 

 

 

 

-180.5 

 

 

 

 

-209.8 

 

 
-246.5 

 

 

-18.2 

 

Table 5.2: Thermodynamic Requirements for the Reaction of 4-Fluorophenylboronic 

Acid with a Functionalized Si(100) Surface Represented by a Si21H24 Cluster 
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Reaction 
Energy 

(KJ/mol) 

 -65.8 

 

-125.2 

 

-166.5 

 
-186.7 

 

Table 5.3: Thermodynamic Requirements for the Reaction of Boric Acid with a 

Functionalized Si(100) Surface Represented by a Si21H24 Cluster 

 

 

Tables 5.2 and 5.3 show the model reactions of boric acid and 4-

fluorophenylboronic acid with H−Si(100) and Cl−Si(100) leading to the formation of 

stable surface species and a loss of H2 or HCl, respectively. The dehydration reaction 

that would eliminate water and form direct Si−B bonds was not considered, because in 

that case the experimental B 1s and Si 2p signatures of boron-containing species would 

be much more shifted toward lower binding energy,12,108,185 which is not observed. 

However, additional studies of the more complex reactions of boric acid with 

F 

G 

H 

I 
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Cl−Si(100) may be needed to understand the substantially lower boron coverage 

compared with the 4-fluorophenylboronic acid reaction. Given that the XPS 

measurements are performed not in situ in ultrahigh vacuum but following solution 

chemistry reactions and subsequent transfer in air, the silicon surface reacted with boric 

acid may be a subject to further oxidation (without substantial silicon oxidation) and 

boron removal by the time the measurement is performed in this work. This process 

could be more efficient than in the case of stable and bulky 4-fluorophenylboronic 

surface adduct. Nevertheless, a number of important conclusions can be reached based 

on the proposed, exothermic reactions summarized in Tables 5.2 and 5.3. Upon 

comparison of reactions A and B, the reaction of 4-fluorophenylboronic acid on 

Cl−Si(100) surface is significantly more thermodynamically favorable than on 

H−Si(100); the energy required for the attachment of one molecule of 4-

fluorophenylboronic acid is −180.5 kJ/mol on the chlorinated surface compared to the 

−86.2 kJ/mol on H−Si(100). A structure where a boronic acid functional group reacts 

with a single dichloride species on Cl−Si(100) surface (structure E in Table 5.2) has 

also been examined; however, this structure is much less stable than the other ones 

considered, with the stabilization of only 18.2 kJ/mol. Thus, it was not considered 

further. Given the similarities in the bond strengths of H−H (435.99 D°298/kJ/mol) and 

H−Cl bonds (431.62 D°298/kJ/mol),186 most of the thermodynamic driving force for the 

formation of the surface species originates from the difference in Si−H and Si−Cl bond 

strengths for initial H−Si(100) and Cl−Si(100) surfaces, respectively. The same 

comparison can be done with the reactions F and G, in this case with one molecule of 

boric acid attached to hydrogenated and chlorinated surfaces, where both processes are 

also exothermic, and the chlorinated surface leads to a more thermodynamically favored 
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reaction. In the case of boric acid, the thermodynamic driving force is much lower than 

that for 4-fluorophenylboronic acid on both H−Si(100) and Cl− Si(100). These 

computational results agree with the experimental results described above. On the 

chlorinated surfaces, under the same conditions, the amount of boron introduced is 

higher when the surface is reacted with 4-fluorophenyl boronic acid than when it is 

reacted with boric acid. This is consistent with the observation that the reaction with 4-

fluorophenylboronic acid is 55.3 kJ/mol more favorable than the reaction with boric 

acid. The difference can most likely be explained by the electron-withdrawing nature of 

the fluorophenyl group; however, the effect may require further investigations. 

It should be noted that the reactions A, B, F, and G provide some information 

about the proposed reactions at low coverage; however, given the high coverage 

estimates provided in Table 5.1, it is expected that attached surface species will interact 

and change the thermodynamic driving force for subsequent attachment. Reactions C, 

D, H, and I in Tables 5.2 and 5.3 show the relative energies of dichloride-terminated 

surfaces reacted with two and three molecules. These model calculations show that the 

exothermicity of a reaction to attach two and three molecules of 4-fluorophenylboronic 

acid is −209.8 and −246.5 kJ/mol, respectively, and the exothermicity of a similar 

process for boric acid is −166.5 kJ/mol for two molecules and −186.7 kJ/mol for three. 

Of course, the limited size of the cluster models may raise issues with the “high 

coverage” comparison, especially because these models already show the difference 

between attachment thermodynamics toward the middle of the cluster compared to the 

replacement at the end. To address this problem, a number of additional calculations 

have been performed to follow the attachment process to different dimers of the same 

cluster, and the summary of this work is presented in Table 8.2 in Appendix C. On the 
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basis of this comparison, it is clear that despite some differences in modification of 

different reactive sites on Cl−Si(100) model cluster, the general trends highlighting the 

more exothermic reaction for 4-fluorophenylboronic compared to that of the boric acid 

and also the thermodynamic propensity for high coverage formation for both of these 

compounds are confirmed. Further studies will be required to investigate the kinetic 

requirements for both modifications; however, it is clear that relatively high coverages 

of B-containing functionality can be obtained in both cases, especially with a boronic 

functional group. This observation is important both for a direct modification of silicon 

with B-containing compounds and for further work in using boronic functional group to 

functionalize silicon surfaces. If a high coverage of boronic acids is possible on Si(100), 

this chemical approach can be generalized to include other functionalities instead of a 

fluorination that was used in this work as a spectroscopic label. 

5.4 Conclusions 

The findings presented in this chapter demonstrate that both 4-

fluorophenylboronic acid and boric acid exhibit selective reactivity with the Cl-

terminated Si(100) surface in contrast to the H-terminated Si(100) surface. The 4-

fluorophenylboronic acid reaction with Cl−Si(100) results in boron coverage ∼2.8 times 

higher compared to the similar process with boric acid within the range of conditions 

investigated. The structure of the 4-fluorophenylboronic acid molecule allows for an 

efficient quantification of surface coverage based on F and C spectral regions and 

confirms the findings obtained based on the presence of boron on the surfaces. 

Furthermore, the computational studies show and confirm that the reactions of boric 

acid and 4-fluorophenylboronic acid are more thermodynamically favorable with the 

Cl−Si(100) surface compared to the H−Si(100) surface and that the thermodynamic 
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driving force is greater for the reaction of 4-fluorophenylboronic acid than that of boric 

acid. In addition, computational studies suggest that the thermodynamics favors high 

coverages resulting from the reactions of both molecules with Cl−Si(100). 

Based on this work, pathways for boron-based monolayer doping, surface 

chemical passivation, and secondary functionalization of silicon surfaces can be 

proposed: 

(1) Boron-containing functionalities may be attached selectively at Cl−Si 

surface sites versus H−Si sites on the same substrate, providing a path for selective-area 

monolayer doping; 

(2) The surface boron concentration can be controlled (although further work on 

removing carbon-containing fragments from the surface modified with boronic acids 

will be needed); 

(3) The reactivity of surfaces modified with boronic acid can be manipulated; 

(4) Silicon surface functionalization using boronic acids can be used for further 

functionalization by replacing the −F functionality used in this work for spectroscopic 

identification with a different reactive entity. 

Overall, this work helps to pave a path to novel applications of B-containing 

functionalities for modification of silicon surfaces. 
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ATTACHMENT CHEMISTRY OF 4-FLUOROPHENYLBORONIC ACID ON 

TiO2 AND Al2O3 NANOPARTICLES 

6.1 Abstract 

This chapter explores the surface modification of nanoparticulate TiO2 and 

Al2O3 materials using 4-fluorophenylboronic acid. The objective is to assess novel 

surface modification schemes and develop spectroscopic labels for characterizing the 

modified surfaces. The chemistry of the modification is followed on all these surfaces 

using X-ray photoelectron spectroscopy, multinuclear (11B, 19F, and 13C) solid-state and 

solution NMR, and infrared spectroscopy to determine the binding modes of this 

compound using boron and fluorine as probe atoms. Density functional theory model 

calculations are utilized to visualize predicted surface species and to interpret the results 

of spectroscopic measurements. A comparison is made among TiO2 rutile, TiO2 anatase, 

and γ-Al2O3. On all three materials, the modification proceeds via the boronic functional 

groups, with metal oxide-controlled surface chemistry. The bonding configuration 

depends on the material and is dominated by a monodentate species for titania and by 

bidentate species for alumina. The surface structures determined to form on all the oxide 

semiconductors investigated suggest that sensitization or monolayer doping approaches 

with a well-defined chemical interaction via a boronic functionality can be developed. 

The material in this chapter is based on a published manuscript14. 

 

 

Chapter 6 
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6.2 Introduction 

The quantitative characterization of surface chemistry heterogeneity in particle 

systems continues to be a challenge. The exploration of new advanced particle systems, 

featuring controlled composition, mixed materials, and diverse surface patchiness, 

requires the development and characterization of innovative surface chemical probes. 

Metal oxide particles are produced at the highest volumes and are also employed in the 

most diverse cross-section of applications compared to other commercial particle types. 

These applications span from microelectronics, energy and aerospace technologies to 

biomedical and agricultural applications. Because of such a variety of applications, new 

surface chemical modification schemes are always in demand for these materials; 

however, the chemistry itself is often difficult to follow without specifically designed 

spectroscopic labels. Ideally, this chemistry is expected to be robust and at the same 

time selective with respect to the specific surfaces and materials, and the spectroscopic 

probes are required to be easily identifiable. Overall, different approaches using 

molecular probes are a useful tool for investigating the surface properties of materials. 

For example, among the universal surface probes for metal oxides is the reaction with 

alcohols. Methanol chemisorption has been used to quantify the surface active sites of 

metal oxide catalysts187 as well as to determine their surface area. 188 Surface 

carboxylate formation has been extensively studied on TiO2 as well.189–191 However, 

since these carbon-based molecular probes have the same elements as common 

impurities and solvents, it is also often difficult both to pinpoint the chemical 

mechanisms of surface modification and to quantify the formation of surface species. 

Thus, a search for the solutions for both of these issues is always ongoing. One of the 
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approaches would be to combine a functional group that contains a unique spectral 

identifier with an independently identifiable spectroscopic “tail” label for the same 

molecule. 

In developing novel labeling approaches to understand the chemistry of 

nanomaterials, one may consider the number of analytical tools, and most of the time, 

several of those have to be used simultaneously for unambiguous assignment of 

chemical interactions. Among those spectroscopic tools, X-ray photoelectron 

spectroscopy (XPS) and infrared (IR) spectroscopy have been used extensively.192 

However, they often can only provide limited chemical information that has to be 

supplemented by other techniques. Recently, solid-state NMR (ss-NMR) has emerged 

as a reliable tool that can be used to understand the surface chemistry of nanomaterials. 

For example, 19F NMR labeling is often used in biological systems.193–195 Fluorine is an 

excellent probe due to its nuclear spin of 1/2, high sensitivity, and high natural 

abundance.196 Another reliable and unique NMR probe is based on boron. 11B is 

undoubtedly an excellent spectroscopic probe, being a high-abundant quadrupolar 

nucleus, which has been used extensively to follow complex transformations of 

heterogeneous catalytic systems.197 Based on this brief assessment, it would be useful 

to utilize a functional group containing boron and a “tail” structure containing fluorine 

to probe the surface chemistry of nanomaterials and to propose novel surface binding 

functionalities. 

