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Semiconductor substrates are widely used in many applications. Multiple 

practical uses involving these materials require the ability to tune their physical and 

chemical properties to adjust those to a specific application. In recent years, surface 

and interface reactions have affected dramatically device fabrication and material 

design. Novel surface functionalization techniques with diverse chemical approaches 

make the desired physical, thermal, electrical, and mechanical properties attainable. 

Meanwhile, the modified surface can serve as one of the most important key steps for 

further assembly process in order to make novel devices and materials.  

In the following chapters, novel chemical approaches to the functionalization 

of silicon and zinc oxide substrates will be reviewed and discussed. The specific 

functionalities including amines, azides, and alkynes on surfaces of different materials 

will be applied to address subsequent attachment of large molecules and assembly 

processes. This research is aimed to develop new strategies for manipulating the 

surface properties of semiconductor materials in a controlled way. The findings of 

these investigations will be relevant for future applications in molecular and 

nanoelectronics, sensing, and solar energy conversion. 

 

The ultimate goals of the projects are: 

1) Preparation of an oxygen-and carbon-free silicon surface based exclusively 

on Si-N linkages for further modification protocols. 

ABSTRACT 
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This project involves designing the surface reaction of hydrazine on chlorine-

terminated silicon surface, introduction of additional functional group through 

dehydrohalogenation condensation reaction and direct covalent attachment of C60. 

 

2) Demonstrating alternative method to anchor carbon nanotubes to solid 

substrates directly through the carbon cage. 

This project targets surface modification of silicon and gold substrates with 

amine-terminated organic monolayers and the covalent attachment of 

nonfunctionalized and carboxylic acid-functionalized carbon nanotubes. 

 

3) Designing a universal method for the modular functionalization of zinc 

oxide surface for the chemical protection of material morphology. 

This project involves surface modification of zinc oxide nanopowder under 

vacuum condition with propiolic acid, followed by “click” reaction. 

 

A combination of spectroscopy and microscopy techniques was utilized to 

study the surface functionalization and assembly processes. Fourier-transform infrared 

spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS) and time of fight 

secondary ion mass spectroscopy (ToF-SIMS) were employed to elucidate the 

chemical structure of the modified surface. Atomic force microscopy (AFM), 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM) 

were combined to obtain the surface morphological information. Density functional 

theory (DFT) calculations were applied to confirm the experimental results and to 

suggest plausible reaction mechanisms. Other complementary techniques for these 
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projects also include nuclear magnetic resonance (NMR) spectroscopy to identify the 

chemical species on the surface and charge-carrier lifetime measurements to evaluate 

the electronic property of C60-modified silicon surface. 

 

 



 1 

INTRODUCTION 

1.1 Chemical Functionalization of Semiconductor Surfaces 

Semiconductor materials, especially silicon, have been extensively used in 

modern microelectronics industry. Silicon continues to be the starting platform for 

device manufacturing in this field. Shrinking size of the components of these devices 

requires controlling reactions at the interfaces and surfaces to prevent contamination 

and to increase device efficiency by manipulating the properties of the target 

interfaces. Therefore, chemical functionalization of semiconductor surface turns to 

become a practical method that can be widely applied to tailor the surface and 

interface properties of semiconductors such as conductivity, corrosion resistance, 

wettability and so on to the corresponding application.
1
 

Common surface functionalization schemes are summarized in Figure 1.1, 

which also reveals that surface functionalization and chemistry can serve as a 

preliminary step for further modification protocols.
2
 The potential applications of 

functionalized surface include novel materials for catalysis, molecular and 

nanoelectronics, sensing, and solar energy conversion.
3-6

 

 

 

 

 

 

Chapter 1 
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Figure 1.1 Summary of surface modification schemes used to introduce a new 

chemical function to a surface (based on generalized reactions of silicon surfaces). 

 

In this thesis, the chemical functionalization utilized will be mostly based on 

the reaction of amine-containing compounds with surface chlorine, carbon 
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nanostructure (CNTs and C60) covalent binding with surface amine and azide-alkyne 

cycloaddition “click” reaction. The projects in this thesis involve substantial work on 

developing surface modification schemes for different materials and the 

characterization of surface species and morphology. Different materials and 

functionalization methods will be introduced in detail. 

 

1.1.1 Organic Functionalization of Silicon Surface 

The atomically flat hydrogen terminated Si(111) single crystalline surface can 

be prepared following a well-established modified RCA procedure
2, 7-8

. This surface 

has long been a perfectly-defined golden standard for a number of further chemical 

modifications.
2
 As summarized in Figure 1.1 above, three major types of surface 

modification can be developed based on the appropriately terminated semiconductor 

surfaces: replacement, condensation, and the direct formation of organic monolayer.  

The formation of organic monolayers is probably the most common technique 

to introduce functional groups and to control their distribution and concentration on a 

surface of not only silicon but also a large number of other materials. In this thesis, a 

self-assembled monolayer, 11- amino-1-undecene, was introduced to H-Si(111) 

surface. Replacement of surface termination is an alternative approach for 

semiconductor surface functionalization. For the most part, those processes use direct 

chlorination of H-terminated surface to replace the surface hydrogen with chlorine, 

forming Cl-Si(111), which is also a very common surface used for further chemical 

modification. Finally, a very important class of surface modification processes can be 

generalized as condensation reactions. For example, chlorine-terminated silicon 

surfaces reacted with amines produce similar groups and yield HCl as side products. 
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In this thesis, hydrazine and phenylhydrazine reactions with Cl-Si(111) surface lead to 

the formation of amine species on the surface and hydrazine salt byproducts.  

 

1.1.2 Passivation of Gold Surface 

It is well known that gold is an inert and stable material with high 

biocompatibility. Gold and gold thin films deposited on different substrates have been 

widely used for both industrial and research purposes, from jewelry
9
 to drug 

delivery.
10-11

 Common surface functionalization schemes for gold surface involve self-

assembled monolayers (SAMs) containing thiol groups.
1
 In this thesis, cysteamine–

functionalized gold surface was prepared by immersing cleaned gold substrate in 

cysteamine solution for 24 hours. Gold substrate is always cleaned using piranha 

solution or annealing under high vacuum condition to eliminate the impurities. 

Experimental details for cleaning process and surface modification of gold substrates 

can be found in the next chapter. 

 

1.1.3 Functionalization of Zinc Oxide Surface 

ZnO is a complex material with rich and intricate defect chemistry. The 

properties of ZnO can be extremely sensitive to processing methods, ingredients and 

conditions;
12

 consequently, surface modification of ZnO using both inorganic and 

organic species has been explored to control and regulate its surface properties, 

particularly at heterointerfaces in electronic devices.
13

 

Molecular modification of ZnO has been employed in many applications to 

alter its surface properties.
12-13

 Generally, common methods utilize polar groups on the 
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modifying species such as carboxyl (–COOH),
14

 phosphonic acid (–P(O)(OH)2),
15

 

amine (–NH2 ),
16

 and thiol (–SH)
17-18

 to anchor the functional group to the zinc oxide 

surface. Different compounds lead to different modes of bonding to the surface, for 

example, carboxyl and thiol linkers favor dissociative absorption.
19

 In this thesis, ZnO 

surface was functionalized with a carboxylic acid, propiolic acid, with alkyne group 

on the end to enable the following “click” reaction.  

 

1.2 Analytical Techniques to Study the Surface Modification Process 

Due to the complexity of the surface modification processes, multiple 

analytical techniques including spectroscopic and microscopic methods are required.  

To study the chemical/biological interactions and to identify the chemical 

structure on the surface, spectroscopic techniques such as Fourier-transform infrared 

spectroscopy (FT-IR), X-ray photoelectron Spectroscopy (XPS) and Time of Flight 

Secondary Ion Mass Spectrometry (TOF-SIMS) were combined to investigate the 

linkage between molecules and substrates. For certain samples, nuclear magnetic 

Resonance Spectroscopy (NMR) was used as a precise technique to identify the 

chemical species on the surface. Microscopic studies with Atomic Force Microscopy 

(AFM), Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy 

(TEM) were performed to visualize the topographical and morphological information 

of the modified surface. Computational methods such as Density Functional Theory 

(DFT) calculations were utilized to confirm the experimental results and to offer 

possible reaction pathways. Additionally, electronic properties of the material 

produced may be investigated by Charge-Carrier Lifetime Measurements. A brief 

introduction for each analytical technique is given below. 
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1.2.1 Fourier-Transform Infrared Spectroscopy (FT-IR) 

FT-IR is an important spectroscopic technique used to identify the presence of 

certain functional groups in a molecule and to detect the presence of specific 

impurities, which has been widely used in a variety of applications for IR-active 

samples in solid, liquid or gas phase. It measures how well a sample absorbs infrared 

light at different wavelengths. When the recombined beam passes through the sample, 

the sample absorbs all the different wavelengths characteristic of its spectrum, 

corresponding to the bending, stretching or contracting of a specific chemical bond as 

shown in Figure 1.2. The detector simultaneously reports variation in energy versus 

time for all wavelengths, which is later converted into an intensity-vs.-frequency 

spectrum using a mathematical function called a Fourier-transform. Depending on the 

specific functional group, the absorption vibrational frequency appears at different 

spectral ranges, so that chemical functionalities could be detected based on the 

signature absorption peaks in the recorded spectra. 

 

 
 

Figure 1.2 Common vibration modes of IR active groups. 
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1.2.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS is a spectroscopic technique that can sensitively measure the elemental 

composition, empirical formula, chemical state and electronic state of the elements 

with atomic numbers above three (lithium) that exist within a material. Figure 1.3 

schematically presents the general principle of the XPS. When the material is 

irradiated with an X-ray beam, photo-emitted electrons escape from the top about 0-10 

nm of the surface then captured by the analyzing system which simultaneously 

measures the kinetic energy and number of electrons emitted. The binding energy 

Ebinding can be calculated using the equation below:  

Ebinding=Ephoton-(Ekinetic+Φ) 

where Ephoton is the energy of the X-ray photons being used, Ekinetic is the kinetic 

energy of the electrons emitted by a respective element measured by the instrument, 

and Φ is the work function of the spectrometer. The information of elemental 

composition and chemical state can be collected based on characteristic binding 

energy of each element associated with different chemical states. 
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Figure 1.3 General principles of XPS instrumentation. 

 

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

ToF-SIMS is a surface-sensitive analytical technique that can be applied to 

analyze the composition of solid surfaces. This technique uses a pulsed particle beam 

to dislodge chemical species on a materials surface, then collects and analyzes ejected 

secondary ions. Secondary ions generated farther from the impact site tend to be 

molecular compounds. They are then accelerated into a flight path on their way 

towards a detector. The mass/charge ratios of these secondary ions are measured with 

a mass spectrometer to determine the elemental, isotopic, or molecular composition of 

the surface to a depth of approximately 1 to 2 nm. 

 



 9 

 
 

Figure 1.4 General schematics of operation of ToF-SIMS. 

 

1.2.4 Atomic Force Microscopy (AFM) 

AFM is a type of scanning force microscopy technique that measures the 

surface profile of a sample with very high resolution; it was developed to overcome a 

basic drawback with STM: STM can only image conducting or semiconducting 

surfaces. The AFM has the advantage of imaging almost any type of surface, based on 

a force measurement between a sharp tip raster-scanned over a surface called 

cantilever and the sample. The general scheme of an AFM measurement is 

summarized in Figure 1.5. When a laser is reflected from the back of the cantilever, 

the laser deflection is measured accurately to control the force and tip position, with 

the signals transferred to a computer to visualize the images. Local properties of the 

surfaces including feature height, electrical forces, capacitance, magnetic forces, 

conductivity, viscoelasticity, surface potential, and resistance can be investigated. The 
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vertical resolution of the AFM can reach as high as 0.1 nm; however, due to the tip 

effect, the lateral resolution of the AFM is generally lower and the size of features on 

the surface may depend on the sharpness of the tip. Thus, a different analytical 

technique, SEM, could be used to get a comprehensive view of the surface. 

 

 

 
 

Figure 1.5 General principles of AFM. 
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1.2.5 Scanning Electron Microscopy (SEM) 

SEM is an electron microscopy technique that scans the surface using a 

focused beam of electrons to produce images of a sample. Various signals that contain 

information about the sample surface topography and composition can be collected 

based on the interaction of electrons with the atoms in the sample. The resolution of 

the SEM can reach as high as to1 nm. Commonly SEM is performed to detect 

secondary electrons emitted by atoms excited by the electron beam, providing 

excellent lateral information about the surface. In recent years, focused ion beam is 

usually incorporated with SEM to get topographical information at the cross section. 

The top layers of materials can be removed or patterned in a controlled way which 

leads to nanofabrication applications. 

 

1.2.6 Transmission Electron Microscopy (TEM) 

TEM is a microscopy technique widely applied in the physical, chemical and 

biological sciences. It forms the image by transmitting a beam of electrons through a 

specimen; the specimen is commonly a suspension on a grid, copper grid in our study. 

The basic principle of TEM is the same as that of the light microscope, but TEM uses 

electrons, which makes it capable of imaging at a significantly higher resolution than 

light microscopes. The electrons emitted from a "light source" at the top of the 

microscope travel through vacuum in the column of the microscope, get focused into a 

thin beam by electromagnetic lenses, which then goes through the specimen/ sample. 

Due to different densities of the material present, some of the electrons are scattered to 

some degree and disappear from the beam path, while the unscattered electrons reach 

a fluorescent screen at the bottom of the microscope. This leads to a "shadow image" 
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of the specimen with different parts displayed in varied darkness according to their 

density. The image is collected directly by the operator and photographed with a 

camera. 

