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ABSTRACT 

Surface and interfacial chemistry is a major, well-researched topic in science. 

From microelectronics to biosensors to catalysis, surface chemistry research is 

applicable to many different areas. This dissertation focuses on three of these areas: 

photovoltaics, protective coatings, and a novel nanoparticle deposition procedure. 

These three areas are all related through energy-related research. An additional focus 

is placed on the understanding of the systems’ chemistries at the molecular level. 

Several surface spectroscopic and microscopic techniques are utilized to understand 

the systems. Spectroscopic techniques include Fourier-transfrom infrared spectroscopy 

(FT-IR), X-ray photoelectron spectroscopy (XPS), time-of-flight secondary ion mass 

spectroscopy (ToF-SIMS), and X-ray diffraction (XRD). Surface microscopic 

techniques include scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), atomic force microscopy (AFM). Additionally, nanoindentation 

measurements are used to determine Young’s modulus for the protective coatings. For 

some studies, density functional theory models were used to complement experimental 

results, and predict pathways. 
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Chapter 1 

INTRODUCTION 

1.1 Introduction to Surface and Interfacial Chemistry 

Surface and interfacial science is an interdisciplinary, wide-ranging, and well-

studied field in science and engineering. Although the terms are in some instances 

used interchangeably, surface science nominally applies to the studies of the 

interactions between two different phases (e.g. solid-liquid, solid-gas, etc.) while 

interfacial science addresses the interactions at any boundary between phases, 

regardless of their types. The concepts of surface and interfacial science are relevant to 

microelectronics [1], responsive sensors [2], protective coatings [3], and photovoltaics 

[4] as well as many other fields. 

Surface science and, specifically, surface chemistry discoveries give us better 

understanding and new insights into phenomena that could increase our quality of life. 

The applications for surface science are numerous and the scales can vary from 

nanometers (e.g. microelectronics) to micrometers (e.g. protective coatings). The 

science in these experiments involves the basic principle of how a surface or coating 

interacts with the environment to which it is subjugated, regardless of the name of the 

scale. 

Over the course of the thesis, different applications of surface and interfacial 

science are described and investigated. These projects, which range from surface 

functionalization to protective coatings, are all connected through surface science and 

chemistry. The overarching theme of the entire work is the relevance of surface 
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processes to the energy sector, one of the largest industries in the world with over $2 

billion in sales each year [5]. Although research in the energy sector covers a wide 

variety of topics and length scales [6-14], it is often at the surface or interface of the 

materials that the chemistry happens [15, 16]. Fundamental research must be carried 

out to improve upon these applications because the need for low-cost, low-carbon-

emitting energy sources is imperative to protect our world while maintaining the 

sophistication which leads to the comfortable lifestyle we enjoy [17, 18]. The projects 

described in this dissertation address several fundamental issues in photovoltaics, 

protective coatings, and novel materials and are all derived from the molecular-level 

understanding of surface properties relevant to each kind of chemical system. 

1.2 Thin Films for Photovoltaic Applications 

An area that provides low-cost, low-carbon-emitting energy technologies is 

photovoltaic energy [19, 20]. Briefly, photovoltaics use a p-n junction to produce a 

voltage difference [20]. Most solar cells on the market today are single and 

multicrystalline silicon solar cells [20]. Although silicon solar cells are able to produce 

energy with relatively high efficiencies (25% [21]), there are some drawbacks and 

challenges. Among them are (1) high initial costs, and (2) energy-intensive processes 

to remove impurities and convert metallurgical silicon to electronic-grade silicon [22]. 

There are many different types of photovoltaic cells aside from those based on 

crystalline silicon [20, 23]. A majority of the different photovoltaic cell types also use 

silicon but some variants, such as copper indium gallium diselenide and cadmium 

telluride, do not. Another type of photovoltaic cell that does not use metal in the active 

layer is an organic/polymer photovoltaic (OPV) cell [24]. This system is very 

appealing because of (1) the ultrafast optoelectronic response at the interface of the 
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electron donor and electron acceptor, (2) the tunability of the band gap, (3) the 

availability of lightweight, flexible, low-cost characteristics, and (4) the possible 

integration with many other products [25]. Instead of doped metals as the electron 

donor and acceptor, an OPV cell normally has a polymeric compound as the donor and 

a fullerene-derived compound as the acceptor [26]. Currently the record for OPV 

efficiency is 11.1% [23], although most reported high efficiencies hover around 5% 

[26, 27]. 

The active layer of an OPV, comprised of the electron donor (p-type) and 

electron acceptor (n-type) materials, is sandwiched between indium tin oxide (ITO) 

covered glass and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS) on one side, and an evaporated metal, such as aluminum, on the other 

side of the active layer [27, 28]. The ITO and Al are then connected to the load. 

Common materials for the active layer include PCBM, MDMO-PPV, P3HT, and 

PCPDTBT. These materials are normally chosen because they are electronically active 

and because they have strong optical transitions [27]. The active layer architecture (the 

geometry of the electron donor and electron acceptor) plays a major role in 

determining the efficiency of the OPV [26, 27].  

Figure 1.1(a) shows an energy diagram of a photovoltaic cell [27]. When the 

electron donor absorbs a photon, the electron is excited from the highest occupied 

molecular orbital (HOMO, or valence band) to the lowest unoccupied molecular 

orbital (LUMO, or conduction band), and an electron-electron hole pair (exciton) is 

created. If the exciton is created at or near an interface, the electron may migrate to the 

electron acceptor (commonly PCBM) and the exciton pair can further migrate to their 

respective electrodes while avoiding traps and recombination. It is important that the 
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exciton is created at or near an interface because the diffusion length of an electron in 

this system is only on the order of 3-10 nm [29-31]. A number of different device 

architectures have been created, of which three common types of architecture are the 

planar heterojunction (Figure 1.1(b)), the bulk heterojunction (Figure 1.1(c)), and the 

ordered heterojunction (Figure 1.1(d)) [27]. 

 

Figure 1.1: The figure shows the (a) energy diagram of a photovoltaic cell Polymeric 

solar cell heterojunctions; (b) planar heterojunction; (c) bulk 

heterojunction; and (d) ordered heterojunction. Figure 2 in reference [27], 

reproduced under Creative Commons License 3.0. 

A planar heterojunction is the simplest heterojunction that can be produced. 

Normally, one layer is spin-coated onto the electrode followed by spin-coatings of the 

second. This technique results in short formation times and relatively inexpensive 
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devices. However, this method has drawbacks: 1) the recombination of an electron-

electron hole pair is a serious threat to cell efficiency because any exciton created 

further than 3-10 nm from a donor-acceptor interface is likely to recombine; and 2) the 

subsequent active region is very thin, so the device is not thick enough to absorb a 

majority of the solar photons [32]. To overcome these deficiencies, other styles of 

heterojunctions are fabricated. 

Bulk heterojunctions address these problems, and are perhaps the most 

successful and commonly used type of heterojunction [27, 33-35]. In a bulk 

heterojunction, the electron donor and acceptor are mixed together in a common 

solvent and spun coated onto the substrate. It is imperative during processing that the 

two materials are sufficiently intermixed because insufficient mixing results in 

recombination from the small exciton diffusion length. Sufficient mixing means that 

nearly all of the excitons formed cross the interface, and increase the efficiency of the 

device. Film morphology, thickness, materials, and solvent are all important 

parameters when fabricating a polymer photovoltaic device [27]. However, as seen in 

Figure 1.1(c) [27], there still is a possibility that there is insufficient mixing to create 

regions of large islands where recombination occurs. In addition, there is always the 

possibility of traps being formed. 

Perhaps the most efficient device architecture is the ordered heterojunction 

[36-38]. In the structure shown in Figure 1.1(d) [27], the small straight pores’ diameter 

are radially less the electron diffusion length while also longitudinally thick enough to 

absorb the light. Although the power conversion efficiency is not as efficient as for 

bulk heterojunction geometries, future research is promising [39]. However, a number 

of factors must still be understood to improve device efficiency. For instance, different 
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electron donor and electron acceptor materials provide difference efficiencies. The 

chemistry between two different materials is crucial to understand and improve the 

device efficiency, and without this understanding, device improvement would be 

impossible. 

A major challenge in understanding the behavior of excitons and electrons [40] 

in organic solar cells is the fact that these systems are mostly disordered and the 

interfaces involved in the process are not well-defined. A reliable and reproducible 

method must be used to obtain well-defined model systems to examine the electronic 

properties and donor/acceptor behavior. One method to produce a reliable and 

reproducible system is use of a functionalized self-assembled monolayer (SAM) on a 

Si(111) surface. 

By itself, surface functionalization is an important area in surface modification, 

and it is often needed to attach a linker molecule to a functionalized layer that would 

react with the macromolecule [41-49]. Surface functionalization techniques are 

utilized in many different applications and are a well-researched area. They provide a 

reproducible framework to explore surface chemistry and understand reactions. 

Organic monolayer surface functionalization is a great candidate to provide a chemical 

linkage because organic molecules have predictable and controllable chemistry with 

both the silicon surface (as well as many other types of surfaces) and with the target 

molecules that must be attached to it. 

It is crucial to understand the chemistry of possible new materials in a 

disordered organic photovoltaic system. By using a silicon functionalization system 

with self-assembly of an amino-terminated monolayer and a reaction with PCBM, 

which is not a reaction that has been studied extensively in literature with or without 
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the silicon monolayer system, to reliably reproduce a system, we can observe this 

chemistry and could perhaps improve device efficiency.  

1.3 Thin Film’s and Coating’s Role in Protective Applications 

A large area of organic photovoltaic research is focused on protection and 

stability of the photovoltaic cells [50]. As noted in Jørgensen et al. [50], research in 

processing, power conversion efficiency, and stability are equally important when 

looking to improve this technology because overall progress requires progress in all 

three areas simultaneously. Organic photovoltaic materials as well as some electrode 

materials react poorly with oxygen in the atmosphere. Therefore, the material must be 

encapsulated with barrier layers and fabricated with care to protect from the ambient 

environment as well as from harsh UV light and weather [51]. 

Another research area that focuses on sample protection with coatings is the 

field of mechanical materials, such as tools and pumps, to increase wear resistance and 

tool lifetime [52]. Protective coatings combine their unique and tunable properties 

with the physical properties of substrate materials (hardness, porosity, ease of 

processing) [3, 53-55]. The coatings are often more expensive than the substrates but 

offer a wide range of properties that can often be fine-tuned to fit the application.  

Protective coatings used for hard tools are one of the quickly developing areas 

of research and, in this particular case, a high degree of control over not only the 

coating itself but also over the interface formed between the coating and underlying 

steel substrate becomes extremely important. Normally, a surface is investigated 

before and after reaction to study the differences in chemical composition or 

functionality. However, a bare or unreacted surface does not usually have the desired 

characteristics that are generally required for future applications. For example, in 
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protective-coating applications, a soft substrate may be exposed to an abrasive or high-

pressure environment that would result in the failure of the component [56, 57]. A 

hard protective coating would be required to preserve the substrate for a longer period 

of time. 

Depending on the desired coating and application, there are a number of 

methods that can be used to deposit the coatings. An important distinction can be 

made between depositing a thin film or coating in a vacuum environment and 

depositing a thin film or coating in an ambient atmospheric environment. Vacuum 

methods, which include physical vapor deposition (PVD) [52, 58] and chemical vapor 

deposition (CVD) [3, 52] and their derived methods (PVD: cathodic arc vapor 

deposition, magnetron sputtering; CVD: atomic layer deposition, microwave plasma-

assisted CVD; and others), are all done under vacuum, high-vacuum, or ultra high-

vacuum conditions. These coatings are characterized by high-purity films and uniform 

deposition depth, but are restricted by lack of depth, deposition efficiency, and long 

deposition time [59]. Each degree of ‘vacuumness’ has its own advantages and 

disadvantages. Some reasons for a vacuum environment include reduction in 

contaminants in deposited layer [60], increasing mean free path to reduce collision 

induced particle reaction [61], and provide fine-tuning for thin film or coating 

thickness and composition [62]. 

Both CVD and PVD methods are beneficial for applications in which the 

substrate is small and fits into a vacuum chamber. CVD can provide the most 

controlled conditions for deposition and thus the most flexibility in designing the 

appropriate interfaces. However, this method is difficult for producing films of tens of 

microns needed for certain application, in addition to requiring a vacuum. PVD can be 
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used to deposit thicker films at a faster rate; however, the control over the interface 

formation is more difficult, as the deposited films may suffer from delamination [63] 

and the method requires vacuum-based procedures. When a vacuum deposition is 

either geometrically or economically unfeasible (the tool or piece of machinery cannot 

fit into a vacuum chamber or to build one would be too costly), one must look to other 

methods performed at ambient conditions. These methods include high-velocity 

oxy/air-fuel (HV(O/A)F) [64, 65] and electrospark deposition/alloying (ESD) [66]. 

HV(O,A)F is an industry-wide technique that provides very dense, varying thickness 

coatings, minimal metallurgical changes, and minimal temperature effects (the entire 

material does not need to be heated) in the ambient environment. In an HV(O,A)F 

application, molten materials (the final coating) are shot out of a nozzle at supersonic 

speeds. It produces thick yet oxidized coatings very quickly, but it is very difficult to 

control the formation of the interface between the coating and the substrate, as the 

voids can easily form, which would lead to delamination and fracturing [67-69]. An 

electrospark deposited coating is another ambient air technique, but unlike HV(O/A)F, 

a metallurgical bond is built between the material and coating without post-treatment 

through chemicals or annealing [70]. Thus, in this case there should be no 

delamination. Like in HV(O/A)F, the substrate does not need to be heated, and the 

coatings can be applied with varying thickness. However, given the radial length of 

the electrode, deposition may take time. 

In addition to the deposition method of the coating, the coating material itself 

is very important. For example, molybdenum disulfides are used for dry lubricants 

while another material, such as stainless steel, would be improperly used as a dry 

lubricant. An abrasive and wear-resistant coating that is also impervious to extreme 
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chemical conditions (e.g., very acidic or very basic conditions) is desired for extending 

tool and machine lifetime. Additional parameters (hardness, coefficient of thermal 

expansion, and modulus of elasticity) must have specific values when depositing onto 

a substrate that may physically change during operation. There has been great interest 

in carbide and nitride-based films for this specific purpose [52]. A number of studies 

have focused on a Ti(C,N)-based system as a titanium-based carbide possesses 

extraordinary hardness [71] while a titanium-based nitride exhibit extraordinary 

toughness [72]. Titanium carbonitride (TiCN) is amenable to deposition using a large 

number of methods that can be tailored to fit the potential application. Of course, other 

applications may require the final material to possess a specific set of physical and 

chemical properties. For example, conformal filling in microelectronics (that is, filling 

in the topography of the semiconductor substrate) may require slower, but more 

controlled, methods of coating based on chemical vapor deposition (CVD) [73-75]. On 

the other hand, substantially faster deposition rates, albeit with lower degree of 

control, could be achieved using physical vapor deposition to deposit the TiCN 

material [73, 74, 76-78]. It is important to realize that TiCN-based films are deposited 

using all these different methods (as well as the ESD mentioned previously), and 

continuous work on novel chemical deposition metalorganic precursors for chemical 

methods promises to deliver even higher variety of properties that can be introduced 

into the film. 

Table 1.1 compares a common soft steel substrate (4000 series steel) with 

frequently deposited protective coatings (Ti(C,N)) coatings as well as the very 

common tungsten carbide (WC) coating. For the coating to perform according to the 
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application desired, some of its properties have to align perfectly with the properties of 

a desired substrate. 

Table 1.1: Comparison of selected coatings with a common steel substrate. 

Compound 
4000 Series 

Steel 
Tungsten 

Carbide 
Titanium 

Nitride 
Titanium 

Carbide 
Titanium 

Carbonitride 
Vickers Hardness, GPa 2.35 23.5 22.07 27.48 32.5 
Coefficient of Thermal 

Expansion, 10-6 K-1 
10.4 5.2-7.3 7.4 7.95 9 

Thermal Conductivity, 

W/(m∙°C) 
42.7 42-84.2 19 17.1-30.9 31 

Crystal Structure BCC Hexagonal Cubic Cubic Tetragonal 
Melting Point, °C 1400-1538 2800-2870 2930 3065 3050 
Modulus of Elasticity, 

GPa 
210 669-696 500 430 473 

In addition to increased hardness, a Ti(C,N)-based coating has to have some 

properties that are similar to stainless steel, such as coefficient of thermal expansion 

for processing and reliable high-temperature performance (which is often the case for 

long-term use tools). TiCN fits that requirement perfectly, because it possesses a very 

high hardness, even compared to the materials that are commonly thought of as hard 

coatings, such as TiN or TiC. In fact, TiCN also possesses a coefficient of thermal 

expansion and thermal conductivity very close to those for 4140 steel, meaning that 

mechanical changes caused by heating should affect these two materials in a similar 

way. This combination of properties and the multitude of available deposition methods 

make a TiCN coating such an attractive coating for tool protection purposes. When 

building the diffusion barriers for microelectronics, TiCN coatings are deposited from 

a common CVD chemical precursor, tetrakis(dimethylamido)titanium (TDMAT). 

However, there have been no literature studies to examine the mechanical and 

tribological properties of films deposited with this precursor and deposition method. 
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These must be examined to expand the applications for this method. Concurrently, 

because CVD is normally performed in vacuum, if the substrate’s geometry is not 

conducive to a vacuum system, an alternative approach must be used for the ambient 

environment and more straightforward practical applications. To address this concern, 

an electrospark deposited coating was used to compare with the CVD deposited films. 

1.4 Novel Wet-Chemical Deposition of Nanoparticles 

One way to produce coatings for protective applications is to chemically attach 

the coating to a substrate. If an otherwise adequate coating (high hardness, high 

abrasion resistance, etc.) is not chemically attached to a substrate, there is the 

possibility of failure, either through delamination or spalling. One way to circumvent 

this problem is to chemically attach parts of the surface and deposit a different coating 

around the deposited layer. This procedure is analogous to rebar in concrete, where the 

rebar gives structural support to the concrete.  

A very well known approach to chemically attach two different molecules 

together is through “click chemistry”. In a very well known type of “click chemistry”, 

an azide and an alkyne chemically react in the presence of a copper catalyst to form a 

triazole ring. Previously, we have shown a morphological change in iron nanoparticles 

after “click chemistry” [79]. We explained as due to the fact that after iron 

nanoparticle functionalization with azide or alkyne termination, the reaction takes 

place in a three-dimensional space and creates a new material. As a thought 

experiment, if alkyne functionalized nanoparticles were to react with an azide-

functionalized surface in the presence of the copper catalyst, and then further with 

correspondingly opposite nanoparticles, one may achieve layer-by-layer (LbL) growth 

through click chemistry. 
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Layered structures have been a target of intense research for many decades. 

For example, the ability to produce exceptional conformal filling over the high aspect 

ratio features needed in microelectronics has been based on the formation of targeted 

strong chemical bonds in the course of atomic layer deposition (ALD) and the need for 

high-level control at the slightly larger scale for such applications as a photoresist 

formation or metalorganic layer growth has been realized in molecular layer 

deposition (MLD) processes. Both approaches utilize surface-limited reactions to form 

a layer of one atom to several atomic lengths thick that are perfectly suitable for a 

wide variety of applications. The main advantage of both methods is in atomic- and 

molecular–level precision of the multilayers created. One of the main disadvantages is 

that the growth rate and the size of the building elements are very limited. 

At the same time, the layered materials with structural fragments of 

nanometers to tens of nanometers in size are needed for applications such as 

spintronics, specifically tunnel magnetoresistance [80], heterogeneous catalysis [81, 

82], magnetic materials [83, 84], solar energy conversion with photoelectrochemical 

cells [85, 86] and many more. The formation of such films and materials using 

lithography or ALD and MLD methods is a very complex and expensive task. 

If one were able to deposit the nanoparticles in a LbL growth with chemical 

attachment to a surface followed by a vapour deposition of a hard coating, we would 

have something that is very similar to rebar in concrete. This material would also have 

applications for protective coatings that need to also be chemically active. 

However, as ideal as this system would be, the first step is to show high 

coverage following the click reaction between the nanoparticles and the substrate, 



 14 

which has not been shown before. Once this is shown, the deposition of conformal 

coatings can commence. 

1.5 Scope and Outline of the Dissertation 

The main focus of this dissertation is the development of thin films and 

coatings for targeted applications, in addition to understanding their chemical, 

structural, and, in some cases, their mechanical properties. It is important to focus 

fundamental research on real-world applications to enhance future breakthroughs. 

Chapter 1 provides broad background on thin films and coatings for 

photovoltaic and protective coatings applications, and is expanded upon more in depth 

in further chapters. A description of the chemicals and materials used throughout the 

dissertation are discussed in Chapter 2 along with outlining the experimental methods 

used to adequately characterize the systems. After this, three projects are discussed in 

full detail. In Chapter 3, molecular attachment of a fullerene derivative to an amino-

terminated surface is discussed with reference to the chemistry involved and future 

directions. In the next two chapters (Chapter 4-5), a protective coating is deposited by 

different methods onto a substrate to interrogate the chemical and mechanical 

properties of the coatings. In the final project (Chapter 6), a novel approach to 

chemically attaching nanoparticles is developed using layer-by-layer growth. The final 

chapter (Chapters 7) provides overarching conclusions as well as future work. 
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Chapter 2 

EXPERIMENTAL PROCEDURES AND INSTRUMENTATION 

2.1 Introduction 

The following sections describe the chemical preparation for each of the 

subsequent chapters in this thesis. Section 2.2.1 describes the methodology in 

Chapter 3. Section 2.2.2 is the experimental procedure for Chapter 4 while Chapter 5’s 

method is described in section 2.2.3. Chapter 6’s experimental description is detailed 

in section 2.2.4. All chemicals used show the company of origin and purity. 