A highly promising but not fully explored choice for the attachment group would 

be boronic functionality (R-B(OH)2). Boronic acid has traditionally been used in 

organic halide cross-coupling reactions to form carbon−carbon bonds, most notably the 

Suzuki−Miyaura reaction.198 It has also proved useful in the catalytic transformations 
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of organic molecules with various functionalities such as carboxylic acids, amines, and 

alcohols.199 In recent studies, boronic acid applications have been expanded to include 

metal oxide attachments.200 Boric and boronic acids can be used both to deliver boron 

as a desired dopant and to sensitize the oxide nanomaterials. The attachment of boric 

acid (B(OH)3) to TiO2 has been a topic of interest for applications in dye-sensitized solar 

cells. Boron doping of TiO2 has been shown to lead to a higher photocatalytic activity 

compared to that of bare TiO2.
201,202 A computational study from Raghunath and Lin203 

explored various bidentate and monodentate attachments of B(OH)3 to a clean TiO2 

anatase (101) surface. The functionalized boronic acids, such as phenylboronic 

derivatives, have been shown to improve the properties of organic solar cells.204–206 

They appear to enhance the electronic contact between the TiO2 layer and the 

conductive organic layer in solar cells. Boronic acids overall are quite attractive 

chemical modifiers because they tend to have low toxicity, are inexpensive, and are 

insoluble under aqueous environments, all of which are beneficial characteristics for 

solar cell applications. However, their attachment chemistry on TiO2 has not been 

investigated. 

Anatase TiO2 is heavily studied for photocatalysis because of its high activity as 

an indirect band-gap semiconductor.207–210 Rutile TiO2, while less investigated, is 

promising due to its superior thermal stability211 and photocatalytic activity for water 

splitting.212 In order to maximize the photocatalytic effect, modifications are being made 

such as morphological changes213 and doping methods.214,215 Among other oxide 

nanomaterials, the properties of boron-modified alumina are of interest,216 primarily as 

efficient catalysts in hydrocarbon reforming.217,218  However, further applications would 
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be much more developed if the chemistry of boronic acid attachment were understood 

better. 

The objectives in this chapter are two-fold. First, we will test a molecular probe 

that has unique spectroscopic labels in its functional group (boron) and in its “tail” 

(fluorine) in a reaction with common oxide nanomaterials (TiO2 and Al2O3). Such an 

approach should allow for independent verification of attachment chemistry on different 

materials and spectroscopic label introduction that is expected to depend on surface 

chemistry, paving the way to what is sometimes referred to as multimodal probes of 

surfaces. We will confirm that the attachment chemistry of this molecular probe can be 

investigated by XPS and IR spectroscopy and by ss-NMR spectroscopy with multiple 

nuclei (11B, 19F, and 13C). We will then use these spectroscopic measurements 

supplemented by density functional theory (DFT) investigations to define the binding 

modes for phenylboronic acid on oxide surfaces. The well-defined surface modification 

chemistry and a set of spectroscopic labels distributed within this molecule can then be 

further used to probe the surface reactivity of other nanomaterials. 

6.3 Results and discussions 

All materials used in this chapter can be found in chapter 2, section 2.2.1. The 

reaction of 4-fluorophenyl boronic acid with the metal-oxide surfaces is described in 

section 2.2.1. 

The XPS analysis was performed as described in chapter 2, section 2.1.1. The 

scans for fluorine 1s were observed to be affected by an experiment-induced 

decomposition to show lower binding energy peaks consistent with fluorine attached 

directly to the metal oxide surface for samples modified with FPBA. This 

decomposition was correlated to the longer XPS experiment runtime and is likely an 
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electron-stimulated effect that is more prevalent on metal oxides with distinct 

photochemical properties such as TiO2. Therefore, the fluorine 1s scans reported in this 

chapter were collected immediately following loading the samples into the instrument 

to minimize this XPS-induced decomposition. 

The solid-state 11B and 19F NMR measurements and solution 19F NMR are 

described in chapter 2, section 2.1.4.  

In order to understand the surface chemistry of the FPBA attachment, it is 

important to identify the main types of species that can be formed on a surface following 

the reaction. Albeit the high-level computational investigation would be outside the 

scope of this work, the initial comparison of possible surface species formed could be 

made based on very simplistic cluster calculations. The functionalities initially available 

on TiO2 and γ-Al2O3 surfaces are mostly hydroxyl groups, which can be represented by 

Ti2O7H6 and Al2O5H4 cluster models, respectively. These clusters and their possible 

reactions with 4FPBA are described in Figure 6.1. The use of these models does not 

imply that the TiO2 and γ-Al2O3 surfaces are represented correctly; however, they do 

allow for a comparison of possible formation of the key types of surface species: 

bidentate with both B−O groups attached to one metal atom, bidentate with each B−O 

group attached to adjacent metal atoms, and monodentate with only one B−O group 

attached to one metal atom. In addition, these models can be used to compare the key 

spectroscopic signatures of the corresponding functionalities attached to the surface, 

including the core-level energies that can be compared with the results of XPS studies, 

vibrational signatures to be compared with IR spectroscopy experiments, and chemical 

shifts to be compared with experimental NMR spectral features. Thus, the spectroscopic 

comparison with these key types of surface models will be essential in this chapter. 
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In the first set of experimental characterization, the surface chemistry of attached 

FPBA was probed with XPS. A set of boronic acid solutions were tested on TiO2 to 

determine surface saturation. Analysis of the B 1s and F 1s regions in XPS indicated 

that saturation was reached at 5 wt % 4FPBA in ethanol and doubling the percentage to 

10 wt % did not increase surface boron or fluorine concentrations further (Figure D1 in 

Appendix D). 

 

 

Figure 6.1. DFT models of the 4FPBA attachment on TiO2 (left) and Al2O3 (right) 

simple clusters in three configurations: Monodentate, bidentate, and 

bridging bidentate. 

Further characterization of the solvent washes showed that high levels of surface 

saturation were achieved. Analysis of the solvent washes can be used to quantify the 

amount of physisorbed FPBA, which was removed from the surface in the ethanol wash, 

and the remaining FPBA was assumed to be chemisorbed FPBA which remained on the 
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surface. Using this method of subtracting the physisorbed FPBA from the physisorbed 

and chemisorbed FPBA measured by solution 19F NMR, the nanoparticle surface 

coverage of FPBA was determined (Table 6.1). With average surface coverages ranging 

from 1.21 to 1.75 molecules/nm2, the FPBA molecule achieved excellent attachment 

and dispersion, without a proliferation of weakly adsorbed species after washing.  

The theoretical surface coverage (molecules of FPBA/nm2) was calculated using 

the minimum projection radius (3.38 Å) of the FPBA molecule, obtained from the online 

software Chemicalize (accessed August, 2022, https://chemicalize.com) developed by 

ChemAxon.219  

The protocol used for surface hydroxyl titration follows a similar approach to 

that used in the Sears method. Titrations were performed using a Tiamo Titrando 809 

autotitrator (Metrohm AG, Switzerland), with 0.1 N HNO3 and 0.1 N KOH used as the 

titrants. To prepare the dispersions for each measurement, a set mass of powder (5 g for 

titanium dioxide samples, 1.5 g for alumina samples) was added to 100 g of the 1 M 

KNO3 buffer solution. Before the titration, the dispersion was adjusted to either pH 4 or 

pH 9, depending on the initial dispersion pH, after which the dispersions were titrated 

using constant volume additions until reaching pH 9 or pH 4, respectively. The reported 

value used to calculate the surface hydroxyl content is mL of 0.1 N KOH/HNO3 used to 

titrate the sample from pH 4 to pH 9. This value is normalized by particle mass and 

corrected for the buffer capacity of the salt solution by subtracting the volume required 

to titrate a blank 1 M KNO3 solution from pH 4 to pH 9. The experiment to obtain 

molecules of OH/nm2 was performed in collaboration with Zach Grzenda at the 

Chemours Company. 
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Surface areas were determined using the BET method on a Micromeritics 

TriStar II PLUS (Micromeritics Instrument Corporation, Norcross, GA). Samples were 

de-gassed under 15 psi of vacuum pressure at 150 °C for 3 h before the measurement. 

The experiment to obtain the surface areas was performed in collaboration with Zach 

Grzenda at the Chemours Company. 

FPBA/TiO2 rutile [denoted as FPBA/TiO2 (R)] had the highest number of 

hydroxyl molecules per square nanometer, though FPBA/γ-Al2O3 has the highest BET 

surface area, and the highest experimental surface coverage of FPBA, shown in Table 

6.1. Interactions between the surface OH group and the B−OH group on FPBA were an 

integral part of the proposed attachment mechanism (Figure 6.1). While the increase in 

experimental FPBA surface coverage from anatase TiO2 [denoted as FPBA/TiO2 (A)] 

to γ-Al2O3 was not as sharp as the roughly 3-fold increase in the BET surface area, it 

was likely that the increased surface area allowed for a slightly higher surface coverage 

of FPBA. There was no direct correlation between the experimental surface coverage 

and number of OH groups per square nanometer, which would point to the importance 

of the distance between the surface OH groups over the quantity of OH groups, where 

closely spaced hydroxyl groups would promote stronger bidentate adsorption. 

X-ray powder diffraction was performed to confirm the nanopowder crystal 

structure, as shown in Figure D2 in Appendix D. Each of the nanopowders was 

confirmed to have the expected morphologies with no morphology change following 

the reaction with FPBA, though there was a very small amount of rutile contaminant in 

the anatase TiO2 sample, which is typical for commercial powders. TEM was also 

performed to confirm that the reported commercial nanoparticle sizes were consistent 

and accurate, and the experimental details are reported in Appendix D. 
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Modified surface 

Experimental surface 

coverage 

(molecules/nm2) 

Molecules of 

OH/nm2  

BET surface 

area (m2/g) 

FPBA/TiO2 (A) 1.56 ± 0.14 1.50 52.95 

FPBA/TiO2 (R) 1.21 ± 0.13 2.77 25.89 

FPBA/γ-Al2O3 1.75 ± 0.10 1.99 173.98 

FPBA theoretical 2.20 - - 

 

Table 6.1: Experimental Surface Coverage of the Intact Chemisorbed FPBA Molecule 

Measured by Solution Phase 19F NMR, Experimental Concentrations of OH Groups on 

Metal Oxide before Modification, and BET Surface Area of Metal Oxide before 

Modification 

 

Figure 6.2 shows the representative high-resolution XPS spectra for FPBA-

modified anatase TiO2 nanopowder (Figure 6.2 a,e), rutile TiO2 nanopowder (Figure 6.2 

b,f), γ-Al2O3 nanopowder (Figure 6.2 c,g), and pure 4FPBA (Figure 6.2 d,h). Comparing 

the pure FPBA powder and the boronic acid-modified metal oxides in the left panel of 

Figure 6.2, the B 1s binding energies are aligned at ∼191.7 eV, which suggests that the 

local environment for boron attached to the metal oxide surface was similar to that of 

the FPBA molecule. This adds to the hypothesis that the organic fragment of the FPBA 

molecule remains largely intact on the metal oxide surface. The binding energy of this 

peak is between metal−boron and B2O3.
103,220 It also aligns well with theoretical B 1s 

peaks calculated from simple FPBA/TiO2 clusters with three different modes of B−OH 

attachment to Ti: monodentate, bidentate, and bidentate bridging. 