 

1.2.7 Nuclear Magnetic Resonance Spectroscopy (NMR) 

NMR is a spectroscopic technique that has become the preeminent method for 

determining the structure of organic compounds. Of all the spectroscopic methods, it 

is the only one for which a complete analysis and interpretation of the entire spectrum 

is normally expected. The NMR is based on a physical phenomenon in which nuclei in 

a magnetic field absorb and re-emit electromagnetic radiation, as indicated in the 

simple scheme in Figure 1.6. The locations of different NMR resonance signals are 

reported in a spectrum relative to a reference signal from a standard compound added 

to the sample, tetramethylsilane usually. Since different functional groups are 

observed at distinguishable unique locations in NMR spectra, such well-resolved and 

analytically tractable analysis serves as a highly precise technique to confirm the 

identity of a substance. Compared to common solution NMR, solid-state NMR spectra 

are very broad, as the full effects of anisotropic or orientation-dependent interactions 

are observed in the spectrum. However, high-resolution solid-state NMR can be 

achieved with a number of methods including magic-angle spinning, dilution, 

multiple-pulse sequences, cross polarization and etc.
20

 Thus it serve as one of the most 

precise method for identification of chemical species on solid nanomaterials.  
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Figure 1.6 An intuitive model of nuclei with corresponding magnetic moments. There 

is no energetic difference for any particular orientation (on the left), but in external 

magnetic field there is a high-energy state and a low-energy state depending on the 

relative orientations of the magnet to the external field (on the right). 

 

1.2.8 Charge-Carrier Lifetime Measurements 

Charge carrier lifetime is defined as the average time taken for a minority 

charge carrier (electron or hole) to recombine with one of its counterparts (with 

opposite charge), as displayed in Figure 1.7. The ability to calibrate charge carrier 

lifetime in semiconductors provides a means of controlling certain properties when 

producing power semiconductor devices. Charge carrier lifetime in semiconductors is 

adjusted by many ways, such as inducing defects in the semiconductor crystal lattice, 

or inducing electron traps (C60 in our case) to the semiconductor surface. Shortening 

charge carrier lifetime leads to reduced storage charging. In other words, the turn-off 

losses in the component are reduced. 
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Figure 1.7 Simple scheme of recombination, which refers to reuniting of a free 

electron with a defect electron (hole) such that both charge carriers vanish. 

 

In our study, the surface recombination velocity (S) can be expressed by the 

following equation
21

: 
 

     
 

 

      
 

  

 
 

where τeff is effective minority carrier lifetime, τbulk is the minority carrier lifetime 

within bulk and W is the thickness of the silicon wafer (1000 µm). Surface 

recombination velocity can be calculated by assuming the bulk lifetime τbulk is infinite 

for float zone intrinsic silicon wafers. 

 

1.2.9 Density Functional Theory (DFT) Calculations 

As a versatile quantum mechanical modeling method, DFT has been very 

popular for calculations in physics, chemistry and materials science to describe the 

properties of insulators, semiconductors and metals. The DFT simulation is based on 

the molecular density, not via many-body wave function. With the help of DFT 

calculations, frequency and core-level energy of the elements are predicted to compare 
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with experimental FT-IR and XPS data, to support peak assignments and to offer 

possible reaction mechanisms. 

 

1.3 Summary 

This research is aimed to develop new strategies for manipulating the surface 

properties of semiconductor materials in a controlled way. The findings of these 

investigations will be relevant for future applications in molecular and 

nanoelectronics, sensing, and solar energy conversion. 

The goal of this thesis work is to apply surface functionalization for designing 

novel biosensor interfaces and materials. Chapter one introduced the different 

substrates, nanoparticles and their chemical modification methods; chemical and 

biological ways to assemble and immobilize nanoparticles, and analytical techniques 

to study the assembled process. Later chapters will be focused on each individual 

project related to sensing, material design and surface coating. 
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EXPERIMENTAL 

The projects throughout my Ph.D. study involve a combination work on 

surface modification, organic synthesis, DFT simulation and analysis. In this chapter, 

detailed experimental procedures are provided. 

2.1 Organic Synthesis 

The silicon substrate was modified with t-BOC protected 11-amino-1-

undecene, which was synthesized based on previously published work.
1-2

. The detailed 

synthetic procedure is described below. 

 

2.1.1 Synthesis of t-Butyloxycarbonyl (t-BOC)-Protected 11-Amino-1-

Undecene. 

2.1.1.1 Materials 

All chemicals were reagent grade or better and used as received: 11-chloro-1-

undecene (Aldrich, 97%), trifluoroacetic acid (TFA) (Aldrich, 99%), potassium 

phthalimide (Fluka, g99.0%), hydrazine monohydrate (hydrazine, 64%, Acros 

Organics), di-tert-butyl dicarbonate (Sigma-Aldrich, 99%), dimethyl formamide 

(DMF) (Fisher, 99.8%), methylene chloride (Fisher, 99.9%), petroleum ether (Fisher, 

Certified ACS), ethyl ether (Fisher, Laboratory Grade), methanol (Fisher, 99.9%), 

Chapter 2 
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ethanol (Pharmco, 99.5%), ammonium hydroxide (Fisher, 14.8 N), and toluene 

(Fisher, 99.9%). 

2.1.1.2 Synthetic Procedure 

The t-BOC-protected 11-amino-1-undecene was prepared by standard organic 

synthesis methods.
1-3

 Potassium phthalimide (12.8 g) was added to a solution of 10.0 g 

of 1-chloro-10-undecene in 25 mL of dry DMF. The resulting suspension was kept 

stirring at 90 
o
C for 24 h. The obtained reaction mixture was cooled to room 

temperature, and 75 mL of water was added. The aqueous layer was extracted once 

with 75 mL and subsequently twice with 30 mL of ether. The combined organic layers 

were washed with 25 mL of a 0.2 M NaOH solution and with 25 mL of brine and 

dried over anhydrous MgSO4. Evaporation of the solvent yielded the crude product as 

a yellow solid. Recrystallization from 50 mL of distilled methanol after standing at 18-

20 
o
C in a closed flask for 18 h yielded N-(ω-undecylenyl)-phthalimide as white 

needles. Hydrazine (2.5 g) was added to a solution of 10.0 g of N-(ω-undecylenyl)-

phthalimide in 100 mL of ethanol. The resulting mixture was heated to reflux for 3 h. 

The solution was then cooled to room temperature and acidified to pH 1 to 2 with 1 M 

HCl. The white suspension was filtered carefully and the residue was washed twice 

with 20 mL of 1 M HCl. The combined filtrates were made alkaline (pH 10 to 11) by 

the addition of NaOH (tablets) and concentrated to a volume of 100 mL by 

evaporation under reduced pressure. The resulting turbid aqueous layer was extracted 

four times with 50 mL of ether. The combined organic layers were washed once with 

20 mL of a 0.2 M NaOH solution and once with 20 mL of brine, to which a few 

milliliters of the 0.2M NaOH solution were added. 
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The organic layer was dried over NaOH (solid) for 1 to 2 h. Evaporation of the 

solvent yielded crude 1-amino-10-undecene as yellow oil. About 5 g of 1-amino-10-

undecene was dissolved in 60 mL of chloroform that was added to a solution of 3 g of 

NaHCO3 in 50 mL of water. Sodium chloride (6.45 g) was added along with 7.18 g of 

di-tert-butyl dicarbonate dissolved in a few milliliters of chloroform. This mixture was 

refluxed for 90 min and extracted twice with 50 mL of ether. The collected organic 

extracts were dried over magnesium sulfate and filtered, and the ether was removed by 

rotary evaporation. The t-BOC-protected product was purified by vacuum distillation. 

NMR confirmed the identity of each step‟s product: N-(ω-undecylenyl)-phthalimide, 

1-amino-10-undecene, and t-butyloxycarbonyl (t-BOC)-protected 11-amino-1-

undecene. 

 

2.2 Surface Modification of Silicon and Gold 

2.2.1 Materials 

The silicon samples used for charge-carrier lifetime measurements were float 

zone grown, double-side polished (111)-oriented Si with thickness of 1000 μm. 

Phosphorus-doped, n-type single-side polished Si(111) wafers (Virginia 

Semiconductor Inc., 1-10 Ω.cm resistivity, 325 μm thickness), n-type double-side 

polished Si(111) wafers (Virginia Semiconductor, >0.1 Ω.
cm resistivity, 500 μm 

thickness) and prefabricated gold-coated wafers (1000 Å gold thickness on a silicon 

wafer support with titanium adhesion layer, Sigma Aldrich) were used as substrates 

for other experiments and characterizations. 
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All chemicals were reagent grade or better: non-functionalized carbon 

nanotubes (NF-CNTs) (>90%, 1-4 nm diameter, cheaptubes.com), single walled 

carboxylic acid-functionalized carbon nanotubes (COOH-CNTs) (95%, 1-2 nm 

diameter, Nanostructured & Amorphous Materials, Inc.), Nitrogen (Praxair, boiled off 

from liquid nitrogen), Ar (Matheson, research purity), hydrogen peroxide (Fisher, 30% 

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

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

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

Sigma-Aldrich), benzoyl peroxide (Acros, ≥98.0%), anhydrous hydrazine (98%, 

Sigma-Aldrich), phenylhydrazine (Acros, 97%), methanol (Fisher, ≥ 99.8%), 

fullerene C60 (Acros, 99.9%), toluene (Fisher, 99.9%), dichloromethane (Fisher, 

99.9%), tetrahydrofuran (THF) (Fisher, distilled from Na/benzophenone) cysteamine 

hydrochloride (98%, Acros Organics), propylamine (Aldrich, 98%), 2-dimethylamino 

ethanethiol hydrochloride (Acros, 95%), N,N-dimethyl formamide (DMF) (certified 

ACS, Fisher Scientific), ethanol (Decon Labs, 200 proof). The deionized water used to 

rinse the surfaces and containers was from a first-generation Milli-Q water system 

(Millipore) with 18 MΩ·cm resistivity.  

 

2.2.2 Preparation of Hydrogen-Terminated Si(111) Surface. 

The hydrogen-modified Si(111) surface was prepared by a modified RCA 

cleaning procedure.
4-6

 SC-1 solution was freshly prepared by mixing Milli-Q water, 

hydrogen peroxide, and ammonium hydroxide (volume ration 4:1:1), SC-2 solution 

was freshly prepared by Milli-Q water, hydrogen peroxide, and hydrochloric acid 

(volume ration 4:1:1). The Teflon beakers and Si(111) wafers were cleaned in SC-1 
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solution for 30 and 10 min, respectively, on an 80ºC water bath. After rinsing with 

Milli-Q water, the clean wafers were etched in HF buffer solution for 2 min and rinsed 

again with Milli-Q water. Then, the wafers were placed in SC-2 solution for 10 min to 

grow a silicon oxide layer. After that, the rinsed silicon wafers were etched in HF 

buffer solution again for 1 min, followed by a 6-min etching process in ammonium 

fluoride solution to form a well-ordered hydrogen-terminated Si(111) surface, as 

confirmed by a sharp 2083 cm
-1

 peak in the infrared spectra,
5-6

 as described in detail 

below. 

 

2.2.3 Preparation of Chlorine-Terminated Si (111) Surface. 

The chlorine-terminated Si(111) surface was prepared by a well-established 

procedure using PCl5.
7
 Phosphorus pentachloride powder was dissolved in 

chlorobenzene solvent to form PCl5 solution, with trace amount of benzoyl peroxide as 

a reaction initiator. This solution was purged with nitrogen gas under N2 atmosphere 

for at least 30 min to remove gaseous impurities. A hydrogen-terminated Si(111) 

wafer was placed into this solution immediately after etching procedure. The entire 

setup was placed in an oil bath at 110ºC for 1 h to prepare the stable chlorine-

terminated Si(111) sample. Freshly generated samples were kept under freshly 

distilled THF. 

 

2.2.4 Preparation of Hydrazine-Functionalized Si(111) Surface. 

The freshly prepared chlorine-terminated Si(111) sample was transferred into a 

clean Schlenck flask filled with argon, then evacuated. This fill-evacuate procedure 
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was repeated three times. Anhydrous hydrazine solution was injected into the 

Schlenck flask, which was placed in an oil bath at 35-38 ºC, using clean and dry 

syringe. The chlorine-terminated silicon wafer was stirred in the anhydrous hydrazine 

for 1 h to form a hydrazine-modified Si(111) surface.
8
 After the reaction, hydrazine-

modified Si(111) surface was rinsed with dry methanol to remove any residues from 

the surface, dried with argon, then kept under fresh THF for further spectroscopic 

investigations. 

 

2.2.5 Reaction of Phenylhydrazine with Chlorine-Terminated Si (111) 

Surface. 

The freshly prepared chlorine-terminated Si(111) sample was transferred into a 

clean Schlenck flask containing phenylhydrazine solution bubbled with Ar for 30 

minutes and was placed in an oil bath at room temperature. The phenylhydrazine 

solution was prepared by mixing phenylhydrazine and THF (volume ratio 1:2). The 

chlorine-terminated silicon wafer was stirred in the phenylhydrazine solution under N2 

at 35~38 
o
C for 1 h to form a phenylhydrazine-reacted Si(111) surface. After the 

reaction, the phenylhydrazine-reacted Si(111) surface was rinsed with dry methanol, 

dried with Ar gas and kept under fresh THF. 

 

2.2.6 Reaction of C60 with Hydrazine-Terminated Si(111) Surface. 

Fullerene C60 was dissolved in toluene to create a C60 solution with 

concentration at either 1 mM or 0.25 mM. The silicon wafer modified with the 

hydrazine monolayer was placed in a 25 mL round-bottomed flask filled with this C60 

solution, then refluxed at 110 °C under N2 for 48 hours. Then the surface was 



 25 

sonicated in toluene for 5 minutes and rinsed with dichloromethane, methanol and 

MilliQ water for several times and to remove physisorbed C60 and dried with N2 

before characterization. Each characterization method was repeated on at least three 

C60-modified silicon samples following above experimental procedure. 

 

2.2.7 Preparation of Amine-Terminated SAM on Si (111) Substrate 

The tert-butyloxycarbonyl (t-BOC)-protected 11-amino-1-undecene (AUD) 

was prepared by standard organic synthesis methods.
2-3, 9

 A 5 mL quantity of a 

solution of the t-BOC-protected 1-amino-10-undecene was placed into a 25 mL flask 

fitted with a reflux condenser and kept under flowing N2. The solution was 

deoxygenated with dry N2 for at least 1 h. The hydrogen-modified Si(111) surface was 

prepared by a modified RCA cleaning procedure. The flask was immersed in an oil 

bath, and the solution was maintained at 110 
o
C for 2 h under a slow N2 flow. The 

sample was then removed from the solution and cleaned in petroleum ether (40-60 

°C), methanol, and dichloromethane. Afterward, treating the surface with 25% TFA in 

dichloromethane for 1 h was followed by a 5 min rinse in 10% NH4OH to remove the 

t-BOC protecting group and to form the primary amine-terminated surface. The 

surface was then rinsed with deionized water and dried with N2. 