The description of all analytical methods follows the experimental procedures 

in section 2.3. Following the instrumentation descriptions, the parameters for each 

experiment are listed. 

2.2 Chemicals Used and Preparation Procedures 

2.2.1 Monolayer Preparation of Amino-Terminated Si(111) Surface 

Chapter 3 details the experiment with an amino-terminated silicon substrate 

and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). A hydrogen-terminated 

Si(111) surface was prepared using a modified RCA (Radio Corporation of America) 

cleaning cycle [44]. All reactions were performed with Teflon beakers and tweezers, 

and the samples rinsed with Milli-Q water (18 MΩ . cm) between the steps. The Teflon 

beakers and tweezers were cleaned in a 4:1:1 solution of Milli-Q water, ammonium 

hydroxide (Fisher, 29% certified ACS plus grade), and hydrogen peroxide (Fisher, 
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30% certified ACS grade) (SC1 solution) for 30 min at 80°C while bubble rinsed with 

N2. The Si(111) wafers (Virginia Semiconductor, VA, double polished, n-doped, 500 

um thick, >0.1 Ω.cm resistivity) were cleaned with SC1 solution for 10 min at 80°C. 

The wafers were placed in an HF acid-buffer solution (Transene Company, Inc.) for 2 

min at room temperature. Finally, the wafers were placed in a 4:1:1 water, 

hydrochloric acid (Fisher, 37.3% certified ACS grade), and hydrogen peroxide 

solution (SC2) for 10 min at 80°C. At this point, one wafer was removed to be the 

referencing spectrum for selected background infrared spectra. The rest of the wafers 

were placed in the HF acid buffer solution (Transene Company, Inc.) for 1 min at 

room temperature and then immediately placed in ammonia fluoride solution (Fluka, 

40%) for 6 min at room temperature to form a well-ordered hydrogen-terminated 

Si(111) surface, as confirmed by a sharp single absorption peak at 2083 cm-1 in the 

infrared spectra [87-91]. 

The H-terminated silicon wafers obtained as described above were placed in 

deoxygenated tert-butyloxycarbonyl (t-BOC) protected 1-amino-10-undecene 

(prepared from 1-amino-10-undecene (AUD), GFS, 97%) [92, 93] under nitrogen in a 

25 mL round-bottom flask with a reflux condenser with running cold water. The flask 

was placed in an oil bath at 110°C. This reaction was conducted under reflux 

conditions for 2 hrs. The modified wafers were removed and cleaned with petroleum 

ether (40-60°C, (Fisher, Certified ACS), methanol (Fisher, 99.9%), dichloromethane 

(Fisher, 99.9%), Milli-Q water, and dried with N2. The resulting self-assembled 

monolayer (SAM) was deprotected with trifluoroacetic acid (Aldrich, 99%) and 

NH4OH, and then cleaned with Milli-Q water before further modification with PCBM. 
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The silicon wafer modified with the AUD SAM was placed in a 1 mM PCBM 

(Nano-C, 99.5%) in toluene solution (Fisher, 99.9%) in a 25 mL round bottom flask 

for either 3 hours or 5 hours, as indicated in the results, for the monolayer formation. 

The solution was held at reflux temperature (110°C) under N2. The resulting sample 

was cleaned with pure toluene (Fisher, 99.9%) and immediately characterized by 

appropriate analytical techniques. 

To prove that the reaction proceeded as predicted and to provide necessary 

spectroscopic benchmarks, an analogous experiment for a 1:1 ratio of unprotected 1-

amino-10-undecene (GFS, 97%) and PCBM in toluene was conducted under N2. The 

product of this reaction was used in infrared and mass spectroscopic studies to 

compare to that for the modified silicon wafer. 

2.2.2 TDMAT Chemical Vapor Deposition Procedure 

In Chapter 4, a CVD precursor was used to deposit a titanium carbonitride 

(TiCN) coating. The deposition of TiCN was carried out on 4140-series steel discs. 

The 4140 series steel contains: 0.38-0.43% C, 0.15-30% Si, 0.80-1.10% Cr, 0.75-1.0% 

Mn, 0.15-0.25% Mo, <0.040% S, <0.035% P, and the balance Fe (all by weight) [94]. 

The first set of experiments was performed under ultra-high vacuum (UHV) 

conditions on an instrument with a base pressure of 7.5 x 10-10 torr. A 12-mm diameter 

steel disc was cut from a larger steel block with a thickness of 1 mm that was then 

polished and cleaned with ethanol and acetone. Immediately after cleaning, the disc 

was placed into the UHV chamber. The disc further underwent cleaning cycles of Ar+ 

sputtering (3.0 x 10-5 torr, 2 keV, 30 min, Ar (Product Grade, Matheson Tri-Gas)) and 

annealing to a temperature of 600 K. Auger electron spectroscopy was used to 

determine the cleanliness of the steel surface. Tetrakis(dimethylamido)titanium 
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(TDMAT, 99.99%, Acros Organics) was cleaned using three freeze-pump-thaw cycles 

before introduction into the ultra-high vacuum (UHV) chamber using a leak-valve. 

The steel disc was dosed with 30,000 L of TDMAT (where 1L = 1 x 10-6 torr . sec). 

The rest of the experiments were conducted in a high-vacuum instrument at the 

(base pressure <1.0 x 10-5 torr). Again, 12-mm diameter steel discs were used for 

deposition. Before introduction into the chamber, ethanol and acetone were used to 

clean the steel surface, and because this chamber was neither equipped with an ion 

sputter nor an Auger spectrometer, no further preparation procedures were performed. 

Deposition of TDMAT was done at 600 K by a 30,000 L dose. 

2.2.3 Electrospark Deposition of TiCN and WC coatings 

Chapter 5 described an electrospark deposited (ESD) TiCN coating. ESD-

deposited coatings were produced on 4140 series steel coupons. This is the same 

4140-series steel used in the previous section. The coupons were 0.5 inches x 1 inch x 

0.25 inches. The deposition was performed by Advanced Surfaces and Processes, Inc. 

(Cornelius, OR) with a 3rd generation electrospark deposition technique 

(NanoFusionTM). Although the NanoFusionTM technique should not be confused with 

previous generations of electrospark deposition, we use the term electrospark 

deposition (ESD) interchangeably for simplicity’s sake. Tungsten carbide (WC) was 

deposited from a precursor electrode available at Advanced Surfaces and Processes, 

Inc. To deposit TiCN, an appropriate TiCN electrode was custom made by Kyocera, 

Inc. (Kyoto, Japan). This sample was a 4-inch long, 3/16-inch in radius TiCN cermet 

rod. Deposition of both coatings has been performed at the same set of proprietary 

process parameters. 
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Before the coupons were sent for deposition, they were polished to remove dirt 

and cleaned with acetone and ethanol. No further cleaning or annealing was performed 

before deposition. A single deposition pass coated the samples with a 15 – 

coating measured from the surface to interface. Following deposition, the coupons 

were cut (or polished for cross-sectional SEM studies) to fit into the various 

instruments. 

2.2.4 Nanoparticle Layer-by-Layer Growth 

In Chapter 6, a nanoparticle layer-by-layer (LbL) deposition method is 

interrogated. Prefabricated gold substrates (1000 Å gold thickness on silicon wafer 

support with titanium adhesion layer, Sigma Aldrich) were cleaned by immersing the 

substrate into piranha solution (1:3 hydrogen peroxide (30%, Fisher 

Scientific):concentrated sulfuric acid (98%, Fisher Scientific) for 5 min followed by 

immersion in Milli-Q water (18 MΩ·cm) for 5 min. The substrate was then washed 

with HCl 37%, Fisher Scientific), water, ethanol, and then dried under a flow of N2 

gas. The clean Au substrate was immersed into 1 mM solution of 11-azido-

undecanethiol (96%, Krackeler Scientific, Inc.) in ethanol for 24-36 hours in the dark 

to produce the azide-terminated monolayer on Au substrate [95]. The surface was then 

washed with ethanol, methylene chloride, and water, and dried under a flow of 

nitrogen gas. 

Surface functionalization of 80-nm silica nanoparticles (dried, NanoComposix) 

to prepare alkyne functional groups was based on a previously published procedure 

[96]. 218 μL of tetramethyl orthosilicate (98%, Sigma-Aldrich) and 218 μL of 4-

pentyn-1-ol (97%, Sigma-Aldrich) were dissolved in 10 mL of toluene. The resulting 

solution was stirred at room temperature for 24 hours. The 80-nm silica nanoparticles 
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were dispersed into 2 mL of toluene and added to the solution. The mixture was stirred 

at 80ºC for 24 hours to form the alkyne-terminated silica nanoparticles. The resulting 

nanoparticles were washed in methanol five times followed by dispersion into 

methanol for further use. 

The 50-nm silica nanoparticles (10mg/mL, dispersed in water, NanoComposix) 

exchanged solvents by dispersion in a series of ethanol/water mixtures (1:1, 3:2, 1:0 

and 1:0) [97], so that the solvent could be changed from water to ethanol. The solvent 

was then exchanged to toluene by a series of toluene/ethanol solvents (1:1, 3:2, 1:0 

and 1:0) to produce 50-nm silica nanoparticles dispersed in toluene. The azido-

termination was performed similarly to that for alkyne-terminated silica nanoparticles. 

218 μL of tetramethyl orthosilicate and 36 μL of 2-azidoethanol (95%, MolPort) were 

dissolved into 10 mL of toluene. The resulting solution was stirred in 80ºC for 24 

hours and used without further purification. The 50-nm of silica nanoparticles were 

dispersed into 2 mL of toluene and added to the solution. The mixture was then stirred 

and refluxed for 24 hours to form the azide-terminated silica nanoparticles. The 

resulting nanoparticles were then washed in methanol five times followed by 

dispersion into methanol for further use. 

The gold substrate was immersed into 4:1 methanol:water (by volume) with 

3 mg/mL 80-nm of alkyne-terminated silica nanoparticles. Catalytic amounts of 

copper sulfate pentahydrate (Fisher Scientific) and sodium ascorbate (Fisher 

Scientific) were added to the system. The mixture was then sonicated for 24 hours, 

followed by washing with ethanol, methylene chloride, and ethanol, and further 

sonicated for 30 min in ethanol to remove physically adsorbed nanoparticles. 
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The gold substrate modified with the first layer of 80 nm silica nanoparticles 

with alkyne functional group was incubated with a drop of azide-terminated 50-nm 

silica nanoparticles in 4:1 methanol:water (by volume) solvent until dry. The sample 

was rinsed with ethanol, methylene chloride, ethanol, and further sonicated for 30 min 

in ethanol to remove the physically adsorbed nanoparticles.  

The resulting triple layer of nanoparticles on the gold wafer was covered with a 

drop of alkyne-terminated 80-nm silica nanoparticles 4:1 methanol:water (by volume) 

with trace amount of copper sulfate pentahydrate and sodium ascorbate catalysts until 

dry. The sample was then rinsed with ethanol, dichloromethane, ethanol and sonicated 

for 30 min in ethanol to remove the physically adsorbed nanoparticles. 

2.3 Instrumentation Used and Theory 

2.3.1 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS, also known as electron spectroscopy 

for chemical analysis, ESCA) is a surface science technique to explore surface 

chemical and oxidation states. Performed under UHV conditions, XPS is commonly 

used to probe the top 1-5 nm of the surface, and can detect all elements with an atomic 

number of 3 and above. During sample collection, energy in the form of X-rays is 

emitted from a source (usually Al or Mg) towards the surface focusing on an area a 

few hundred square microns in size. When the X-rays hit the surface, electrons are 

emitted at the X-ray energies that correspond to the individual electron’s binding 

energy. An electron’s binding energy is directly correlated to the electron 

configuration in the atom; that is, electrons in the outmost shell are weakly bound 
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(~30 eV for W 4f, for example) whereas the innermost atom electrons are much more 

strongly bound (~593 eV for W 4s). 

During collection of electrons by the detector, a spectrum of binding energy 

versus electron counts can be plotted. To compare the relative atomic concentrations 

on the sample surface, one must divide the peak area by the elements relative 

sensitivity factor, which can vary greatly depending on the X-ray source used. 

In addition to an electron’s elemental and energy level, the binding energy is 

greatly influenced by the oxidation state of the atom (known as the chemical shift). 

Electrons from oxidized atoms tend to shift to a higher binding energy while reduced 

atom’s electrons tend to a lower binding energy. This fact is very important when 

assigning peaks to chemical bond species. In the studies of TiCN in Chapters 4 and 5, 

for example, in the Ti 2p region, the oxidized titanium peak is located at a higher 

binding energy than the carbide or nitride titanium peak. XPS instrumentation is a 

powerful tool when characterizing a surface. 

In all experiments (Chapters 3-6), the XPS spectra were collected on a PHI 

5600 X-ray Photoelectron Spectrometer with an Al Kα X-ray source (hν=1486.6 eV) 

at a 45° take-off angle. The measurements were performed in a vacuum chamber with 

a base pressure of 1 × 10−9 Torr. Before spectra taken in Chapter 4 (CVD TiCN 

deposition), argon sputtering (3 kV, 30 seconds) was used to remove any contaminants 

adsorbed on a surface while transferring the samples from one instrument to another. 

Survey spectra were collected from 0 to 1000 eV binding energy. High-resolution 

spectra were collected with a pass energy ranging from 20 to 30 eV and an energy 

resolution of 0.1 eV. In Chapters 3, 5, and 6, 15 to 20 passes per cycle were taken. In 

Chapter 4, 1-5 passes per cycle were taken. The C 1s peak at 284.6 eV was used to 
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calibrate the spectra in Chapter 3-5. In Chapter 6, the Au 4f7/2 peak at 83.8 eV (which 

corresponds to 284.6 eV for the C 1s spectrum) was used to calibrate. Data processing 

and peak fitting were performed using CasaXPS software. It must be noted that fitting 

XPS data is highly suggestive. All peaks fitted in this thesis come from the basis that 

what we one expects to be present in the sample. 

2.3.2 Auger Electron Spectroscopy 

Auger electron spectroscopy (AES) is a process very similar to XPS. While 

slightly less robust, AES still is useful in determining elemental composition. AES 

measures Auger electrons in lieu of core electrons emitted by X-ray collisions. When 

an X-ray collides with a core electron in an atom, and, if the energy is sufficiently high 

to eject the electron, the core electron is emitted while leaving a hole in the electron 

level (which is the basis for XPS). An outer-shell-level electron may fill the inner 

electron shell, and the transition energy is imparted to an outer shell electron and that 

electron is ejected. The Auger electron process is a three-electron process and occurs 

independently of the photoemission process (XPS). 

Just like XPS, the Auger process is performed under ultra high vacuum 

conditions and the Auger electrons emitted are normally between 50 eV and 3000 eV. 

The Auger spectrum is not normally plotted as energy versus Auger electron counts; it 

is plotted as energy versus the derivative of Auger electron counts over energy. The 

relative concentrations for the elemental composition of the sample are determined by 

comparing the peak intensities and relative sensitivity factors, which is seen in 

Equation 1. 

 CA=

IA
SA
⁄

IA
SA
⁄ +

IB
SB
⁄ +

IC
SC
⁄ +…

 Equation 2.1 
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In Equation 2.1, CA is the relative concentration of species A, IA is the peak intensity of 

species A (in any arbitrary units), and SA is the relative sensitivity factor for species A 

(which can be found in pregenerated tables). Symbols with subscripts B and C 

correspond to species B and C. Auger electron spectroscopy is an essential surface 

analytical tool, especially for coating and thin film growth performed under UHV. 

In Chapter 4, for samples prepared in UHV conditions, the surface composition 

was determined using a single-pass Auger electron spectrometer (STAIB Instruments). 

2.3.3 Fourier Transform Infrared Spectroscopy 

Infrared spectroscopy uses light in the infrared region of the electromagnetic 

spectrum to obtain information on the chemical species present in a sample. The 

infrared region is light that has a longer wavelength and lower frequency than red light 

(hence infra, “below, further on”). As the light sweeps through the range one wishes to 

measure, a detector records the intensity of light being transmitted through the sample. 

Molecular bonds in the sample absorb light that correlates to the energy of the bond, 

which is known as the resonance frequency. As the bonds absorb the light, the amount 

of light reaching the detector decreases. When compared to the background spectrum, 

a peak is discerned. Some molecular bonds produce a strong peak and other bonds 

produce a weak peak. The intensity of the peak is related to how large the change in 

dipole moment is for that vibrational mode (in addition to how much of the molecular 

bond is present in the sample). There are 3N-5 degrees of vibrational modes for linear 

molecules and 3N-6 vibrational modes for non-linear molecules, where N is the 

number of atoms in the molecule. In an organic molecule, there are 6 common 

vibrational modes, which are shown in Figure 2.1 (although it must be stressed that the 
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molecules with additional molecules are more complex; the depictions here are of a 

special representative material). 

 

Figure 2.1: Common vibration modes in an organic molecule. They are (a) 

asymmetrical, (b) symmetrical, (c) scissoring, (d) rocking, (e) twisting, 

and (f) wagging. The blue and red lines indicate the direction of atom 

movement. The direction indicated alternates between red and blue. 

Originally, the method of collection for IR spectroscopy involved transmitting 

light and scanning the range by utilizing a monochromator. However, because of long 

detection times, a mathematical transformation is often used to speed up the process. 

In Fourier transform infrared spectroscopy (FT-IR), the infrared light is passed 

through an interferometer. The interferometer splits the light beam into two where one 

half reaches the detector without passing through the sample while the other half 

passes through the sample. The combined light produces an interferogram detected 

optically and a Fourier transform is applied to produce the sample spectrum. 
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In some cases, a single-transmission pass does not contain enough signal for 

adequate sample analysis. In these cases, a technique known as attenuated total 

reflectance (ATR) can be used to examine solid or liquid states. The infrared beam 

passes through a crystal and reflects at least once off the surface that is in contact with 

the sample. Depending on the wavelength, refractive index, incidence angle, and both 

media, the penetration depth is at maximum 2 microns. When the signal bounces 

multiple times, the signal-to-noise ratio is very high. 

In Chapter 3, single transmission FT-IR measurements were performed on a 

Nicolet Magna 560 spectrometer using a liquid nitrogen-cooled MCT detector. The 

silicon sample was placed at a 57° angle with respect to the incoming beam. The 

spectra were collected within the 4000-650 cm-1 range at a resolution of 8 cm-1 and 

512 scans per spectrum. Presented in the chapter are the most informative regions of 

1600-1800 cm-1 and 2700-3200 cm-1, which show C=O stretch region and C-H stretch 

regions, respectively. An AUD-terminated wafer was used as the background for 

PCBM spectrum. For the parallel PCBM-AUD powder experiment, both PCBM and 

AUD-PCBM were mixed with KBr and the pure KBr pellet was used as a background. 

In Chapter 6, single point attenuated total reflectance Fourier transform infrared (ATR 

FT-IR) spectroscopy measurements were performed on a Bruker Optics (Billerica, 

MA) Vertex 70 FT-IR with a Bruker Hyperion 2000 Microscope attachment and 

liquid nitrogen cooled MCT detector. The Hyperion microscope is equipped with a 

dedicated single-point ATR attachment with a Germanium crystal tip for surface 

analysis. Each spectrum was produced from 256 scans at a resolution of 4 cm-1, and 

with a spectral range from 4000 cm-1 to 600 cm-1. The functionalized surfaces and 
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nanoparticle deposited surfaces were referenced against a gold surface sonically 

cleaned in ethanol. 

2.3.4 Atomic Force Microscopy 

Atomic force microscopy (AFM) is a surface topographical technique that uses 

a feedback system to investigate a surface. Performed under ambient to vacuum 

conditions, laser light is emitted onto a cantilever with a tip on one end. Ideally the tip 

is a few nm in width, but after a few scans, the tip tends to become more blunt (which 

would then reduce spatial resolution). To increase resolution, the cantilever is 

sometimes coated with a highly reflective metal such as Al. After the surface hits the 

tip and moves the cantilever, the laser is reflected into a photodiode. The photodiode is 

connected to a detector and feedback system to analyze the results as well as protect 

the tip. As the sample is scanned, topographical information is recorded. 

During the recording process, the cantilever stays in a stationary position. The 

sample is the piece that is moving, and this is done with the piezoelectric effect. The 

piezoelectric effect is the small change in physical structure as electricity is passed 

through. Likewise, a mechanical stress can record an electric charge, but this method 

is not currently used in AFM analysis. The piezoelectric effect can be directed in the 

x-, y-, and z- directions. 

In Chapters 3 and 4, AFM imaging was performed in a tapping mode on a 

Veeco Multimode SPM with a Nanoscope V controller while in Chapter 5 and 6, the 

AFM measurements were performed on a Veeco Multimode SPM with a Nanoscope 

Dimension 3100 controller. Budget Sensors’ BS-Tap 300Al tips (monolithic silicon 

with reflective Al coating to enhance sensitivity) with a force constant of 40 N/m and 

a drive frequency of 300 kHz were used. The AFM images were collected at 512 
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pixels x 512 pixels (with varying width), and the spectra were analyzed using 

Gwyddion software [98]. 

2.3.5 Time of Flight Secondary Ion Mass Spectroscopy 

Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) is a surface 

analytical technique that probes the surface by sputtering the surface with either a 

positive or negative primary ion beam and measuring the collected secondary ions. 