In the right panel of Figure 6.2, the F 1s region of FPBA is compared to that of 

surface FPBA on rutile TiO2, anatase TiO2, and γ-Al2O3. The F 1s peak at higher binding 

energies was assigned to phenyl fluorine in FPBA in comparison with that of pure FPBA 

powder (Figure 6.2h). The F 1s peak at lower binding energies was assigned to a 
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decomposed surface Ti−fluorine species, which is believed to be induced in situ by the 

high-energy XPS beam because only one fluorine species was detected by 19F NMR, 

which is a non-destructive technique, vide infra. It is important to note that comparing 

the absolute intensities of the high-resolution spectral regions for different 

nanomaterials is not quantitative, and separate spectroscopy experiments commonly 

show differences in peak intensity. 

 

 

Figure 6.2: XPS spectra of boron 1s (left) and fluorine 1s (right) regions for the 5 wt % 

loading of 4FPBA on (a,e) anatase TiO2 nanopowder, (b,f) rutile TiO2 

nanopowder, (c,g) γ-Al2O3 nanopowder, as well as (d,h) pure 4FPBA for 

comparison. 

Theoretical binding energies were calculated using Koopmans’ theorem, as 

shown in Table 6.2. The predicted positions of core-level energies for possible surface 

models, whether monodentate, bidentate, or bidentate bridging, do not appear to be 

sufficiently different to identify the experimentally observed species of either B 1s or F 
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1s features. However, these calculations suggest that the experimentally observed 

features are consistent with boronic functionality being intact following oxide surface 

modification. One more important piece of information can be deduced from the 

predicted F 1s binding energy of the metal−F species. The lower binding energy for 

such species is consistent with metal−F bond formation,221 which was consistent with 

the surface fluorine peak following decomposition induced by the XPS experiment. 

  

Structure 

Calculated theoretical binding energy 

(eV) 

B 1s F 1s 

4FPBA-TiO2 monodentate 192.4 687.3 

4FPBA-TiO2 bidentate 192.5 687.2 

4FPBA-TiO2 bidentate bridging 192.3 687.0 

F-Ti - 685.9 

F-O-Ti - 687.8 

4FPBA-Al2O3 monodentate 192.3 686.9 

4FPBA- Al2O3 bidentate 192.0 686.8 

4FPBA- Al2O3 bidentate bridging 192.1 686.7 

 

Table 6.2: Calculated Theoretical Binding Energies of B 1s and F 1s for Structures 

Modeled with Gaussian09 Using B3LYP/LANL2DZ for Geometry Optimization and a 

Single Point Calculation Using B3LYP/6-311+g(d,p) for the Energy Calculation 

 

To gain a more detailed understanding of the local environment of boron, several 

sets of solid-state NMR experiments were performed. In Figure 6.3, the 11B NMR 

spectra are shown for 5 wt % loading on anatase (Figure 6.3 a), and rutile (Figure 6.3 b) 

TiO2, 5 wt % loading on γ-Al2O3 (Figure 6.3 f), theoretical 11B NMR chemical shifts on 

TiO2 (Figure 6.3 c−e), theoretical 11B NMR shifts on Al2O3 (Figure 6.3 g−i) 4FPBA 

(Figure 6.3 j), and theoretical 11B NMR shifts for the 4FPBA molecule (Figure 6.3 k). 

11B is a quadrupolar nucleus, which typically results in complicated quadrupolar NMR 

line-shapes even for a single boron site. However, since a single major boron peak is 
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observed in the XPS of Figures 6.1 and 6.2, it is safe to assume that only one type of 

boron site is expected on the surface; thus, it is not necessary to deconvolute the 11B 

spectra. Each of the FPBA-modified oxides shows a distinct 11B signal with a similar 

lineshape to that of the pure FPBA powder. This observation suggests that the chemical 

environment of the boron atom remains very similar to that in a FPBA molecule 

following adsorption on all the materials studied despite their different structures. The 

NMR spectra in Figure 6.3 a,b,f all have similar lineshapes and intensities, but for the 

FPBA on rutile TiO2 (Figure 6.3 b) the peak appears somewhat broader, which was 

confirmed by multiple replicate scans, and may be largely due to the inhomogeneous 

broadening for FPBA adsorbed on rutile TiO2 despite overall similarities of the 

structures produced on this surface. One additional contribution may be from the 

possible minor pathway for C−F dissociation on this surface as was suggested by XPS 

measurements (Figure 6.2). In order to address these differences and to possibly assign 

the specific surface structures to the experimentally observed spectra, ADF theory was 

used to predict the chemical shifts for boron in FPBA attached to TiO2 and Al2O3 cluster 

models. The predicted chemical shifts for boron aligned well with experimental values, 

therefore utilizing the ADF program for chemical structure prediction which has been 

proven useful in a previous study for boron sites.197 This exercise confirms that boronic 

functionality could be used as an identifiable spectroscopic label; however, 

distinguishing the proposed surface structures based on this approach alone was not 

possible as all the models exhibited very similar calculated spectral properties. 
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Figure 6.3. Solid-state 11B NMR of (a) 5 wt % 4FPBA on anatase TiO2,(b) 5 wt % 

4FPBA on rutile TiO2, (c) theoretical 11B NMR spectrum for monodentate 

4FPBA on the TiO2 cluster, (d) theoretical 11B NMR spectrum for 

bidentate 4FPBA on the TiO2 cluster, (e) theoretical 11B NMR spectrum 

for bidentate bridging 4FPBA on the TiO2 cluster, (f) 5 wt % 4FPBA on 

γ-Al2O3, (g) theoretical 11B NMR spectrum for monodentate 4FPBA on 

the Al2O3 cluster, (h) theoretical 11B NMR spectrum for bidentate 4FPBA 

on the Al2O3 cluster, (i) theoretical 11B NMR spectrum for bidentate 

bridging 4FPBA on the Al2O3 cluster, (j) pure 4FPBA powder, and (k) 

theoretical 11B NMR spectrum for molecular 4FPBA. 
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As a probe, 19F NMR is incredibly sensitive to changes in surface structure. 

Figure 6.4 a−e depicts the solid-state 19F NMR spectra for 5 wt % loading on anatase 

TiO2 (Figure 6.4 a), rutile TiO2 (Figure 6.4 b), and γ-Al2O3 (Figure 6.4 c), as well as for 

pure solid 4FPBA (Figure 6.4 d) and theoretical 19F NMR chemical shifts for molecular 

4FPBA (Figure 6.4 e). The multiple peaks observed for pure solid FPBA (Figure 6.4 d) 

indicate the existence of potentially multiple polymorphs due to variations in the crystal 

packings in the solid powder; however, a singular dominant 19F peak (∼−121 ppm) was 

observed for the 5 wt % loading samples on all the materials studied, although in several 

cases, a very small feature was also recorded around −190 ppm, which can be attributed 

to surface F formation following minor organic fragment decomposition pathways and 

is not correlated to the boronic acid ligand.222,223 The peak around −121 ppm lies in the 

expected range for organic fluorine224,225 and was consistent for each modified sample. 

Thus, for all the surface-modified oxide materials investigated, the presence of a single 

dominant 19F peak indicates that in the monolayers formed fluorine atoms were not 

spatially close and were well-dispersed on the surface and that their chemical 

environments were very similar in all the cases studied. ADF calculations were used to 

predict the chemical shifts for fluorine on 4FPBA attached to TiO2 and Al2O3 similarly 

to the assessment of 11B features discussed above. The predicted 19F chemical shift for 

the molecular compound is shown in Figure 6.4 e. ADF predicted the molecular 19F 

chemical shift to be downfield compared to the surface-adsorbed molecule, again 

confirming that fluorine can serve as a robust and identifiable spectroscopic label226 and 

may potentially serve as an indicator of surface chemistry. 

The use of 11B or 19F chemical labels allowed us to pinpoint three features of the 

adsorbed species on all the surfaces: (1) despite the fact that anatase TiO2, rutile TiO2, 



102 

 

and polycrystalline γ-Al2O3 have vastly different surfaces, the similarity in the 

experimental 11B or 19F spectra suggested that the chemical environment of all probes 

is very similar in all the cases; (2) the molecules are well-dispersed on each surface 

(with no unreacted agglomerate structures present, which would lead to the spectra 

similar to that of the solid powder); (3) comparison with computational models does not 

necessarily pinpoint the exact structures produced on surfaces but is fully consistent 

with the =B−(C6H4)−F entity being intact. 

 

 

 

Figure 6.4. Solid-state 19F NMR of (a) 5 wt % 4FPBA on anatase TiO2, (b) 5 wt % 

4FPBA on rutile TiO2, (c) 5 wt % 4FPBA on γ-Al2O3, (d) pure 4FPBA 

powder, and (e) ADF-predicted chemical shift for molecular 4FPBA. 

One more piece of structural information can be obtained based on 13C NMR 

spectroscopy to probe the local chemical environment of the phenyl carbon atoms, as 
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summarized in Figure 6.5. All the assignments have been verified using ADF 

calculations, as shown in Figure 6.5. While slightly shifted compared with the 

experimental data, the ADF predictions for all the key functional groups were consistent 

with experimental observations. C−F groups were clearly identified as a single peak 

around 168 ppm and are aligned well with the spectral characteristics of pure FPBA 

powder (Figure 6.5 j). The spectra of chemically modified TiO2 were also consistent 

with the expected features of molecular FPBA. Although the NMR signal for FPBA on 

anatase TiO2 was not as strong as on rutile, the chemical shifts appear at the same 

positions. There appeared to be an array of overlapping peaks between 128 and 137 

ppm, which aligned well with the pair of C−H peaks and the C−B peak predicted by the 

monodentate ADF model. Following the trend, the experimental peak at 116 ppm would 

align with overlapping C−H peaks on all of the theoretical models. 

The spectra of the modified γ-Al2O3 surface were also consistent with the 

expected features but suggest that the local environment of the phenyl ring may be 

different on this material compared with that of TiO2. The chemical shifts are similar to 

those of molecular FPBA and theoretically predicted bidentate FPBA (Figure 6.5 h,i), 

with a single strong peak around 138 ppm that aligned with the two overlapping C−H 

peaks predicted by ADF. Additionally, the strong peak around 115 ppm corresponds to 

the C−H peaks present in all theoretical models. A comparison of the predicted and 

experimental spectrum for the molecular structure suggests that this approach can be 

used for quantitative investigation and also that despite some local differences in FPBA 

attachment on TiO2 and Al2O3 surfaces, the adsorbates are expected to be overall very 

similar, with the structure of the surface-bound moiety corresponding to the 

=B−(C6H4)−F being intact. 
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Figure 6.5. Solid-state 13C NMR of (a) 5 wt % 4FPBA on anatase TiO2, (b) 5 wt % 

4FPBA on rutile TiO2, (c) theoretical NMR spectrum for monodentate 

4FPBA on the TiO2 cluster, (d) theoretical NMR spectrum for bidentate 

4FPBA on the TiO2 cluster, (e) theoretical NMR spectrum for bidentate 

bridging 4FPBA on the TiO2 cluster, (f) 5 wt % 4FPBA on γ-Al2O3, (g) 

theoretical NMR spectrum for monodentate 4FPBA on the Al2O3 cluster, 

(h) theoretical NMR spectrum for bidentate 4FPBA on the Al2O3 cluster, 

(i) theoretical NMR spectrum for bidentate bridging 4FPBA on the Al2O3 

cluster, (j) pure 4FPBA powder, and (k) theoretical NMR spectrum for 

molecular 4FPBA. 
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FTIR spectroscopy was performed as described in chapter 2, section 2.1.3. 