 

2.2.8 Preparation of Amine-Terminated SAM on Gold Substrate 

A pre-fabricated gold-coated wafer was annealed to 400 K at 10
-5

 Torr for two 

hours. The wafer was immersed in a solution of 2 mg cysteamine hydrochloride in 10 
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mL DMF for 24 hours followed by rinsing with DMF to remove physically adsorbed 

cysteamine.
2-3

  

 

2.2.9 Carbon Nanotube Attached to Functionalized Silicon and Gold 

Substrates 

A 50% (w/v) solution of either single walled non-functionalized carbon 

nanotubes or single wall carboxylic acid-functionalized carbon nanotubes in DMF was 

prepared and sonicated in ice water for at least one hour to achieve good dispersion.
3
 

To promote attachment between the carbon nanotubes and functionalized gold and 

silicon surfaces, the cysteamine-covered Au surface and 11-amino-1-undecene-

modified Si surface were immersed in the CNT/DMF solution and sonicated (40 kHz, 

Branson 1510) in an ice water bath for three hours. They were then rinsed with 

methanol and deionized water, and dried in a stream of nitrogen. In order to confirm 

that this preparation procedure does not induce the reaction with a chemically inert 

monolayer, a control experiment with the CNT reaction with (t-BOC)-protected AUD 

was performed and the resulting SEM micrographs confirming this assessment are 

presented in the Chapter 5. 

 

2.3 Surface Modification of Zinc Oxide 

2.3.1 Materials 

All ZnO powder samples (99.99% purity, Acros organics) were prepared as 

described previously 
10-11

 and used as substrates for all other experiments and 

charaterizations. All chemicals were reagent grade or as indicated: Argon (Keen 
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Compressed Gas, research purity), propiolic acid (Acros organics, 98%), benzyl azide 

(Alfa Aesar, 94%), tetrahydrofuran (THF) (Fisher, distilled from Na/benzophenone), 

copper(I) acetate (Sigma-Aldrich, 97%), methanol (Fisher, ≥99.8% ) and acetonitrile 

(Fisher, 99.9%). The deionized water used to rinse the surfaces and containers was 

from a first-generation Milli-Q water system (Millipore) with 18 MΩ·cm resistivity. 

 

2.3.2 Preparation of Propiolic Acid-modified ZnO Surface 

The ZnO samples in this study were prepared by pressing about 20 mg of ZnO 

powder on the tungsten mesh and then mounting it on a sample holder between two 

tantalum clamps that allowed for resistive heating of the sample, as described in detail 

previously.
10

 To remove the adsorbed impurities, the ZnO sample was transferred into 

a high-vacuum chamber with a base pressure about 1×10
−6

 Torr and annealed to 850 K 

for 15 minutes. After cooling down to room temperature, the sample was exposed to 

propiolic acid at 1 Torr for 5 minutes. The propiolic acid-modified sample was kept in 

high-vacuum chamber under 1×10
−6

 Torr for at least 16 hours to pump away non-

chemically bound propiolic acid. 

 

2.3.3 Click Reaction with Propiolic Acid-modified ZnO Surface in Gas Phase 

After gas phase benzyl azide was dosed into the system at 1 Torr, the propiolic 

acid-modified ZnO sample was exposed to the benzyl azide at 100°C for 45 minutes to 

thermally activate the in-situ copper-free click reaction.
12

 Following this procedure, 

the remaining reagent was pumped away. 
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2.3.4 Click Reaction with Propiolic Acid-modified ZnO Surface in Liquid 

Phase 

A propiolic acid-modified ZnO sample was removed from the high vacuum 

chamber, taken off the tungsten mesh and transferred into a 25 mL round bottom flask 

filled with 1.1 mg of copper (I) acetate, 0.2 mL of benzyl azide and about 5 mL of 

THF. The mixture was then stirred gently for 24 hours at 40 °C under Ar atmosphere. 

Upon reaction completion, the ZnO sample was rinsed gently with acetonitrile in 

water (v/v 1:1), methanol and THF several times before characterization.
12

 

 

2.4 Surface Analytical Techniques 

2.4.1 Fourier-Transform Infrared Spectroscopy (FT-IR) 

For all the silicon wafer samples, a Nicolet Magna-IR 560 spectrometer with a 

liquid nitrogen-cooled external MCT detector was used to collect infrared spectra in 

the range 4000-650 cm
-1

 with an incident angle of 60º with respect to the incoming 

infrared beam. 512 scans per spectrum and a resolution of 8 cm
-1

 were used to collect 

all the spectra.  

For the zinc oxide sample, FT-IR spectra in the range of 4000−650 cm
−1

 were 

collected in a high-vacuum chamber with a base pressure under 1×10
−6

 Torr interfaced 

with a Nicolet Magna 560 spectrometer with liquid nitrogen-cooled external MCT-

detector. The entire optical path was purged by water- and CO2-free air. All spectra 

were collected with a resolution of 4.0 cm
−1

 and 512 scans per spectrum.  
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2.4.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS studies were performed on a K-Alpha+ XPS System from Thermo 

Scientific using Al Ka X-ray source (h=1486.6 eV) at a 35.3º take-off angle with 

respect to the analyzer. The high-resolution spectra were collected over the range of 

20 eV at 0.1 eV/step with the pass energy of 58.7 eV. The survey spectra were 

collected over the energy range of 0-1000 eV. CasaXPS (version 2.3.16) software was 

utilized to analyze all the raw data. The C 1s peak was set to 284.6 eV to calibrate all 

peak positions. 

To quantify surface coverages of chlorine and nitrogen, an overlayer model 

was used with the following assumptions: (1) chlorine- or nitrogen-containing groups 

are the closest to the silicon substrate, and the adventitious hydrocarbon and oxygen 

layer is on top of the chlorine or nitrogen overlayer; (2) all the chlorine or nitrogen 

atoms in the overlayer are in the solid state. The equivalent monolayer coverage of an 

overlayer species was calculated from the equation: 

 

       
      

   
   

    

    
   

   

   
  

   

   
                                Equation (1)      

 

This calculation was performed on the basis of both survey and high-resolution 

spectra by applying the substrate-overlayer model that was proposed by Briggs and 

Seah,
13

 and described in detail previously.
14-15

  

In Equation (1), Φ is the overlayer coverage; λ is the penetration depth; θ is the 

photoelectron takeoff angle with respect to the analyzer; aOv is the atomic diameter of 

the overlayer species. The value of aOv was obtained using the following equation: 

 

    (
   

     
)
   

                                              Equation (2)     
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AOv is the atomic weight of the overlayer species: 35.45 g/mol and 14.01 g/mol 

for Cl and N atoms, respectively; and NA is Avogadro‟s constant. I is the integrated 

area under the overlayer or substrate peaks, as determined by Casa XPS software. 

Relevant parameters are listed in Table 1 as below. 

 

Table 2.1 Parameters used to calculate surface coverages of nitrogen and chlorine from the 

XPS spectra based on the overlayer model.
14-15

  

 

component SF (sensitivity factor) 
ρ (volumetric density, 

g/cm
3
) 

ρ(atomic density, 

atom/cm
3
) 

Si 2p 0.90 2.33 5.0×10
22

 

Cl 2p 2.38 2.00 3.43×10
22 

 

N 1s 1.69 1.26 5.41×10
22

 

 

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

The ToF-SIMS analysis was performed on a TOF-SIMS V (ION-TOF, 

Münster, Germany), equipped with a bismuth primary ion source. The 25 kV Bi3+ 

primary ion beam was run in „high current bunched-mode‟ to the static SIMS limit of 

1 × 10
12

 ions/cm
2
 beam dosage for each spectrum collected. The spectra collected had 

a mass resolution of m/Δm = 9000 recorded at m/z = 29. The Bi
3+

 primary ions were 

rastered over an area of 200 × 200 μm
2
 with a 128 × 128 pixel density for all spectra. 

High resolution negative-ion mode spectra were obtained, but only the most 

informative regions of the negative-ion mode spectra are presented. The extraction 

cone of the TOF analyzer was held at +2 kV for negative-ion extraction, with a post-
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acceleration of 10 kV and a detector voltage of 9 kV. The calibration of the ToF-SIMS 

data was performed using ION-TOF measurement explorer software (Version 6.3). All 

spectra were calibrated to H
+
, H2

+
, H3

+
, C

+
, CH

+
, CH2

+
, CH3

+
, C2H3

+
, C3H5

+
, C4H7

+
, 

C5H5
+
, C6H5

+
, and C7H7

+
 in positive mode and H

−
, H2

−
, C

−
, CH

−
, CH2

−
, CH3

−
, C2

−
, 

C2H
−
, C3

−
, C4

−
, C5

−
, C6

−
, C7

−
, and C8

−
 in negative mode.  

All spectra for carbon nanotube attached gold surfaces were further calibrated 

to the fragment of a single gold atom [Au]
-
. 

 

2.4.4 Scanning Electron Microscopy (SEM) 

A Zeiss Auriga 60 scanning electron microscope (SEM) was used to confirm 

the presence of the carbon nanotubes on the substrates. An electron beam with an 

accelerating voltage of 3 kV was used and images were collected with a secondary 

electron (in-lens) detector at a working distance of 5.0 mm.  

 

2.4.5 Atomic Force Microscopy (AFM) 

Individual carbon nanotubes present on the surface were observed using 

tapping mode Atomic force microscopy (AFM) with a Veeco Multimode SPM with a 

Nanoscope V controller was performed in the tapping mode. Tap300Al-G tips (Budget 

Sensors) with a force constant of 40 N/m and a drive frequency of 300 kHz were used 

and the images were analyzed using Gwyddion software. 
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2.4.6 Transmission Electron Microscopy (TEM) 

The average diameter of the individual nanotubes was independently 

confirmed via a JEOL JEM-3010 transmission electron microscope (TEM) using an 

incident electron energy of 300 keV. 

 

2.4.7 Nuclear Magnetic Resonance Spectroscopy (NMR) 

All solid-state NMR measurements were carried out on a 11.7 T wide-bore 

Bruker Avance III solid-state NMR spectrometer, operating at a Larmor frequency of 

500.13 MHz for 
1
H and 125.77 MHz for 

13
C. A 3.2 mm Bruker multinuclear HCN 

magic angle spinning (MAS) probe was used. The CP/MAS data were acquired at 25 

o
C with an MAS frequency of 14 kHz, controlled to within +/-3 Hz using the Bruker 

MAS controller. The typical 90
o
 pulse length was 2.85 µs for 

1
H and 3.3 µs for 

13
C. 

For a typical measurement, sufficient number of scans was collected for 
13

C CP/MAS 

NMR spectra with a recycle delay of 3 s and a cross-polarization time of 2 ms until a 

spectrum with a reasonable signal-to-noise ratio was obtained. 
1
H SPINAL-64 

heteronuclear decoupling with field strength of approximately 100 kHz was applied 

during the acquisition period. The solution 
13

C NMR spectrum was obtained on a 400 

MHz Bruker Avance III instrument. 

 

2.4.8 Charge-Carrier Lifetime Measurements 

A WCT-120 Lifetime Tester with a 60 W light power source was utilized to 

measure the effective minority carrier lifetime. The carrier lifetime is determined at an 

injection level of 5×10
13

 cm
−3

. An RF-bridge circuit, which is coupled by a coil to the 

measured specimen, senses the conductance in terms of permeability. For the 
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measurement, the sample is cut into 2 cm × 2 cm pieces and covered with a 1 cm × 1.7 

cm aperture. The time dependence of illumination and excess photoconductance of the 

measured sample are calibrated by a larger area silicon wafer of the same type, 

following the small sample size calibration procedure provided by Sinton Instruments. 

 

2.4.9 Computational Details 

Density Function Theory (DFT) calculations were performed with the 

Gaussian 09 suite of programs
16

 utilizing the B3LYP functional
17-18

 and either 6-

311+G(d,p) or LANL2DZ basis set.
19-20

  

For the modification of silicon surface, a Si17H24 cluster model, which 

represents two neighboring top silicon atoms on a Si(111) surface terminated with 

hydrogen or chlorine, was used. The bottom three layers in this Si17H24 cluster model 

were fixed at their bulk positions in DFT calculations to avoid unrealistic distortions.  

To simulate the most common surface of ZnO powder, a Zn20O20 cluster model 

based on mixed-terminated ZnO(10 10) surface was used as a substrate. This 

representation described the surface that corresponds to approximately 80% of the 

ZnO surface in the nanopowder, and is the key in chemical description of ZnO 

material interaction with carboxylic acids, as described in detail previously.
10, 21

 The 

two bottom layers of atoms in the Zn20O20 cluster model are “frozen” at their bulk 

position to prevent unrealistic distortion of the model structures. 

The N 1s core-level energy was predicted using Koopmans‟ theorem and the 

correction factor to the predicted core-level energy for N 1s was 8.76 eV for 6-

311+G(d,p) or 8.5 eV for LANL2DZ basis set according to our previous 

investigations.
22-23

 All the models used in this thesis are presented below. 
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2.4.9.1 Models calculated with 6-311+G(d,p) basis set. 

 

Chlorine-terminated Si(111) surface represented by a Si17H24 cluster model; Energy= -

5855.75503963 a.u. 

 

 
 

 

Free hydrazine molecule; Energy= -111.91057678 a.u. 
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Weak interaction between a hydrazine molecule and Cl-Si(111) surface (Si17H24 

cluster model); Energy=-5967.66847605a.u. 

 

 
First transition state of hydrazine reaction with Cl-Si(111) surface (Si17H24 cluster 

model); Energy= -5967.65387574a.u. 
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First step product of hydrazine reaction with Cl-Si(111) surface (Si17H24 cluster 

model); Energy= -5967.65759831a.u. 