The collected data is analyzed in relation to the mass/charge (m/z) of the molecular 

fragments (for organic molecules) or elemental species. Performed under UHV 

conditions, a variety of primary beams are used depending on the nature of the 

substrate and the desired peaks to analyze. After the primary beam impacts the surface 

and ejects material, lighter elements and fragments travel to the detector quicker than 

heavier fragments and elements. The spectrum is calibrated against known peaks. The 

data range is essentially limitless if there is enough signal for higher m/z ratios. 

There are two different modes for ToF-SIMS analysis: the static mode and the 

dynamic mode. In the static mode, the top most layer is examined without regard to 

depth. Normally, the surface is analyzed with a negative primary beam and followed 

by a positive primary beam, or vice versa. The subsequent peaks are analyzed to 

observe what is present on the surface. In contrast, the dynamic mode deals with the 

bulk analysis (i.e. depth) of the sample. Depending on how long one wants to wait to 

analyze the surface, the depth can be limitless as well. A third beam is used to sputter 

away what is present on the surface very slowly. After each sputtering cycle, the 

secondary ions are analyzed through the detector. The cross-sectional analysis can 

then be determined by the successive set of measurements. It must be stated that one 

cannot compare different materials on the same scale; some materials are more easily 
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ionizable than others. However, one can compare the relative concentrations along the 

depth to see when the concentrations increase or decrease. Because of the robust 

applications of ToF-SIMS, this technique is an important tool in surface analysis. 

In Chapter 3, ToF-SIMS measurements in a static mode were performed with a 

ToF-SIMS V spectrometer (ION-TOF, Münster, Germany) while in Chapter 4, a depth 

profile was determined from time-of-flight secondary-ion-mass-spectrometer in the 

dynamic mode. The measurements reported in Chapter 3 were analyzed in the high-

current bunched mode with 25 keV Bi3
+ primary ions, a target current of 0.27 pA, and 

a beam dosage of 1012 ions/cm2 to spotter the surface. The ToF analyzer had a 2 kV 

extraction energy with 10 kV post-acceleration energy. The analyses in both chapters 

have a mass resolution of m/Δm=6000 for SiH+. The calibration masses were H+, H2
+, 

H3
+, C+, CH+, CH2

+, CH3
+, C2H3

+, C3H5
+, C4H7

+, C5H5
+, C6H5

+, and C7H7
+ in positive 

mode, and H-, C-, CH-, CH2
-, CH3

-, C2
-, C2H

-, C3
-, C4

-, C5
-, C6

-, C7
-, and C8

- in negative 

mode. Additionally, for the samples that contained the PCBM molecule in Chapter 3, 

C60
- was used to calibrate the higher mass fragments in negative mode. The silicon 

wafer experiments, molecular PCBM, and the analogous AUD-PCBM sample were 

investigated in positive and negative modes; however only the negative modes are 

presented in Chapter 3 because they contain all the necessary information. Each 

spectrum in Chapter 3 was calibrated against the CO2 count to produce normalized 

results. 

2.3.6 Scanning Electron Microscopy, Energy-dispersive X-ray Spectroscopy, 

Focused Ion Beam 

Scanning electron microscopy (SEM) allows high-magnification images of 

surface topography and composition. Analogous to optical microscopes where light is 
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used to examine samples, an electron beam is used for high-resolution images. 

Normally examined under high vacuum, images can also be taken in low vacuum or 

environmental conditions. The most common imaging technique is the detection of 

secondary ions excited by a primary incident beam of electrons. Different detectors 

provide different levels of analysis. In-lens detection caused by inelastic scattering of 

electrons, for example, provides a high lateral resolution of elements near the surface 

of the specimen while a backscatter electron detector caused by elastic scattering of 

electrons provides high resolution of electrons emitted from much deeper in the 

sample. 

If a sample under analysis is insulating or a semiconductor, it is normally 

coated with a thin layer of electrical conducting material (normally carbon or 

platinum). However, there are other ways around this problem, which include either 

reducing the working distance or the energy of the incident electron beam. 

A technique often used in conjunction with SEM analysis is energy-dispersive 

X-ray spectroscopy (EDX, EDS, XEDS). EDX analysis is used for elemental analysis 

rather than chemical state analysis. Very similar to XPS analysis, a high-energy beam 

of electrons probes the sample and an electron from an inner shell is emitted. An 

electron fills this hole, and the difference in energy between the higher and lower 

energies is emitted in the form of X-rays. These X-rays are analyzed to determine 

which chemical species are present in the sample. If the energy of the incident 

electrons is not sufficient to produce energy high enough for characterization, there is 

a possibility of incorrect attribution. For example, the characteristic Si peak is located 

at 1.739 kV. If the incident electron beam is not strong enough, it may be confused 

with a W peak at 1.774 kV. To reduce the possibility of incorrect attribution, sufficient 
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incident energy is needed because there is another W peak at 8.396 kV. Multiple 

modes are available for this technique as well. One technique is the spot mode, where 

a EDX beam is focused onto a narrow spot and the X-rays are measured. Another is a 

line EDX, where the EDX beam rasters along a long, and relative intensities along the 

line are measured. One final technique is the map mode, where the EDX spot rasters 

along the entire image. The EDX technique is very useful when determining elemental 

analysis during scanning electron microscopy. 

One additional technique often used with SEM analysis is utilization of a 

focused ion beam (FIB). A FIB uses a primary beam to sputter away a surface. This 

process is highly controllable and is used to fabricate highly intricate patterns with 

precise depth. This method can also be used to image the surface, but uses ions instead 

of electrons. This method was used to polish samples to examine the cross-sectional 

areas of different materials. The FIB/SEM system was also used to fabricate 

transmission electron lamellas. 

In Chapters 5 and 6, a scanning electron microscope (Zeiss Auriga 60 

FIB/SEM) was utilized to examine the morphology of the surface as well as cross-

sections of coatings. The surface morphology images were collected by secondary 

electrons (in-lens detector) with an accelerating energy of either 20 keV (Chapter 5) or 

3 keV (Chapter 6), and a working distance of 5.0 mm. In Chapter 5, to examine the 

interface between the coatings and the substrates, one side of each sample was 

polished with 420- and 600-grit sand paper under water. The samples were polished 

with a gallium FIB with a 20 nA current, and then finely polished with 4 nA and 2 nA 

currents. The samples were then removed from the chamber, flipped onto the side that 

was not polished, and placed back into the chamber. A line profile energy-dispersive 
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X-ray spectroscopy (EDX) procedure was used to follow elemental composition 

through the interface between the coating and the steel coupon substrate. In Chapter 6, 

to investigate the nanoparticle layer thickness, the gallium FIB was used to etch away 

nanoparticles. The gallium beam had an energy of 30 kV and a current of 120 pA. The 

polished samples were then placed at a 65° angle (which is the limit of the SEM/FIB 

stage), and images were taken. 

2.3.7 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a technique that is similar to SEM 

analysis but uses a beam of electrons transmitted through a thin (~10 nm) specimen. 

The electrons then interact with the specimen to form an image. The TEM technique is 

capable of much higher resolution (atomic scale). In the case of studies in the thesis, 

the TEM electron source is a tungsten filament, although in other instances a LaB6 

source is used. The electron beam is focused and condensed through the column to 

produce a highly focused electron beam. Both elastic scattering and inelastic scattering 

are present in the detection with elastic scattering resulting in no loss of energy while 

inelastic scattering produces a measureable loss of energy (important for EELS 

analysis, but not used in the thesis). As the atomic number increases, elastic scattering 

is more prevalent, and therefore, higher atomic number is associated with a brighter 

image. 

In Chapters 4 and 5, a JEOL JEM-2010F FasTEM, operating at 20 KeV was 

used to interrogate the uniformity of the coating and the structure of the interface 

produced. The lamella for TEM experiments was prepared with the Auriga 60 

FIB/SEM system (described in section 2.3.6). 
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2.3.8 X-ray Diffraction 

X-ray diffraction (XRD, or X-ray crystallography) is a bulk analysis technique 

that used to determine the atomic structure of crystalline materials. Incident X-rays are 

emitted into a sample, and the diffracted x-rays are collected at different angles. By 

measuring the peak positions and intensities, the three-dimensional structure of a 

material can be determined. If the X-rays do not interact with any atoms in the 

material, or the material is amorphous or noncrystalline, no peak is observed. In other 

words, if a coating is deposited onto a substrate, both the coating and the substrate 

produce different peaks without interaction (although they may overlap somewhat). 

The X-rays exhibit elastic scattering; that is the incident and outgoing beams are the 

same energy and wavelength. The only different is the direction of the X-rays. 

In Chapter 5, the XRD measurements were conducted on the TiCN and WC 

ESD coatings as well as on the TiCN electrode. A Rigaku D/Max B x-ray 

diffractometer with Cu Kα radiation of a wavelength of 1.5418 Å was used in these 

studies. The scans were taken with a 2 s dwell time and a 0.02° step size. The current 

and voltage were 30 mA and 30 kV, respectively. To increase the signal-to-noise 

(S/N) ratio for thin films, a binomial smoothing algorithm was applied to selected 

results. 

2.3.9 Mechanical NanoIndentation Characterization 

Tribological indentation is a useful tool for analyzing different mechanical 

properties. Because hardness is not always indicative of abrasion resistance (for 

example, a hard, brittle sample may break at first contact with an abrasive material), a 

more suitable mechanical property to investigate is Young’s modulus. Young’s 

modulus is the measure of the stiffness of the material. It is measured as the stress (the 
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force that continuous particles exert on each other) over the strain (the deformation 

after the strain of the displacement between the aforementioned stress). The Young’s 

modulus can be measured in the linear portion of the stress-strain curve of a material. 

It should be noted that obtaining Young’s modulus is not as simple as reading 

measurements off an instrument. When reading the measurements from an instrument 

for a given depth, the Young’s modulus values given do not normally take into 

account the Young’s modulus of the tip (normally diamond), Young’s modulus of the 

substrate, and Poisson’s ratio of the tip, coating, and substrate. Additionally, surface 

effects influence values until 5 x RRMS while substrate effects start to be felt at 20% of 

film thickness. For sufficiently thick and/or low roughness coatings, the range at 

which to take indentations is rather large, and no substrate effect calculations is 

required (one must still only use indentations at 5RRMS). However, when the coating is 

thin with relatively high amount of roughness, one must take into account the 

substrate. Luckily, there are models that take into account each of the aforementioned 

parameters. 

In Chapters 4 and 5, a Hysitron TI 900 TriboIndenterTM with a 50-nm 

(Chapter 4) or 150-nm (Chapter 5) diamond Berkovich tip was used to measure the 

Young's modulus of the steel substrate, TiCN and WC coatings. Before each indent, 

the piezoactuator stabilized for 60 s, and a drift correction was calculated for 40 s. The 

drift rate was calculated over the last 10 s. The tip approached the surface multiple 

times with different loads. The tip was loaded to a maximum force in 5 s, held 

constant at maximum load for 5 s, and unloaded in 5 s. These maximum loads ranged 

. A total of twenty-seven indentations were taken for each 

coating, with all results from each trial being utilized to calculate the Young's 
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modulus. 

-series steel substrate to calculate its Young’s modulus. 

The method used in the thesis to calculate the Young’s modulus while taking into 

account substrate effects was described in detail by Tricoteaux et al.[99] 
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Chapter 3 

ATTACHMENT CHEMISTRY OF PCBM TO A PRIMARY-AMINE-

TERMINATED ORGANIC MONOLAYER ON A SI(111) SURFACE 

3.1 Abstract 

In this chapter, a silicon surface modified with 1-amino-10-undecene was 

reacted with [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) in toluene. Two 

possible competing reactions for PCBM, via the ester group and by a direct attachment 

to the C60 portion, are analyzed. Various surface analytical techniques supplemented 

with density functional theory calculations were performed to adequately characterize 

the surface. Despite similarity of the energetics for those two reaction pathways, the 

predominant chemisorption occurs via the direct attachment of the C60 cage to the 

functionalized silicon surface’s primary amino-group. Adapted with permission from 

[100]. Copyright 2014 American Chemical Society. 

3.2 Introduction 

Here, a [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) molecule is 

attached to the aminofunctionalized surface. A PCBM molecule has a C60 frame with a 

phenyl ring and carbon chain ester group, which is used to improve its solubility for 

practical applications [101, 102]. It is indeed commonly used in organic solar cells 

[103, 104]. Thus, the chemistry of this multifunctional molecule and its electronic 

properties must be understood with respect to all the functionalities involved. The 

reaction of PCBM with amines has not been evaluated in terms of the possible 
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reaction channels; however, there are several reports on amide-containing PCBM 

derivatives [105, 106]. Hummelen et al. [105] investigated an acid chloride reaction 

intermediate that was then reacted with histamine to form 1-(3-(ω-N-

histaminocarbonyl)propyl)-1-phenyl[6,6]-C61. Liu et al. [106] showed that the amide-

containing PCBM derivative was a result of the reaction between C60 and t-butyl-5-(2-

tosylhydrazano)pentamide. There are two types of functionalities available for the 

PCBM molecule suggesting that two completely different reaction pathways have to 

be considered in its attachment to an amino-functionalized surface. In one possible 

reaction, the PCBM would react with the surface primary amine via its ester group to 

form an amide [107]. In a similar reaction, Duevel and Corn [107] modified a gold 

surface with 11-mercaptoundecanoic acid and formed an amide after reaction through 

three different amines (hexylamine, benzylamine, and aniline). Even though the 

surface modified was a gold surface, the same chemistry and techniques apply. The 

second possible reaction has the PCBM reacting through the C60 frame with the –NH2 

group on a surface [43, 108-110]. In Amelines-Sarria and Basiuk [108], the authors 

describe a theoretical approach to nucleophilic addition of multiple methylamine 

molecules. One primary task was to determine if the [6,6] bonds in a C60 are always 

preferentially involved at every amination step, and it was found that the [6,6] bonds 

are indeed always preferential. This is important because one possible reaction 

pathway deals with reaction through the C60, and the fullerenes first reaction is with 

the phenyl ring and carbon chain ester group along one [6,6] bond. This suggests that 

additional reaction sites are preferential along the additional [6,6] bonds of the C60. 

Likewise, in Lin et al.[109], the authors study the reaction of methylamine with C50, 

C60, and single-walled nanotubes. The authors found that some reaction sites, 
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specifically the [6,6] bond of the C60, were exothermic in nature (-2.9 kcal/mol, 12.1 

kJ/mol), especially when compared to the [5,6] bond (14.0 kcal/mol, 58.6 kJ/mol). 

However, because no studies have explored the reaction between an amine and the 

PCBM molecule, it is important to understand the reaction pathway when two 

competing chemistries are vying for the reactants. 

3.3 Experimental Details 

3.3.1 Monolayer Preparation 

The detailed procedure for SAM formation is found in section 2.2.1. A 

schematic diagram of this reaction is shown in Figure 3.1. Because the PCBM may 

react in two different ways with the deprotected AUD SAM, the two main possible 

products are referred to as Structure 1 and Structure 2. These are shown in 

Figure 3.1. There is also the possibility that a single PCBM molecule may react with 

two separate AUD chains; or further, two different PCBM molecules may react 

differently with the surface. The modified surface would then be a mixture of both the 

Structure 1 and Structure 2. It should be noted that Structure 2 is only one 

representative structure produced by amine reaction with the C60 cage, as explained in 

more detail further in section 3.4.5. 
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Figure 3.1: Schematic diagram of the chemical modification steps performed. A H-

terminated Si(111) wafer is refluxed in t-BOC protected 1-amino-10-

undecene under N2 followed by deprotection in TFA and NH4OH. The 

deprotected AUD SAM is then exposed to the PCBM. The final product 

may be the result of the PCBM reacting through its ester functionality to 

form an amide with the SAM (Structure 1) or through its C60 frame 

(Structure 2). 
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3.3.2 Surface Characterization 

Each step of the chemical modification of Si(111) surface with PCBM is 

explored with X-ray photoelectron spectroscopy (XPS), atomic force microscopy 

(AFM), Fourier-transform infrared spectroscopy (FT-IR), and time-of-flight secondary 

ion mass spectroscopy (ToF-SIMS). Some of these experimental results are compared 

with and confirmed with the help of density functional theory (DFT) calculations. 

3.3.3 Computational Details 

Density functional theory calculations were used to complement experimental 

results. The Si(111) surface was represented by a Si10H15 cluster. All silicon atoms 

except for those representing the surface were terminated with hydrogen atoms. The 

Si10H15 cluster, PCBM molecule and 1-amino-10-undecene chain were optimized by 

the B3LYP functional [111-114] in the Gaussian 09 suite of programs [115]. Structure 

optimization, vibrational frequencies, and transition state predictions were calculated 

using the LANL2DZ basis set, and a scaling factor of 0.945 was applied to frequency 

results in the CH region, which is consistent with previous work [44, 116, 117]. This 

factor was obtained by comparing the predicted C-H stretching spectral region with 

the observed stretching region for known surface species. Results for the C=O stretch 

region are presented without additional scaling. To reduce computational time, the 

product of PCBM and 1-amino-10-undecene reaction without the Si10H15 cluster was 

used for frequency calculations, and propylamine was used to determine the transition 

state energy instead of 1-amino-10-undecene tethered to the Si10H15 cluster. The N 1s 

core-level energies of the samples were calculated using Koopmans’ theorem. All of 

the B3LYP/LANL2DZ N 1s predicted core-level energies were adjusted by a 
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correction factor of 8.5 eV, which was determined previously [118-120]. The 

optimized DFT XYZ coordinates is found in Appendix A. 

3.4 Results and Discussion 

3.4.1 Interrogation of the Monolayer Formation and PCBM Adsorption by XPS 

The properties of the SAM on Si(111) wafer were investigated using XPS. The 

results for hydrogen-terminated silicon, deprotected 1-amino-10-undecene on silicon, 

and the PCBM-AUD monolayer on silicon are summarized in Figure 3.2. In 

Figures 3.2(a-c), the C 1s region of the three samples is presented. For the hydrogen 

terminated Si(111) surface (Figure 3.2(a)), only a very small peak at 284.6 eV appears. 

This peak corresponds to the adventitious carbonaceous material present in the 

atmosphere and likely deposited on the sample when it is briefly exposed to ambient 

conditions during the transfer into the XPS chamber. In Figure 3.2(b) for the AUD 

samples, three peaks are discerned. They are located at 284.6 eV, 286.6 eV, and 

288.8 eV, and are assigned to the C-C bonds [121, 122], C-N/C-O bonds [49, 92], and 

C=O bonds [49, 92, 123], respectively. AUD has an alkyl chain, so having C-C bonds 

would be expected. Because it is the largest peak and corresponds to a well-known 

value, the peak location was used to calibrate all of the spectra for the same sample. 

The C-N/C-O peak originates from the C-N bond in AUD and the C-O bond may be 

from low concentration of t-BOC remaining on the AUD after deprotection [92]. The 

C=O peak is likely due to oxidation or adsorption of adventitious hydrocarbons that 

may occur during the sample transfer [92]. Figure 3.2(c) shows the C 1s region of the 

PCBM-terminated monolayer. Again, the peak at 284.6 eV, the signature of the C-C 

bonds, was used to calibrate the spectra. Much like in Figure 3.2(b), the peak at 
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286.6 eV was due to the C-O and C-N bonds, and the peak at 288.5 eV was due to the 

C=O peak. However, a new origin of these peaks can be suggested, in addition to any 

residual t-BOC protected AUD (C-O peak) and oxidation (C=O peak). PCBM has 

both of these in its structure. The increase in intensity of the 286.6 eV peak is 

consistent with the presence of the C-N and C-O containing functionalities caused by 

the PCBM adsorption; however, the real proof of the process is the presence of a peak 

at 291.6 eV, which corresponds to the π-π* shake-up in aromatic functional groups 

[121]. There are two possible sources of aromaticity in the sample: the C60 and phenyl 

ring, both of which are found in the PCBM. Because this peak is not observed in the 

AUD sample, it is a strong indicator that there is PCBM present on the surface of this 

sample. 
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Figure 3.2: High-resolution XPS spectra of: 3.2(a,d,g) C 1s, N 1s, and Si 2p regions, 

respectively, for H-terminated Si(111) surface; 3.2(b,e,h) C 1s, N 1s, and 

Si 2p regions, respectively, for AUD-Si(111) surface; and 3.2(c,f,i) C 1s, 

N 1s, and Si 2p regions, respectively, for PCBM-AUD-Si(111) surface. 

Figures 3.2(d-f) show the N 1s region of the hydrogen-terminated silicon, 

deprotected 1-amino-10-undecene on silicon, and the PCBM-AUD monolayer on 

silicon, respectively. In Figure 3.2(d), there is no nitrogen observed on the surface, 

which is expected because no nitrogen has been introduced to the sample during this 

preparation step. In Figure 3.2(e), the N 1s region of the AUD sample exhibits a peak 

at 399.8 eV corresponding to the –NH2 termination (as confirmed later in this section). 

There is also a small shoulder at 401.6 eV that likely corresponds to the oxidized 
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nitrogen peak that appeared to be produced during sample transfer to the XPS 

chamber. The positions of both of these peaks are very much consistent with 

previously reported literature values [44, 88, 121, 124]. Figure 3.2(f) shows the N 1s 

region of the PCBM terminated sample. Here, there are clearly two different peaks 

that can be identified. The first at 399.7 eV corresponds to the –NH2 termination of 

unreacted nitrogen sites [44, 121, 124]. The second peak is detailed further in 

discussion below. In Figure 3.2(g-i), the Si 2p region is shown. In Figure 3.2(g), two 

bulk silicon peaks, the 2p3/2 and 2p1/2, are observed at 98.9 eV and 99.5 eV, 

respectively [125]. No oxidation is seen. An oxide-free surface is imperative during 

SAM formation. In Figures 3.2(h-i), some oxidation is seen, as signified by a feature 

at around 103 eV [125]. Although the ultimate goal is to produce a completely oxide 

free surface to completion, in this experiment, the oxide presence occurred after initial 

monolayer formation with the 1-amino1-10-undecene, and was not shown to be 

detrimental to the chemistry in this system. 