Fourier-transform IR spectroscopy would be expected to produce quite complicated 

results but may also be able to confirm some of the assessments provided above. As 

shown in Figure 6.6, a comparison of the vibrational spectra predicted for the proposed 

computational models with the experimental ones can be used to pinpoint specific 

molecular features present on the surfaces modified with FPBA. Specifically, the peaks 

at ∼1600 and ∼1500 cm−1 were assigned to the unique vibrations involving multiple 

atoms (simultaneously B, C, and H atoms) within the =B−(C6H4)−F group. A distinct 

peak was observed at ∼1500 cm−1 on TiO2 (Figure 6.6 a,b) and γ-Al2O3 (Figure 6.6 f), 

and a shoulder observed at ∼1600 cm−1 was present on all metal oxides (Figure 6.6 

a,b,f). The broad peak observed at ∼1620 cm−1 is characteristic of surface water. When 

compared to theoretically predicted values and the spectrum of pure 4FPBA powder for 

identification, this experimental observation fully confirms the intactness of the 

=B−(C6H4)−F functionality following the modification of all oxide surfaces 

investigated with FPBA. 

Since all the investigations described above suggest the presence of the 

(−O−)2B−(C6H4)−F functional group following oxide surface modification with FPBA, 

it would be expected that surface hydroxyl sites act as the anchor point for the 

condensation reaction, which is predicted to govern the B−OH group attachment. There 

are two main types of hydroxyl groups that are formed on titania, which are terminal 

OH groups and bridging OH groups. Terminal OH groups, bonded to only one Ti4+ 

atom, are electron-rich and act as basic sites. Bridging OH groups are bonded to two 

Ti4+ atoms, which causes the hydrogen to become more acidic due to the decrease in 

electron density on the oxygen.227 Because of the higher basicity of the terminal OH 
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group, it is probable that the mechanism of boronic acid attachment involves the 

electron-rich oxygen-donating electrons to the electrophilic boron, and the OH group 

attached to the boron combines with the hydrogen atom from the attacking OH group to 

form water. However, we cannot rule out the possibility of alternate reaction 

mechanisms. 
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Figure 6.6: FTIR spectra of (a) 5 wt % 4FPBA on anatase TiO2, (b) 5 wt % 4FPBA on 

rutile TiO2, (c) theoretical IR spectrum for monodentate 4FPBA on the 

TiO2 cluster, (d) theoretical IR spectrum or bidentate 4FPBA on the TiO2 

cluster, (e) theoretical IR spectrum for bidentate bridging 4FPBA on the 

TiO2 cluster, (f) 5 wt % 4FPBA on γ-Al2O3, (g) theoretical IR spectrum 

for monodentate 4FPBA on the Al2O3 cluster, (h) theoretical IR spectrum 

for bidentate 4FPBA on the Al2O3 cluster, (i) theoretical IR spectrum for 

bidentate bridging 4FPBA on the Al2O3 cluster, (j) pure 4FPBA powder, 

and (k) theoretical IR spectrum for molecular 4FPBA. 

While all the materials investigated may form terminal and bridging OH groups, 

the surfaces of rutile TiO2, anatase TiO2, and γ-Al2O3 have notable differences. Rutile 

TiO2 has shorter Ti−Ti distances than anatase, which causes the formation of Ti−OO−Ti 

groups in water.228 This titanium peroxide functionality is predicted to be less reactive 
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than terminal OH groups, which might explain why, though still highly efficient in 

reaction with FPBA, rutile TiO2 had the lower comparative surface coverage. 

The hydroxylated Al2O3 surface has also been explored previously, with a wide 

array of OH orientations found on the surface. The two main categories are described 

as singly coordinated and doubly coordinated, similar to the terminal and bridging OH 

groups for TiO2, and doubly coordinated OH groups on γ-Al2O3 have been reported to 

have lower deprotonation energies.229 The Al atom can also be coordinated to more than 

one OH, forming geminal Al(OH)2 groups on the surface.228,229 This effect would 

encourage the formation of bidentate attachment to boronic acid by providing two 

spatially close OH groups for reaction with the B−OH groups. Overall, this observation 

helps rationalizing the differences between alumina and titania bonding of the boronic 

acid observed by NMR, as summarized in Figure 6.5. The bidentate attachment of the 

boronic functional group to the γ-Al2O3 surface would be supported by the similarities 

of the experimental and computationally predicted spectra. On titania, the 13C NMR 

spectra are clearly different and appear to be more consistent with the presence of 

monodentate attachment. However, quantitative assignment based on this study alone 

is not feasible and will deserve further investigations. 

The experimentally determined hydroxyl surface density (Table 6.1) showed 

that FPBA attachment was not directly dependent on the quantity of available 

hydroxyls; however, taking into account the trends stated above, the spatial distance and 

orientation of the surface hydroxyls become much more significant for the binding 

modes than the average surface concentration of hydroxyl groups. 

In this chapter, the comparison of the FPBA reaction with the surfaces of 

different nanoparticular oxide materials suggests that this molecule can indeed be used 
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as an efficient modifier, with (1) boron label providing important information both about 

the efficiency of surface modification and the type of surface species formed; (2) 

fluorine label serving as a highly sensitive indicator of surface reactivity and surface 

coverage of molecular modifiers; and (3) the combination of spectroscopic methods 

providing a great insight into the surface chemistry of TiO2 and Al2O3, which can be 

expanded to include other oxides and also more complex nanomaterials. 

6.4 Conclusions 

In this work, 4-fluorophenylboronic acid was attached to rutile TiO2, anatase 

TiO2, and γ-Al2O3 nanoparticles with a simple low-temperature one-pot chemistry 

method, resulting in high surface concentrations. Several spectroscopic probes were 

developed to characterize the FPBA chemistry based on NMR, XPS, and IR 

spectroscopies, and the assignment of the binding configurations in the resulting surface 

structures was made based on the combination of these analytical techniques. This work 

will pave the way for further investigations of surface modification processes for a 

variety of complex materials using multiple spectroscopic probes as identifiers of 

chemistry, coverage, and changes in materials properties. 
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INHIBITION OF ATOMIC LAYER DEPOSITION OF TiO2 BY 

FUNCTIONALIZING SILICON SURFACE WITH 4-

FLUOROPHENYLBORONIC ACID 

7.1 Abstract 

 

In this chapter, the chemistry of 4-fluorophenylboronic acid is investigated as a 

potentially effective resist to block the growth of materials on non-growth substrates in 

area-selective deposition methods. Choosing the appropriate surface modification 

requires knowledge of the corresponding chemistry and also a detailed investigation of 

the behavior of the functionalized surface in realistic deposition schemes. The 4-

fluorophenylboronic acid (FPBA) is used as a model to investigate the possibility of 

utilizing the Si(100) surface functionalized with this compound as a non-growth 

substrate in a titanium dioxide (TiO2) deposition scheme based on sequential doses of 

tetrakis(dimethylamido)titanium (TDMAT) and water. A combination of X-ray 

photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry 

(ToF-SIMS) allows for a full understanding of the process. The resulting surface is 

shown to be as effective a resist to TiO2 deposition as currently used H-terminated 

silicon surfaces, but to exhibit much higher stability in ambient conditions. The material 

in this chapter is based on a submitted manuscript [Inhibition of atomic layer deposition 

of TiO2 by functionalizing silicon surface with 4-fluorophenylboronic acid, Dhamelyz 

Chapter 7 
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Silva-Quinones, John Mason, Robert Norden, Andrew V. Teplyakov, Submitted to J. 

Vac. Sci. Technol A]. 

7.2 Introduction 

Modern requirements for microelectronic devices to be developed past Moore’s 

law into the so-called more-than-Moore direction230 require both miniaturization of the 

device features and exceptional conformality, which can only be delivered by bottom-

up self-aligned nanofabrication. This approach is rooted in area-selective atomic layer 

deposition (AS-ALD) or area-selective deposition (ASD) techniques that have become 

the subject of intense research in recent years.18,37 They address the challenge of limiting 

the growth on specific areas by taking advantage of the differences in local surface 

chemistry. In other words, by changing the surface reactivity of the substrate one can 

favor or prevent the growth of a specific material on the target surface.30,37,231 Thus, the 

growth is expected on the growth area (GA), where the surface is modified using 

promotor-type molecules, but delayed or avoided on the non-growth area (NGA), where 

the surface is modified using inhibitor-type molecules, so that atomic level accuracy can 

be achieved.36  The measure of efficiency of this difference in reactivity is characterized 

by selectivity, which is discussed later. 

Although sometimes combinations of GA and NGA with high intrinsic 

selectivity can be utilized directly as prepared, most of the time, the intricate patterns 

used for modern applications and especially for 3D components, require some sort of 

chemical patterning, where passivated areas serve as NGA. In the past, polymer masks 

and self-assembled monolayers of functional alkyl molecules were used with a high 

degree of success;232–237 however, with the size of the target features quickly 

approaching single nanometer scale, the need for alternative materials for surface 
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modification became apparent. In silicon-based production, the most common approach 

is to use H-terminated silicon surface for patterning that can be achieved with as high 

resolution as a single atom (with scanning tunneling microscopy) or alternative atomic 

monolayer systems (Cl-, Br-, I-),10 but stability of these systems and the difficulty to 

prepare them consistently outside expensive ultra-high vacuum conditions brought up a 

demand for the use of small molecule inhibitors (SMIs),232 with dimensions of just a 

few angstroms. SMIs can be introduced in the midst of the deposition cycle to refresh 

the NGA and suppress the defects appearing during the deposition. Moreover, the same 

general strategy can be applied to create an NGA at the start of the deposition process. 

There are certain requirements for the design and the selection of a good SMI for this 

purpose. They include chemical stability on a specific surface, steric hindrance, strength 

of adsorption, fast attachment reaction kinetics, and a minimal number of various 

binding modes, but most importantly, increased selectivity between GA and NGA.238  

The 4-fluorophenylboronic acid (FPBA) molecule can be a promising SMI that 

satisfies the aforementioned requirements. The chemical reaction of the FPBA with a 

chlorine-terminated silicon surface follows the general condensation scheme, in which 

a chemical functionality of the incoming molecule combines with the surface 

functionality to produce a stable chemical bond and to release a side product. Similar 

processes have been demonstrated previously for introducing nitrogen-containing 

functionalities to silicon by reacting nitro- or nitroso- compounds with H-terminated 

silicon surfaces producing water as a side product98,121 and for amines reacting with Cl-

terminated silicon surfaces, releasing hydrochloric acid (HCl) as a side product.132,179 

Not only does FPBA form a condensation product with Cl-terminated silicon releasing 

HCl, but this reaction is also highly selective compared to the H-terminated silicon 
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surfaces.11 It leads to the formation of very stable bidentate species with two Si-O-B 

bonds, which allows for the passivation of the surface and prevents further oxidation.11 

In addition, the FPBA molecule has boron and fluorine elements, which can serve as 

convenient spectroscopic labels. 