 

 
 

Final step product of hydrazine reaction with Cl-Si(111) surface (Si17H24 cluster 

model); Energy=-5967.58298457a.u 
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Hydrazine terminated Si(111) surface on Si17H24 cluster model; Energy= -

5045.91861106 a.u 

 

 
 

Hydrazine chloride salt molecule; Energy= -572.76036048a.u. 
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Free phenylhydrazine molecule; Energy= -343.01919594 a.u. 

 

 
 

Weak interaction between a phenylhydrazine molecule and Cl-Si(111) surface (Si17H24 

cluster model); Energy= -6198.7790952 a.u. 
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First transition state of phenylhydrazine reaction with Cl-Si(111) surface (Si17H24 

cluster model); Energy= -6198.74694326 a.u. 

 

 
 

First step product of phenylhydrazine reaction with Cl-Si(111) surface (Si17H24 cluster 

model); Energy= -6198.75364056 a.u. 
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Second step product of hydrazine reaction with Cl-Si(111) surface (Si17H24 cluster 

model); Energy= -6198.67700491 a.u 

 

 
 

Phenylhydrazine-terminated Si(111) surface on Si17H24 cluster model; Energy= -

5276.99697241 a.u 
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Proposed phenylhydrazine chloride salt molecule; Energy= -803.86298720 a.u. 

 

 
 

 

 

2.4.9.2 Models calculated with LANL2DZ basis set. 

 

Hydrazine-terminated Si(111) surface on Si17H24 cluster model; Energy= -

5045.89553175 a.u. 
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Free Buckminster fullerenes C60 molecule; Energy= -2286.59990866 a.u. 

 

 
 

Weak interaction between a fullerenes C60 molecule and hydrazine-Si(111) surface 

(Si17H24 cluster model); Energy= -7332.49097959 a.u. 
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Fullerene C60 attached on hydrazine-terminated Si(111) surface on Si17H24 cluster 

model, forming one C-N bond; Energy= -7332.45449790 a.u. 

 

 
Fullerene C60 attached on hydrazine-terminated Si(111) surface on Si17H24 cluster 

model, forming two C-N bonds; Energy= -7332.42645172 a.u. 
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11-amino-1-undecene (AUD)-terminated Si(111) surface represented by a Si4H9 

cluster model;  Energy = -509.23494979 a.u. 

 
(5, 0) carbon nanotube attached to an 11-amino-1-undecene (AUD)-terminated 

Si(111) surface (Si4H9 cluster model; parallel attachment);  Energy = -2419.57258502 

a.u. 
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(5, 0) carbon nanotube attached to an 11-amino-1-undecene (AUD)-terminated 

Si(111) surface (Si4H9 cluster model; non-parallel attachment);  Energy = -

2419.54456994 a.u. 

  
(10, 0) carbon nanotube attached to an 11-amino-1-undecene (AUD)-terminated 

Si(111) surface (Si4H9 cluster model; parallel attachment);  Energy = -4331.33212240 

a.u. 
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(10, 0) carbon nanotube attached to an 11-amino-1-undecene (AUD)-terminated 

Si(111) surface (Si4H9 cluster model; non-parallel attachment); Energy = -

4331.33855091 a.u. 
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(14, 0) carbon nanotube attached to an 11-amino-1-undecene (AUD)-terminated 

Si(111) surface (Si4H9 cluster model; parallel attachment);  Energy = -5860.55695975 

a.u. 
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(14, 0) carbon nanotube attached to an 11-amino-1-undecene (AUD)-terminated 

Si(111) surface (Si4H9 cluster model; non-parallel attachment); Energy = -

5860.56845874 a.u. 
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Cysteamine-covered Au surface model; Energy = -280.12123322 a.u. 

 

 
 

(5, 0) carbon nanotube attached to a cysteamine-covered Au surface model (parallel 

attachment); Energy = -2190.45754776 a.u. 
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(5, 0) carbon nanotube attached to a cysteamine-covered Au surface model (non-

parallel attachment); Energy = -2190.40876503 a.u. 

 
(10, 0) carbon nanotube attached to a cysteamine-covered Au surface model (parallel 

attachment); Energy = -4102.2159293 a.u 

.  
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(10, 0) carbon nanotube attached to a cysteamine-covered Au surface model (non-

parallel attachment); Energy = -4102.22214188 a.u. 

 
(14, 0) carbon nanotube attached to a cysteamine-covered Au surface model (parallel 

attachment); Energy = -5631.44169546 a.u. 
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(14, 0) carbon nanotube attached to a cysteamine-covered Au surface model (non-

parallel attachment); Energy = -5631.45279349 a.u. 

 
(5, 0) carbon nanotube; Energy = -1910.29763925 a.u. 
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(10, 0) carbon nanotube; Energy = -3822.15469414 a.u. 

 

 
 

 

 

 

 

 

(14, 0) carbon nanotube; Energy = -5351.40204714 a.u. 
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ZnO powder surface represented by a Zn20O20 cluster model; Energy = -

2817.48188159 a.u 

 

 

 

 
 

 

 

 

 

free propiolic acid molecule; Energy = -265.84961693 a.u. 
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Propiolic acid reaction with ZnO surface (Zn20O20 cluster model); Energy = -

3083.45551612 a.u. 

 
 

 

free benzyl azide molecule; Energy = -435.05402507 a.u. 
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benzyl azide “clicked” with propiolic acid-functionalized ZnO surface (Zn20O20 cluster 

model); Energy = -3518.63190937 a.u. 

 

 
 

Benzyl azide bound to ZnO surface (Zn20O20 cluster model); Energy = -

3252.56897155 a.u. 
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Dissociated benzyl azide bound to ZnO surface (Zn20O20 cluster model); Energy = -

3143.09070120 a.u. 
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REACTION OF HYDRAZINE WITH A Cl-TERMINATED Si(111) SURFACE 

AND ITS APPLICATION FOR DIRECT COVALENT ATTACHMENT OF C60 

FULLERENE  

3.1 Introduction 

Modification and organic functionalization of silicon surfaces has undergone 

tremendous growth within the last 20 years to benefit a number of applications 

including electronics, heterogeneous catalysis, bio-molecular recognition and sensing, 

biomolecular separation and energy conversion.
1-5

 

The passivation or functionalization of silicon surfaces to prevent oxidation 

has emerged as an important requirement for a number of applications.
6-11

 Although 

the majority of previous work targeted the formation of stable Si-C bonds in 

hydrosilylation processes, more recently substantial attention has been directed to the 

stable organic-inorganic interfaces on silicon with the help of Si-N bonds. However, 

most strategies to form surface Si-N bonds on silicon substrates also introduce 

additional carbon- or oxygen-containing functional groups that in turn react with the 

surface species to affect the stability and properties of the surface.
12-19

 The chemical 

reactivity of the produced amine-functionalized surfaces is also a crucial part of 

current investigations, with tunable reactivity of surface amino-groups being used as 

the starting points for thin film deposition
20-22

 and metallic nanostructure formation
23-

24
 where the precise reactivity of the surface-bound amine defines future opportunities 

for designing silicon-based interfaces with tunable properties. 

Chapter 3 
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Traditionally, a number of investigations focused on preparing Si-N based 

interfaces by exposing silicon surfaces to ammonia
23, 25-31

 or azides
32-33

 in ultra-high 

vacuum, recently Tian et al established wet chemistry methods to prepare carbon- and 

oxygen-free Si(111) surface terminated predominantly with Si-NH-Si functionality 

based on chlorination followed by the room temperature ammonia treatment utilizing 

NH3-saturated tetrahydrofuran (THF).
34

 However, the surface obtained was still easily 

oxidized in ambient conditions and the theoretical investigation of the proposed 

chemistry suggested that the resulting surface structures are not stable. In order to 

address both questions, a reaction with hydrazine, leading predominantly to the more 

stable surface species, compared to those obtained with ammonia, will be tested. 

Based on a simple computational illustration presented in Figure 3.1 (the details of the 

computational approach are described in chapter 2), the thermodynamic requirements 

for hydrazine reaction with Cl-Si(111) surface are much less substantial than those for 

ammonia reaction with the same Cl-Si(111) surface. The exact mechanism may be 

rather complex, and the formation of a variety of ammonia- or hydrazine-based salts 

could substantially affect the exact thermodynamics of the corresponding reactions. 

However, it is reasonable to expect based on the results summarized in Figure 3.1 that 

the reaction of hydrazine should be more facile and the resulting products more stable 

than in the case of ammonia chemistry.  
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Figure 3.1 Schematic comparison of the reactions of Cl-Si(111) surface with 

ammonia and hydrazine, respectively. The energetic requirements are indicated 

according to the computational approach described in experimental part in Chapter 2. 

 

Similarly to the research leading up to the ammonia reaction proposal, several 

observations can be made starting with the hydrazine chemistry on clean silicon 

surfaces investigated previously in UHV conditions.
35-36

 Following dissociation of the 

N-H bonds, these studies found to have the N-N bond parallel or nearly parallel to the 

surface. The dissociation of the N-N bond was reported on the surface defect sites.
35-36

 

Both observations provide important implications for the research reported below for 

producing hydrazine-modified Si(111) surface by wet chemistry methods.  

The hydrazine reaction with chlorine-terminated Si(111) surface was 

performed and yielded predominant Si-NH-NH-Si functionality following chlorination 

with PCl5 and then by anhydrous hydrazine treatment at 35
o
C. Such hydrazine 

attachment presents a unique opportunity to yield the desired function and could serve 

as a well-defined platform for next-step modification based on the known chemical 

reactions, for example the covalent attachment of C60 fullerene.  

C60 fullerenes have become important building blocks in science and 

technology and a key direction in nanotechnology research. Due to their properties, 

especially the high electron affinity and superior ability to transport charge, C60 
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fullerenes have contributed greatly to a number of applications in energy conversion 

and solar cell technology,
4, 37-38

 hydrogen gas storage,
39

 sensing
39-40

 and optics.
39, 41

 

Among hundreds of studies of C60 fullerenes, great efforts have been devoted to 

interfacing C60 with semiconducting surfaces, silicon surfaces in particular, seeking 

novel electrically addressable and switchable functional devices,
6, 42

 because the 

electronic properties of silicon could easily be tuned,
43

 and  more importantly, silicon-

based devices could be directly integrated within existing electronic circuitry.
44

  

In the past 20 years, different methods for grafting fullerenes and fullerene-

based derivatives have been successfully explored on silicon surfaces. Moro et al.
45

 

studied the formation of silicon carbide by annealing C60 films (about 200-300 nm 

thick) deposited on the silicon wafer up to 900 
o
C in a high vacuum (HV) chamber. A 

more recent report shows that, in an ultrahigh vacuum (UHV) system, a C60 monolayer 

film was formed on Si(111) by depositing C60 molecules at room temperature via 

thermal evaporation of C60 powder.
46

 Instead of using complex equipment, spin 

casting was proposed as a convenient route for preparing C60 nanostructures on flat 

silicon wafers. Feng and Miller reported self-assembly of C60 molecules by typically 

casting C60 solution onto a Si(100) substrate to form about 5-500 monolayers of C60.
47

 

More recently, Jeong et al. prepared C60 nano-islands with various sizes and heights on 

silicon wafers using a spin-coating method, and an additional annealing process 

revealed that these nano-islands were stable during heating up to 400 
o
C.

48
 Finally a 

large number of studies have investigated C60 molecules covalently attached to silicon 

surfaces through self-assembled monolayers (SAMs). Fabre et al. reported a C60 

monolayer anchored on anthracene-terminated Si(100) surfaces following [4+2] Diels-

Alder cycloaddition.
43

 Our own previous study demonstrated that a fullerene C60 
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monolayer was attached to 11-amino-1-undecene self-assembled monolayers on a 

Si(111) surface.
49

 Despite the fact that long-alkyl-chain organic layers do lead to the 

formation of C60 bound to the surface, they also introduce additional carbon- or 

oxygen-containing functional groups that in turn react with the surface itself, causing 

surface oxidation and leaving contaminants that affect the interface properties for any 

further modification protocols. Thus, a well-defined and stable Si-N-based oxygen-

free interface could be important from both a fundamental and an applied standpoint. 

In this thesis, a simple wet chemistry method for covalent attachment of 

Buckminsterfullerene C60 to a hydrazine-terminated Si(111) surface is reported, 

according to the scheme shown in Figure 3.2. The choice of hydrazine to form the first 

layer instead of previously investigated ammonia
34, 50

 and amines
49, 51

 offers high 

stability and controlled reactivity of the resulting functional group.
52

 Thus, the two–

step functionalization, where the first step is silicon modification with hydrazine and 

the second step is the attachment to this prepared platform should provide a more 

reliable path for producing the desired interface. 
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Figure 3.2 Reaction scheme to form a stable interface between C60 fullerenes and 

silicon surface. 

 

The surface species of hydrazine-modified Si(111) surface were identified by 

Fourier-transform infrared spectroscopy (FT-IR), time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) and X-ray photoelectron spectroscopy (XPS), which was 

also used to quantitatively investigate the surface coverages of chlorine and nitrogen. 

The chemical nature and surface topography of the resulting C60-modified Si(111) 

surfaces are investigated by X-ray photoelectron spectroscopy (XPS), time-of-flight 

secondary ion mass spectrometry (TOF-SIMS), and atomic-force microscopy (AFM). 

Density functional theory (DFT) calculations are performed with the Gaussian 09 suite 

of programs
53

 to predict vibrational spectra and N 1s core-level energy and to study 

the stability of surface species formed. 
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3.2 Results and discussion 

3.2.1 Reaction of Hydrazine with Cl-terminated Si(111) Surface 

3.2.1.1 Infrared Spectroscopy Studies of Hydrazine Modification of the Si(111) 

Surface. 

In order to confirm the quality of the starting H-terminated Si(111) surface, the 

completeness of hydrogen removal, and to follow the reaction with hydrazine, FT-IR 

spectroscopy was used to interrogate the silicon surface following each modification 

step. Figure 3.3 and Figure 3.4 summarize the results of infrared spectroscopy studies 

of spectral regions representing the Si-H stretching, N-H stretching and characteristic 

NH2 bending modes.  