Figure 3.3 shows the magnification of the N 1s region for the PCBM-reacted 

sample. A minor contribution to the feature centred at approximately 402.3 eV comes 

from the oxidation observed before PCBM reaction. However, this is clearly not the 

only contribution. Figure 3.3 also plots the N 1s energies predicted for Structure 1 

and Structure 2 using DFT calculations (see section 3.3.3 and section 3.4.5) [118]. 

The three bars shown below the experimental spectrum correspond to the 

computational predictions for amino-terminated surface (right, black bar), Structure 2 

product (middle, blue bar), and Structure 1 product (left, red bar). The positions of 

the computationally predicted values in Figure 3 are relative to the peak predicted for 

the amino-terminated silicon surface (-NH2) that was matched with the experimental 
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value. Consistent with the experimental observation, formation of either one of the 

two types of proposed structures is expected to shift the N 1s level bands towards 

higher binding energy, with Structure 1 shifting more than the Structure 2 product. 

In should be noted that the previous DFT calculations following C60 fullerenes on the 

surface yielded a slightly lower binding energy for a secondary amine formed during 

attachment [44]. The difference between two peaks with distinctly different N 1s 

binding energies obtained experimentally for the AUD-terminated sample and PCBM-

modified surface experimental energies is 2.2 eV, which is consistent with the 

predicted shift of approximately 1.7 eV for Structure 1 or 1.0 eV for Structure 2. 

Thus, based on this comparison, it is inferred that the chemical reaction has occurred 

and the observed binding energy shift could be explained by the presence of either 

Structure 1 or Structure 2 products on the surface. It does seem that the experimental 

results are in better agreement with Structure 1 formation; however, this information 

is not sufficient to identify the surface product. In addition, the possibility of 

physisorption (and even clustering) of PCBM has to be considered. That is why the 

topography of the surface had to be interrogated by AFM, as described in the next 

section 3.4.2. 
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Figure 3.3: N 1s region of Si(111)-AUD-PCBM sample in addition to Si(111)-AUD 

(black line), Si(111)-AUD-PCBM Structure 2 (blue line), and Si(111)-

AUD-PCBM Structure 1 (red line) models 

3.4.2 Topography Changes Followed by AFM 

Following topographical changes may prove crucial in understanding the 

process of chemisorption of PCBM on functionalized silicon. Figure 3.4 shows the 

AFM images of the hydrogen-terminated surface, the amino-terminated surface, and 

the PCBM-terminated surface at a 3-hour reaction time and a 5-hour reaction time. A 

representative line profile is included in each image. In Figure 3.4(a), a 1 μm x 1 μm 

hydrogen-terminated surface is shown. Atomic steps are clearly observed in the image. 

These atomic steps are approximately 0.3 nm in height, which corresponds to the size 

of a single atomic step on a silicon surface [126]. No dust or contaminants are 

observed in this experiment. 



 47 

 

Figure 3.4: AFM images of: (a) H-terminated Si(111) wafer; (b) AUD-modified 

Si(111), (c) PCBM-terminated Si(111) wafer (exposure time 3 hours), (d) 

PCBM-terminated Si(111) wafer (exposure time 5 hours). The 

corresponding line profiles (white lines in each figure) are shown as an 

inset in each image. 

Figure 3.4(b) shows a 1 μm x 1 μm amino-terminated surface. Similarly to the 

hydrogen-terminated surface in Figure 3.4(a), the 0.3 nm atomic steps are clearly 

observed. The surface is still free of contaminants and nearly atomically flat, with 

RRMS,AUD=0.414 nm. Again, it is important that the surface (that in this experiment is 

hydrophilic) is still contaminant-free. 
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Figure 3.4(c) shows a 5 μm x 5 μm PCBM-reacted surface at a reaction time of 

3 hours. Here the atomic steps can no longer be observed as clearly as on the previous 

images; however, the overall surface roughness (RRMS,PCBM-3hr=1.84 nm) has increased, 

consistent with the presence of clearly distinguishable bright features corresponding to 

PCBM modification. The spacing between these particles is uniform, and it does not 

appear that any large clusters are formed. A representative line profile displays that the 

produced features are approximately 2.8 nm in height with a full width at half 

maximum (FWHM) of nearly 40 nm. The height is perfectly consistent with the 

presence of multifunctional PCBM molecules at submonolayer coverage. The large 

apparent FWHM can be mostly attributed to the tip effect, although when PCBM is 

dissolved in toluene, domain sizes of over 100 nm in size can be found [27]. The 

number is consistent with the previous studies of C60 fullerenes on the same surface 

[44]. In other words, at this regime, one molecule-high features are formed that likely 

corresponds to single PCBM molecules reacted with the functionalized silicon surface. 

Any PCBM not directly attached to the surface is washed away when rinsing. The 

formation of small one monolayer tall clusters cannot be completely ruled out, 

however, based on this investigation. 

In Figure 3.4(d), a 5 μm x 5 μm PCBM-terminated surface at a reaction time of 

5 hours is shown. Much like the 3-hour sample, the surface is much rougher than the 

hydrogen- and amino-terminated samples (RRMS,PCBM-5hr=2.19 nm). Compared to the 3-

hour sample preparation time, the PCBM molecules actually appear to form small 

clusters because the apparent height of the observed features increases to 

approximately 4.0 nm. 
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Thus, to understand the chemistry of PCBM, shorter exposure times (3 hours) 

and relatively low PCBM concentration have to be used to insure the formation of 

adsorbate at submonolayer coverage. By itself, this technique does not confirm the 

chemisorption, and the chemical state of the adsorbed molecules has to be interrogated 

further. 

3.4.3 Vibrational Identification of Surface Species Produced by PCBM 

Modification 

Figure 3.5 summarizes the relevant experimental FT-IR results and the DFT-

predicted spectra for model structures. All of the DFT-predicted results shown in 

Figure 3.5 were scaled by 0.945 applied to the CH stretching region. Spectrum in 

Figure 3.5(a) corresponds to the PCBM in KBr pellet. In the CH stretching region, the 

asymmetric νa(CH2) and symmetric νs(CH2) vibrational stretching frequencies from 

the alkyl chain of the PCBM molecule is observed at 2925 cm-1 and 2955 cm-1, 

respectively. The phenyl C-H stretches are observed above 3000 cm-1. A strong, sharp 

peak at 1730 cm-1 is attributed to the C=O stretching mode. In Figure 3.5(b), the 

experimental Si(111)-AUD-PCBM (5 hr) results are given. In the CH stretch region, 

strong νa(CH2) and νs(CH2) absorption bands at 2921 cm-1 and 2851 cm-1, 

respectively, are observed if a clean silicon surface would be used as a background 

(not show). These values are expected for a well-ordered system [41, 44, 89, 93, 127-

130]. This signature of a well-ordered hydrocarbon sample originates from the alkyl 

chains of 1-amino-10-undecene. However, to emphasize the absorption bands 

characteristic of PCBM reaction, the background used in Figure 3.5(b) is the AUD-

terminated silicon crystal. The absorption features observed above 3000 cm-1 in this 

sample are indicative of the presence of aromatic C-H. The peak at 1729 cm-1 
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corresponds to the C=O stretching of the carbonyl group in the PCBM, which agrees 

well with the literature data [131]. This peak is one of the indicators of whether the 

reaction proceeds towards Structure 1 or Structure 2 product because 1-amino-10-

undecene does not have a carbonyl group. Figure 3.5(c) shows the AUD-PCBM in 

KBr results. This is very similar to the PCBM in KBr spectra (Figure 5(a)). The only 

substantial difference is the νa(CH2) and νs(CH2) vibrational stretching frequencies 

that indicate a much more ordered alkyl chain system for the AUD-PCBM in KBr 

compared to those for the PCBM in KBr. This stems from the presence of long 

hydrocarbon chain in this sample. In the carbonyl region, no shift of the C=O 

stretching frequency is observed, which is a crucial indication that the carbonyl group 

of the PCBM molecule does not change its chemical surroundings during PCBM 

reaction with aminofunctionality. 
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Figure 3.5: Experimental and computational investigation of PCBM adsorption on 

AUD-functionalized Si(111) surface: (a) experimental spectrum for 

PCBM in KBr; (b) experimental spectrum for Si(111)-AUD-PCBM-5 hr 

system; (c) the product of AUD reaction with PCBM in KBr pellet; (d) 

the DFT-predicted spectrum of PCBM; (e) the DFT-predicted spectrum 

for Structure 2; and (f) the DFT-predicted spectrum for Structure 1. 

The background spectra for the experimental studies presented in (a) and 

(c) were collected with a pure KBr pellet. AUD-functionalized silicon 

sample was used as a background for spectrum (b). 

In Figure 3.5(d-f), the DFT-predicted frequencies of PCBM, product 

Structure 2, and product Structure 1 are shown, respectively (see section 3.3.3). In 
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Figure 3.5(d), absence of intense νa(CH2) and νs(CH2) vibrational stretching modes 

and the presence of C-H phenyl stretching correlate well with the experimental results. 

A strong peak predicted at 1692 cm-1 is the C=O stretching mode. In Figure 3.5(e), the 

DFT-predicted Structure 2 is expected to exhibit strong absorption peaks for the C-H 

vibrations of the alkyl group as well as the C-H phenyl stretches. The predicted 

frequency for the C=O stretching mode is unchanged at 1692 cm-1. Figure 3.5(f) plots 

the DFT-predicted frequencies for Structure 1. Again, strong absorption bands are 

predicted for the νa(CH2) and νs(CH2) vibrations of the alkyl chain and C-H of the 

phenyl ring. However, in this case, a pronounced shift of 30 cm-1 is predicted for the 

C=O stretch, which decreases to 1662 cm-1. 

This pronounced vibrational signature change for Structure 1 is not observed 

in the experimental data. The chemical environment of the C=O fragment is identical 

in molecular PCBM and in the same molecule tethered to the surface via the C60 cage 

(Structure 2). However, chemical environment of this group and thus its vibrational 

signature is expected to change if Structure 1 were dominant on a surface. Thus, 

according to the infrared studies supplemented with the DFT calculations, Structure 2 

should be the expected product of PCBM interaction with functionalized silicon 

surface. 

3.4.4 Identification of the PCBM Chemisorption Structure by ToF-SIMS 

To complement the infrared spectroscopy studies that provided information 

about the majority surface species, we have also performed the time-of-flight 

secondary-ion mass-spectroscopy measurements, whose high sensitivity is used to 

analyse both majority and minority surface adsorbates. 



 53 

Before the reaction of PCBM and the amino-terminated silicon surface, the 

amount of C60N
- recorded is effectively zero. As the PCBM is introduced into the 

reaction, the concentration of C60N
- is recorded to increase. Of course, the intensity of 

the peaks for powder AUD-PCBM and PCBM samples cannot be directly compared to 

the surface adsorbate structures because of the relatively low concentration of PCBM 

in the samples produced on silicon compared to that in powder.  

Figure 3.6 plots the relative concentrations recorded for the different samples 

in the OCH3
- region (Figure 3.6(a-e)) and C60N

- region (Figure 3.6(f-j)) for (a,f) 

Si(111)-AUD-PCBM (5 hr), (b,g) Si(111)-AUD-PCBM (3 hr), (c,h) analogous AUD-

PCBM experiment, (d,i) molecular PCBM, and (e,j) Si(111)-AUD. In the OCH3
- 

region, Figures 3.6(a-d) show a peak at m/z 31.02, which corresponds to the OCH3
- 

group. A small peak that may be from contaminants adsorbed on a surface during 

transfer at the same m/z is observed in Figure 3.6(e). A large peak at m/z 31.00 in 

Figure 3.6(e) originates from NOH- species from surface oxidation. This peak is 

greatly reduced when PCBM is introduced into the sample, and is non-existent in the 

molecular PCBM sample. Thus, because the OCH3
- peak is still present following the 

reaction of PCBM with the surface, it is inferred that the product of the type of 

Structure 2 (which has the OCH3 group) dominates as opposed to the Structure 1, 

which does not contain this fragment. 
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Figure 3.6: The ToF-SIMS results for the OCH3
- and C60N

- regions for (a,f) Si(111)-

AUD-PCBM (5 hr); (b,g) Si(111)-AUD-PCBM (3 hr); (c,h) analogous 

AUD-PCBM experiment; (d,i) molecular PCBM; and (e,j) Si(111)-AUD. 

The constant presence of the OCH3
- peak at m/z 31.02 and presence of 

the C60N
- peak at m/z 734.984 are indicative of the Structure 2 product. 
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On the right side of Figure 3.6, the C60CH2
-/C60N

- region is shown. In the 

Si(111)-AUD sample (Figure 3.6(j)), no C60 is present in the sample, and no peaks are 

expected to be observed. After PCBM is introduced, the large peak in Figures 3.6(f-i) 

appears centered around m/z=734. There are two possible fragments that this peak has 

originated from, and both involve the C60 cage. The first is the C60CH2
- fragment 

(m/z 734.02) and the second is the C60N
- fragment (m/z 734.003). The position of this 

peak observed experimentally for PCBM is m/z=734.016, which is completely 

consistent with the expected result. However, following the reaction of PCBM with 

the aminofunctionalized surface, the position of this peak shifts to lower m/z. It 

becomes m/z 733.984 following the reaction of AUD with PCBM and remains 

extremely close to this position for surface reaction. The observed value for 5 hr 

reaction is m/z 733.987. This is fully consistent with the formation of the C60N
- 

fragment following surface reaction.  

Thus, the ToF-SIMS results indicate that the 1-amino-10-undecene and PCBM 

react through the C60 rather than the ester, in a complete agreement with the FT-IR 

results. 

3.4.5 Analysis of the Formation of Possible PCBM Chemisorption Structures by 

DFT 

In addition to predicted N 1s core level energies described in section 3.4.1 and 

predicted infrared spectra analysed in section 3.4.3, the energetic landscape for the 

PCBM reaction with primary amines comprising modified SAM on Si(111) was 

explored. The model with the Si10H15 cluster was used to calculate the energy of the 

products and reactants. Figures 3.7(a,b) displays the cluster models used for both 

products. The energy of the reactants (AUD-modified cluster and PCBM) was set to 
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0.0 kJ/mol. The product that formed through the C60 cage (Structure 2) was found to 

be -9.5 kJ/mol relative to the reactants, and the product that formed through the ester 

to form the amide (Structure 1) as well as methanol was found to be -18.4 kJ/mol 

relative to the reactants. For the DFT predicted Structure 2 product, the 1-amino-10-

undecene was reacted through the furthest [6,6] bond. It has been shown that reactions 

of amines and C60 prefer the [6,6] bond over the [5,6] bond [108, 132]. Other possible 

products were modelled (including reaction over the [5,6] bond), but their energy was 

greater than the reactants and they were not included in further study. 

 

Figure 3.7: Optimized models of (a) product Structure 1 and (b) product 

Structure 2. Methanol is also a product of the reaction resulting in 

Structure 1 but it is not shown. The N 1s core level energy comparison 

used to compare with the experimental XPS spectra utilized these 

models. 
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To reduce the time required for the transition state calculations, propylamine 

was used in lieu of the 1-amino-10-undecene attached to the Si10H15 cluster. The final 

energies were comparable to the full DFT models for Structure 1 and Structure 2, 

respectively: -17.8 kJ/mol (propylamine) vs. -18.4 kJ/mol (Si(111)-AUD); and -

9.7 kJ/mol (propylamine) vs. -9.5 kJ/mol (Si(111)-AUD). The energy barrier required 

to reach the Structure 1 product is 119.3 kJ/mol compared to the reactants and the 

energy barrier for the Structure 2 product is 131.4 kJ/mol. Figure 8 summarizes the 

structures of reactants and products and indicates the corresponding energies, 

including the energies of the corresponding transition states. 

 

Figure 3.8: Graphical representation of the gas phase rest energies of the reactant, 

products, and transition states of the propylamine and PCBM reaction. 

The reactants were set to 0.0 kJ/mol and the relative rest energies of the 

products and transition states were compared to rest value. 

Basically, these simple calculations indicate that there is no substantial 

thermodynamic or kinetic preference for the formation of one structure over the other 

although Structure 1 is slightly more thermodynamically favorable. So how can these 
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findings be reconciled with the experimental evidence that suggests that the C60 

reaction site is preferred and that the PCPM attachment to AUD-modified Si(111) 

surface leads predominantly to the formation of Structure 2? 

The answer may be very simple. As was mentioned above, there is only one 

structure of the type of Structure 1 that is formed between PCBM and an amine. On 

the other hand, a C60 molecule has 60 possible reaction sites (bonds). In PCBM, the 

number is reduced to 59 because the ester derivative is reacted with one of them. Out 

of all C=C bonds available, the [6,6] bond is more favorable energetically compared to 

the [5,6] bond, thus the number of possible bonding sites is further reduced to 29. 

Even if one takes into account that some of possible [6,6] reaction sites may be 

sterically hindered, there are still at least 20 possible reaction sites on a C60 cage of the 

PCBM molecule. For comparable reaction barriers, this is what makes the reaction to 

occur predominantly via a direct attachment to a C=C bond of the C60 cage rather than 

through the ester functionality and to form the product of the type of Structure 2. 

Additionally, the flexibility of the ester chain may come into play in determining the 

dynamics of the reaction. Compared to the rigid C60 cage of the PCBM, the ester 

functionality is flexible, which may reduce the probability of amide formation 

between the 1-amino-10-undecene and the ester of the PCBM. 

3.5 Conclusions 

In this chapter, an amino-terminated silicon surface was reacted with [6,6]-

phenyl-C61-butyric acid methyl ester (PCBM) in toluene. Analytical spectroscopy and 

microscopy was used in conjunction with theoretical predictions to understand the 

chemistry of this work. According to the DFT reconstruction of the energy landscape 

for PCBM chemisorption, there were two energetically favorable reactions possible 
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with similar kinetic requirements. The XPS study confirmed that the reaction has 

occurred and it involved the nitrogen atom of the primary amine group of the SAM 

covering the surface of the Si (111) single crystal. AFM investigations suggested that 

submonolayer coverage of PCBM could be formed on this surface without the 

formation of clusters that are more than one molecular diameter high. FT-IR identified 

a C=O absorption band and confirmed that there is no shift in the frequency of this 

vibration upon the completion of the surface reaction between PCBM and surface 

amino-groups, while the computational investigation predicted that the formation of 

the surface product corresponding to Structure 1 above would shift this frequency 

substantially. ToF-SIMS results indicated that the nitrogen atom is directly attached to 

the C60 cage of the PCBM molecule following surface reaction. Such selectivity and 

predominant formation of Structure 2 type products are explained by the fact that 

there is a large number of possible similar reaction sites on the C60 cage of PCBM and 

the flexibility of the ester chain hindering the reaction leading to the formation of 

Structure 1, and, despite similar energetic requirements for other reactions, direct 

attachment of the surface amino-group to the C60 cage and the formation of the surface 

products of the type of Structure 2 is the main surface reaction pathway for this 

process. This understanding is essential for further studies of PCBM reacted with 

functionalized solid surfaces via aminofunctionality.  
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Chapter 4 

INVESTIGATION OF THIN TITANIUM CARBONITRIDE COATINGS 

DEPOSITED ONTO A 4140 STEEL SUBSTRATE 

4.1 Abstract 

Titanium carbonitride (TiCN) coatings are commonly used in a variety of 

applications, from microelectronics to high-performance cutting tools. The TiCN 

coatings grown by chemical vapour deposition are especially attractive because this 

technique provides a very high degree of control during the procedure. A gas-phase 

deposition utilizing an organometallic precursor molecule, tetrakis-dimethylamino-

titanium was used to grow thin TiCN coatings onto 4000 series steel prepared and 

cleaned in vacuum. A highly controlled conformal filling was achieved by deposition 

performed onto a sputter-cleaned steel surface held at 600 K. The film of the overall 

Ti:C:N composition of 1:1:1 was produced, as demonstrated by Auger electron 

spectroscopy. In air, these coatings are oxidized but maintain their uniformity, as 

demonstrated by time-of-flight secondary ion mass spectrometry. The chemical state 

of the elements in the coatings was investigated by X-ray photoelectron spectroscopy 

and morphology of the films produced was investigated by atomic force microscopy. 

Finally, the initial mechanical testing of the films was performed by comparing their 

Young’s modulus to that of the underlying steel. Adapted with permission from [133]. 

Copyright 2012 Elsevier. 
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4.2 Introduction 

One of the most versatile classes of materials used in applications ranging from 

diffusion barriers in microelectronics [134-138] to responsive sensors [139] and to 

wear-resistant tool coatings are transition metal carbonitrides [78, 140]. Recent 

interest in TiCN-based films for extending tool and machine lifetime sparked a 

renewed effort to adapt the well-designed methods of highly controlled deposition of 

TiCN films developed for microelectronics applications for wear-resistant coatings on 

steel [74]. A TiCN system provides the hardness of a TiC based system with the 

toughness of a TiN system [71, 72]. It should be noted that once deposited, TiCN is 

reasonably easily oxidized in air, and in fact, this is what we see after deposition and 

before characterization [141, 142]. Although this may seem to be a disadvantage, it 

has been shown that introduction of oxygen into TiCN up to a certain concentration 

will actually increase the hardness [143]. Although hardness does not always correlate 

to abrasion resistance [144], it is often a good indicator of the stability of the material 

in mechanical applications. 