This chapter will demonstrate that the passivation of silicon with FPBA results 

in the creation of a stable surface that effectively inhibits the deposition of titanium 

dioxide (TiO2) in an atomic layer deposition (ALD) process utilizing sequential doses 

of tetrakis(dimethylamido)titanium (TDMAT) and water. This inhibitory effect persists 

for up to 20 cycles, demonstrating a selectivity of 71%. This selectivity is nearly 

identical to that of H-terminated silicon reacted under the same conditions, but FPBA-

terminated surface is exceptionally stable, even in ambient. A detailed spectroscopic 

investigation confirms the formation of a stable monolayer, and ToF-SIMS profiles of 

this surface after the eventual loss of selectivity (covered with TiO2 layer) confirms that 

the starting substrate is still intact and even identifies the differences in F and B positions 

at the interface. 

7.3 Results and discussion 

The XPS analysis was performed as described in chapter 2, section 2.1.1. ToF-

SIMS analysis is described in section 2.3.2, and AFM images were obtained as 

described in section 2.3.5. 

Figure 7.1 shows the steps followed for the preparation of OH-Si(100), H-

Si(100), and FPBA-Si(100) described in chapter 2, sections 2.1.2 and 2.1.7. These three 

surfaces were loaded at the same time in the ALD chamber for each separate run, and 

5, 10, 15, 20, 30, 50 and 200 cycles of TDMAT and H2O were dosed at 130 °C to 

compare the growth of TiO2 on all surfaces. After each set of ALD cycles, the samples 
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were loaded into the XPS chamber with minimal exposure to ambient for analysis as 

described in this chapter. 

 

 

Figure 7.1: Steps followed in the preparation of OH-, H-, and FPBA-Si(100) surfaces 

used in the comparison of TiO2 growth by ALD. 

7.3.1 XPS of growth and non-growth surfaces before and after ALD of TiO2 

Figure 7.2 shows the B 1s, F 1s, Si 2p, and Ti 2p XPS spectral regions for the 

FPBA-modified Si(100) surface before and after 5, 10, 20, 30, and 50 ALD cycles of 

TiO2. The initial surface (Figure 7.2 a) shows the presence of B 1s feature at around 

191.9 eV and F 1s at around 687.1 eV which correspond to the B and F signal from the 

FPBA molecule as reported in previous studies.11,14 The Si 2p shows the Si bulk signal 

at 99.4 eV and the higher binding energy peak around 103.0 eV corresponding to Si-O-

B bonds.11 No presence of Ti is recorded on any of the surfaces before the deposition. 

The relative B/Si coverage obtained after the reaction of FPBA with Cl-Si(100) surface 

was 0.42 ± 0.01 (Table 7.1), which corresponds to 74 % of a monolayer equivalent to 

one boron atom per one silicon surface atom based on previous work.11 This coverage 

corresponds to the saturation on this surface. It is also important to highlight the FPBA-
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Si(100) surface stability which will be discussed and compared to a H-Si(100) surface 

in the next section. 

 

Figure 7.2: B 1s, F 1s, Si 2p, Ti 2p XPS spectral regions of FPBA-Si(100); as prepared 

(a), and after 5 (b), 10 (c), 20 (d), 30 (e), and 50 (f) ALD cycles of TiO2. 
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 Relative B/Si coverage 

(Φ) on Cl-Si (100) 

FPBA-Si (100) 0.42 ± 0.01 

 

Table 7.1: Relative B/Si coverage after the reaction of FPBA with Cl-Si(100)11 

 

Following 5 to 50 ALD cycles onto the FPBA-modified silicon surface (Figure 

7.2 b, c, d, e, and f), the B 1s signal is clearly observed and decreases substantially only 

at 50 cycles, and the B 1s peak position is maintained indicating that the chemical 

environment of boron is not changing substantially. The F 1s signal also clearly 

decreases, especially by 50 cycles, an additional peak appears at lower binding energy 

around 684.9 eV, which likely corresponds to the interaction of F with Ti. The Si 2p 

signal also decreases with an increasing number of ALD cycles, which is expected since 

the surface is being covered by the TiO2 layer causing the attenuation of the Si signal.239 

The Ti 2p spectral region shows how the Ti 2p signal increases slightly after 5 to 20 

ALD cycles (likely indicating the presence of surface defects) and increases 

substantially after 50 ALD cycles. 
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Figure 7.3: Si 2p, Ti 2p XPS spectral regions of OH-Si(100) as prepared (a), and after 

5 (b), 10 (c), 20 (d), 30 (e) and 50 (f) ALD cycles of TiO2. 

In order to evaluate the selectivity of the TiO2 deposition, we performed the 

same procedure on oxidized, OH-terminated silicon surface, where both half-cycles of 

the ALD process are expected to be very efficient. Figure 7.3 shows the Si 2p, and Ti 

2p XPS spectral regions for the OH-terminated Si (100) surface before and after 5, 10, 

20, 30, and 50 ALD cycles of TiO2. The initial surface (Figure 7.3 a) shows a substantial 

oxidation in the Si 2p region at 103.5 eV.24 After 5 to 50 cycles (Figure 7.3 b, c, d, e, 

and f) the Si 2p peak intensities decrease with the increasing number of ALD cycles, 

due to the surface being covered by the growing TiO2 layer. In the Ti 2p region, the Ti 

signal intensity increases with the number of ALD cycles, this growth appears to be 

linear, which is different from what was observed for the FPBA-Si(100) surface. To 

have a better comparison of the TiO2 growth on both non-growth surface (FPBA-Si 
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(100)) and growth surface (OH-Si (100)) the Ti 2p/Si 2p ratios, estimated TiO2 thickness 

and selectivity were calculated and discussed further. 

Figure E1 in the Appendix E section shows the Si 2p and Ti 2p XPS spectral 

regions of the H-Si(100) before and after 10 to 50 ALD cycles for comparison. It is 

important to note that the reactivity of H-Si(100), which is related largely to the defects 

on this surface,33,34 is extremely sensitive to the surface preparation procedure. The 

reports range from exceptionally high surface stability up to 45 ALD cycles240 to the 

immediate (albeit slower than on HO-terminated silicon) growth of TiO2 in similar 

conditions.31 The efficiency of the TiO2 deposition in the studies summarized in this 

chapter is between these two extremes and is used largely for comparison with the 

FPBA-terminated silicon. The observed intensity of the Ti signal is nearly linear up to 

20 cycles (with a slope analyzed later in more detail) and the attenuation of the Si 2p 

signal, especially following 30 or more ALD cycles is clearly recorded, as would be 

expected. 
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Figure 7.4: O 1s XPS spectral region of FPBA-Si(100) (1); as prepared (a1), after 5 (b1), 

10 (c1), 20 (d1), 30 (e1), and 50 (f1) cycles of TiO2 ALD, and OH-Si(100) 

(2); as prepared (a2), after 5 (b2), 10 (c2), 20 (d2), 30 (e2), and 50 (f2) 

cycles of TiO2 ALD. 

Since spectroscopic signature of oxygen is quite distinct in TiO2, Figure 7.4 

shows the O 1s XPS spectral region of the OH-Si (100) and FPBA-Si (100) surfaces 

before and after 5, 10, 20, 30, and 50 ALD cycles. Initially, on both surfaces, a single O 

1s peak is observed around 532.0 eV corresponding mostly to the O-Si bonds.33 After 

the ALD, noticeable differences on both surfaces are recorded. On the FPBA-Si (100) 

surface it is observed that from 5 to 20 cycles the predominant peak is still the one 

around 532.0 eV. Only a small shoulder at lower binding energy appears following 10 

ALD cycles corresponding to the formation of O-Ti bonds.33 After 30 ALD cycles, this 

feature becomes dominant in the O 1s spectra. On the OH-Si(100) surface, the O 1s 

peak at 530.5 eV corresponding to O-Ti is clearly observed even after 5 ALD cycles, 
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this O-Ti peak increases in intensity after 10 cycles and clearly dominates the spectrum 

after 10 ALD cycles.  

This observation indicates that the nucleation of TiO2 is much faster on the OH-

Si(100) surface compared to the FPBA-Si(100) surface, as the latter delays the 

nucleation of TiO2 at least up to 20 cycles. Figure E1 in Appendix E also shows the O1s 

peak for the H-Si(100) before and after 10 to 50 ALD cycles of TiO2 for comparison. 

Here we can see that after 10 cycles the predominant peak appears at 532.0 eV, 

corresponding to O-Si, and after 20 cycles the peak at 530.5, corresponding to O-Ti 

becomes the more predominant and it increases as the ALD cycles increase, a behavior 

similar to that observed for the FPBA-Si(100) surface. 

Based on the O-Ti peak at 530.5 eV measured on each surface, it can be 

concluded that the nucleation of TiO2 is slower on the FPBA-modified silicon, 

especially up to 20 ALD cycles. This can be due to the extra protection that the FPBA-

passivated silicon surface provides, as the (−O−)2B−(C6H4)−F functional groups 

provide steric hindrance that makes the surface inaccessible to react with TDMAT. 

7.3.2 Ti/Si XPS intensity ratios, estimated TiO2 thickness, and selectivity on the 

growth and non-growth surfaces. 

Figure 7.5 shows the Ti 2p and Si 2p intensity ratios as a function of the number 

of ALD cycles on the FPBA-Si(100), OH-Si(100), and H-Si(100) surfaces. The OH-

terminated Si(100) favors the growth of TiO2. As can be observed in the graph, the 

growth of Ti 2p is nearly linear (in fact, the observed deviation is expected for thicker 

films, due to the attenuation of Si signal). The FPBA-functionalized Si(100) is the non-

growth surface and shows a delay in the growth of TiO2, this delay is evident up to 20 

cycles and then a more linear growth is observed for 30 and 50 ALD cycles. A similar 
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behavior can be observed on the H-Si(100) surface, which shows a delay in the growth 

of TiO2 up to 20 cycles, and then the growth is linear after 30 and 50 ALD cycles. 

 

 

Figure 7.5: Ti 2p/ Si 2p ratios recorded as a function of the number of ALD cycles. 

The selectivity was calculated using the ratios obtained on the growth and non-

growth surfaces according to equation (1).232 

 

𝑆𝑥 =
𝑅𝐺𝑆−𝑅𝑁𝐺𝑆

𝑅𝐺𝑆+𝑅𝑁𝐺𝑆
   (1) 

where Sx is the selectivity after x number of ALD cycles and R represents the amount 

of deposited material on either GA or NGA. The growth surface for this experiment was 

OH-Si(100) and the non-growth surface was either H-Si(100) or FPBA-Si(100). 
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Table 7.2 shows that the FPBA-Si(100) surface delays the growth of TiO2 up to 

20 cycles with a selectivity of 0.5 ± 0.2 and after 50 cycles the selectivity is lost. The 

selectivity was also calculated for the H-Si(100) surface as shown in Table 7.2. It is 

maintained for up to 10 cycles with 0.6 ± 0.02. Then, as the number of cycles increases, 

the selectivity decreases until it is lost after 50 cycles. The selectivity calculated for 

FPBA- and H-Si surfaces is similar. However, the FPBA-Si surface has the advantage 

of being stable in ambient conditions even after 48 hours as shown by comparing key 

spectral regions as a function of time for these two substrates in Figures E2 and E3 in 

Appendix E. 

 

Cycles FPBA-

Si(100) 

Selectivity 

H-Si(100) 

Selectivity 

5 0.6 ± 0.10 - 

10 0.6 ± 0.10 0.6 ± 0.02 

15 0.4 ± 0.01 0.5 ± 0.10 

20 0.5 ± 0.20 0.4 ± 0.04 

30 0.3 ± 0.02 0.4 ± 0.05 

50 0.1 ± 0.02 0.2 ± 0.10 

 

Table 7.2: Selectivity of FPBA calculated from equation (1) using Ti 2p/ Si 2p ratios 

obtained with XPS. 
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Figure 7.6: Estimated TiO2 thickness (nm) as a function of the number of ALD cycles. 