The completeness of modification process is monitored by following Si-H 

stretching region for H-Si(111) (Si(111) surface terminated with hydrogen); Cl-

Si(111) (Cl-terminated Si(111) surface prepared by exposure of H-Si(111) to PCl5 in 

the presence of benzoyl peroxide initiator), and Si-NH-NH-Si(111) (functionalized 

silicon surface prepared by exposure of Cl-Si(111) to NH2-NH2). For spectrum (c) in 

Figure 3.3 and 3.4, a clean silicon wafer with a thermal oxide is used as a background. 

Spectra of Cl-Si(111) (b) and Si-NH-NH-Si(111) (a) use a single beam spectrum 

collected for H-Si(111) as a background. The sharp Si-H stretching peak at 2083 cm
-1

, 

which is well-known as a signature of a clean and well-ordered H-Si(111) surface,
15, 

54-56
 shown in Figure 3.3(c), fully disappears after chlorination, and remains absent 

following modification with anhydrous NH2-NH2. Based on the previous studies, 
15, 54-

56
 this Si-H stretching mode is very sensitive both to the quality of ordering of the 

mono hydride-terminated Si(111) and to the purity of the H-termination. Thus, the 

results summarized in Figure 3.3 confirm that a clean and well-ordered H-Si(111) 
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surface was used as a starting point for hydrazine functionalization and that all the 

hydrogen atoms were replaced by chlorine during the chlorination step. No new Si-H 

containing species were introduced following the last step of Cl-Si(111) 

functionalization with hydrazine. 

 

 

 

Figure 3.3 The Si-H stretching region of infrared spectroscopy studies of hydrazine 

reaction with silicon surface for (a) the final hydrazine-modified surface and (b) for 

chlorine-terminated Si(111), as well as (c) for the starting H-terminated Si(111) 

surface. Native-oxide covered surface is used as a background for spectra (c) and the 

surface terminated with hydrogen (H-Si(111)) is used as a background for spectra (a) 

and (b). 
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Figure 3.4 Infrared spectroscopy studies of hydrazine reaction with silicon surface. 

The spectral ranges for N-H stretching region (left panel) and N-H bending signature 

region (right panel) are compared for (a) the final hydrazine-modified surface and (b) 

for chlorine-terminated Si(111), as well as (c) for the starting H-terminated Si(111) 

surface. Native-oxide covered surface is used as a background for spectra (c) and the 

surface terminated with hydrogen (H-Si(111)) is used as a background for spectra (a) 

and (b). Left panel summarizes the results of computational investigation for the 

computational cluster models considered and provides the predicted infrared spectra 

for these species indicated by bar plots. 

 

The left panel of Figure 3.4 presents the spectrum of the N-H stretching region 

for the surface modified with hydrazine. The H-Si(111) and Cl-(111) do not exhibit 

any absorption signals within the signal-to-noise ratio of the setup used for these 

experiments. The spectrum reported for Si-NH-NH-Si(111) required averaging five 

different experiments to achieve better signal-to-noise ratio. The solid bars below the 

experimentally recorded spectrum correspond to the expected vibrational frequencies 
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for surface -NH and -NH2 species obtained from computational models, with 

frequencies scaled by a common scaling factor of 0.965. 

The intensity of the stretch vibrations of submonolayer NHx species on silicon 

is often small and these vibrations are difficult to use to identify specific surface 

species at submonolayer coverage.
29, 57

 However, a very clear peak is observed at 3371 

cm
-1

 following hydrazine treatment in the left panel of Figure 3.4. In order to assign 

this peak, a set of computational studies have been performed for the models shown in 

this figure and the analysis of the predicted vibrational features can help rule out some 

of the possible surface as major products of the surface reaction. The surface species 

that have to be considered first are the target species proposed in Figure 3.1, where 

both nitrogen atoms of the hydrazine molecule are connected to surface silicon atoms, 

following replacement of two chlorine surface atoms of the Cl-Si(111). The obtained 

experimental spectrum is consistent with the predicted vibrational signature of these 

species. Unfortunately, the presence of –NH-NH2 species or –NH-O-NH– species 

cannot be ruled out based on these spectra. However, nitrogen-nitrogen bond 

dissociation is clearly not the dominant surface reaction pathway, as that would lead to 

two groups of peaks separated by over 100 cm
-1

, which is not observed in the 

experimental spectrum. The presence of N-O-H functionality can also be ruled out, 

since that would produce an intense absorption feature above 3500 cm
-1

. It is possible 

that some minority surface species of this type could yield a very weak absorption 

band recorded near that frequency; however, those are certainly not the majority 

adsorbates. Interestingly, the oxidized surface species with –NH-O-NH– functionality 

could be present; however, that would mean that N-N bond on those species is broken 

and a different analytical techniques could be used to identify that. It will also be 
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shown below that surface oxidation is not significant and the dominance of Si-O 

containing species following hydrazine exposure can be ruled out based on further 

XPS experiments. Thus, the computational models provided in Figure 3.4 cover all the 

possible types of species that can be present on a surface following reaction of 

hydrazine with Cl-Si(111).  

One of the possible vibrational signatures that can help identifying surface –

NHx groups is a characteristic –NH2 bending that is commonly used in surface 

analysis.
57-60

 The right panel of Figure 3.4 zooms into the corresponding spectral 

region; however, no signature of NH2 bending modes, which at comparable coverage 

could be easily observed in previous studies,
57-60

 was recorded for hydrazine-treated 

Si(111). Thus, structures containing Si-NH2 and Si-NH-NH2 fragments can be ruled 

out as dominant on this surface. 

 

3.2.1.2 Analysis of Surface Reactions and Quantification of Surface Elemental 

Concentration by X-Ray Photoelectron Spectroscopy. 

To help identify surface functional groups that were difficult to pinpoint using 

infrared spectroscopy and to quantify surface elemental concentration for the species 

present on the silicon surface following each modification step, XPS measurements 

were performed to monitor Si 2p, Cl 2p, and N 1s spectral regions. These are the only 

elements expected to contribute to the majority of surface species. The O 1s spectra 

were also collected to confirm the cleanliness of the surface but did not yield any 

information that would help identify the produced surface species. 

The analysis of the Si 2p spectra in Figure 3.5 reveals no observable silicon 

surface oxidation during the experimental procedure for obtaining H-terminated and 
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Cl-terminated Si(111) substrates. A Si 2p spectrum obtained following hydrazine 

treatment exhibits a small feature at 102.3 eV in addition to the typical signature of the 

clean silicon surface.
8, 34, 49, 51, 61-63

 This feature corresponds to the minority defect SiNx 

surface species, similarly to those observed previously following ammonia treatment 

of Cl-Si(111).
34

 A detailed investigation of this feature suggests that it is possible to 

overlap partially with the signature of silicon surface oxidation that is normally 

manifested in a broad feature at 103 eV corresponding to SiOx
64

; however, the 

position and the low overall intensity suggest that neither species correspond to the 

surface majority. 
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Figure 3.5 XPS spectra of the Si 2p spectral region for the Si(111) surface before and 

after hydrazine modification: (a) final surface modified with hydrazine compared with 

(b) Cl-Si(111) surface used in this modification and (c) H-Si(111) surface that is the 

starting point for the studies. 

 

 

Representative Cl 2p spectra of the Si(111) surface before and after hydrazine 

modification are shown in Figure 3.6. Only one type of chlorine-containing species is 

observed on the surface following the chlorination step. Since the infrared signature of 

hydrogen-terminated silicon surface shown in Figure 3.3(c) fully disappeared 

following chlorination, it is expected that a fully chlorinated Cl-Si(111) surface was 

prepared following the second step of experimental procedure outlined above. 

According to the coverage analysis based on the overlayer model performed according 
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to Lewis et al.,
61, 65-66

 the chlorine coverage observed in the experiments presented 

here is fully consistent with the previously reported data for ~99 % of a monolayer. 

 

 
 

Figure 3.6 XPS spectra of the Cl 2p spectral region for Si(111) surface before and 

after hydrazine modification: (a) starting Cl-Si(111) surface is compared with the 

same surface (b) following modification with hydrazine. 

 

 

The N 1s experimental spectrum shown for the hydrazine-modified Cl-Si(111) 

surface in Figure 3.7 indicates a predominant N-containing functionality at 399.6 eV 
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and a minor species at 397.5 eV. The binding energy that corresponds to the observed 

feature was compared to the selected results of the DFT study, on the basis of different 

possible chemical models, same as those utilized above for FT-IR study. The predicted 

N 1s binding energies for the main expected possible geometry, Si-NH-NH-Si, on the 

surface following hydrazine treatment are 398.95 eV and 398.87 eV. Another possible 

NHx functionality on the surface, Si-NH-NH2, is expected to produce features at 

398.61 eV, 398.96 eV, 398.71 eV and 399.02 eV (for a model containing two Si-NH-

NH2 species on neighboring surface sites). Compared with experimental result, Si-

NH-NH-Si and Si-NH-NH2 are both possible resulting species on the hydrazine-

treated surface. As discussed above, no –NH2 bending vibrations were observed in 

infrared study and Si-NH-NH2 has been ruled out to be predominant species on the 

hydrazine-treated surface. 
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Figure 3.7 XPS spectra of the N 1s spectral region for Si(111) surface before and after 

hydrazine modification: (a) starting Cl-Si(111) surface and(b) the same surface 

following modification with hydrazine compared with the N 1s core-level energies 

predicted by DFT investigations (solid bars) for the possible surface models. All the 

computational studies are based on a cluster model representing the two closest 

topmost silicon atoms on the unreconstructed Si(111) surface. 
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More importantly, however, the studies of the model clusters representing 

possible surface oxidation pathways with oxygen atoms inserted into the Si-N linkage 

suggest that any of these species would cause the N 1s peak to shift by about 1 eV or 

even more to higher energy: the N 1s spectrum of Si-N(OH)-N(OH)-Si model was 

predicted to yield two closely spaced features at 400.5 eV, and that of Si-N(OH)-NH-

Si model was calculated to yield 399.1 eV and 400.3 eV peaks. The predicted core 

level energies of Si-NH-O-NH-Si model, where oxygen is inserted into the N-N 

bridge, are closely spaced at 399.4 eV and do not differ substantially from the 

experimentally observed peak. This is the only species, in addition to the target ones, 

that could not be ruled out as dominant based on either infrared studies or XPS 

investigation. However, ToF-SIMS interrogation described in the next section should 

shed some light on the possible presence of this species on hydrazine-modified silicon 

surface.  

Previous work
67

 reported a broad overlapped peak centered at 399.6 eV for the 

Si-NH-NH-Si structure observed in vacuum following hydrazine exposure to a clean 

Si(100) surface, where N-N bond is parallel or nearly parallel to the surface. This peak 

value is consistent with the major peak shown in Figure 3.7. Based on the same 

computational analysis, it is very likely that the minority surface species correspond to 

the N-N bond dissociation. The assignment of the major peak at 399.6 eV can also be 

supported by the quantitative analysis of XPS spectra. Comparison of the ratio of N 1s 

feature and Si 2p feature for the hydrazine-treated surface with that of the Cl 2p 

feature and Si 2p feature on the Cl-terminated Si(111) (where ∼99% of the surface is 

covered with Cl atoms), applying the quantification approach described by N. Lewis et 

al.,
61, 65-66

 can be used to determine that the ratio of nitrogen coverage on a hydrazine-
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treated Si(111) surface to chlorine coverage on Cl-Si(111) is 107± 8%. According to 

Figure 3.6(b), all the chlorine is removed following hydrazine treatment. Thus, in an 

exchange reaction, one Si-NH-NH-Si group replaces two Si-Cl groups, which is fully 

consistent with the proposed reaction scheme and with producing target species shown 

in Figure 3.1. 

 

3.2.1.3 ToF-SIMS Identification of Surface Species on the Hydrazine-Modified 

Si(111) Surface. 

Two questions that were not fully addressed by infrared or XPS studies are the 

presence of N-N-containing surface species and the possibility of oxygen insertion 

into the N-N bond. A sensitive and effective technique that can address this problem is 

ToF-SIMS. ToF-SIMS within a mass-to-charge range of 0-100 m/z was used to help 

this identification. 

Figure 3.8 summarizes the ToF-SIMS spectra before and after surface 

modification with NH2-NH2. Before hydrazine treatment, Cl signature is clearly 

observed, as shown in the right panel of Figure 3.8, and only trace amounts of 

background species show up in the 56 m/z range, as indicated in the in the left panel. 

Following hydrazine treatment, the Si-N-N signature is clearly observed, suggesting 

that N-N bond is retained during surface modification process. To investigate the 

presence of Si-N-O-N species on the surface, 44 m/z region presented in the middle 

panel of Figure 3.8 was analyzed and suggests that only trace amount of N-O-N 

species mixed with contamination background species are observed on the surface, 

which confirms that Si-NH-O-NH-Si model is not the majority species. This finding 
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fully supports the hypothesis that the major species present on a silicon surface 

following the hydrazine treatment are of the Si-NH-NH-Si type. 

The noticeable minority surface species observed in the infrared and XPS 

studies are likely the result of the N-N bond dissociation following the hydrazine 

modification. Thus, the silicon surface terminated with Si-NH-NH-Si species is 

prepared and stable, and the resulting functionality is available for further 

modification. 