In addition to compatibility of the coating material with the substrate, the 

structure of the interface between them often determines mechanical stability and 

propensity to delamination [145]. This chapter focuses on essentially ideal surface 

preparation techniques and on the carrier-free chemical vapour deposition to produce a 

clean interface between 4140 steel and the TiCN film.  

4.3 Experimental Details 

4.3.1 TDMAT Deposition Procedure 

The detailed procedure for the TDMAT chemical vapor deposition is found in 

section 2.2.2. A highly controlled conformal filling was achieved by deposition 
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performed onto a sputter-cleaned 4140 steel surface held at 600 K. The film of the 

overall Ti:C:N composition of 1:1:1 was produced. 

4.3.2 Coating Characterization 

Details of characterization techniques and settings are found in section 2.3. 

Auger electron spectroscopy showed the sample produced in UHV exhibited a Ti:C:N 

ratio of 1:1:1. In air this coating is oxidized but maintains its uniformity, as 

demonstrated by time-of-flight secondary ion mass spectrometry. Chemical state of 

the elements in the coatings was investigated by X-ray photoelectron spectroscopy and 

morphology of the film and the structure of the interface created were interrogated by 

atomic force microscopy (AFM) and transmission electron microscopy (TEM). The 

initial testing of the mechanical properties was performed using a Hysitron TI 900 

TriboIndenter™ to obtain Young’s modulus. 

4.4 Results and Discussion 

4.4.1 Coating Chemical Concentration Ratios and Chemical State Analysis 

First, the ratio of concentrations for Ti, N, and C in the films was determined 

in situ (in ultra-high vacuum, immediately after deposition) by AES. Sample spectra 

of (a) sputtered and annealed stainless steel surface and (b) the deposited TiCN films 

are given in Figure 4.1. As suggested from the data, TiCN coating deposited in these 

experiments covers the entire sample surface and is oxygen free, as deposited. The 

ratio of Ti, N, and C in these films is consistently 1:1:1. The details of the calibration 

procedure and the description of the films are reported in reference [146]. 
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Figure 4.1: AES for TiCN films prepared by 3.0 x 104 L exposure of TDMAT onto a 

clean 4140 steel surface under UHV conditions. 

Following a brief exposure of the samples to ambient conditions upon transfer 

from deposition chamber to XPS chamber, the chemical states of each element in the 

TiCN coating on the steel substrate were determined through X-ray photoelectron 

spectroscopy. As shown in Figure 4.2(a-d), the carbon 1s, nitrogen 1s, oxygen 1s, and 

titanium 2p XPS regions were collected and are shown. The peaks were calibrated 

against the carbon 1s peak corresponding to adventitious carbonaceous carbon at 

284.6 eV. In Figure 4.2(a), the carbon 1s region is shown. Based on our previous 

studies [147, 148], the peak at 284.6 eV is assigned to the C-C bond. A peak present at 

281.8 eV is attributed to the carbide bond, which is normally a few eV lower than the 

C-C peak. The peak at 286.2 eV may be assigned to either the C-N bond (from the 

coating) or C-O bond (through oxidation or contamination through air). Finally, the 
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peak at 288.3 eV corresponds to C=O, which is likely due to oxidized carbon species 

that formed on the surface during sample transfer. 

 

Figure 4.2: XPS spectra of (a) carbon 1s, (b) nitrogen 1s, (c) oxygen 1s, and (d) 

titanium 2p for TiCN films prepared by 3.0 x 104 L exposure of TDMAT 

onto a clean stainless steel surface under UHV conditions. 

Figure 4.2(b) displays the nitrogen 1s region. The peak at 396.7 eV 

corresponds to the N-Ti bond in the TiCN coating. The N-O oxidation bond is 

assigned the 398.7 eV peak. The peak at 400.6 eV is assigned to the N-C bond. These 

assignments are based on previous studies of nitrogen containing compounds on 
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semiconductor surfaces [147-151] and nitrogen as a part of thin TiCN films [135, 146, 

152]. 

In Figure 4.2(c), the oxygen 1s region is shown. The three peaks in this figure 

correspond to the oxygen bonds with Ti (530.3 eV), nitrogen (531.9 eV), and carbon 

(533.5 eV) [135, 146-148, 152]. This figure mostly suggests that all three elements in 

the coating have varying degrees of oxidation. This is expected because the sample 

was removed from vacuum after an oxygen-free preparation and exposed to air. As 

mentioned in the introduction (section 4.2), TiCN oxidizes very readily in air. To test a 

sample without this oxidation, the XPS must be performed on the same vacuum 

instrument as the deposition process, which was not possible using the set-up used in 

the experiment. 

In the final panel, Figure 4.2(d), the Ti 2p region is shown. This figure is 

characterized by two sets of doublets. The doublets occur because of the spin-orbit 

coupling effects of the final state normally seen for metals [153]. The peaks at 455.3 

eV (2p3/2) and 461.1 eV (2p1/2) correspond to the Ti-C and Ti-N bonds. The peaks at 

458.1 eV (2p3/2) and 463.7 eV (2p1/2) result from the oxidized titanium species [135, 

146, 152]. 

4.4.2 Cross-sectional Analysis of Coating, Interface, and Substrate 

To analyse the structure of the coating and uniformity through the interface, 

two different methods were utilized. The first, time of flight secondary ion mass 

spectroscopy (ToF-SIMS), was used to determine the uniformity of the TiCN coating 

on the 4140 steel substrate while the second, transmission electron microscopy (TEM), 

was used to understand the structural properties of the TiCN coating as well as to 

visualize the coating, interface, and substrate. 
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 For ToF-SIMS analysis, the same samples as in section 4.4.2 were used. In 

Figure 4.3, the depth profile of the UHV-deposited TiCN coating is shown. Because 

some surface species ionize much more readily than others, a depth profile should not 

be treated as a specific ‘concentration’ profile. Coupled with the fact that the surface is 

not completely flat (section 4.4.3), the top few nanometers are expected be rough. 

However, one could compare concentrations at different points within a depth profile 

after the top few nanometers to determine layers and inclusions in the film. 

 

Figure 4.3: ToF-SIMS depth profile of UHV-deposited TiCN. The signals 

corresponding to selected species have been scaled as indicated to show 

their relative concentration throughout the sample. 
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In Figure 4.3, the depth profile is shown as a function of time. Using a 

previously determined sputtering rate for TDMAT from ToF-SIMS [146], the film 

thickness was determined to be 74 nm. After approximately the initial 1000 s (16 nm) 

of depth-profiling, a perfectly uniform coating is observed. Only after the depth 

reaches approximately 70 nm, the signals corresponding to chromium and iron-

containing ions become substantial, while TiCN, TiO2, TiO, and titanium ionic 

signatures all decrease in intensity. In 4140-series steel, iron and chromium are both 

essential components, so it should be expected that their signals increase once the 

TiCN coating is removed. 

Figure 4.3 also confirms that the entire surface of the samples under 

investigation is uniformly coated without noticeable exposed steel sample available. 

Additionally, this set of investigations suggests that the oxidation of TiCN film is 

uniform throughout the entire thickness of the film and no additional carbon- or 

oxygen-containing species are formed at the interface between TiCN and steel. Thus, 

this study suggests a well-controlled, uniform, and conformal film growth, which is 

especially remarkable given that the surface of the steel sample is relatively rough as 

shown below. 

To understand the structural properties of the TiCN coating, a relatively thick 

TiCN coating (based on a dose of 3.0 x 104 L of TDMAT) was deposited in high-

vacuum instrument onto a polished 4140-series steel substrate and examined by cross-

sectional TEM. Although this sample preparation approach is different from the one 

used for AES (section 4.4.1), XPS (section 4.4.1) and ToF-SIMS (previously in this 

section 4.4.2) studies, it is demonstrated that the films produced are very similar in 

both cases; however, the exact thickness, of course, depends on the exposure of 
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TDMAT. As shown in Figure 4.4, there are two distinct regions in the prepared 

structure (besides the protective carbon layer produced by focused ion-beam 

deposition): the TiCN region and steel substrate. The carbon layer was deposited to 

protect the TiCN while preparing the sample. The thickness of the TiCN layer in this 

experiment is approximately 25 nm and the protective carbon layer is approximately 

200 nm thick. The top two images of Figure 4.4 show that the structural uniformity 

and thickness is consistent over a large area while the bottom two images zoom in on 

the structure of the film and the interface. In the steel region, one can easily observe 

the presence of grains. The sharp and well-defined interface is observed between the 

steel and the TiCN film. 
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Figure 4.4: Cross-sectional TEM image of 3.0 x 104 L TiCN film. Two distinct 

regions are seen: the TiCN layer and the 4140 steel substrate. A carbon 

layer was used to protect the TiCN layer while cutting. 

Neither the presence of contaminants nor voids are observed between the 

coating and steel. This further proves the results provided by the ToF-SIMS analysis. 

In both cases, the film is uniform throughout and the interface is well-defined. Thus, 

despite the fact that two different deposition procedures (UHV and sputtering vs. HV 

and simple solvent pre-cleaning) were used, both of them produce well-controlled, 
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uniform films and sharp, well-defined interfaces. This leads us to conclude that HV 

deposition is sufficient to produce the desired results. It is very likely that surface 

oxidation that is unavoidable in HV experiments does not influence the growth of the 

film substantially and in fact that surface oxygen helps form thermodynamically stable 

bonds between the components of the TiCN coating and the steel. Further mechanistic 

and molecular-level studies of the TiCN film growth will be necessary to confirm this 

assumption. 

4.4.3 Substrate and Coating Topography 

The surface topography was investigated by AFM. Images in Figure 4.5 

summarize these studies. Images shown in Figures 4.5(a-b) show relatively large areas 

of the two samples: (a) polished and ion-sputtered 4140-series steel sample prepared 

in UHV and (b) the UHV-deposited TiCN coating, respectively. Both images look 

similar, with scratches left by polishing procedure observed on both surfaces. 

Figures 4(c-d) show the same surfaces but under much higher magnification. In 

Figure 4(c), the RMS roughness (Rrms) of the 4140-series steel grain along the white-

line profile indicated is 0.40 nm. These roughness values become more important in 

the following section concerning Young’s modulus measurement (section 4.4.4). 

Thus, although the surface of this microcrystalline material is relatively rough, within 

a single grain, it is actually very flat. However, it should be pointed out that the grains 

are not uniform in size. 
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Figure 4.5: AFM image of uncoated 4140-series steel sputtered in UHV conditions (a 

and c) with respective line profile shown in (c) and AFM images of 

UHV-deposited TiCN coating (b and d) with respective line profile 

shown in (d). The line profiles for the micro scale images are shown 

underneath each image. The scale bars are shown at the bottom of each 

image. 

In Figure 4(d), the UHV-deposited TiCN coating is shown. The roughness 

(Rrms) value for this sample is 3.27 nm. This is a larger value compared to the studies 
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presented in Figure 4(c) for clean stainless steel; however, in this case it seems that 

TiCN deposition smoothed the boundaries between the grains of the stainless steel, 

which would be consistent with the results of the ToF-SIMS and TEM (section 4.4.2) 

experiments presented above. It is especially noteworthy that the tails of several depth 

profiles of species in ToF-SIMS studies extend further into the stainless steel, likely 

corresponding to the material that is deposited between the grains in certain regions. 

The image in Figure 4.5(d) also suggests that the TiCN film is composed of 

nanoparticles. According to the ToF-SIMS results (4.4.2), these structures are 

imbedded into a framework that covers the entire surface, likely very similar to the 

nanoparticles imbedded into the TiCN films used as diffusion barriers [152]. This 

observation is also consistent with high-resolution TEM studies in Figure 4.4, as the 

coating produced appears to consist of crystalline nanostructures approximately 

20-25 nm in size imbedded in a framework that appears to lack order (possibly 

amorphous material). This combination actually proved perfect for microelectronics 

applications and likely possesses a set of very attractive mechanical properties as 

tested below. 

4.4.4 Mechanical Properties of the Substrate and Deposited Coating 

To provide a set of initial benchmark comparisons of mechanical properties of 

stainless steel with the TiCN coating, we used a Hysitron TI 900 TriboIndenter™ to 

obtain Young’s modulus. Although further studies of the mechanical and tribological 

properties of the films discussed here are needed, Young’s modulus provides a reliable 

mechanical property compares for thin films to bulk materials. Recall from 

section 2.3.9 that surface and substrate effects need to be taken into account to obtain a 
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reasonable Young’s modulus value. The model used here to calculate the Young’s 

modulus was described in detail by Tricoteaux et al. [99]. 

An uncoated 4140-series steel disc was also tested to make sure the measured 

values were solely from the coating and not from the substrate. From the 27 

indentations made at various depths, the Young’s modulus of 671±159 GPa (average ± 

standard deviation) was obtained for TiCN film compared to 259±32 GPa for 

uncoated stainless steel. These numbers are in a very good agreement with those 

reported in literature for both bulk materials: 210 GPa was reported for 4140 stainless 

steel [154], and 467-510 GPA range was measured for the bulk titanium carbonitride 

materials [155]. It should be mentioned that the value obtained for titanium 

carbonitride varies substantially depending on the sample preparation, on the 

measurement strategy, and on the model applied to extract the Young’s modulus for 

thin films, where interaction with the substrate is extremely important. In fact, the 

Young’s modulus values for three TiCN coatings on the order of microns based on 

micro-indentation experiments, as reported by Tricoteaux et al., were 484, 461, and 

681 GPa [99]. 

One final observation that must be pointed out is that the steel substrate is not 

perfectly flat, which may affect the Young’s modulus measurements. The steel grains, 

in both the uncoated and coated samples, do influence how far the diamond tip 

penetrates into the sample. This may partially explain the relatively wide confidence 

intervals obtained in these measurements.  

4.5 Conclusions 

In this chapter TiCN was deposited onto a 4140-series steel substrate. TiCN 

films were grown by CVD both under UHV and HV conditions, using the deposition 
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precursor TDMAT. Both approaches produced very similar coatings, as confirmed 

spectroscopically. The ex-situ XPS studies showed that the surface is comprised of 

titanium, carbon, and nitrogen and that the film is partially oxidized in ambient. The 

ToF-SIMS studies provided a depth profile confirming that the film is uniform and 

that it covered the entire surface. It also suggested that the interface with the steel 

should be well-defined. The TEM investigation showed a sharp, clearly observed 

interface between the coating and steel substrate with uniformity throughout the 

coating, which is consistent with the ToF-SIMS analysis. The AFM studies showed 

that the topography of coated and uncoated samples was similar on the macroscopic 

scale but that the TiCN-covered samples exhibit nanostructuring with the structures on 

the order of 25-30 nm, forming a complete layer. Finally, the mechanical properties of 

coated and uncoated samples were tested by measuring Young’s modulus, with the 

results consistent with the properties of steel and bulk TiCN materials. Thus, it is 

feasible to produce the TiCN coatings on steel by using CVD techniques. The films 

produced are well-defined and uniform throughout. They exhibit a sharp and well-

defined interface between the coating and the substrate steel. 

 

 



 75 

Chapter 5 

INVESTIGATION OF THICK TITANIUM CARBONITRIDE AND 

TUNGSTEN CARBIDE COATINGS DEPOSITED ONTO A 4140 STEEL 

SUBSTRATE 

5.1 Abstract 

Protective hard coatings on steel that are produced by electrospark deposition 

(ESD) methods that do not require vacuum conditions are compared, and the 

interfaces formed are interrogated by a combination of analytical methods. A titanium 

carbonitride (TiCN) coating is produced and compared to a tungsten carbide (WC) 

ESD coating. Following deposition onto a 4140 grade steel substrate, the coatings 

were compared by X-ray photoelectron spectroscopy, scanning electron microscopy, 

energy-dispersive X-ray spectroscopy, transmission electron microscopy, atomic force 

microscopy, X-ray diffraction, and nanoindentation test to determine the Young’s 

modulus as an indicator of mechanical strength. It was found that the coatings 

produced void- and impurity-free interfaces but that the interfaces are drastically 

different for the two coatings investigated and some of the differences are explained 

based on the different melting points of the two materials that affect the process of 

ESD. Adapted with permission from [156]. Copyright 2014 Elsevier. 

5.2 Introduction 

In the previous chapter, it was shown that a protective TiCN coating was 

deposited onto a steel substrate using CVD with titanium-containing metalorganic 

precursor. However, this deposition method is slower than other methods that are used 
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to produce the hard coatings (for example, to produce a coating of less than 100 nm 

thick, 30000 L exposure of the precursor molecule was required, which corresponded 

to the precursor pressure of 5 x 10-6 torr maintained for 100 min). PVD can be used to 

deposit thicker films within the same time frame; however, the control over the 

interface formation is more difficult and imprecise, as the deposited films may suffer 

from delamination [63]. 

Electrospark deposition (ESD), or electrospark alloying, is a micro-welding 

technique that welds a metallic electrode onto an electrically conductive substrate and 

is performed in the ambient environment [66, 157]. It is characterized by a high 

current, short pulse duration that transfers the electrode material through a plasma arc 

onto the substrate. During the process, the area of close proximity between the 

electrode and solid substrate is bathed in an inert gas (usually Ar), eliminating the 

possibility of interface and surface oxidation. Even though the technique uses a high 

current, the short pulse duration means that the temperature of the bulk of the substrate 

does not increase and the heating is only local. Both the electrode and the surface melt 

for a short period of time. This local rapid heating and cooling (with cooling rates that 

approach 1.5x105 K/s) [158] leads to an oscillatory growth [159]. However, the rapid 

heating and cooling also leads to a thickness where the microstructural and 

tribological characteristics can be affected [158]. This is due to the forces exceeding 

coating material’s tensile strength and the reduced cooling rate (and accumulation of 

heat) as the coating becomes thicker [158, 160]. This micro-welding technique has 

been shown to produce a strong metallurgical bond with the surface that should be 

resistant to delamination [66, 157, 158, 161-171]. The fact that this method is 

relatively inexpensive and easy to use made it popular in such applications as repairs 
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or tool protection [161, 166, 172, 173]. The lifetime increase for ESD-protected tools 

has been reported to be from 150% [173] to 2000% [172]. Specifically, as would be 

expected, the wear rates for ESD coatings are significantly reduced compared to any 

steel substrate, which leads to this lifetime increase. 

In all the cases mentioned above, the properties of the coating material are 

extremely important; however, the properties of the interface (both at the macroscopic 

level and down to the nanometer scale) are just as important to increasing the lifetime 

of tools. This chapter investigates the properties and the quality of interfaces formed 

by ESD of two materials. The first material, tungsten carbide (WC), is a common ESD 

coating [163, 170, 174-187]. It is used in many other deposition techniques for a wide 

variety of applications. This coating is investigated to provide a benchmark for a much 

less investigated titanium carbonitride (TiCN) [188, 189]. Several recent studies 

suggested that TiCN may possess the properties and produce an interface with steel 

that are far superior to WC [133, 190, 191]. Podchernyaeva et al. [188] deposited a 

TiC0.5N0.5 coating with SiC, AlN and a Ni-Cr binder additions. It was reported that the 

TiC0.5N0.5 coating has shown less wear and a larger range of sliding velocities 

compared to a WC coating. Korkmaz and Bakan [189] used a TiC0.7N0.3 coating. It 

was found that the microhardness and the wear resistance increased compared to the 

steel substrate. However, neither of these two studies investigated an ESD TiCN 

coating with 1:1:1 ratio of Ti:C:N, which has been previously suggested to possess a 

set of very attractive properties when deposited using other deposition methods [52, 

133, 192, 193] and targeted coatings with additional layers present between the TiCN 

and steel. This chapter addresses these topics directly. 
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5.3 Experimental Procedures 

5.3.1 Deposition Methods 

The detailed procedure for the electrospark deposition is found in section 2.2.3. 

A commercial technique (NanoFusionTM, Advanced Surfaces and Processes, Inc.) was 

used to deposit the coatings, but, although technically somewhat different from ESD, 

the deposition method is referred to as ESD for simplicity’s sake. 

5.3.2 Characterization Techniques 

For the coatings deposited, surface elemental concentrations and the 

corresponding oxidation states were interrogated by X-ray photoelectron spectroscopy 

(XPS). Elemental analysis and large-scale microscopic images were obtained using 

scanning electron microscopy (SEM). Cross-sectional analysis was also performed by 

SEM and energy-dispersive X-ray spectroscopy (EDX). High-resolution transmission 

electron microscopy was utilized to uncover the structures of the interfaces produced. 

The structural characteristics of the films were obtained using X-ray diffraction 

(XRD). The surface topology and roughness were investigated by atomic force 

microscopy (AFM). The Young’s modulus, as an indicator of tribological properties, 

was measured on a Hysitron TI 900 TriboIndenter™. 

5.4 Results and Discussion 

5.4.1 ESD Deposited Chemical States 

Figure 5.1 plots the XPS spectra for (a) the titanium spectral region before and 

after deposition of the ESD TiCN coating; (b) the tungsten region before and after 

deposition of the ESD WC coating; and (c) the iron region before and after deposition 

of both coatings. The same sample was used to obtain all steel spectra. In 
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Figure 5.1(a), there is no titanium present on the surface before TiCN deposition, as 

expected. Following the deposition, titanium is definitely present on the surface. The 

intense peaks at 458.1 eV and 463.8 eV belong to the oxidized Ti4+ species and exhibit 

the characteristic spin-orbit coupling split between 2p3/2 and 2p1/2. The peaks at 

455.3 eV and 461.0 eV belong to the Ti 2p3/2 and 2p1/2 transitions of the Ti – C and 

Ti – N species, which is consistent with the previous work in literature as well as 

Chapter 4 [133, 194-196]. The difference between 2p3/2 and 2p1/2 peaks for each of the 

species are identical, which is fully consistent with the spin-orbit coupling effect 

[197]. 