For a more direct comparison, Figure 7.6 plots the estimated thickness of the 

TiO2 film deposited on different surfaces as a number of ALD cycles. It shows the 

estimated TiO2 thickness calculated from equation (2)31 

 

𝑑𝑇𝑖𝑂2
= −𝜆𝑇𝑖𝑂2

𝑙𝑛 (
𝐼𝑆𝑖

𝐼𝑆𝑖,0
)  (2) 

where 𝑑𝑇𝑖𝑂2
 is the thickness of the TiO2 layer, 𝜆𝑇𝑖𝑂2

 is the photoelectron mean free path 

in TiO2, and ISi,0 and ISi are the Si 2p peak intensities before and after ALD. A mean free 

path of 2 nm for the Si 2p electron passing through the TiO2 overlayer was used. The 

estimated TiO2 thickness was calculated for the FPBA-, OH-, and H-Si(100) surfaces 

for different number of ALD cycles. The OH-terminated Si(100) surface shows a nearly 

perfect linear growth of TiO2 with increasing number of ALD cycles with an R2 = 0.98. 
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On the other hand, the FPBA-Si(100) shows a slower TiO2 growth which is smaller than 

0.25 nm in total up to 20 ALD cycles. After 30 and 50 cycles the TiO2 growth rate 

increases, and shows a more linear behavior, indicating that the selectivity is lost at this 

point. To compare with a standard non-growth surface, the H-Si (100) was also 

considered. After 20 cycles the growth of TiO2 is similar to that on the FPBA-Si(100) 

surface, and after 30 and 50 cycles the growth of TiO2 is linear. This shows that the 

growth of TiO2 on the H-Si(100) surface is similar to the growth of TiO2 on the FPBA-

Si(100). It is important to emphasize that the H-Si(100) was re-dipped in HF before 

loading in the ALD chamber to guarantee that it has minimal oxidation, while the 

FPBA-Si(100) surface did not need any additional treatment steps. Overall, it appears 

that FPBA-Si(100) is just as efficient as the H-Si(100) surface in its role as a NGA. 

However, it also has a number of advantages. The FPBA-Si(100) can be easily handled 

in ambient conditions and is exceptionally resistant to further oxidation. It is passivated 

by the Si-O-B bonds and is protected with the (−O−)2B−(C6H4)−F functional groups 

that apparently delay the growth of TiO2. This surface does not undergo any noticeable 

changes for days according to XPS. The stability of the FPBA-Si(100) and H-Si(100) 

surfaces in ambient compared in the Appendix E  (Figures E2 and E3) indicates that 

unlike FPBA-Si(100) surface, H-Si(100) oxidizes very substantially within hours. 

The selectivity was also calculated using the estimated TiO2 thickness on each 

surface instead of the Ti 2p/Si 2p ratios. Table 7.3 shows the results obtained using 

equation (1). It shows that the selectivity on FPBA-Si(100) is maintained for up to 20 

cycles and after 30 cycles the selectivity decreases substantially. Additionally, the 

selectivity on H-Si(100) subject to identical ALD cycles as those of FPBA-Si(100) 

surface is also reported, the selectivity trend for both surfaces is nearly the same. 
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Number 

of ALD 

Cycles 

FPBA-Si(100) 

Selectivity 

H-Si(100) 

Selectivity 

5 0.64 ± 0.03 - 

10 0.69 ± 0.02 0.62 ± 0.11 

15 0.61 ± 0.04 0.58 ± 0.09 

20 0.71 ± 0.11 0.58 ± 0.04 

30 0.27 ± 0.03 0.32 ± 0.06 

50 0.11 ± 0.03 0.03 ± 0.01 

 

Table 7.3: FPBA-Si (100) selectivity calculated from equation (1) using the estimated 

TiO2 thickness obtained from equation (2) 

 

To further confirm the TiO2 thickness estimated from XPS and complement the 

obtained chemical information using F and B as spectroscopic labels, ToF-SIMS depth 

profiles was used to analyze the OH-, and FPBA-Si (100) surfaces after 50 and 200 

ALD cycles, which is described in the following section 7.3.3. 50 and 200 cycles were 

chosen as representative points, since these samples exhibited consistent and reliable 

properties determined by combining ToF-SIMS, ellipsometry and profilometry 

measurements and also in both cases the films deposited were very smooth according 

to AFM. According to the AFM measurements shown in Appendix E (Figure E4), after 

50 cycles a uniform layer is deposited on both surfaces, with RMS of 0.23 nm for the 

FPBA-Si(100) surface and RMS of 0.25 nm for the OH-Si(100) surface. 
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7.3.3 ToF-SIMS depth profile on growth and non-growth surfaces 

The calibration of the sputtering rate was done with two techniques: 

Ellipsometry for the TiO2 layer deposited with ALD and profilometry for the Si(100) 

substrate. 

The ellipsometry analysis was performed on a J. A Woolam M-2000VI. A three-

layer (film/ native oxide/ silicon) Cauchy model was used to determine the film 

thickness of the TiO2 layer on the OH-Si(100) after 200 cycles of TiO2 ALD. In the 

model, the thickness of the native oxide was 20 Å. The thickness obtained by 

ellipsometry was used to calibrate the sputtering rate of the TiO2 layer in ToF-SIMS 

depth profile. The sputtering rate for TiO2 based on this calibration was 0.112 nm/s. 

The profilometry analysis was completed with a Bruker Dektak XT 

profilometer, range of 6.5 m, 3 mg force, and a tip width of 5 m, run on valley 

settings. The craters made on the Si(100) by ToF-SIMS depth profiling were measured 

with profilometry, and this measurement was used to establish a sputtering rate for the 

depth calibration of the Si(100) substrate. The sputter rate used for this calibration of 

silicon removal was 0.125 nm/s. 
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Figure 7.7: ToF-SIMS depth profile showing the intensity of the TiO-, F-, B-, Si2
-, and 

SiO- ions vs depth of a) FPBA-Si(100) after 50 cycles, b) FPBA-Si(100) 

after 200 cycles. And the intensity of TiO-, Si2
-, and SiO- ions vs depth of 

c) OH-Si (100) after 50 cycles and d) OH-Si(100) after 200 cycles. All the 

intensities were normalized to Si2
- at saturation. 

On the FPBA-Si(100) surface after 50 ALD cycles (Figure 7.7 a), the interface 

between titania and silicon is observed at approximately 2.9 nm in depth, if the depth is 

calibrated as described above in section 7.3.3 and the appropriate sputtering rates are 

obtained to convert the sputtering time scale into the depth scale. Right at the interface, 

the F- and B- are present, and a small shift of about 6 Å between F- and B- negative ions 
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is observed, which corresponds to the length of the FPBA molecule according to the 

computational models reported in our previous studies.11 The FPBA molecule binds to 

the Si surface forming B-O-Si bonds, which was confirmed with XPS, therefore the 

SiO- fragment which is also at the interface corresponds to the O-Si bond formed after 

the FPBA reaction.  

After 200 ALD cycles on the FPBA-Si(100) surface, the interface between 

titania and silicon is recorded at approximately 10.5 nm in depth, and it is also observed 

that the SiO-, F- and B- ions remain at the interface at their original positions, as a small 

shift of about 6 Å between F- and B- negative ions also remains in place. This 

observation is consistent with the FPBA molecule staying at the interface without any 

of its constituents diffusing into the TiO2 layer. The difference in depth location for F 

and B elements is also fully consistent with the entire fluorophenylboronic functionality 

being intact. 

On the OH-Si(100) surface after 50 cycles, it is observed that the interface 

between titania and silicon is just above 3.5 nm in depth (reflecting nearly the same 

TiO2 thickness as that estimated in XPS experiments). For this sample, SiO- ion at the 

interface corresponds to the oxidized silicon surface as confirmed with XPS with the 

peak at ~103 eV. 

 After 200 cycles on the OH-Si (100) surface, the interface between titania and 

silicon is at approximately 10.6 nm. 

Thus, following 50 cycles of ALD onto FPBA-Si(100) surface, the thickness of 

TiO2 according to ToF-SIMS measurements is ~2.9 nm, and the TiO2 layer on the OH-

Si(10) surface is ~ 0.6 nm thicker, which matches with the results obtained for the 

estimated TiO2 thickness calculated with equation (2).  
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After 200 ALD cycles, the TiO2 thickness on both FPBA- and OH-Si(100) 

surfaces appears to be similar. At this point the selectivity is completely lost, the 

interface is buried, and the accuracy of pinpointing it precisely is limited. However, it 

is more important for the thicker TiO2 layer to interrogate the structure of the interface 

between oxide and silicon substrate. As was mentioned above, B and F are used as 

spectroscopic labels in XPS and ToF-SIMS experiments, providing information about 

the intactness and stability of the molecule at the interface. 

 

 

Figure 7.8: ToF-SIMS depth profile showing the intensity of the F- and B- ions vs depth 

of FPBA-Si(100) after 50 cycles a), and FPBA-Si(100) after 200 cycles b). 

Figure 7.8 provides a zoomed-in comparison of the F- and B- ions intensity vs 

depth obtained by ToF-SIMS depth profile of the FPBA-Si(100) surface after 50 and 

200 TiO2 ALD cycles. It is clear that the 4-fluorophenylboronic functionality remains 



130 

 

at the interface following the process and that the distance between F- and B- labels is 

maintained at both depths. This set of measurements also suggests that this chemical 

group remains intact, as a clear and reproducible shift of 6 Å between F- and B- is 

observed. The theoretically predicted distance between B- and F- in the FPBA molecule 

after the attachment to the Si(100) is 5.7 Å as calculated from the computational models 

reported in our previous studies.11 To further confirm the intactness of the 

(−O−)2B−(C6H4)−F functional group, the CF-, FC6H4BO2
- and C6H4

- fragments were 

also identified at the interface of the TiO2 layer and the FPBA-modified Si(100) as 

shown in Figure E5 in Appendix E. Although some of these fragments exhibit very low 

intensity and thus low signal-to-noise ratios, it is apparent that the CF- depth profile 

largely coincides with the F- depth profile, confirming the presence of the C-F bond at 

the TiO2/Si(100) interface, consistent with the XPS observations that were discussed 

above for the sample prepared by 50 cycles of ALD. On the other hand, the peak position 

of the B- appears to precede the small signals corresponding to the aromatic ring and to 

the entire molecular fragment (FC6H4BO2
-), thus confirming the high sensitivity of the 

ToF-SIMS technique and reinforcing the hypothesis that the 4-fluorophenylboronic 

functionality remains intact following the loss of selectivity of the functionalized 

surface and eventual TiO2 deposition. 