 

 
 

Figure 3.8 ToF-SIMS positive-ion spectrum of Si(111) surface (a) before and (b) after 

hydrazine modification in the Si-N2 (55.5-58.5 m/z), N-O-N (43.5-44.5 m/z), and Cl 

(33-38 m/z) species range. 
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3.2.1.4 DFT Computational Investigation of Surface Reaction Mechanism 

 

 
 

Figure 3.9 Computational investigation of potential reaction pathways for hydrazine 

on Cl-Si(111) surface with aSi17H24 cluster representing the silicon surface and 

B3LYP /6-311G+(d, p) computational approach. a) Model of a possible surface 

reaction pathway for hydrazine on Cl-Si(100) surface represented by a Si17H24 cluster 

terminated with two chlorine atoms; b) Correction to the final part of the 

computational reaction mechanism based on a reaction of the HCl product of the 

process with surrounding hydrazine molecules. 
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Based on the experimental results discussed above, the dominant surface 

species appears to be Si-NH-NH-Si. The question remains, however, if this surface 

species is thermodynamically stable and if it is possible to obtain it at relatively low 

temperatures. The main problem is that based on the results outlined in Figure 3.9(a), 

the final proposed species is predicted to be unstable. This issue is very similar to the 

one reported for ammonia reaction on Cl-Si(111) surface previously.
34

 Two problems 

preclude one from constructing a more appropriate complete reaction diagram. One is 

related to the fact that the HCl resulting from the surface modification process is 

probably not present as a separate product. Since there is an excess of hydrazine 

present on the solution, this HCl may immediately react with either one or two 

separate hydrazine molecules. The effect of the reaction of hydrazine with the HCl on 

the stability of the surface species produced in a reaction of hydrazine with the Cl-

Si(111) surface is illustrated in Figure 3.9(b). Here, the removal of HCl from a fully 

optimized resulting structure by surrounding hydrazine increases the stability of this 

structure by about 92 kJ/mol. The other problem is much more subtle. The exact 

arrangement of surface Si-NH-NH-Si species is not known. It is very likely that it is a 

complex surface reconstruction that stabilizes the resulting product even further. That 

is why the most appropriate way to compare the feasibility of hydrazine reaction is 

with the previous investigation of the similar ammonia modification that produced 

predominantly type of Si-NH-Si species on the same surface.
34

 The first striking 

difference is based on the overall stability of the resulting species. When a proper 

comparison is made as shown in Figure 3.1 above, it is clear that the reaction of 

hydrazine is expected to be much more efficient than that of ammonia. The second 

important observation, is that the first step of the proposed reaction, replacement of 
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one surface chlorine with either –NH2 group (in the case of ammonia) or –NH-NH2 

species (in the case of hydrazine), is actually much more kinetically accessible for the 

hydrazine modification. Thus, the presence of the Si-NH-NH-Si species observed 

experimentally is fully consistent with the higher efficiency of the proposed 

modification of the Cl-Si(111) surface with hydrazine compared to that previously 

reported for ammonia. 

 

3.2.2 Stability and Reactivity of the Hydrazine-modified Si(111) Surface 

3.2.2.1 Stability of the Hydrazine-modified Si(111) Surface in Ambient 

Environment 

Despite the fact that, the produced hydrazine-terminated surface does get 

oxidized in ambient, it is still important to study how “stable” this surface really is. 

XPS studies shown in Figure 3.10 and 3.11 reveal that this hydrazine-terminated Si 

surface starts to show surface oxidation, similar to what was observed in ammonia-

modified Si surface,
34

 as in silicon surface having oxygen inserted into its backbond, 

after being exposed to amzbient conditions for over 30 minutes. When the oxidation 

happens on the surface nitrogen, the major peak of hydrazine species was still 

observed at 399.6 eV with an additional peak shown around 402 eV corresponding to 

oxidized nitrogen. Eventually the surface nitrogen completely turn into NO species 

after being exposed to air for 4 hours. 
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Figure 3.10 Si 2p region of XPS of (a) freshly prepared hydrazine-terminated Si(111); 

(b) hydrazine-terminated Si(111) exposed to air for 30min; (c) hydrazine-terminated 

Si(111) exposed to air for 4 hours. 
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Figure 3.11 N 1s region of XPS of (a) freshly prepared hydrazine-terminated Si(111); 

(b) hydrazine-terminated Si(111) exposed to air for 30min; (c) hydrazine-terminated 

Si(111) exposed to air for 4 hours. 
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3.2.2.2 Reactivity of the Hydrazine-modified Si(111) Surface with Metal 

Precursor 

The reactivity of this hydrazine-modified Si(111) surface was investigated with 

the deposition of copper precursor, Cu(acac)2 at room temperature under high vacuum 

condition.  

The preliminary results shown in Figure 3.12, 3.13 and 3.14 definitely confirm 

the reaction between Cu(acac)2 and hydrazine-terminated Si(111) surface. The copper 

nanoparticles were observed on the surface after the deposition as shown in Figure 

3.11. The XPS studies confirmed the presence of copper species after deposition and 

more importantly the formation of a bond between Cu and Si, in Figure 3.12 and 3.13. 

Although similar study has been successfully explored on hydrogen-terminated 

Si(111) surface,
68

 for the deposition on hydrazine-modified silicon surface, further 

studies will be necessary to elucidate the mechanism of the deposition, but it proves 

that this unique hydrazine-modified silicon surface can serve as a platform for many 

different further modification protocols. 
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Figure 3.12 AFM image of hydrazine-terminated Si(111) after reacted with Cu(acac)2 

precussor. 

 

 
 

Figure 3.13 Cu 2p and Cu LMM region of XPS spectra of hydrazine-terminated  

Si(111) after reacted with Cu(acac)2 precursor. 
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Figure 3.14 Si 2p region of XPS spectra of hydrazine-terminated Si(111) after reacted 

with Cu(acac)2 precursor. 

3.2.3 A Monolayer of Hydrazine Facilitates Direct Covalent Attachment of 

C60 Fullerene to Silicon Surface 

3.2.3.1 Confirmation of Fullerenes C60 Adsorption on Hydrazine-Terminated 

Si(111) Surface by Atomic Force Microscopy. 

Since the first step, silicon modification with hydrazine, has been confirmed, 

the second step which is the attachment of C60 Fullerenes is firstly studied by 

microscopic methods. AFM images shown in Figure 3.15 were collected following the 

reaction of the C60 solution with the hydrazine-terminated Si(111) surface. The 

corresponding line profiles are displayed on the right of the figure. As a starting point, 

the hydrazine-terminated Si(111) surface in Figure 3.15(a) shows no nanostructured 
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features at the nanometer scale and exhibits an RMS roughness of 0.28 nm. After 

reacting with low concentration (0.25 mM) C60 solution followed by a 5-minute 

sonication, the C60-modified surface in Figure 3.15(b) shows substantial change in 

surface topography. The silicon substrate now shows a small number of ad clusters 

with a height commensurate with a single buckyball molecule. The RMS roughness 

increased to 1.11 nm and, as will be shown further, this image corresponds to a 

monolayer of C60 covering the hydrazine-modified surface and a few ad molecules on 

top of this system or possibly on small number of protruding defect sites. The 

sonication approach seems to work nicely with buckyballs and does not induce any 

additional surface oxidation or C60 monolayer desorption in our case. To see the effect 

of fullerene concentration on the size of the clusters on the surface, a higher 

concentrated (1 mM) C60 solution is used as the reagent, and the resulting images are 

presented in Figures 3.15(c) and (d). In Figure 3.15(c), when the sample is washed by 

a stream of methanol and Milli-Q water with no sonication, the image exhibits the 

formation of large clusters, up to 12 nm in height, along with increased RMS 

roughness, which clearly correspond to multiple layers of buckyballs. This is 

consistent with agglomeration of C60 molecules into relatively large and stable clusters 

at a high concentration of the solution.
49

 To get rid of these additional physisorbed C60 

structures on the surface, the sample was sonicated in toluene for 5 minutes and then 

rinsed with dichloromethane, methanol and MilliQ water several times. As observed in 

Figure 3.15(d), this sample exhibits essentially the same density of ad clusters as the 

low concentration C60-modified surface, with nearly identical height of the clusters 

and RMS roughness. The observation is consistent with previous investigations of C60 

aggregate formation.
42, 69

 In addition, given the similarity of the samples shown in 
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Figures 3.15(b) and 3.15(d), it is expected that their spectroscopic signatures will also 

be very similar, as confirmed below in the ToF-SIMS investigation. Since the multi-

layered physisorbed C60 clusters are removed after sonication and rinsing, and since 

the high-concentration C60-modified surface then shows nearly the same surface 

morphology as that of the low-concentration C60-modified surface, the C60 molecule 

reacts with the hydrazine-modified silicon surface in a self-limiting manner. 

 

 

 



 90 

 
 

Figure 3.15 Left panels: AFM images of (a) hydrazine-terminated Si(111) surface; (b) 

hydrazine-terminated Si(111) surface reacted with 0.25 mM C60 solution; (c) 

hydrazine-terminated Si(111) surface reacted with 1 mM C60 solution, washed without 

sonication; (d) hydrazine-terminated Si(111) surface reacted with 1 mM C60 solution, 

washed with sonication to remove multi-layered physisorbed C60. Right panels: 

corresponding line profiles of the images. 
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3.2.3.2 Confirmation of Fullerenes C60 Chemically-Bound to the Hydrazine-

Terminated Si(111) Surface by Time-of-Flight Secondary Ion Mass 

Spectrometry. 

 

 

 
 

Figure 3.16 Negative ion ToF-SIMS spectra of [C60]
-
 species m/z range following the 

reaction of C60 with a hydrazine-terminated Si(111) surface. The exact positions of 

expected ions are shown as solid bars underneath the experimental data. 
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To identify the structure of the species formed by fullerenes on a surface, ToF-

SIMS data are collected for both high and low-concentration C60 solution-treated 

surface and C60 powder itself for comparison. Negative ion m/z range of 719.5 to 

722.5 is displayed in Figure 3.16. Compared with the spectra of pristine C60 powder, 

the hydrazine-terminated Si(111) surface treated with C60 solution at either high or 

low concentration shows identical characteristic features at m/z 720, m/z 721 and m/z 

722, as is expected based on the microscopy studies presented above. Considering that 

SIMS is generally treated as a semiquantitative technique, the signal intensities have 

been calibrated to be shown at the same scale. Although here it is impossible to 

distinguish the peaks at m/z 721 and m/z 722 to be [C60−H]
−
 and [C60−H2]

−
, or C60 

with different amount of 
13

C isotopes, they are still the strongest evidence that 

confirms the existence of C60 on the C60 solution-treated surface. 

Figure 3.17 presents a summary of the other relevant spectral ranges studied by 

this surface analytical technique. Negative ion m/z ranges of 733.6 to 734.5, 747.6 to 

748.4, 761.6 to 762.4 and 831.5 to 832.5 are carefully studied and summarized in this 

figure. The zoom-in of the [C60−N]
−
 feature, [C60−N2]

−
 feature, [C60−N−Si]

−
 feature 

are displayed in Figure 3.17(a), (b) and (c) with vertical bars indicating the expected 

positions of corresponding molecular fragments. These results confirm that C60 is 

chemically bound to one or two nitrogen atoms, that the N−N bond of the surface 

bound hydrazine remains intact after reaction with C60, and that the formation of a 

bond between C60 and surface nitrogen does not disrupt the presence of Si−N-based 

interface. Thus, it is confirmed that C60 is chemically attached onto the hydrazine-

terminated Si surface through the bond formed between the C60 cage and nitrogen. It 
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must be pointed out that the presence of three or more nitrogen atoms connected to a 

fullerene molecule was not confirmed within the signal-to-noise ratio of the current 

experiments since no noticeable feature was observed in m/z region of 831.5 to 832.5, 

shown in Figure 3.17(d). 

 

 
 

Figure 3.17 Negative ion ToF-SIMS spectra of representative spectral regions 

following the reaction of C60 with a hydrazine-terminated Si(111) surface: (a) [C60-N]
-
 

species m/z range; (b) [C60-N2]
-
 species m/z range; (c) [C60-N-Si]

-
 species m/z range 

and (d) [C60−N4−Si2]
−
 (or [C60−N6−Si]

−
, [C60−N8]

−
) species m/z range. The exact 

positions of expected ions are shown as solid bars underneath the experimental data. 
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3.2.3.3 Confirmation of Fullerenes C60 Covalently Bound to Hydrazine-

Terminated Si(111) Surface by X-ray Photoelectron Spectroscopy. 

 

XPS is used to address the reaction more quantitatively. The studies of the C 1s 

spectral region following the reaction of C60 solution with hydrazine-terminated 

Si(111) surface are presented in Figure 3.18. Both for hydrazine-terminated Si(111) 

surface (3.18a) and 1 mM C60 solution modified surface (3.18b), three peaks at 284.6 

eV, 286.4 eV and 288.5 eV are discerned and assigned to C−C bonds, C−O/C−N 

bonds and C=O bonds. The considerable increase of these peaks is a result of fullerene 

C60 interacting with the hydrazine-terminated silicon surface, forming C−N bonds in 

addition to surface oxidation (C−O species) or adsorption of adventitious 

hydrocarbons (C=O species) that may occur during sample transfer. However, the 

most important observation is the peak at 291.3 eV, which corresponds to the π−π* 

shake-up in aromatic functional groups,
70-71

 confirming the presence of the aromatic 

entities on the modified surface following its reaction with C60. Since this peak is not 

observed for the hydrazine-terminated silicon sample, there is only one possible 

source of aromaticity in this sample: the presence of C60. 
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Figure 3.18 High-resolution XPS spectra of C 1s region for (a) the hydrazine-

terminated Si(111) surface, and (b) hydrazine-terminated Si(111) surface reacted with 

1 mM C60 solution. 