 

Figure 5.1: XPS analysis of ESD coatings and the steel substrate of the (a) titanium 

2p, (b) tungsten 4f, and (c) iron 2p regions. 

In Figure 5.1(b), the tungsten region is shown for the bare steel and for the 

ESD-deposited WC coating. Similarly to the results recorded for the TiCN coating, no 

tungsten signatures are observed on the steel sample. Also similarly to the titanium 

spectrum, the spin-orbit coupling doublets are observed for the coating. The peaks at 

31.4 eV and 33.5 eV correspond to the W 4f7/2 and 4f5/2 of the W – C species in 
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tungsten carbide. The W – O 4f7/2 and 4f5/2 species peaks from WO3 are present at 

35.3 eV and 37.5 eV, respectively. This observation is in complete agreement with 

previous peak assignments [198, 199]. 

Thus, XPS investigation confirms the deposition of TiCN and WC coatings by 

the ESD method and suggests that the surfaces of both films are oxidized. 

In Figure 5.1(c), the Fe 2p region is shown for the 4140 steel sample, WC ESD 

coating, and TiCN ESD coating. In the spectrum of the 4140 steel, the peak at 707 eV 

indicates the presence of Fe0 species based on the previously reported studies [79, 

200]. The rest of the observed spectral features are consistent with the signature of 

iron in Fe2O3. In the WC coating, small peaks at 707 eV and 710 eV indicating the 

presence of iron can also be observed, although in the TiCN spectra, no peaks 

indicating the presence of iron were recorded. However, based on the SEM 

investigations summarized below (section 5.4.2), the possible presence of iron on a 

surface of ESD-produced samples is adventitious rather than an indication of 

incomplete coverage, because the thickness of the TiCN or WC films produced by this 

method is well over 10 m. Thus, the presence of small concentration of iron-

containing species on the surfaces of ESD-deposited films most likely originates from 

the process of mechanical cutting during the sample preparation step. 

Overall, the XPS spectra summarized in Figure 5.1 show that ESD produces 

films of TiCN and WC, respectively, and that the surfaces of these continuous films 

are oxidized. 
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5.4.2 Topographic and Cross-sectional Analysis of Coating, Interface, and 

Substrate 

Scanning electron microscopy was used to examine surface morphology on a 

larger scale and to investigate the interface between the coatings and the substrate by 

cross-sectional analysis. Figure 5.2 illustrates the morphology of the coatings at 250 X 

magnification. On this scale, both the TiCN (Figure 5.2(a)) and WC (Figure 5.2(b)) 

exhibit the typical “splash ” patterns that are commonly observed with electrospark-

deposited coatings [66, 70, 158, 162, 163, 167, 168, 182, 201-203]. This “splashing” is 

caused by the locally-molten droplets rapidly heating and cooling after deposition 

[163]. As one can see in both of the images, multiple “splash” patterns are observed 

and the coatings are essentially made up of multiple overlapping “splash” patterns. As 

confirmed with XPS measurements (section 5.4.1), there are no gaps/porosity in the 

coatings that show the steel substrate underneath, so this method has high surface 

coverage. 

 

Figure 5.2: Surface (plane view) SEM images for (a) TiCN and (b) WC coatings at 

250 X magnification. Both exhibit typical splash patterns commonly 

observed for electrospark-deposited coatings. 
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Under higher magnification, differences can clearly be observed between the 

TiCN and WC coatings. Figure 5.3 illustrates the surface under 10000 X 

magnification through SEM. Both images are magnified within the “splash” pattern 

region. The TiCN coating (Figure 5.3(a)) displays a rougher surface with larger 

features. The WC coating (Figure 5.3(b)) has a smoother surface. This is consistent 

with the results from the AFM studies in section 5.4.5 below. As shown in that 

section, the TiCN coating has more pronounced features while the WC coating has 

lower roughness at the nanometer scale as well. 

 

Figure 5.3: Surface (plane view) SEM images for (a) TiCN and (b) WC coatings at 

10000 X magnification. Both images were magnifications of the splash 

patterns seen in Figure 5.2. The TiCN coating is significantly rougher 

than the WC. 

Figure 5.4 shows the SEM cross-section of the ESD WC coating. In this cross-

sectional EDX-SEM image, as well as in Figure 5.5, the direction of the line scan 

proceeds from top to bottom; that is from the coating to the substrate. The line profiles 

underneath the SEM image are the relative concentrations for each element where the 

minimum value was set to 0 counts and then the counts were normalized to the 
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maximum value across the linescan for that element. This was done because the 

minimum counts for some elements were greater than the maximum for others. The 

method in meant to show the individual relative concentrations of the elements rather 

than comparing two different elements with each other. This procedure was performed 

to account for different sensitivities of elements in EDX. The line-profiles in 

Figure 5.4 clearly show that upon crossing the interface between the coating and the 

steel substrate, the concentrations of WC components decrease and the appearance of 

Fe signature indicates the dominance of substrate material. The interface indicated by 

a dashed line in the figure is well defined and free of voids. In addition, no 

concentration spikes of any elements were observed at the interface, again suggesting 

that the interface is clean and well defined. 
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Figure 5.4: SEM cross-section for ESD WC with linescan EDX. The white dashed 

line in the SEM image represents the WC coating-substrate interface. The 

red line plots relative Fe concentration in counts-per-second (CPS) along 

the linescan, the black line plots the relative W (CPS) along the linescan, 

and the blue line plots the relative C (CPS) along the linescan. The black 

dashed line in the line profile represents the WC coating-substrate 

interface. 

Figure 5.5 displays similar SEM cross-sectional analysis for TiCN coating 

produced by ESD. These results are more complex than in the case of WC coating. 

The region corresponding to the TiCN is indicated by the first 2 m of the line-profile. 

The region that corresponds to the steel substrate is observed after approximately 13 

m. However, between those two clearly distinguishable regions there is a mixed layer 

approximately 11 m thick. Within this region, there are in phase oscillations of Ti, C, 

and N corresponding to inclusions of TiCN into the steel matrix. As seen in the TEM 
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results, at the boundary between the mixed region and the steel, a pure TiCN strip is 

seen. This unusual observation suggests that instead of a smooth and well-defined 

interface observed for WC, TiCN coating deposited by ESD exhibits a transition layer, 

likely produced by intermixing of TiCN droplets during the procedure. The melting 

point of TiCN is 1450-1480 ºC [204, 205], while for WC it is 2870 ºC [206]. Because 

the melting point of 4140 series steel (1415 °C) is near the melting point of TiCN, 

TiCN droplets can more easily intermix with the steel substrate (as both materials have 

similar and high mobilities in their molten state) during the deposition and while both 

materials cool to room temperature. In addition, the specific heat capacity of TiCN is 

higher and the specific heat capacity of WC is lower [207, 208] than that of steel 

[209], which can also affect the structural differences of the interfaces formed. In other 

words, during ESD, TiCN appears to be truly molten into small droplets by local 

heating, while WC is not. The intermixing can also be observed for the WC sample; 

however, only at the nano level, as summarized below for TEM studies (section 5.4.3). 
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Figure 5.5: SEM cross-section for TiCN with linescan EDX. The white dashed line 

in the SEM image represents the WC coating-substrate interface. The red 

line plots relative Fe concentration in counts-per-second (CPS) along the 

linescan, the black line plots the relative Ti (CPS) along the linescan, the 

blue line plots the relative C (CPS) along the linescan, and the yellow 

line plots the relative N (CPS) along the linescan. 

5.4.3 TEM Investigation of the Interfaces in ESD-produced Coatings 

Figure 5.6 summarized the transmission electron microscopy images of the 

interfaces produced by ESD method upon deposition of WC and TiCN coatings. The 

top images (Figure 5.6(a-b)) show the WC interface with 4140 series steel, and the 

bottom images (Figure 5.6(c-d)) show the TiCN-coated sample. The images on the 

right are higher magnification of the images presented on the left side of the figure. 

For the WC in Figure 5.6(a-b), there are two distinct regions in the sample: the WC 

coating and the steel. Consistent with the SEM studies, these images confirm the 
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absence of voids at the interface or in the film. However, the higher spatial resolution 

of TEM allows for the observation of the granular structure of the coating and the 

darker spots imbedded into the steel substrate, as indicated in the figure. EDX 

measurement on these spots suggests that they are pockets of W-containing material 

(most likely tungsten carbide), likely produced during transport of material from the 

electrode to the molten pool [210]. 
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Figure 5.6: TEM images of (a-b) WC and (c-d) TiCN coatings deposited by ESD. 

The images on the left show the general area of the interface while the 

images on the right show a high magnification zoom-in. 

In the TiCN TEM images in Figure 5.6(c-d), the same complexity as in the 

SEM investigation presented above is observed. The 4140 steel substrate is depicted 

on the right side of both images. At the interface of the steel substrate and the coating, 

a strip of approximately 100 nm wide corresponds to pure TiCN (as seen in the SEM 
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images). The interface between the TiCN coating and the steel substrate is clean and 

there are no discernible voids, which suggests that the interface formed is nearly 

perfect. To the left of this TiCN strip, the coating becomes a mixture of steel and 

TiCN components. This observation is in a complete agreement with the larger scale 

SEM results for the TiCN/steel interface. 

It is interesting to emphasize again that the interfaces between 4140 steel and 

the coatings produced by ESD method are very different for TiCN and for WC. The 

TiCN coating has a mixed layer of TiCN and steel while the WC coating has an abrupt 

interface where the steel contribution (as signified by the presence of iron) is reduced 

to zero very quickly. This likely could be explained by the differences in melting point 

for WC and TiCN, which was explained in section 5.4.2. 

5.4.4 Crystallic Structure of the ESD Coatings, Interfaces, and Substrate 

The X-ray diffraction measurements for the WC and TiCN ESD coatings as 

well as TiCN electrode are summarized in Figure 5.7. In Figure 5.7(a) a bare 4140 

steel spectrum is used for comparison. The three main peaks in Figure 5.7(a) belong to 

α-Fe phase in the steel [211]. In Figure 5.7(b-c), the WC and TiCN ESD coatings’ 

spectra are shown, respectively. Compared to the spectrum of the original 4140 steel 

in Figure 5.7(a), the spectra of the coatings are dominated by the characteristic 

features of γ-Fe phase [211]. The presence of this γ-Fe phase suggests that the ESD 

process leads to the modification of the steel phase. The electrospark process is 

characterized by a high current and short pulse that transmits little heat to the bulk 

substrate but imparts high temperature to a localized region. Because γ-Fe cannot be 

obtained at temperatures under 723°C and electrospark deposition uses sufficient 

temperature to melt WC (melting point 2870°C), it is reasonable to expect that the 
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local temperature of the sample can indeed reach 723°C, which may be responsible for 

a phase change. In both Figure 5.7(b) and Figure 5.7(c), the presence of the 

characteristic features of the α-Fe phase are also consistent with the notion that the 

ESD only leads to localized heating of the sample and that the underlying steel is not 

affected. Perhaps the most important conclusion resulting from this study is that the 

phase change during ESD may correspond to a number of changes in physical 

properties of the interface, which has to be considered for practical applications. 

According to the comparison of an XRD spectrum in Figure 5.7(e) for a TiCN 

electrode used in the ESD process and characteristic features of the TiCN-coated 

sample in Figures 7(c-d), the coating produced is fully consistent with the TiCN 

material structure [212]. Thus, TiCN coating is produced on a γ-Fe phase layer, which 

is formed during the ESD process on a surface of the 4140 steel characterized largely 

by the α-Fe phase. This observation is also consistent with the microscopy studies 

summarized above. WC coatings are largely amorphous in this case and no clear 

indications of its crystallinity are observed. A part of the “halo” commonly reported 

for amorphous films [213] is observed for WC coating between 20° and 30° upon a 

detailed examination. 
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Figure 5.7: XRD investigation of (a) 4140 steel, (b) WC ESD coating on a 4140 steel 

coupon, (c) TiCN ESD coating on a 4140 steel coupon, (d) a zoom-in 

(x20) of the TiCN ESD coating on a 4140 steel coupon, (e) TiCN 

electrode used to deposit TiCN coating for a sample characterized in (c-

d). 

5.4.5 Topography of the ESD Coatings’ Surfaces 

Some information about the surface structure and tribological properties are 

obtained based on the surface morphology. The nanoscale surface morphology was 

examined by AFM. The images in Figure 5.8 summarize these studies. Figure 5.8(a) 

illustrates the surface topography of the TiCN coating and Figure 5.8(b) displays the 
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surface topography of the WC coating. Both are set to the same depth scale (0 to 

219.7 nm) for comparison. On this scale both surfaces appear to be very similar and 

overall the images are similar to those of uncoated polished steel seen in section 4.4.3. 

One noticeable difference between the two surfaces is roughness. The average 

roughness (RA) for the TiCN and WC coatings is 24.5 nm and 10.2 nm, respectively. 

The RMS roughness (RRMS) is 33.2 nm and 13.2 nm, respectively. These two 

roughness values are important to determine the Young’s Modulus of the coatings for 

the same reason explained in section 3.4.5. 

Overall, this experiment offers a glimpse at the nanostructuring of the surfaces 

produced. Compared to the structures of the films of TiCN produced by CVD in 

Chapter 3, where the formation of nanostructures 20-25 nm in size was observed, the 

ESD-coated samples do not appear to exhibit any unusual nanostructures on their 

surfaces. 

 

Figure 5.8: Representative 500 nm by 500 nm images of (a) TiCN and (b) WC 

coated samples. The common depth scale is given on the right. The scale 

bars are shown at the bottom of each image. 
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5.4.6 Mechanical properties of ESD coatings 

The microscopy and spectroscopy analysis above in sections 5.4.1-5 mostly 

focused on the quality of the interfaces produced by ESD of WC and TiCN on steel 

substrates. However, the ultimate goal of the approach is to produce a stable hard 

coating on steel. To compare structural integrity of the coatings and compare them to 

the substrate, a Hysitron TI 900 TriboIndenter™ was used to measure the Young’s 

modulus of the coatings. Young’s modulus is a measure of stiffness in an elastic 

material and it normally correlates well with other mechanical properties of coatings. 

It is compared with the previously measured Young’s modulus determined by the 

same set-up for 4140 steel [133]. To measure the Young’s moduli for both coatings, 

the surface roughness must be taken into account. This measurement is available 

through AFM studies presented above in section 5.4.5. The average roughness (RA) for 

the TiCN and WC coatings is 24.5 nm and 10.2 nm, respectively, while the RMS 

roughness (RRMS) is 33.2 nm and 13.2 nm, respectively. Based on this observation, 

measurements made for less than approximately 5RRMS in depth were discarded 

because surface effects affect substantially the obtained value. Table 1 summarizes the 

measured experimental values and relevant literature data. 

Table 5.1: Young’s modulus of ESD-deposited TiCN, WC and substrate steel, GPa. 

Sample Literature Experimental 

Steel 210 [214] 259 ± 32 

ESD-TiCN 467-510 [215] 465 ± 91 

ESD-WC 200-600 [178, 216] 466 ± 118 

Compared to the steel substrate, the Young’s moduli for the TiCN and WC 

were much greater and also agree very well with intervals reported previously [178, 

215, 216]. Because the coatings were sufficiently thick, no substrate effects were 
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expected to be observed, and no effects were calculated to account for those. The most 

important observation is that for both TiCN and WC coatings, the Young’s moduli are 

very similar and further studies should focus on the interfaces produced between these 

coatings and substrate steel by different deposition methods. 

5.5 Conclusions 

Two different coatings and interfaces formed upon their deposition by ESD 

onto steel substrate were examined and compared with those obtained by alternative 

deposition methods. Both a relatively common WC and much lesser understood TiCN 

films exhibited characteristic “splash” patterns when deposited by ESD. These 

patterns confirmed the metallurgical bond with underlying substrate. SEM and TEM 

examined the interfaces between the coatings and underlying steel, and this study 

suggested that the WC forms a very well-defined and smooth interface free of voids 

and impurities; however, inclusion of WC droplets into the steel was observed. The 

interface between TiCN and 4140 series steel was also free of voids and impurities but 

during ESD procedure a transition layer of intermixed TiCN and steel was observed, 

several microns in thickness. These differences were explained by different melting 

points of TiCN compared to WC. The stiffness of the ESD-deposited TiCN and WC 

coatings was estimated by measuring their Young’s moduli. The Young’s modulus 

values were very similar for the two coatings and substantially higher than that of the 

underlying steel substrate, yet lower than the value measured for the CVD coating in 

Chapter 4. 

ESD is a method for deposition of TiCN and WC coatings that is suitable for 

practical applications and produces hard coatings with impurity- and void-free 
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interfaces. Further studies are needed to investigate the physical properties of these 

coatings and interfaces produced. 
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Chapter 6 

NOVEL NANOPARTICLE DEPOSITION TECHNIQUE USING “CLICK 

CHEMISTRY” 

6.1 Abstract 

In this chapter, a novel deposition procedure is developed to chemically attach 

functionalized nanoparticles to a gold surface. Fundamentally similar to previously 

known atomic and molecular layer deposition processes, this nanoparticle layer 

deposition approach uses efficient chemical functionalization of the solid substrate 

material and complementary functionalization of nanoparticles to produce a nearly 

100% coverage of these nanoparticles with the use of copper-catalyzed “click 

chemistry”. Following this initial nanoparticle deposition, a second and third layer of 

nanoparticles is deposited. This layer-by-layer growth is demonstrated to produce 

stable covalently bound multilayers of nearly perfect structure over macroscopic solid 

substrates as confirmed by spectroscopic and microscopic studies. 

6.2 Introduction 

A very versatile type of reaction is “click chemistry” [217, 218]. One common 

type of this cycloaddition process is based on the reaction between azide and alkyne 

functional groups to form triazole rings. Due to fast rate and high selectivity, “click 

reactions” have been applied in a number of fields, including drug delivery [218-220], 

and polymer and material science [221-223]. Recently, we have shown a “click 

chemistry” reaction between iron nanoparticles functionalized with either azide and 
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alkyne termination [79]. The main purpose of the experiment was to show that the 

magnetic properties of the iron nanoparticles, although diminished, remain after “click 

chemistry” (for future use with other materials). However, one result that must be 

noted from that experiment is that the morphology of the nanoparticles changed after 

“click chemistry”. This effect is seen in Figure 6.1. In Figures 6.1(a,c), low (50K) and 

high magnification (200K), respectively, of the iron nanoparticles are seen. Even 

though there was a wide size distribution of iron nanoparticles that averaged 25 nm in 

diameter, we see the individual nanoparticles before the “click chemistry”. After the 

“click chemistry” reaction, seen in Figures 6.1(b,d) (again low (50K) and high 

magnification (200K), respectively), the morphology of the iron nanoparticles differed 

substantially; that is, the average size of the clustered nanoparticle features increased 

to approximately 100 nm. 
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Figure 6.1: Morphological changes after “click chemistry” of functionalized 

nanoparticles. Figures (a,c) show non-functionalized iron nanoparticles at 

low and high magnification, respectively. Figures (b,d) show the iron 

nanoparticles after “click chemistry”. Figures (a) and (b) are at the same 

magnification (50K), and (c) and (d) are at the same magnification 

(200K). Figure adapted from reference [79]. 

As mentioned in section 1.4, the reason that we see the morphological change 

is the “click chemistry” that occurs over a three-dimensional space because the 

functionalization covers completely each nanoparticle. We could further enhance the 

applications by chemically attaching a functionalized nanoparticle to a functionalized 

surface. This could lead to a very high coverage with fast deposition time. We could 

then use this sample and deposit another layer onto the surface using nanoparticles that 

are functionalized with a complementary chemical group. Figure 6.2 illustrates a 

schematic of this procedure. This nanoparticle layer deposition (NPLD) growth has 
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applications in heterogeneous catalysis [81, 82], magnetic materials [83, 84], solar-

energy conversion with photoelectrochemical cells [85, 86] and many more. Further, a 

sample like this could have be a “rebar” backbone for protective coatings. However, 

not much research has been performed on tethering nanoparticles to the surface 

through “click chemistry”, although there has been research on nanoparticle growth. 

For a monolayer formation, Toulemon et al. reported that the magnetic iron oxide 

nanoparticles could be assembled on a solid substrate through “click chemistry” to 

form a single layer [224, 225]. Atomic layer deposition has also been shown to 

strengthen the preassembled layers of nanoparticles in the course of a chemical 

reaction [226]. However, chemical assembly of inorganic nanoparticles to form a 

multilayer system has yet to be demonstrated. 

 

Figure 6.2: Basic scheme of layer-by-layer (LbL) nanoparticle deposition. After the 

surface is modified with an azide-terminated layer, an alkyne 

functionalized 80 nm nanoparticle reacts with the surface. The 

subsequent alkyne-terminated reacts with azide functionalized 50 nm 

particles. This cycle could theoretically repeat endlessly for the LbL 

deposition. 
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The formation of layers of nanoparticles covalently bound to a solid support in 

a self-limited surface process that utilizes “click chemistry” based on a reaction 

between azide and alkyne functionalities is described. This general approach can be 

utilized to form continuous layers consisting of nanoparticles of nanometers to 

microns in size, made of a variety of materials, and constructed in a variety of shapes. 