This behavior and stability may be important not only to the use of FPBA-

modified surfaces as NGA, but also brings up an important issue of modifying electronic 

and physical properties of the interfaces obtained on SMI-modified substrates following 

the eventual loss of selectivity.   
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7.4 Conclusions 

The research detailed in this chapter reveals that the FPBA-treated Si(100) 

surface effectively inhibits the deposition of TiO2 for up to 20 cycles, exhibiting a 

selectivity of 71% when compared to the GA OH-treated Si(100) in the ALD process 

utilizing TDMAT and water. This behavior is very similar to a traditional H-Si(100) 

surface acting as NGA in the same deposition scheme, but FPBA-Si(100) substrate 

exhibited exceptional stability in ambient, being stable for days compared to hours or 

even minutes for H-Si(100). F- and B- served as tracking labels in XPS and ToF-SIMS 

investigations to calculate coverage and evaluate the intactness and stability of the 4-

fluorophenylboronic functional group at the interface with silicon following the ALD 

process. It appears that the entire chemical functionality remains intact in this system, 

which may be very important not only for the use of FPBA-Si(100) as a NGA, but also 

in designing interfaces with tunable electronic properties. 
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SUMMARY AND FUTURE WORK 

This dissertation provides fundamental understanding of reacting functionalized 

semiconductor surfaces with boron- and nitrogen-containing molecules. In the case of 

flat surfaces, these reactions can be used for monolayer doping or as a deposition resist. 

For oxide nanomaterials, the same approach can be used for spectroscopic labeling or 

for further functionalization. 

The monolayer doping of semiconductors is a strategy that allows ultra-shallow 

doping with high dopant concentrations, which plays a crucial role in tuning the 

electrical properties of the semiconductor materials. The process involves chemical 

functionalization of the semiconductor surface with a monolayer of the dopant-

containing precursor followed by the subsequent diffusion of the dopant by a rapid 

thermal annealing step. In chapters 3-5, the monolayer functionalization of Si(100) 

single crystal surface with boron- and nitrogen-containing compounds, including boron 

trichloride, hydrazine, boric acid, and 4-fluorophenylboronic acid, were studied in order 

to understand the interactions of these molecules with the different terminated surfaces 

(H-, Br-, and Cl-Si(100)) for designing possible silicon doping processes. We have 

confirmed selective reactions between boron trichloride, boric acid and 4-

fluorophenylboronic acid and Cl-Si(100) surface. In addition it was also shown that 

different amounts of B, which can lead to p-type doping after an RTA step, can be 

introduced to the surface depending on the precursor chosen, since each reaction has 

different energy requirements, making some reactions more favorable than others. 

Chapter 8 
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It is also important to study other precursors that introduce atoms from the group 

5A of the periodic table, such as N, P, and As. In this dissertation, the introduction of N 

was studied using hydrazine as the precursor. It was shown that the amount of N 

introduced to the surface can be controlled depending on the termination of the Si 

surface, while hydrazine can introduce amounts of nitrogen well above a monolayer 

saturation on a H-Si(100), it will only form a monolayer on a Cl- and Br-terminated Si 

surface even if the halogen-terminated surfaces were prepare in vacuum or in solution. 

For future work, the monolayer doping approach can also be applied to the study of 

other precursors, such as PCl3, and AlCl3, to investigate the potential to form P-Si or 

Al-Si direct bonds and selectivity with different terminations on Si(100). The use of 

XPS in combination with DFT calculations is key to identifying the species formed on 

the surface as well as to evaluating the thermodynamics of the reactions. 

In chapter 6, monolayer functionalization of metal oxide surfaces such as TiO2 

and Al2O3 nanoparticles with 4-fluorophenylboronic acid in solution was investigated 

in order to understand the attachment chemistry and to develop spectroscopic labels for 

surface characterization. The use of solid-state NMR in combination with XPS and 

FTIR was critical in this study to elucidate the type of attachment in each metal oxide 

substrate. In addition to that, the DFT theoretical spectra complemented the study and 

were essential to determine and confirm different attachment types. For future work, 

further investigations can be done with complex materials using multiple spectroscopic 

probes as identifiers. Furthermore, this approach can be applied to area selective 

deposition (ASD), since it is key to know the attachment chemistry of the small 

molecule inhibitor (SMI) on different substrates. This will help with the selection and/or 

design of the SMI, improving the efficiency of the ASD process. 
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In chapter 7, the knowledge acquired in the previous studies was combined to 

use the 4-fluorophenylboronic acid (FPBA) as an SMI to block the growth of TiO2 and 

design an ASD process. The FPBA was used to passivate the Si(100) surface and the F 

and B from the molecule served as spectroscopic labels to confirm the passivation and 

to evaluate the intactness of the molecule on the interface after the deposition of TiO2. 

A combination of XPS and ToF-SIMS were crucial to evaluate the growth of TiO2 on 

the non-growth area (FPBA-Si(100) surface), and the growth area (OH-Si(100)). The 

selectivity obtained was 71 %, which was similar to the selectivity obtained with the 

standard non-growth surface H-Si(100). The advantage of using the FPBA as a small 

molecule inhibitor is that the surfaces modified with this molecule are very stable in 

ambient compared to the H-Si(100) surface and the spectroscopic labels can be used to 

evaluate the changes during the ASD process. 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

 

 

Figure A1: XPS spectra of Cl 2p, B 1s and Si 2p for the optimization of the time of the 

BCl3 reaction with Cl terminated-Si (100) for 1, 3 and 5 hours. 

The optimization for the reaction time of boron trichloride with Cl-terminated Si (100) 

shows that at 1h, 3h and 5h there is a B 1s peak observed around 193.5 eV. The highest 

intensity obtained was at 3 hours of reaction. The Cl 2p feature shows that the lowest 

intensity occurs at 3 hours of the reaction. The Si 2p feature shows the peak at 103 eV 

corresponding to (Si-O)x bond at 5 hours of reaction, and a peak at around 102 

(corresponding to Si-B bond) eV clearly observed at 3 hours of reaction. According to 

the results, the best conditions to perform this reaction is at 70°C for 3 hours.  
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Figure A2. The top three panels show the XPS spectra of Cl 2p, B 1s and Si 2p results 

of  the sputtering with Ar+ monoatomic mode on the Cl-terminated Si (100) 

after reaction with BCl3 for a) 0 seconds, b) 21 seconds, c) 35 seconds, and 

d) 49 seconds of sputtering. And the bottom three panels show the peak 

area versus the time of sputtering for a) Boron, b) Carbon and c) Chlorine. 

Figure A2 shows the results for the sputtering of the Cl terminated-Si(100) after the 

reaction with BCl3 with Ar+ monoatomic mode (200 eV) in 7 steps of 7 seconds. The 

boron signal does not decrease noticeably until approximately 40 second sputtering 

time, but the carbon contamination decreases linearly nearly and reduced by half by the 

same sputtering time. The chlorine signal appears to decrease but within the signal-to-

noise of these experiments, insignificantly. Thus, this sputtering approach can be 

optimized to remove impurities but not the monolayer B-containing species. 
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Figure A3. XPS spectra of O 1s for the reaction of BCl3 at 70°C with a) H terminated-

Si(100), and b) Cl terminated-Si(100) 

The O 1s spectra shows a small shift of 0.3 eV in the H-Si(100) compared to the Cl-

Si(100) surface, which agree with the assumption that in the H-Si(100) the species 

formed is mostly B-O-Si having the oxygen a higher binding energy, while in the Cl-

Si(100) the species on the surface is B-Si and the oxygen is on the top of this monolayer 

having a lower binding energy. Of course, both observations are also hindered by the 

adventitious O-containing species. 
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Figure A4: Scheme A1. Models used for the DFT calculations performed with 

Gaussian 09 suite utilizing B3LYP functional and 6-311G+(d,p) basis 

set. 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 4 

 

Overlayer model equations: 

 

The overlayer model 241 was used to calculate the surface coverages of chlorine, 

bromine and nitrogen with the assumption that chlorine, bromine and nitrogen-

containing molecules are within a monolayer on the silicon substrate, and the 

adventitious carbon and oxygen layer is on top of them.  

The monolayer coverage (Φ) was calculated using the following equations: 

Φ = [(
𝜆 𝑠𝑖𝑛𝜃

𝑎𝑜𝑣
) (

𝑆𝐹𝑆𝑖

𝑆𝐹𝑜𝑣
) (

𝜌𝑆𝑖

𝜌𝑜𝑣
) (

𝐼𝑜𝑣

𝐼𝑆𝑖
)]           (Eq. B1) 

 

𝑎𝑜𝑣 = (
𝐴𝑜𝑣

𝜌𝑜𝑣𝑁𝐴
)

1/3
       (Eq. B2) 

Where λ is the penetration depth (4.0 nm in the instrument used); θ is the 

photoelectron takeoff angle with respect to the analyzer (35.3° in the instrument used); 

SF is the sensitivity factor, ρ is the density in g/cm3; aOv is the atomic diameter of the 

overlayer species. AOv is the atomic weight of the overlayer species in g/mol. NA is 

Avogadro’s constant. And I is the integrated area under the substrate peaks, calculated 

by Casa XPS software (version 2.3.16). 
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Figure B1. XPS spectra of the N 1s spectral region for H-Si(100) surface before (a) and 

after (b) reaction with hydrazine. The computationally predicted values for 

the oxidized species indicated are shown as black solid bars underneath 

the experimental spectra.    

Figure B1 compares the experimental N 1s XPS spectra and the computationally 

predicted positions of the species indicated underneath the experimental data for the 

reaction of H-Si(100) with hydrazine. The predicted N 1s binding energies for Si-

N(OH)-N(OH)-Si are expected to produce features at 401.3 eV for both nitrogen atoms. 

The model corresponding to Si-NH-N(OH)-Si was predicted to yield features at 399.9 

and 401.4 eV. The last model corresponding to Si-NH-O-NH-Si is expected to have 
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features at 400.5 and 400.6 eV. Although Si-NH-O-NH-Si model appears to be 

consistent with the experimental data, it is also the least likely to form, since it will 

require a selective oxidation of N-N bond. Si-NH-N(OH)-Si model would be expected 

to result in a much broader peak than that observed experimentally. 

 

 

Figure B2. XPS spectra of  Si 2p and N1 spectral regions comparing the reactivity of 

a) OH terminated-Si (100) before reaction with hydrazine, b) OH 

terminated-Si (100) after reaction with hydrazine, c) Cl terminated-

Si(100) after reaction with hydrazine followed by a dip in H2O and d) Cl 

terminated-Si(100) after reaction with hydrazine. 

Figure B2 shows that the hydrazine reaction also works with OH-Si(100), 

although the resulting interface is oxidized, as would be expected. This figure also 

demonstrates that the hydrazine-terminated Si(100) survives complete oxidation and 

nitrogen removal even following a dip into deionized water. 
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Table 8.1 Thermodynamic requirements for the reaction of hydrazine with single-

dimer (Si9H12), two-dimer (Si21H24) and three-dimer (Si21H20) clusters monochloride 

and monobromide-terminated. 
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Figure B3. Nitrogen-containing species attached to the silicon surface modeled in 

Gaussview and used for the DFT calculations performed with Gaussian 09 

suite utilizing B3LYP functional and 6-311G+(d,p) basis set. 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 5 

 

 

Figure C1: The top two panels show the XPS spectra of B 1s and Si 2p spectral region 

for reaction of boric acid with H-Si(100) at a) 25°C, b) 50°C and c) 70°C. 

And the two bottom panels shows the XPS spectra of B 1s and Si 2p 

spectral region for reaction of boric acid with Cl-Si(100) at a) 25°C, b) 

50°C and c) 70°C 

Figure C1 shows the temperature optimization for the reaction of boric acid with H-

Si(100) and Cl-Si(100), where it can be seen that the reaction occurs only in the Cl 

terminated surface and the optimal temperature is 50°C where the introduction of boron 

is higher. 
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Figure C2. Top two panels show the XPS spectra of B 1s and Si 2p spectral region for 

reaction of 4-fluorophenylboronic acid with H-Si(100) at a) 35°C, b) 50°C, 

and c) 70°C. And the two bottom panels show the XPS spectra of B 1s and 

Si 2p spectral region for reaction of 4-fluorophenylboronic acid with Cl-

Si(100) at a) 35°C, b) 50°C, c) 70°C and d) 110°C. 