 

 

Figure 3.19 shows the N 1s spectral region of the hydrazine-terminated silicon 

and C60 monolayer on silicon, respectively, along with the DFT-predicted N 1s core 

level energies shown as solid bars for the models indicated in the figure. The N 1s 

experimental spectra shown for the hydrazine-modified Cl−Si(111) surface in Figure 

3.19(a) indicate a predominant N-containing functionality at 399.6 eV (FWHM=1.5 

eV) and a minor species at 397.5 eV. Previous studies have identified the major peak 
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at 399.6 eV to be Si−NH−NH−Si,
52, 67

 with the N−N bond being parallel or nearly 

parallel to the surface.
52, 67

 The minority surface species has been assigned to the N−N 

bond dissociation, predominantly on surface defect sites;
34, 52

 this assignment is 

supported by the DFT studies. Figure 3.19(b) shows the N 1s region for the sample 

modified with C60. This spectrum is clearly different from that of the hydrazine-

modified surface. First, the maximum of the main peak is shifted towards higher 

energy, and the peak itself becomes substantially broader, suggesting that this feature 

encompasses several different spectral signatures. If the main feature in Figure 3.19(b) 

is fitted with a peak of the same full width at half maximum as the main feature on the 

hydrazine-terminated silicon surface (399.6 eV, FWHM =1.5 eV), the remaining 

intensity of this feature can be fitted with a peak at 400.3 eV. Its area is nearly double 

of that for the feature at 399.6 eV. The peak at 400.3 eV (FWHM=1.6 eV) can be 

assigned to the nitrogen atoms connected to silicon and the C60 cage. This assignment 

is made based on the comparison of the experimental spectra with the core level shifts 

predicted for the models indicated in Figure 3.19 for the C60 molecule bound to either 

one or two nitrogen atoms of the surface-bound hydrazine functionality. It is also fully 

consistent with the previous investigations of amino-modified buckyballs.
51, 69, 72
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Figure 3.19 High-resolution XPS spectra of N 1s region for (a) the hydrazine-

terminated Si(111) surface, and (b) hydrazine-terminated Si(111) surface reacted with 

1 mM C60 solution. The core level energy shifts predicted by DFT for the model 

systems presented in the figure are shown as solid bars. 
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Thus, the feature at 399.6 eV in Figure 3.19 belongs to the unreacted nitrogen-

containing surface sites; the peak at 400.3 eV corresponds to the nitrogen atoms 

connected to silicon and the C60 cage. This assignment is also supported by the DFT 

studies summarized in Figure 3.19. This thesis suggests that the attachment of C60 to 

either one or two surface −NH functionalities is expected to shift the N 1s level 

towards a higher binding energy, with reacted N shifting by 0.8~0.9 eV, and the 

unreacted nitrogen atom of the same functional group shifting by 0.4 eV. The 

positions of the computationally predicted values in Figure 3.19 are relative to the 

peak predicted for the hydrazine-terminated silicon surface (Si−NH−NH−Si) that was 

matched with the experimental value. The minor peak at 397.9 eV in Figure 3.19(b) is 

possibly a combination of the N−N dissociated minority sites on the hydrazine-

modified surface and the structure with N atoms inserted into the C60 cage directly, 

forming pyridine-like N
73-74

 or C-N-C
73-74

 entities. It is investigated by comparing 

with DFT studies of a proposed structure for a hydrazine-terminated surface and of 

two possible structures that could exist following C60 modification, as models 

presented in Figure 3.19. The minor peak on the hydrazine-terminated surface (397.5 

eV) shifts by 0.4 eV towards a higher binding energy region after reaction with C60 

(397.9 eV). This observation is fully consistent with the result of the DFT prediction 

mentioned above, which demonstrates that the reaction of minor surface species with 

C60 leads to the upward shift in binding energy. 

Based on this comparison, it can be inferred that the chemical reaction has 

occurred and the observed binding-energy shift is explained by the C60 reaction with 

the hydrazine-modified silicon surface. More importantly, this simple analysis 

confirms that approximately two thirds of surface nitrogen atoms are affected by this 
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reaction, meaning that the high-coverage of the C60 is formed on this surface. In other 

words, this observation reinforces the qualitative results offered above by AFM and 

ToF-SIMS investigations. The AFM studies are indeed consistent with a full 

monolayer of C60 molecules with observation of a very low coverage of additional ad 

atoms (or ad clusters) of the buckyballs on top of this first layer or possibly on defect 

sites. The ToF-SIMS work confirms that the species observed in AFM are bound to 

the surface covalently, with carbon atoms connected to silicon atoms via a nitrogen 

bridge and with some buckyballs connected with at least two surface nitrogen atoms. 

Finally, XPS studies suggest that the reported chemistry is very efficient, with nearly 

two thirds of the nitrogen atoms of the hydrazine-modified silicon surface affected by 

the presence of the C60 cage of the buckyballs: this assessment is made based on the 

peak ratio of the nitrogen species affected by the C60 reaction (400.3 eV) to unreacted 

nitrogen-containing species (399.6 eV). This last observation also implies a very high 

coverage of the buckyballs within the monolayer. 
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Figure 3.20 High-resolution XPS spectra of Si 2p region for (a) hydrogen-terminated 

Si(111) surface, (b) hydrazine-terminated Si(111) surface and (c) hydrazine-

terminated Si(111) surface reacted with 1 mM C60 solution. 

 

Figure 3.20 summarizes XPS studies of the Si 2p spectral region following the 

reaction of C60 solution with hydrazine-terminated Si(111) surface. Compared with a 

clean hydrogen-terminated Si(111) surface, the hydrazine-terminated silicon surface 

shows a broad feature centered at 102.2 eV, which corresponds to the minority defect 

SiNx surface species.
34, 52

 After being treated by 1 mM C60 solution, the hydrazine-

terminated silicon surface also presents a broad peak centered at 102.5 eV, possibly a 

mixture of SiNx surface species and SiOx surface oxidation;
64

 however, the position 



 101 

and the low overall intensity suggest that neither species correspond to the surface 

majority. 

 

3.2.3.4 Surface recombination velocity measurements of C60-modified Si(111) 

Surface.  

 

Table 3.1 Charge carrier lifetime and surface recombination velocities for Si(111) 

surface following the reaction scheme: (a) hydrogen-terminated Si(111) surface; (b) 

chlorine-terminated Si(111) surface; (c) hydrazine-terminated Si(111) surface; (d) 

hydrazine-terminated Si(111) surface reacted with 1 mM C60 solution. 

 

Charge carrier lifetime measurements are conducted to evaluate the electronic 

properties of this C60-modified silicon surface. Table 3.1 shows the minority carrier 

lifetime of Si(111) surfaces following the reaction and respective surface 

recombination velocities. The surface recombination velocity (S) is calculated 

following the equation and assumption detailed described in Chapter 1. The absolute 

values summarized in this table are not as significant as the relative comparison of the 

same samples at different modification steps due to the possible effects of a relatively 

small sample size. Nevertheless the data are consistent with the previous studies of the 

H-terminated Si(111) reported by our group,
11

 but more importantly, it is clear that 

hydrazine-terminated Si(111) surface reacted with C60 solution exhibits the lowest 

Surface structure 
Charge-carrier 
lifetime, τ (µs) 

Surface recombination velocity, 
S (cm s

−1
) 

(a)  Si(111)-H 35.1 ± 1.1 1426.7 ± 43.0 

(b)  Si(111)-Cl 39.9 ± 0.8 1254.5 ± 24.1 

(c)  Si(111)-NH-NH 10.4 ± 0.9 4821.7 ± 432.1 

(d)  Si(111)-(NH)N-C60 3.4 ± 0.1 14599.8 ± 313.8 
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minority carrier lifetime and the highest surface recombination velocity. This 

observation is fully consistent with the C60 molecules serving as efficient electron (and 

exciton) traps.
38-39

 It can be noted that the minor surface oxidation is recorded after the 

48-hour C60 solution treatment as presented in Figure 3.20; however, the detailed 

studies of the effect of surface oxidation versus the attachment of C60 molecules on 

charge carrier lifetime requires further investigation. Thus, the C60-modified silicon 

surface exhibits substantially lower minority carrier lifetime than the silicon oxide 

surface, regardless of minor surface oxidation during reaction. This number is actually 

much lower than the previously reported charge-carrier lifetime measurements for C60 

thin films,
75

 but this comparison requires further investigation. 

 

 

3.3 Conclusion 

In this study, a wet chemistry method was utilized to prepare a Si(111) surface 

terminated predominantly with Si-NH-NH-Si functionality, sequentially a novel 

method to covalently attach the Buckminsterfullerene C60 to this hydrazine-modified 

Si(111) surface has been developed and shown to yield high coverage of a C60 

monolayer. 

For the hydrazine-modified Si(111) surface, the FT-IR studies showed that all 

the H-terminated reactive sites were replaced after modification with chlorine and later 

with hydrazine. The Si-NH-NH-Si species were identified by FT-IR, ToF-SIMS and 

XPS, which also helps quantitatively investigate the surface coverage of chlorine and 

nitrogen. In addition, the XPS spectra suggested that the Si(111) surface remained 

unoxidized following modification steps. On the basis of the DFT calculations, the N 
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1s binding energy detected from XPS was also consistent with the presence of Si-NH-

NH-Si surface species as dominant product. Finally, the DFT investigation confirmed 

the higher efficiency of hydrazine modification compared to that for ammonia reaction 

with the same surface. Precise characterization of the new approach to prepare NHx-

terminated surfaces and comprehensive identification and quantification of all 

chemical species on the surface will require further studies, both computationally and 

experimentally. The study of stability and reactivity of the hydrazine-modified Si(111) 

surface implies that such hydrazine-modified silicon surface can be used as an 

oxygen-free platform for further modification protocols, in which the C60 fullerene 

attachment is a good example. 

For the C60 fullerene attachment onto hydrazine-modified silicon surface, the 

XPS study confirms that the reaction has occurred through the surface Si−NH− 

functionality. AFM investigations suggest that a monolayer of C60 could be formed on 

this surface with only a few ad molecules on top of this monolayer or at defect suites. 

ToF-SIMS results indicate that the nitrogen atom of the hydrazine-modified silicon 

surface is attached directly to the C60 cage following the surface reaction. More 

evaluations of this C60 modified silicon surface, including C60 triplet state lifetime 

measurements, which lead to potential future applications, are currently under 

investigation. This unique silicon surface with C60 directly attached to silicon through 

a single amino-functionality circumvents the need for functionalized organic 

monolayers formed by hydrosylilation as a starting point for attachment, it avoids the 

need for ultra-high vacuum and the formation of Si−C bonds susceptible to oxidation, 

and it can serve as a platform for further modification based on the chemistry of C60 

fullerenes. 
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DEHYDROHALOGENATION CONDENSATION REACTION OF 

PHENYLHYDRAZINE WITH Cl-TERMINATED Si(111) SURFACE 

4.1 Introduction 

The studies of silicon-based materials and interfaces expand in a number of 

fields, including electronics, heterogeneous catalysis, biomolecular recognition and 

sensing, biomolecular separation, and energy conversion.
1-5

  

In order to produce the desired stable interfaces, silicon surfaces terminated 

with hydrogen or halogen are commonly used as starting points. Recent work on 

preparation and characterization of H-terminated
6-11

 and Cl-terminated
12-17

 Si(100) and 

Si(111) single crystalline surfaces allows for detailed understanding of the chemical 

processes with a truly molecular level precision. The functionalization step commonly 

includes the reactions of these modified silicon surfaces with appropriate organic 

reagents to produce stable organic monolayers that can in turn be further modified to 

yield nearly any chemical or biological functionality needed.
17-20

 

Although the majority of previous work in surface modification of silicon 

material targeted the formation of stable Si-C bonds in hydrosilylation processes
21-22

, 

more recently substantial attention has been directed to avoid the presence of both 

carbon and oxygen directly at the interface with silicon. Considerable efforts have 

been focused on stable organic-inorganic interfaces on silicon with the help of Si-N 

bonds. Thermodynamic stability and chemical versatility of such interfaces drove the 

initial investigations of ammonia,
13, 18-19, 23-27

 amines,
17, 28-29

 nitro- and nitroso-

Chapter 4 
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compounds
30-33

 as well as azides,
34-36

 with clean silicon single crystalline surfaces in 

vacuum towards more practical, cheap, and robust reactions of the same compounds 

with H- or Cl-terminated silicon surfaces by wet chemistry methods.
13, 30, 36-38

 Tian et 

al.
13

 established a strategy to prepare a carbon- and oxygen-free monolayer on Si(111) 

surface terminated predominantly with Si-NH-Si functionality based on chlorination 

of H-terminated Si(111) surface followed by the room temperature ammonia treatment 

with NH3-saturated tetrahydrofuran (THF). More recently, carbon- and oxygen-free 

Si(111) surface terminated mostly with Si-NH-NH-Si functionality was prepared in a 

similar reaction with anhydrous hydrazine treatment at 35
o
C.

28
 The amines have been 

used in reactions with Cl-terminated silicon to introduce a variety of functionalities;
8, 

13-16, 28-29, 39
 however, hydrazine attachment presents a unique opportunity to yield the 

desired function, as will be demonstrated below.  

Among the possible functional groups, the phenyl ring can be used as a good 

test-probe for surface reactions from a fundamental stand point. The aromatic ring 

presents a nice target for spectroscopic characterization and quantitative analysis.
29-30

 

Compared to unfunctionalized hydrazine, phenylhydrazine is more stable and easier to 

handle. At the same time, phenyl-based organic monolayers possess a number of 

attractive properties, including their resistance to surface oxidation.
40-41

 In other 

words, this substituent can be used to tune chemical, mechanical, and electronic 

properties of a semiconductor surface. 

This thesis aims at a well-defined surface of silicon functionalized with 

phenylhydrazine to produce an oxygen-free platform for further investigation. A 

phenylhydrazine-functionalized Si(111) sample is obtained from a Cl-Si(111) surface 

with phenylhydrazine at 35~38 
o
C under N2 atmosphere. A schematic comparison of 
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the main proposed products for reactions of ammonia, hydrazine, and phenylhydrazine 

is provided in Figure 4.1. This type of reactions involves HCl elimination and the 

formation of new N-Si bonds, thus they can serve as examples of dehydrohalogenation 

condensation process.  

 

 
 

Figure 4.1 Schematic comparison of the reactions of Cl−Si(111) surface with 

ammonia, hydrazine and phenylhydrazine, respectively. The reactions are balanced 

taking into account the formation of salts in the presence of excess molecular reactants 

 

To confirm the presence of Si-N bonds following this procedure and to 

establish the structures of surface species produced, every step of modification was 

followed by Fourier-transform infrared spectroscopy (FT-IR), X-ray photoelectron 

spectroscopy (XPS), and time-of-flight secondary ion mass spectrometry (ToF-SIMS). 

Density functional theory (DFT) calculations were performed to propose a plausible 

mechanism of surface reaction and to produce a set of appropriate spectroscopic 

observables, including vibrational spectra and core-level energies, to compare with the 

results of experimental studies. 
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4.2 Results and discussion 

4.2.1 Confirmation of Phenylhydrazine Reaction with Cl-Si(111) Surface by 

Infrared Spectroscopy. 

 

 
 

Figure 4.2 Summary of the infrared investigations of the N-H stretching region and C-

H stretching region for phenylhydrazine reaction with Cl-Si(111) surface. The 

experimental spectrum is an average of five experiments conducted at identical 

conditions. The solid bars below the spectrum correspond to the vibrational 

frequencies predicted computationally for surface species formed, as summarized on 

corresponding schemes. All predicted frequencies are multiplied by a common scaling 

factor of 0.965. 