Most importantly, compared to other currently used techniques for construction of 

relatively thick layers, the proposed process should lead to a conformal filling of 

intricate features. 

This is not a process of self-assembly, but rather a chemically driven self-

limiting process. The formation of the first stable layer with high coverage is the first 

task. Then, a nearly perfect layer is used as a platform for nanoparticle layer 

deposition of silica nanoparticles of different sizes to form a continuous stable layered 

film. It should be emphasized that this process is fundamentally different from what is 

known as layer-by-layer (LbL), where polymer layers [227, 228], polyelectrolytes 

[229], nanoparticle-incorporated materials [230, 231], and supramolecular thin films 

[232] are deposited based on a continuous polymer film formed by a variety of 

deposition methods. Although useful in various applications, these approaches 

normally involve polymers or fibers as alternate layers, meaning that conformal filling 

with such processes is nearly impossible. The proposed NPLD process relies on a 

chemical property of a single nanoparticle as a building block for layered structures. 

The process is demonstrated for deposition of silica nanoparticles because this 

material is well known, cheap, easily modified, and nanoparticles with very narrow 

size distribution that can be purchased from a commercial source. However, in the 
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future, a variety of materials and size distribution could be used for realistic 

applications. 

6.3 Experimental Procedure 

6.3.1 Sample Preparation 

The nanoparticle layer deposition (NPLD) is based on application of a copper-

catalyzed “click” reaction between azide and alkyne functional groups to form the 

triazole ring in a cycloaddition process. The detailed procedure for this NPLD  process 

is found in section 2.2.4. This procedure describes the gold surface functionalization 

as well as the nanoparticle functionalization and deposition. Alternating nanoparticles 

were deposited in the NPLD fashion. To demonstrate the feasibility of such an 

approach, the nanoparticle growth is performed using silica particles of different sizes 

with very narrow size distributions, so that the completion and quality of the layers are 

monitored straightforwardly with spectroscopic and microscopic analytical techniques. 

6.3.2 Surface Characterization 

Each step of the modification with the functionalized nanoparticles was 

explored with single-point attenuated total reflectance Fourier-transform infrared 

spectroscopy (ATR FT-IR), X-ray photoelectron spectroscopy (XPS), and scanning 

electron microscopy (SEM). Some of these experimental results are compared to and 

confirmed by density functional theory (DFT) calculations. 
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6.4 Results and Discussion 

6.4.1 Proof of Chemical Reactions in NPLD 

Single-point ATR FT-IR was first used to prove chemical attachment of 

nanoparticles to the azide-terminated gold surface. Figure 6.3 plots the informative 

regions of these infrared data. All spectra are referenced to a gold substrate sonically 

cleaned with ethanol. Figure 6.3(a) shows the infrared data of azide-terminated gold 

surface. An intense peak observed at 2090 cm-1 is fully consistent with the stretching 

of the azide functional group for the 11-azidoundecanethiol on gold substrate [95]. At 

the same time, symmetric and asymmetric CH2 stretching peaks are observed at 

2850 cm-1 and 2923 cm-1, respectively. These peaks are indicative of an ordered 

system [93, 127, 129, 233]. Figure 6.3(b) shows the infrared spectrum collected 

following the deposition of the first layer of nanoparticles. Here, the azide peak in 

removed because the terminating layer is the alkyne-terminated nanoparticles after 

deposition. The symmetric and asymmetric CH2 stretches are still present at 2854 cm-1 

and 2923 cm-1, which are indicative of a slightly disordered system [93, 127, 129, 233, 

234]. This is expected because the alkyne-termination of functionalized nanoparticles 

is no longer completely ordered. That is, the geometry of the nanoparticle makes its 

functionalization with a SAM result in a disordered molecular layer. In addition, the 

disorder of the alkyl chains in the molecular functionalized layers likely originates 

from a relatively short alkyl chain, although the alkyne termination could be used to 

react further with azide-terminated silica nanoparticles. 
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Figure 6.3: ATR FT-IR spectra of (a) 11-azidoundecanethiol modified Au substrate; 

(b) 80-nm alkyne functionalized nanoparticles deposited onto sample (a); 

(c) 50-nm azide functionalized nanoparticles deposited on sample (b); 

and (d) 80-nm alkyne functionalized nanoparticles deposited on sample 

(c). 

Figure 6.3(c) shows the deposition of azide-terminated nanoparticles onto the 

alkyne-terminated nanoparticles of the first layer. We see the reemergence of the 

azide-stretching peak at 2100 cm-1. Likewise, the reduction in the symmetric and 

asymmetric CH2 ordered peaks and the increased broadness signify that the system is 

much less ordered than before. Again, this result is expected because the short alkyl 

chain is used for nanoparticle functionalization. Figure 6.4(d) shows the second layer 

deposition of the alkyne-terminated nanoparticles onto the azide-terminated 
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nanoparticle surface. The absence of the azide peak is again expected because the top 

layer is now alkyne-terminated and no azide is expected to be present near the top of 

the surface region. In the CH2 stretching region, the shift in wavenumber suggests that 

there is a very high disorder in the system. There is also a peak present at 3295 cm-1, 

which is the alkyne C-H stretching peak. The presence of this peak is indicative of the 

alkyne termination of the deposited nanoparticles on the surface. That this peak is not 

present on the first alkyne-terminated nanoparticle layer does not mean that the 

nanoparticles were not deposited. A combination of techniques is used for proof of the 

nanoparticle deposition, and in this case, we use XPS and SEM studies. 

The X-ray photoelectron spectroscopic studies summarized in Figure 6.4 also 

show evidence of the chemical attachment of the nanoparticles through “click 

chemistry”. All of the peaks were calibrated to the Au 4f7/2 peak at 83.8 eV unlike in 

previous chapters, because the alkyne functionality is present in some samples and 

would influence C 1s peak position. Figures 6.4(a,e) show the azide-terminated gold 

surface for the C 1s and N 1s, regions respectively. In the C 1s region, there is a large 

peak at 284.6 eV with two small peaks at 286.0 V and 288.5 eV. As previously 

mentioned, the peaks at 284.6 eV, 286.0 eV, and 288.5 eV are assigned to C-C bonds 

[121, 122], C-N/C-O bonds [49, 92], and C=O bonds [49, 92, 123], respectively. The 

oxidized species are present, because the samples were transported through the air and 

adventitious carbon adsorbed on the sample. In the N 1s region, there are two features 

in the spectrum that can be deconvoluted to three peaks. These three peaks correspond 

to the three different types of nitrogen present in the sample. The three peaks located 

at 403.4 eV, 400.6 eV, and 400.0 eV correspond to the –N=N=N, –N=N=N, and –

N=N=N (bolded and italicized) nitrogen species, respectively. These assignments 
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agree very well with the previous work on “click chemistry” with iron nanoparticles 

[79]. These two regions show that there is azide present on the surface that is a perfect 

starting point for further nanoparticle deposition with minimal oxidation. 
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Figure 6.4: XPS studies of each layer of nanoparticle deposition. On the left is the C 

1s region, and the right shows the N 1s region of: (a,e) the azide-

terminated gold surface; (b,f) the alkyne 80-nm nanoparticle deposited 

onto azide-terminated gold surface; (c,g) the azide 50-nm nanoparticles 

deposited onto the first 80-nm nanoparticle layer; and (d,h) the second 

80-nm alkyne nanoparticle layer on the 50-nm azide nanoparticle layer. 

The solid lines in the N 1s region show to the predicted energy shifts 

from DFT calculations. The colors of each bar correspond with the colors 

of the model, and the lighter lines show the azide information while the 

darker lines provide information for the triazole ring compound. 
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Figures 6.4(b,f) show the C 1s and N 1s spectral regions following the first 

layer deposition of the 80-nm alkyne-terminated nanoparticles onto the azide-

terminated surface, respectively. There are peaks at 284.6 eV, 286.0 eV, and 288.5 eV, 

which have been assigned in previous sections and chapters. There is also an 

additional peak at 284.0 eV, which may correspond to the C≡C of the alkyne as well 

as the C=C of the triazole ring. In the N 1s region, as before, there are three peaks, but 

they have changed positions. These peaks are present at 401.5 eV, 400.4 eV, and 

399.4 eV, and are assigned to the –C-N-N-, -N-N=N-, and –N=N-C- nitrogen atoms, 

respectively. There is also the possibility that azide may be present (with incomplete 

nanoparticle coverage), but the absence of the peak at 403.4 eV suggests that this is 

not the case. Again, this result is quite similar to the iron nanoparticle “click 

chemistry” study, in which the peaks appeared to combine to form a broad feature. 

These spectra show that there is complete nanoparticle deposition, and this sample is 

an acceptable starting point for the next nanoparticle layer deposition. 

Figures 6.4(c,g) show the C 1s and N 1s regions following deposition of the 

50-nm azide-terminated nanoparticles onto the first 80-nm alkyne-terminated 

nanoparticle layer, respectively. As before, the peaks at 284.0 eV, 284.6 eV, 286.0 eV, 

and 288.5 eV in the C 1s region correspond to the same features of the spectrum 

discussed in the previous sections and chapters. In the N 1s region, there are now 

broad features that can be fitted with 7 peaks. The peak at 407.1 eV corresponds to the 

oxidized nitrogen species. Expected because the sample is transported to the XPS 

chamber in ambient conditions. The other 6 peaks are perfectly aligned with the 

results in Figures 6.4(e-f). This consistency is expected because this layer should be a 

combination of the previous layers; that is, this layer should have the terminated azide 
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functionality (peaks at 403.4 eV, 400.6 eV, and 400.0 eV) in addition to containing the 

triazole ring obtained through the “click chemistry” (peaks at 401.5 eV, 400.4 eV, and 

399.4 eV). The peak assignments are the same as in the previous section. The XPS 

spectra show that the “click chemistry” is an excellent method to deposit the 

nanoparticles layer by layer. 

6.4.2 Surface Coverage and Microscopy Studies 

Scanning electron microscopy (SEM) imaging was performed to follow the 

physical adsorption process and chemical attachment of silica nanoparticles to the gold 

substrate to determine the surface coverage. Additional studies with a focused ion 

beam (FIB) to etch and polish the samples determined the thickness of the samples. 

These results are summarized in Figure 6.5. In Figure 6.5(a), the plane view of the first 

layer of 80-nm alkyne-terminated nanoparticle is shown. The coverage of the first 

layer is calculated to be 87.2% based on the absolute maximum number of particles of 

this size that could fit onto a flat surface, which is excellent even compared to a single 

cycle of ALD [235]. It has to be emphasized that the silica nanoparticles were not 

deposited through the self-assembly process; they were randomly reacting with the 

surface to form covalent linkages. Thus, this coverage is extremely high and the 

reaction is very efficient. Figure 6.5(b) shows the cross sectional view of the 

nanoparticle deposition. In this view, one sees (from bottom to top) the silicon 

substrate, a thin gold layer, and the single layer of SiO2 nanoparticles. This height is 

what is expected for a single layer. 
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Figure 6.5: SEM studies to determine the surface coverage and film thickness. The 

figure shows: (a) the 80-nm alkyne nanoparticle-deposited layer surface 

(plane view); (b) the cross sectional view 80-nm alkyne nanoparticle 

layer; (c) the 50-nm azide nanoparticle deposited layer surface (plane 

view) deposited on top of the first layer; (d) the cross sectional view of 

50-nm azide nanoparticles layer deposited on top of the first layer; (e) the 

second 80-nm alkyne nanoparticle deposited layer surface (third overall 

layer, plane view); and (f) the second cross sectional view of the three-

layer system. 

Following the deposition of the first layer of 80-nm alkyne functionalized 

nanoparticles, the second layer was chosen to be based on 50-nm nanoparticles 

functionalized to have azide termination, as shown in Figures 6.5(c-d). Such a 

difference in size allows a simple verification of the deposition process and the 
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completeness of the formation of the second layer by SEM. As shown in Figure 6.5(c), 

the nearly complete second layer of 50 nm silica nanoparticles is formed on a top of 

the first layer, and the bilayer system is just as stable as the first monolayer. In 

Figure 6.5(d), the thickness of the bilayer shown in Figure 6.5(c) is 130 nm, which is 

fully consistent with depositing the second layer of 50 nm nanoparticles on top of a 

layer of 80 nm nanoparticles. Because the sizes of the nanoparticles within the first 

layer are larger than those of the second layer, and because the attachment is driven by 

a chemical reaction rather than self-assembly, the deposition process does not lead to 

any specific packing of the second layer. 

The same approach was tested to produce the third layer with 80-nm alkyne-

terminated nanoparticles and led to a successful high-coverage layer formation shown 

in Figure 6.5(e-f). Figure 6.5(e) shows a surface (plan) view with high coverage and 

Figure 6.5(f) demonstrates that the thickness of the 3-layer system reaches 210 nm, 

which is what would be expected for a layer of 50 nm nanoparticles sandwiched 

between two layers of 80 nm nanoparticles. In all of these studies, the nanoparticle 

monolayer and multilayers formed through “click chemistry” are very stable. Washing 

with any combination of the standard solvents or sonication in ethanol did not remove 

any particles and did not affect the coverage of this first layer. 

It has to be mentioned that a number of experiments with nanoparticles without 

complementary chemical functionalities lead to physisorption akin to the SEM results 

demonstrated in Figure 6.5, where the physisorbed particles could be easily removed 

by solvents or by sonication. Only the formation of strong chemical bonds through the 

triazole ring keeps the multilayer system stable. To show this behavior, two control 

experiments were performed: (1) to show the importance of the complementary 
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chemistry, and (2) to show the stable nature of the triazole ring. These control 

experiments are summarized in Figure 6.6. 

 

Figure 6.6: Control experiments to show the importance of the complementary 

chemistry and the stable nature of the triazole ring. The figure shows (a) 

the same procedure for first layer nanoparticle deposition sans for azide 

termination of the gold substrate and washing; (b) the same procedure for 

first layer nanoparticle deposition sans for azide termination of the gold 

substrate; and (c) the procedure as written (for reference). 

For physical adsorption of silica nanoparticles, a small number of nanoparticles 

was observed on the surface, as shown in Figure 6.6(a); however, after washing and 

sonication, a pristine surface without any nanoparticles is observed, as demonstrated in 
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Figure 6.6(b). When compared to the procedure outlined in section 2.2.4, it is evident 

that there is a need for chemical attachment through the “click” reaction. The 

nanoparticle monolayer and multilayers formed by this method are very stable with 

respect to washing with standard solvents and sonication. 

6.5 Conclusions 

A new deposition scheme for multilayer systems of nanoparticles on solid 

substrates is proposed and tested: nanoparticle layer deposition based on “click” 

reaction stimulated by sonication. A nearly perfect high coverage of the first layer was 

formed by this approach using azide-functionalized gold substrate and azide-

terminated silica nanoparticles. This deposition step leaves a sufficient number of 

azide groups to react further with alkyne-terminated silica nanoparticles to form a 

high-coverage second layer. The feasibility of continuing this process was tested for 

the third layer as well. This process of growth is fundamentally different from current 

layer-by-layer growth methods involving nanoparticles and has more in common with 

the molecular and atomic growth by MLD and ALD, respectively, making this 

approach an excellent method for growth of controlled layered systems with minimal 

organic contamination and with potentially high conformal filling. As the process is 

not driven by self-assembly, but rather by surface chemical reactions, this general 

approach opens a number of opportunities for three-dimensional design of 

architectures based on chemically driven attachment. 
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Chapter 7 

SUMMARY AND FUTURE WORK 

7.1 Thin Films for Photovoltaic Applications 

In this work, a silicon substrate was functionalized with 1-amino-10-undecene 

and reacted with [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). Along each step 

of the process, the sample was interrogated through spectroscopic, microscopic, and 

computational techniques. Despite the similarity of kinetic and thermodynamic 

parameters predicted computationally for two competing chemical pathways for the 

attachment process, where one pathway was through the PCBM ester (Structure 1) 

and the second was through the reaction of the PCBM C60 cage (Structure 2), the 

experimental results suggest that the reaction took place predominantly directly 

through the C60 cage. The XPS results confirmed that a reaction occurred and PCBM 

is present on the surface. This was shown by the presence the π-π* shake-up in the 

C 1s region, and the slight shift in binding energy for the main peak in the N 1s region. 

The AFM measurements showed that the PCBM attached to the surface without large 

clusters forming more than one molecule high. Infrared spectroscopic measurements 

indicated the lack of a shift in the C=O stretching frequency, meaning that there was 

no change of the chemical environment of the carbonyl group. ToF-SIMS analysis 

suggested that the nitrogen is directly attached to the C60 cage following surface 

reaction and the continued presence of the OCH3
- peak (which would be removed if 

Structure 1 were the dominant product) indicated the dominance of Structure 2. The 

formation of Structure 2 (final structure through C60) over Structure 1 (final 
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structure through ester to form amide) is due to the fact that there are multiple reaction 

sites through the C60 cage compared to the single ester per PCBM molecule. 

The understanding of competing chemistries is essential for further studies of 

PCBM reacted with functionalized solid surfaces via the amino functionality. This 

work has potential applications in organic photovoltaic devices. If a photovoltaic 

application requires tethering of a PCBM molecule (say for an ordered heterojunction 

formation), this work suggests novel ways in which such instruments may be designed 

to carry out the process.  

7.2 Thin Film TiCN Protective Coating for Perfect Deposition 

In this work, a thin protective titanium carbonitride (TiCN) coating was 

deposited onto a 4140 steel substrate through a common chemical vapor deposition 

precursor normally used for producing a diffusion barrier in microelectronics. The thin 

films were deposited under both HV and UHV conditions. Although there was a 

difference in vacuum level, both depositions led to coatings with similar properties. 

Before exposure to the atmosphere, AES showed that the coatings were comprised of 

titanium, carbon, and nitrogen, while after exposure to ambient conditions the film 

became partially oxidized. ToF-SIMS analysis demonstrated that the coating was 

uniform throughout and suggested that the TiCN-steel interface was well defined. 

Likewise, the TEM images showed a sharp interface consistent with the ToF-SIMS 

measurements. The AFM measurement revealed the topography of the bare steel and 

TiCN coating. The surface of the TiCN-coated sample exhibited 25-30 nm 

nanostructures. The tribological measurements indicated that the Young’s modulus of 

the TiCN coating was roughly 2.5 times greater than that of the 4140 steel. Overall, 

the coatings exhibited a well-defined interface and were uniform throughout. 
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This work is especially important to applications that require a thin film for 

protective applications. One aspect that must be investigated is how the TDMAT 

actually adheres or bonds to the steel substrate. No work has been performed on the 

mechanism, unlike the reaction of TDMAT and silicon surfaces, which leads to a 

formation of a very common diffusion barrier. The order of layers on the surface may 

play a roll in tribological properties. In other words, if a layer of TiC has been 

deposited before the TiCN, there may be interesting properties that the pure TiCN 

coating may not have. Likewise, the addition of various elements in the coating may 

enhance or degrade the protective aspect. 

7.3 Thin Film TiCN Protective Coating by Practical Deposition Methods 

Because there are certain applications that are not conducive to vacuum 

deposition and the coatings must be deposited in the ambient environment, another 

technique must be used. In this work, a TiCN coating has been deposited on a 4140 

steel substrate through electrospark deposition (ESD) and compared to a common WC 

ESD coating. In the SEM measurements, both the TiCN and WC ESD coatings exhibit 

“splash” patterning indicative of ESD coatings. SEM also suggests that the interface 

between the steel and the WC coating is very well-defined and free of voids and 

impurities, although TEM measurements demonstrate the formation of WC droplets in 

the steel. The TiCN and steel also exhibit a well-defined and void- and impurity-free 

interface, but display a several micron thick transitional layer between the pure TiCN 

and pure steel. The different interfaces are explained by the difference in melting 

points as well as the differences in specific heat capacity of these materials. The 

similar Young’s moduli suggest that the both coatings exhibit excellent mechanical 
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properties. Overall, ESD is a satisfactory method to produce void- and impurity-free 

protective coatings for practical applications. 

This work forms an excellent basis for future ESD work. As previously stated, 

not much molecular-level work has been done on realistic TiCN coatings, and nitride 

coatings in particular. This work helps lay a foundation for future applications of ESD 

nitride and carbonitride coatings that can be compared. Also, additional work should 

be done to determine the corrosion properties of the TiCN coatings. Just as in the 

previous section, work should be done to investigate how different elements either 

enhance or diminish tribological and chemical properties of the coating. 

7.4 Novel Wet-Chemistry-Based Nanoparticle Deposition 

In this work, “click chemistry” was shown to deposit silica nanoparticles in a 

multilayer system with high coverage onto a gold substrate. Both spectroscopic and 

microscopic measurements were utilized to characterize the system. Infrared and XPS 

studies confirmed the chemical attachment of the functionalized nanoparticles to the 

complementary functionalized surface. The SEM images showed that there was nearly 

perfect nanoparticle layer coverage, and cross-sectional SEM studies indicated that 

each layer was of the expected thickness. Subsequent control experiments indicated 

that the nanoparticle deposition on the surface was chemical in nature rather than a 

physical deposition. The relatively high deposition rate compared to molecular layer 

deposition and atomic layer deposition techniques makes this an attractive strategy for 

controlled three-dimensional nanoparticle deposition. 

In the future, it would be interesting to look at different substrates and different 

deposition materials. One direction that will be taken is the deposition of magnetic 
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nanoparticles on a nonmagnetic surface. Three-dimensional surfaces (i.e. not flat) will 

be at the focus of several future studies in the group. 