Figure C2 shows the temperature optimization for the reaction of 4-fluorophenylboronic 

acid with H-Si(100) and Cl-Si(100), where it can be seen that that the reaction occurs 

only in the Cl terminated surface and the optimal temperature is 50°C where the 

introduction of boron is higher. 
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Figure C3.  XPS spectra of Cl 2p spectral region for the a) Cl-terminated Si(100) as the 

starting point, b) Cl-Si(100) after the reaction with boric acid at 50°C for 

3h and, c) Cl-Si(100) after the reaction with 4-fluorophenylboronic acid at 

50°C for 3h. 

Figure C3 shows the Cl 2p spectral region at the starting point where the two peaks 

corresponding to Cl 2p3/2 and 2p1/2 at 199.6 and 201.1 eV, respectively are initially 

present and after the reaction with BA and 4FBA we see that there is not chlorine present 

on the surface. 
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Figure C4. AFM images of the a) H-terminated Si(100), b) Cl-terminated Si(100), c) 

Cl-terminated Si(100) after the reaction with boric acid and d) Cl-

terminated Si(100) after the reaction with  4-fluorophenylboronic acid with 

Cl-Si(100) 
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Table 8.2. Thermodynamic requirements for the reaction of 4-fluorophenylboronic acid 

(SA and SB) and boric acid (SC and SD) with two-dimer cluster. 

 

Reaction 
Energy 

(kJ/mol) 

 

 

 

 

 

-119.2 

 

 

 

 

 

-165.6 

 

 

 

-98.7 

 

 

 

-126.5 

 

 

 

Table 8.3. Comparison of the thermodynamic requirements for the reaction of 4-

fluorophenylboronic acid (A) and phenylboronic acid (B) with Cl-terminated Si(100). 

 

Reaction 
Cluster 

model 
Energy(kJ/mol) 

 

 

 

  
One-dimer -39.6 

SA 

SB 

SC 

SD 

A 
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  One-dimer -39.9 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 6 

 

 

1. XPS of varying 4FPBA weight loadings 

 

Figure D1. XPS spectra of boron 1s (left) and fluorine 1s (right) regions for weight 

loadings (a, f) 10wt%, (b, g) 5wt%, (c, h) 1wt%, and (d, i) 0.5wt% of 4-

fluorophenylboronic acid on anatase TiO2, as well as (e, j) pure 4-

fluorophenylboronic acid for comparison. The peak recorded at 683.7 eV 

for F 1s spectral region is the result of XPS-induced decomposition. 

 

2. Transmission electron microscopy methods  

Transmission electron microscopy (TEM) was performed to confirm the 

nanoparticle size of purchased materials at the Keck Center for Advanced Microscopy 
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at the University of Delaware using a Talos F200C TEM (Thermo Fischer Scientific, 

Waltham, MA) connected to a Thermo Fisher Scientific Ceta 16 M camera (Thermo 

Fischer Scientific, Waltham, MA). The nanopowder samples were dusted onto a copper 

grid with lacey carbon support and loaded into the TEM, which operated at an 

accelerating voltage of 200 keV to obtain bright field images. It was confirmed that the 

metal oxide nanoparticle sizes were consistent with manufacturer specifications.   

 

 

3. XRD of as received and reacted samples 

 

X-ray powder diffraction (XRD) was performed at the Advanced Materials 

Characterization Lab at the University of Delaware using a Bruker D8 Discover XRD 

(Bruker, Billerica, MA) with a Cu Kα radiation source (λ=1.5418 Å), and measurements 

were taken at angles between 5o and 35o. Experimental data was compared with powder 

diffraction standards. Anatase TiO2 matched with index data of JCPDS 00-001-0562, 

rutile TiO2 matched with index data of JCPDS 01-078-4189, and gamma Al2O3 matched 

with index data of JCPDS 29-0063. 
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Figure D2. XRD spectra of anatase TiO2 as received a), FPBA/anatase TiO2 b), rutile 

TiO2 as received c), FPBA/rutile TiO2 d), γ-Al2O3 as received e), and 

FPBA/γ-Al2O3. Distinct peaks for anatase TiO2 (*), rutile TiO2 (•), and γ-

Al2O3 (♦) are indicated. 
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4. ADF predicted chemical shifts 

4.1 TiO2 monodentate 

 

Table 8.4. Calculated 13C, 11B, and 19F chemical shifts (ppm) for monodentate 4FPBA 

on TiO2 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Figure D3. Structure of monodentate 4FPBA on TiO2 

Atom 
Local 

environment 

Label 

number 

Calculated 

chemical 

shifts (ppm) 

Reference 

(ppm) 

Calibrated 

chemical shifts 

(ppm) 

C 

C-F 20 13.66 189.05 175.39 

C-B 13 49.94 189.05 139.11 

C-H 16 68.05 189.05 121.00 

C-H 14 46.68 189.05 142.37 

C-H 15 43.87 189.05 145.18 

C-H 18 68.70 189.05 120.35 

B C-B-O 12 72.49 80.4 7.91 

F F-C 23 303.03 195.72 -107.31 
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4.2 TiO2 bidentate bridging 

 

 

Atom 

Local 

environment 

Label 

number 

Calculated 

chemical 

shifts (ppm) 

Reference 

(ppm) 

Calibrated 

chemical shifts 

(ppm) 

C 

C-F 22 11.22 189.05 177.83 

C-B 15 58.07 189.05 130.98 

C-H 18 68.87 189.05 120.18 

C-H 16 44.91 189.05 144.14 

C-H 17 44.92 189.05 144.13 

C-H 20 68.88 189.05 120.17 

B C-B-O 14 72.39 80.4 8.01 

F F-C 25 301.66 195.72 -105.94 

 

Table 8.5. Calculated 13C, 11B, and 19F chemical shifts (ppm) for bidentate bridging 

4FPBA on TiO2 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure D4. Structure of bidentate bridging 4FPBA on TiO2 
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 4.3 TiO2 bidentate 

 

Atom 
Local 

environment 

Label 

number 

Calculated 

chemical 

shift (ppm) 

Reference 

(ppm) 

Calibrated 

chemical 

shifts (ppm) 

C 

C-F 18 10.99 189.05 178.06 

C-B 11 59.34 189.05 129.71 

C-H 14 68.59 189.05 120.46 

C-H 12 45.64 189.05 143.41 

C-H 16 68.62 189.05 120.43 

C-H 13 45.77 189.05 143.28 

B C-B-O 22 73.13 80.4 7.27 

F F-C 21 299.93 195.72 -104.21 

 

Table 8.6. Calculated 13C, 11B, and 19F chemical shifts (ppm) for bidentate 4FPBA on 

TiO2 

 

 

 

 

 
 

 

 

Figure D5. Structure of bidentate 4FPBA on TiO2 
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 4.4 Al2O3 monodentate 

 

Atom 
Local 

environment 

Label 

number 

Calculated 

chemical shift 

(ppm) 

Reference 

(ppm) 

Calibrated 

chemical shift 

(ppm) 

C 

C-F 9 5.24 189.05 183.81 

C-B 6 51.43 189.05 137.62 

C-H 7 46.86 189.05 142.19 

C-H 8 66.00 189.05 123.05 

C-H 10 65.49 189.05 123.56 

C-H 11 42.82 189.05 146.23 

B C-B-O 19 75.79 80.4 4.61 

F F-C 24 289.06 195.72 -93.34 

 

Table 8.7. Calculated 13C, 11B, and 19F chemical shifts (ppm) for monodentate 4FPBA 

on Al2O3 

 

 

 

Figure D6. Structure of monodentate 4FPBA on Al2O3 
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 4.5 Al2O3 bidentate bridging 

 

Atom 
Local 

environment 

Label 

number 

Calculated 

chemical 

shift (ppm) 

Reference 

(ppm) 

Calibrated 

chemical shift 

(ppm) 

C 

C-F 13 4.81 189.05 184.24 

C-B 10 50.82 189.05 138.23 

C-H 11 42.46 189.05 146.59 

C-H 12 66.70 189.05 122.35 

C-H 14 66.70 189.05 122.35 

C-H 15 42.45 189.05 146.60 

B C-B-O 20 72.16 80.4 8.24 

F F-C 21 289.62 195.72 -93.9 

 

Table 8.8. Calculated 13C, 11B, and 19F chemical shifts (ppm) for bidentate bridging 

4FPBA on Al2O3 

 

 
 

Figure D7. Structure of bidentate bridging 4FPBA on Al2O3 
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4.6 Al2O3 bidentate 

 

Atom 
Local 

environment 

Label 

number 

Calculated 

chemical shift 

(ppm) 

Reference 

(ppm) 

Calibrated 

chemical 

shift (ppm) 

C 

C-F 10 4.59 189.05 184.46 

C-B 7 55.95 189.05 133.10 

C-H 8 41.49 189.05 147.56 

C-H 9 66.3 189.05 122.75 

C-H 11 66.31 189.05 122.74 

C-H 12 41.5 189.05 147.55 

B C-B-O 17 65.22 80.4 15.18 

F F-C 21 287.95 195.72 -92.23 

 

Table 8.9. Calculated 13C, 11B, and 19F chemical shifts (ppm) for bidentate 4FPBA on 

Al2O3 

 

 

 

 

 

 

 

Figure D8. Structure of bidentate 4FPBA on Al2O3 
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4.7 4FPBA molecule 

 

Atom 
Local 

environment 

Label 

number 

Calculated 

chemical shift 

(ppm) 

Reference 

(ppm) 

Calibrated 

chemical shift 

(ppm) 

C 

C-F 5 11.52 189.05 177.53 

C-B 2 57.07 189.05 131.98 

C-H 4 68.95 189.05 120.10 

C-H 6 68.96 189.05 120.09 

C-H 3 46.27 189.05 142.78 

C-H 1 46.28 189.05 142.77 

B C-B-O 12 74.44 80.4 5.96 

F F-C 11 287.66 195.72 -91.94 

 

Table 8.10. Calculated 13C, 11B, and 19F chemical shifts (ppm) for 4FPBA molecule 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D9. Structure of 4FPBA molecule 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 7 

 

Figure E1: Si2p, Ti2p, and O 1s XPS spectral regions of (a) H-Si(100) as prepared, (b) 

H -Si(100) after 10, (c) 20, (d) 30, and (e) 50 ALD cycles of TiO2.   

Appendix E 
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Figure E2: B 1s, F 1s and Si 2p XPS spectral regions of FPBA-Si(100) as prepared a), 

and after 48 hours b). 
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Figure E3: Si 2p XPS spectral region of H-Si(100) as prepared a), after 2 hours b), and 

48 hours c). 

 

Figure E4: AFM images of the a) FPBA-Si(100), b) FPBA- Si(100) after 50 TiO2 ALD 

cycles, c) OH-terminated Si(100), and d) OH-terminated Si(100) after 50 

TiO2 cycles 
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Figure E5: ToF-SIMS depth profile showing the intensity of the F-, CF-, B-, FC6H4BO2
- 

and C6H4
- fragments at the interface of TiO2 layer and FPBA-Si(100) after 

200 ALD cycles. 
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