7.5 Overall Conclusions 

Throughout the the thesis, different surface and interfacial systems have been 

investigated. All projects are related to the molecular understanding of surfaces and 

interfaces, and each has brought its own challenges and difficulties. Fundamental 

and/or field-relevant research was conducted to improve upon points that were 

previously not understood. This work will be continued by current or future members 

of the Teplyakov research group. 
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Appendix A 

DFT MODEL XYZ COORDINATES 

Table A.1: PCBM Coordinates 

Atom x y z 

C 1.4090 -1.9284 -0.5442 

C 1.1222 -1.3715 -1.8915 

C 1.2464 -0.0039 -2.1470 

C 2.1439 0.3527 0.3355 

C 1.8109 -1.1009 0.5073 

C 0.4512 -3.0042 -0.3006 

C -0.4163 -3.1251 -1.4713 

C -0.0038 -2.1172 -2.4461 

C -0.9756 -1.4701 -3.2323 

C 0.2110 0.6719 -2.9113 

C 0.8836 2.1385 -1.1849 

C 0.4212 2.7736 -0.0311 

C 0.7058 2.2172 1.3158 

C 1.4433 1.0423 1.4682 

C 0.9885 0.0344 2.4102 

C 1.2122 -1.2825 1.8198 

C 0.3068 -2.3274 2.0716 

C -0.0829 -3.2117 0.9850 

C -1.7755 -3.4441 -1.3155 

C -2.3308 -3.6467 0.0239 

C -1.5004 -3.5334 1.1507 

C -1.9844 -2.8425 2.3481 

C -0.8641 -2.0959 2.9197 

C -1.0787 -0.8306 3.4870 

C -0.1313 0.2555 3.2305 

C -0.8801 1.4944 3.0976 

C -0.4725 2.4486 2.1461 

C -0.0116 1.9887 -2.3199 

C -3.7168 2.7370 0.3414 
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Table A.1 continued. 

C -3.1917 2.9255 -0.9473 

C -3.5969 2.0365 -2.0388 

C -4.5062 0.9932 -1.7947 

C -5.0526 0.7989 -0.4517 

C -4.3856 1.1057 1.9229 

C -3.2617 1.8488 2.4902 

C -2.8416 2.8520 1.5099 

C -1.4773 3.1402 1.3403 

C -0.9265 3.3342 0.0001 

C -1.7725 3.2361 -1.1207 

C -2.4263 1.8001 -2.8835 

C -2.2122 0.5348 -3.4513 

C -3.1585 -0.5519 -3.1996 

C -4.2827 -0.3274 -2.3875 

C -4.6915 -1.3367 -1.4103 

C -5.1693 -0.6408 -0.2141 

C -4.9001 -1.1670 1.0600 

C -4.5025 -0.2761 2.1512 

C -2.2999 1.1845 3.2682 

C -2.4231 -0.2552 3.5094 

C -3.5007 -0.9706 2.9604 

C -3.2770 -2.2915 2.3681 

C -4.1408 -2.4117 1.1931 

C -3.6771 -3.0774 0.0457 

C -3.9585 -2.5289 -1.2834 

C -2.7857 -2.7602 -2.1253 

C -2.3927 -1.7933 -3.0650 

C -1.3031 2.5436 -2.3096 

C -0.8658 -0.0393 -3.4681 

C -4.6672 1.6548 0.5941 

C 1.8247 0.9703 -1.1644 

C 3.2362 0.9416 -0.5629 

C 3.8527 2.2694 -0.1716 

C 4.0264 3.2697 -1.1515 

C 4.3503 2.4905 1.1284 

C 4.6835 4.4717 -0.8376 

H 3.6422 3.1104 -2.1571 

C 5.0075 3.6926 1.4459 

H 4.2241 1.7279 1.8929 

C 5.1769 4.6872 0.4643 
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Table A.1 continued 

H 4.8072 5.2365 -1.6005 

H 5.3858 3.8506 2.4528 

H 5.6837 5.6173 0.7098 

C 4.2470 -0.0398 -1.1875 

H 4.7371 0.4780 -2.0247 

H 3.7261 -0.9032 -1.6164 

C 5.3098 -0.5357 -0.1851 

H 5.8756 0.3094 0.2219 

H 4.8197 -1.0240 0.6673 

C 6.2815 -1.5279 -0.8473 

H 5.7460 -2.3989 -1.2508 

H 6.7967 -1.0686 -1.7028 

C 7.3402 -2.0389 0.1125 

O 7.4534 -1.7444 1.3138 

O 8.2042 -2.9102 -0.5270 

C 9.2886 -3.4947 0.2845 

H 9.8341 -4.1438 -0.4017 

H 9.9351 -2.7033 0.6767 

H 8.8699 -4.0660 1.1191 

Table A.2: Si111-AUD Coordinates 

Atom x y z 

Si 4.8489 2.7952 0.0138 

Si 2.3681 0.5831 -1.9165 

Si 4.5497 1.4766 -1.9164 

Si 6.1246 -0.2757 -1.9203 

Si 3.6325 -2.4907 -0.0133 

Si 5.8187 -1.6118 -0.0036 

Si 6.1152 -0.2933 1.9266 

H 3.4429 -3.3445 -1.2184 

H 4.7268 2.2911 3.1518 

H 1.3740 1.6805 1.9467 

Si 2.0115 -0.7681 -0.0093 

Si 2.3589 0.5647 1.9125 

Si 4.5402 1.4589 1.9304 

H 2.1460 -0.2573 3.1360 

H 3.4366 -3.3553 1.1830 
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Table A.2 continued. 

H 1.3836 1.6994 -1.9445 

H 2.1601 -0.2273 -3.1484 

H 4.7426 2.3196 -3.1294 

H 3.8677 3.9131 0.0165 

H 6.2150 3.3836 0.0200 

H 5.9537 -1.1037 -3.1442 

H 7.5029 0.2835 -1.9346 

H 7.4936 0.2653 1.9531 

H 5.9376 -1.1323 3.1420 

H 6.8092 -2.7243 -0.0064 

N -13.6279 1.0179 0.0250 

C -11.1633 0.7135 0.0334 

C -9.9848 -0.2823 -0.0007 

C -8.6045 0.4094 0.0283 

C -7.4235 -0.5844 -0.0061 

C -6.0420 0.1043 0.0208 

C -4.8634 -0.8924 -0.0130 

C -3.4798 -0.2073 0.0107 

C -2.3054 -1.2095 -0.0180 

C -0.9189 -0.5259 -0.0001 

C 0.2488 -1.5441 -0.0190 

H -13.6033 1.6844 -0.7433 

H -11.0838 1.4001 -0.8265 

H -11.1113 1.3357 0.9377 

H -10.0633 -0.9690 0.8578 

H -10.0572 -0.9075 -0.9056 

H -8.5256 1.0977 -0.8288 

H -8.5300 1.0326 0.9338 

H -7.5027 -1.2723 0.8513 

H -7.5003 -1.2081 -0.9116 

H -5.9619 0.7916 -0.8369 

H -5.9646 0.7282 0.9259 

H -4.9434 -1.5782 0.8460 

H -4.9430 -1.5179 -0.9170 

H -3.3979 0.4752 -0.8507 

H -3.4009 0.4204 0.9129 

H -2.3856 -1.8887 0.8461 

H -2.3868 -1.8400 -0.9181 

H -0.8421 0.1490 -0.8667 

H -0.8458 0.1107 0.8953 
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Table A.2 continued 

H 0.1678 -2.2136 0.8510 

H 0.1655 -2.1841 -0.9106 

C -12.5394 0.0223 0.0001 

H -12.5789 -0.6514 -0.8803 

H -12.6433 -0.6131 0.8910 

H -14.5583 0.6372 0.1758 

Table A.3: Si111-AUD-PCBM Structure 1 Coordinates 

Atom x y z 

Si -18.6460 -1.6168 2.9691 

Si -16.4267 -2.2247 -0.1111 

Si -18.4205 -2.8553 0.9769 

Si -20.2601 -2.4193 -0.4295 

Si -18.3242 0.4996 -2.0127 

Si -20.3269 -0.1194 -0.9375 

Si -20.5541 1.1148 1.0565 

H -18.1859 -0.2614 -3.2851 

H -18.8518 1.4670 3.7205 

H -15.5635 1.0537 2.2776 

Si -16.4444 0.0801 -0.6396 

Si -16.7162 1.2999 1.3682 

Si -18.7121 0.6834 2.4614 

H -16.7435 2.7575 1.0647 

H -18.3706 1.9468 -2.3601 

H -15.2694 -2.5426 0.7701 

H -16.2674 -3.0201 -1.3599 

H -18.3730 -4.3090 1.2986 

H -17.4989 -1.9022 3.8721 

H -19.8939 -2.0153 3.6738 

H -20.1361 -3.2107 -1.6829 

H -21.5210 -2.8257 0.2469 

H -21.8149 0.7326 1.7471 

H -20.6238 2.5679 0.7462 

H -21.4847 0.1613 -1.8317 

N -0.7236 0.4534 -1.0580 

C -3.2295 0.5157 -0.9813 

C -4.5202 0.7870 -1.7833 
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Table A.3 continued. 

C -5.7993 0.5347 -0.9563 

C -7.1027 0.8138 -1.7352 

C -8.3733 0.5193 -0.9090 

C -9.6850 0.7935 -1.6758 

C -10.9481 0.4605 -0.8523 

C -12.2648 0.7225 -1.6153 

C -13.5218 0.3440 -0.7985 

C -14.8398 0.5934 -1.5734 

H -0.5633 -0.4890 -0.7216 

H -3.2546 -0.5157 -0.5926 

H -3.1855 1.1833 -0.1088 

H -4.5145 1.8284 -2.1414 

H -4.5370 0.1481 -2.6813 

H -5.8038 -0.5109 -0.6076 

H -5.7761 1.1630 -0.0515 

H -7.1142 1.8661 -2.0617 

H -7.1165 0.2035 -2.6527 

H -8.3576 -0.5342 -0.5856 

H -8.3574 1.1258 0.0110 

H -9.7153 1.8521 -1.9801 

H -9.6923 0.2026 -2.6059 

H -10.9111 -0.5980 -0.5475 

H -10.9422 1.0515 0.0778 

H -12.3192 1.7860 -1.8977 

H -12.2596 0.1495 -2.5564 

H -13.4514 -0.7168 -0.5122 

H -13.5263 0.9184 0.1409 

H -14.9207 1.6600 -1.8322 

H -14.8151 0.0442 -2.5271 

C -1.9522 0.7171 -1.8247 

H -1.9787 0.0610 -2.7074 

H -1.8844 1.7514 -2.1762 

C 0.1719 1.4398 -0.7026 

C 1.3130 0.9907 0.2159 

O 0.0466 2.6359 -1.0785 

C 2.6446 1.7012 -0.1035 

H 1.4374 -0.1012 0.1771 

H 1.0116 1.2419 1.2450 

C 3.6901 1.4404 1.0010 

H 2.4471 2.7724 -0.2107 
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Table A.3 continued. 

H 3.0254 1.3452 -1.0718 

C 5.0702 2.0599 0.7107 

H 3.3310 1.8658 1.9496 

H 3.7846 0.3604 1.1607 

C 5.9878 1.3220 -0.2708 

C 6.2839 1.3768 1.3552 

C 5.0571 3.5747 0.6835 

C 5.7804 -0.0550 -0.8314 

C 7.0587 1.9272 -1.1297 

C 6.3026 0.0461 2.0469 

C 7.5763 2.0292 1.7465 

C 5.1251 4.2920 1.8965 

C 4.8734 4.2823 -0.5211 

C 5.6835 -1.2026 -0.0401 

C 6.4612 -0.1362 -2.1139 

C 8.1480 2.6346 -0.6188 

C 7.2445 1.0830 -2.2974 

C 5.9476 -1.1513 1.4212 

C 7.3853 0.0458 3.0166 

C 8.4108 2.6871 0.8416 

C 8.1681 1.2650 2.8315 

C 5.0152 5.6930 1.9054 

H 5.2691 3.7556 2.8324 

C 4.7637 5.6842 -0.5157 

H 4.8150 3.7414 -1.4624 

C 6.1980 -2.4768 -0.5350 

C 6.9424 -1.3603 -2.6095 

C 9.4393 2.5696 -1.2962 

C 8.4777 1.0300 -2.9707 

C 6.6175 -2.3943 1.7922 

C 8.0231 -1.1476 3.3969 

C 9.8581 2.6536 1.0302 

C 9.5586 1.2443 3.0368 

C 4.8339 6.3945 0.6974 

H 5.0722 6.2347 2.8464 

H 4.6194 6.2175 -1.4519 

C 6.7703 -3.2131 0.5909 

C 6.8055 -2.5619 -1.8021 

C 8.2296 -1.4170 -3.3047 

C 9.6032 1.7949 -2.4599 
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Table A.3 continued. 

C 10.4942 2.5862 -0.2844 

C 8.9817 -0.2460 -3.4808 

C 7.6286 -2.3998 2.7719 

C 9.4724 -1.1719 3.6024 

C 10.4266 1.9582 2.1144 

C 10.2242 -0.0006 3.4255 

H 4.7487 7.4784 0.7021 

C 7.9203 -3.9990 0.4120 

C 8.0098 -3.3717 -1.9890 

C 8.8919 -2.6630 -2.9193 

C 10.8153 0.9971 -2.6488 

C 11.6626 1.8291 -0.4677 

C 10.4306 -0.2671 -3.2808 

C 8.8327 -3.2091 2.5822 

C 9.9743 -2.4492 3.0967 

C 11.6376 1.1594 1.9232 

C 11.5125 -0.0536 2.7348 

C 8.5574 -4.0757 -0.9042 

C 8.9765 -3.9927 1.4260 

C 10.2834 -2.6853 -2.7244 

C 11.8248 1.0126 -1.6725 

C 12.2442 1.0955 0.6582 

C 11.0690 -1.4628 -2.9096 

C 11.2115 -2.5027 2.4323 

C 11.9962 -1.2796 2.2473 

C 10.0053 -4.1032 -0.7041 

C 10.2645 -4.0523 0.7369 

C 10.8517 -3.4210 -1.5948 

C 12.4917 -0.2304 -1.2887 

C 12.7510 -0.1792 0.1524 

C 12.1215 -1.4439 -1.8933 

C 11.3593 -3.3208 1.2283 

C 12.6288 -1.3436 0.9298 

C 11.9885 -2.6548 -1.0814 

C 12.2370 -2.6058 0.3000 
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Table A.4: Si111-AUD-PCBM Structure 2 Coordinates 

Atom x y z 

Si 17.9838 -2.4029 1.3765 

Si 15.6781 0.6335 1.8872 

Si 17.8351 -0.2332 2.2832 

Si 19.4439 1.1550 1.2649 

Si 16.8821 2.1034 -1.4351 

Si 19.0434 1.2428 -1.0553 

Si 19.1945 -0.9274 -1.9598 

H 16.7928 3.4829 -0.8815 

H 17.6727 -3.6867 -1.5179 

H 14.4185 -2.3399 -0.7219 

Si 15.2282 0.7421 -0.4317 

Si 15.4318 -1.4352 -1.3311 

Si 17.5839 -2.3149 -0.9442 

H 15.1675 -1.3926 -2.7962 

H 16.6296 2.1919 -2.8999 

H 14.6720 -0.2292 2.5657 

H 15.5716 1.9952 2.4804 

H 18.0851 -0.2908 3.7506 

H 16.9834 -3.2903 2.0280 

H 19.3352 -2.9676 1.6362 

H 19.3661 2.5238 1.8420 

H 20.8088 0.6241 1.5257 

H 20.5565 -1.4780 -1.7269 

H 18.9645 -0.8784 -3.4286 

H 20.0545 2.1240 -1.7034 

N -0.2982 -1.0436 0.8636 

C 2.1327 -0.6516 0.6155 

C 3.2539 0.2315 0.0267 

C 4.6637 -0.2614 0.4178 

C 5.8035 0.6051 -0.1597 

C 7.2058 0.0941 0.2354 

C 8.3593 0.9441 -0.3399 

C 9.7541 0.4035 0.0427 

C 10.9191 1.2344 -0.5383 

C 12.3061 0.6494 -0.1858 

C 13.4786 1.4689 -0.7809 

H -0.1516 -1.1338 1.8698 

H 2.2284 -0.6692 1.7140 

H 2.2520 -1.6893 0.2739 
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Table A.4 continued. 

H 3.1667 0.2513 -1.0714 

H 3.1229 1.2705 0.3687 

H 4.7474 -0.2838 1.5164 

H 4.7910 -1.3012 0.0764 

H 5.7216 0.6307 -1.2583 

H 5.6827 1.6447 0.1853 

H 7.2867 0.0696 1.3342 

H 7.3200 -0.9474 -0.1064 

H 8.2723 0.9796 -1.4379 

H 8.2594 1.9830 0.0136 

H 9.8426 0.3708 1.1406 

H 9.8445 -0.6379 -0.3066 

H 10.8167 1.2880 -1.6341 

H 10.8527 2.2696 -0.1671 

H 12.4055 0.5976 0.9095 

H 12.3532 -0.3887 -0.5496 

H 13.3567 1.5473 -1.8720 

H 13.4484 2.4972 -0.3901 

C 0.7210 -0.1664 0.2403 

H 0.6003 0.8925 0.5359 

H 0.6005 -0.2045 -0.8514 

C -2.1729 0.7013 0.7747 

C -2.6128 -1.4733 1.6170 

C -2.8156 0.8369 2.0638 

C -2.5020 1.5867 -0.2410 

C -3.0893 -0.5056 2.5817 

C -3.3554 -2.6209 1.3861 

C -2.5963 -0.2564 -1.9201 

C -3.0399 -2.4260 -1.0766 

C -3.7197 1.8857 2.3229 

C -3.4553 2.6628 -0.0045 

C -2.7168 1.0963 -1.6319 

C -4.2529 -0.7428 3.3397 

C -3.5716 -3.1202 -0.0001 

C -4.5770 -2.8734 2.1379 

C -3.5746 -0.8864 -2.7807 

C -3.8469 -2.2258 -2.2605 

C -4.0480 2.8241 1.2610 

C -4.9366 1.6310 3.0953 

C -4.2598 2.8412 -1.2117 
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Table A.4 continued. 

C -3.7982 1.8798 -2.2123 

C -5.1966 0.3468 3.5929 

C -5.0173 -1.9583 3.1113 

C -4.9214 -3.6610 -0.0678 

C -5.5460 -3.5064 1.2452 

C -4.6107 -0.1389 -3.3776 

C -5.1444 -2.7695 -2.3581 

C -5.4693 3.1510 1.3662 

C -6.0156 2.4161 2.4962 

C -5.6247 3.1566 -1.1102 

C -4.7264 1.2803 -3.0844 

C -6.5474 -0.2086 3.5126 

C -6.4383 -1.6287 3.2165 

C -5.6966 -3.5040 -1.2320 

C -6.9106 -3.1905 1.3464 

C -5.9604 -0.6983 -3.4579 

C -6.2210 -1.9831 -2.9609 

C -6.2486 3.3065 0.2037 

C -7.3128 1.8794 2.4083 

C -6.5938 2.5220 -2.0028 

C -6.1481 1.6079 -2.9765 

C -7.5838 0.5411 2.9276 

C -7.3693 -2.2258 2.3452 

C -7.1172 -3.1727 -1.1256 

C -7.7152 -3.0109 0.1384 

C -6.9067 0.3888 -3.2074 

C -7.4394 -2.2363 -2.1913 

C -7.6018 2.7667 0.1346 

C -8.1392 2.0907 1.2329 

C -7.8179 2.2740 -1.2505 

C -8.5807 -0.0859 2.0770 

C -8.4541 -1.4432 1.7644 

C -8.6716 -1.9357 0.3784 

C -8.0728 0.1486 -2.4583 

C -8.3453 -1.1903 -1.9411 

C -9.0910 0.9388 1.1087 

C -8.5638 1.1191 -1.4971 

C -9.0106 -1.0580 -0.6559 

C -10.4650 0.9554 0.4266 

C -9.3349 0.3908 -0.4373 
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Table A.4 continued. 

C -11.0446 2.3077 0.0632 

C -11.5197 -0.0363 0.9548 

C -11.2757 3.2586 1.0799 

C -11.4531 2.6006 -1.2534 

H -12.0438 0.4517 1.7895 

H -11.0321 -0.9254 1.3700 

C -12.5394 -0.4719 -0.1181 

C -11.9016 4.4821 0.7860 

H -10.9596 3.0440 2.0988 

C -12.0788 3.8244 -1.5511 

H -11.2815 1.8767 -2.0461 

H -13.0668 0.4000 -0.5203 

H -12.0167 -0.9391 -0.9628 

C -13.5615 -1.4664 0.4590 

C -12.3059 4.7693 -0.5327 

H -12.0698 5.2083 1.5776 

H -12.3885 4.0375 -2.5712 

H -13.0638 -2.3614 0.8580 

H -14.1095 -1.0254 1.3039 

C -14.5817 -1.9216 -0.5680 

H -12.7883 5.7162 -0.7628 

O -14.6496 -1.5607 -1.7544 

O -15.4696 -2.8263 -0.0118 

C -16.5216 -3.3619 -0.8959 

H -17.0907 -4.0505 -0.2700 

H -17.1554 -2.5491 -1.2647 

H -16.0711 -3.8829 -1.7466 

C -1.7278 -0.7784 0.5507 

C -2.0071 -1.2905 -0.9435 

H -1.0300 -1.6483 -1.2937 
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