 

In order to confirm the reaction of phenylhydrazine with a Cl-Si(111) surface 

and to possibly identify the products of this reaction, infrared spectra of the resulting 
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surface were interrogated. Figure 4.2 summarizes the most informative spectral region 

confirming the presence of C-H and N-H containing chemical groups following the 

reaction. The N-H stretching vibrations corresponding to -NHx species are recorded 

around 3328 cm
-1

 and an obvious feature just above 3000 cm
-1

 corresponding to the C-

H stretching of the phenyl ring is clearly observed. Even based on these results alone, 

it is possible to infer that the phenyl ring remains intact following the reaction of 

phenylhydrazine with a Cl-Si(111) surface. Otherwise, the C-H vibrations 

corresponding to the rehybridized species containing sp
2
 and sp

3
 carbon would be 

observed below 3000 cm
-1

.
42-45

 In order to attempt precise identification of the surface, 

comparison of the experimental spectra with the computationally predicted vibrational 

signatures of the proposed surface species is needed, as also summarized in Figure 4.2. 

The possible surface models of the resulting species with a restriction that they must 

maintain the intact phenyl ring and possess some N-H bonds include all the species 

presented in the figure. However, it appears that based on these predictions alone it is 

impossible to distinguish them. Nevertheless, the fact that the phenyl ring remains 

intact and that the surface species possess N-H bonds will be important for further 

studies outlined below.  

The infrared studies of the Si-H region following the phenylhydrazine reaction 

with the Cl-Si(111) surface are provided for reference in Figure 4.3. As well-studied in 

previous literature,
9-10, 13, 28, 37, 46

 the IR results confirm that the reaction started with a 

clean and well-ordered H-Si(111) surface and that all the hydrogen atoms were 

replaced by chlorine during the chlorination step. In last step of Cl-Si(111) treated by 

phenylhydrazine, no new Si-H containing species were introduced.  
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Figure 4.3 Summary of the infrared investigations for the Si-H stretching region of 

the Si samples following the phenylhydrazine reaction with Cl-Si(111) surface: (a) H-

terminated Si(111) (with starting wafer used as a background); (b) Cl-terminated 

Si(111) prepared as indicated in the text (with sample in part (a) used as a 

background); (c) A surface in (b) reacted with phenylhydrazine for 1 hour as described 

in the text (with surface in (a) used as a background). 

 

The rest of the spectral features are summarized in Table 4.1. Although the 

computational study suggests that there may be some subtle spectroscopic differences 

between the two possible models shown in Figure 4.2, especially within the fingerprint 

region, distinguishing them based on the experimental spectra collected in this study is 

not feasible, as the spectra are complicated by the effect of partial oxidation during the 

collection time on the absorption features.  
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Table 4.1 Summary of the infrared investigation of phenylhydrazine treated Cl-

Si(111) surface, including a comparison with previous studies of relevant experimental 

systems and DFT computational prediction for the two proposed structures shown in 

Figure 4.2. All values are in cm
-1

. 

 

Experimental 

Value 
Previous Investigation 

Approximate 

Assignment 

Calculated 

based on 

structure A 

in Fig. 4.1 

Calculated 

based on 

structure B 

in Fig. 4.1  
Reported 

Value 
System Studied 

3320 3290
8
 

Ethylenediamine + Cl-

Si(111)
8
  

Si-NH-C6H5 3304 3296-3322 

3045, 3024 
3069,

47
 

3032
47

 

Phenyl isothiocyanate 

monolayer on Si(001)
47

  

aromatic CH 

stretching 
 3031, 3015 3004-3045 

1607 
1595,

48
 

1600
30

 

Aromatic SAM on 

Si(111),
48

 Nitrobenzene + 

H-Si(111)
30

  

aromatic CC 

1551, 1530 
1551,1558, 

1560, 1545 

1450 
1493,

48
 

1480
30

  

Aromatic SAM on 

Si(111),
48

 Nitrobenzene + 

H-Si(111)
30

  

aromatic CC 

1265 
1200~1300,

38

1150~1280
30

 

Nitrosobenzene + clean 

Si(100),
38

 Nitrosobenzene + 

H-Si(111)
30

  

 C-N(O)-Si   
1261, 1267, 

1285, 1286 

1136 
1110,

39
 

1209
39

 

CH3MgCl + Cl-Si(111),
39

 

C2H5MgBr + Cl-Si(111)
39

  
Si-O-Si TO 

  

1120 1112
8
 

Ethylenediamine + Cl-

Si(111)
8
  

C-N-H 1200 1198, 1224 

1101 1073-1109
39

 
CH3MgCl / C2H5MgBr + 

Cl-Si(111)
39

  
SiO-C  

 
  

1043 
1034,

39
 

1025
39

 

CH3MgCl + Cl-Si(111),
39

 

C2H5MgBr + Cl-Si(111)
39

  
Si-O-Si LO     

891 
906-912,

49
 

880
50

 

Condensed phase 

Phenylcopper,
49

 

Iodobenzene Adsorbed on 

Cu(111)
50

  

aromatic C-H 

out-of-plane 

bending 

927, 945 
949, 940, 

933, 922 

821 

849,
51

 845
51

 

Gas phase Benzene,
51

 

Benzene Adsorbed on 

Cu(111)
51

 

aromatic C-H 

out-of-plane 
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4.2.2 X-ray photoelectron spectroscopy investigation of the extent of the 

reaction and additional information on surface species formed during 

phenylhydrazine interaction with the Cl-Si(111) surface. 

In this study, a number of important conclusions can be reached based on XPS 

investigation. The first question that can be answered by this surface analytical 

technique is the quality of the surface with respect to surface oxidation. The analysis 

of the Si 2p spectra presented in Figure 4.4 reveals that no silicon surface oxidation 

was observed during the experimental procedure for obtaining H-terminated and Cl-

terminated Si(111) substrates, as shown in spectra (a) and (b). The dashed line in 

Figure 4.4 indicates the expected position for the XPS feature corresponding to SiOx at 

approximately 103 eV.
13, 16, 28, 52-57

 A Si 2p spectrum obtained following 

phenylhydrazine treatment exhibits a very minor feature at 102.2 eV in addition to the 

typical signature of the clean silicon surface, and as reaction time increases from 1 

hour in Figure 4.4(c) to 3.5 hours in Figure 4.4(f), this minor feature increases in 

intensity and also shifts to the higher energy. Previous investigations of the feature 

observed at 102.2 eV suggest that it is most likely a signature of surface nitride
13, 28, 58

 

formed at the surface defect sites. The position of this feature is clearly different from 

the 103 eV peak corresponding to SiOx.
52

  Prolonged exposure to ambient conditions 

does result in surface oxidation. The signs of this oxidation are definitely noticeable in 

Figure 4.4(f) for a 3.5 hours contact time with phenylhydrazine, suggesting that even 

in nearly oxygen-free atmosphere, surface oxide is formed if the reaction time is 

increased substantially.
29
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Figure 4.4 XPS spectra of the Si 2p region of the Si(111) surface following the 

reaction steps: a) freshly prepared H-terminated Si(111) surface, b) freshly prepared 

Cl-Si(111) surface; the surface in (b) reacted with phenylhydrazine for c) 1 hour, d) 

1.5 hours, e) 2.5 hours, and f) 3.5 hours. The binding energy corresponding to the 

formation of SiOx following surface oxidation is indicated by a dashed line. 
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Figure 4.5 XPS spectra of the Cl 2p spectral region for the Si(111) surface following 

the reaction of phenylhydrazine with Cl-Si(111) surface for a) freshly prepared H-

terminated Si(111) surface, b) freshly prepared Cl-Si(111) surface; the surface in (b) 

reacted with phenylhydrazine for c) 1 hour, d) 1.5 hours, e) 2.5 hours, and f) 3.5 hours. 
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Although silicon surface oxidation does not seem to pose substantial problems 

to the proposed surface modification approach at relatively short reaction times, it is 

important to understand how effective chlorine removal is during this process. 

Representative Cl 2p spectra of the Si(111) surface before and after phenylhydrazine 

modification are shown in Figure 4.5. As expected, no chlorine is present on the H-

terminated Si(111) shown in Figure 4.5(a); the signature of this element appears only 

following silicon modification with PCl5. After this modification step, only one type 

of chlorine-containing species is observed on the surface, as shown in Figure 4.5(b). 

Based on the coverage analysis following the overlayer model applied to this system 

according to Lewis et al.,
14-16

 the chlorine coverage observed in this experiment is 

consistent with the previously reported data for ~99 % of a monolayer.
13, 28

 Following 

the 1 hour reaction of the Cl-Si(111) surface with phenylhydrazine shown in Figure 

4.5(c), the amount of surface chlorine is drastically reduced and the concentration of 

this element on a surface quickly approaches zero at longer reaction times shown in 

Figure 4.5(d)-(f).  
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Figure 4.6 XPS spectra of the N 1s spectral region for the Si(111) surface following 

the reaction of phenylhydrazine with Cl-Si(111) surface for a) freshly prepared H-

terminated Si(111) surface, b) freshly prepared Cl-Si(111) surface; the surface in (b) 

reacted with phenylhydrazine for c) 1 hour, d) 1.5 hours, e) 2.5 hours, and f) 3.5 hours. 

The positions of the expected XPS signatures computationally predicted based on the 

previously published calibration procedure
59

 for the model species shown in the figure 

are presented as solid bars underneath the experimental spectra. 
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Figure 4.6 presents a summary of the N 1s investigations for the reaction of 

phenylhydrazine with a Cl-Si(111) surface. Figures 4.6(a) and 4.6(b) show that no 

nitrogen is present on H-terminated or Cl-terminated Si(111), respectively. Figure 

4.6(c) clearly shows a dominant feature at 399.7 eV. The binding energy that 

corresponds to this observed feature is compared to the selected results of the DFT 

investigation of the models presented in Figure 4.6. The predictions of the N 1s 

binding energies for the main expected possible geometry, Si-N-NH(phenyl)-Si, on 

the surface following phenylhydrazine treatment are 399.44 eV and 399.00 eV. 

Another possible NHx functionality on the surface, Si-NH-NH-phenyl, is predicted to 

exhibit peaks at 398.73 eV, 399.04 eV, 399.25 eV and 399.96 eV (for a model 

containing two Si-NH-NH-phenyl species on neighboring surface sites). The third 

possible structure for NHx species on the surface, Si-N(Si)-NH-phenyl, is predicted to 

exhibit peaks at 399.63 eV and 399.02 eV.  

Based on the comparison of experimental and computationally-predicted 

spectra, it again appears that all the proposed species would have spectral signatures 

consistent with the experiment. It is important to highlight that the main feature 

observed experimentally is very different in energy from those that would originate 

from N-Si or N-N bond oxidation
13, 17, 28

 or the formation of a hydrazine salt.
28

 

The minor peak observed at 397.7 eV does increase with the reaction time. 

Based on the previous studies, it is likely a signature of a minor channel of a hydrazine 

reaction – N-N dissociation. This assignment is supported by comparing the observed 

energy with those reported for hydrazine and ammonia reacting with a Cl-Si(111) 

surface
13, 28

 and by an illustration of a possible position for such a species in Figure 

4.6. 
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Figure 4.7 Summary of the apparent relative coverages of N and Cl obtained based on 

XPS studies as a function of the reaction time between phenylhydrazine and a Cl-

Si(111) surface 

 

By applying the quantitative analysis described by Lewis et al.,
14, 16, 60

 the ratio 

of the N 1s feature and Si 2p feature on the phenylhydrazine-treated surface can be 

calibrated with the corresponding ratio of the Cl 2p feature and Si 2p feature on the 

Cl-terminated Si(111) (where ∼99% of the surface is covered with Cl atoms). This 

procedure yields nitrogen coverage of 21± 5% following 1 hour contact time.  

The quantitative results of apparent relative surface coverages of N and Cl are 

summarized in Figure 4.7. The trends shown in this figure reveal that the apparent 

coverage of N increases up to 2.5 hours of the reaction time and decreases at longer 

exposure. The decrease is likely caused by surface oxidation observed at very long 

reaction times even in the controlled conditions used in this work. The apparent 

coverage of Cl decreases quickly and approaches zero for reaction times longer than 
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1.5 hours. The analysis of these trends suggests that chlorine removal is a relatively 

easy process, which will be further supported by computational studies. However, it is 

apparent that the reaction becomes very complicated and is affected substantially by 

surface reconstruction and surface oxidation processes for contact times longer than 

2.5 hours. 

 

 

4.2.3 Identification of surface species formed during phenylhydrazine 

interaction with the Cl-Si(111) surface by ToF-SIMS. 

The infrared spectroscopy and XPS investigations reported above help rule out 

the presence of certain surface species as a result of the reaction of phenylhydrazine 

with a Cl-Si(111) surface. A comparison with selected DFT models also suggested 

that their expected vibrational and XPS signatures are consistent with the recorded 

experimental spectra. However, based on these studies alone it is practically 

impossible to identify the actual species present on a surface following this reaction. 

In order to further identify the species present on a surface following the 

phenylhydrazine reaction, ToF-SIMS traces were recorded before and after surface 

modification. Figure 4.8 presents a summary of the most relevant spectral ranges 

studied by this surface analytical technique. 
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Figure 4.8 Negative ion ToF-SIMS spectra of the most informative spectral regions 

following the reaction of phenylhydrazine with a Cl-Si(111) surface: (a) [Si-N2]
-
 

species m/z range; (b) [Si-N2-phenyl]
-
 species m/z range; (c) [Si2-N2-phenyl]

-
 species 

m/z range. 
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Figure 4.9 Negative ion ToF-SIMS spectra of phenylhydrazine treated Cl-Si(111) 

surface: (a) zoom-in of the [Si-NO-phenyl]
-
 species m/z range; and (b) zoom-in of the 

[Si2-NO-phenyl]
-
 species m/z range. The exact positions of the ions corresponding to 

the selected species are indicated by solid vertical lines. 

 

Negative ion ToF-SIMS spectra are used for plots (a)-(c) in Figure 4.8, which 

confirm that only following phenylhydrazine treatment, are the signatures for surface 



 131 

bound phenylhydrazine reaction products observed. Specifically, negative ion m/z 

ranges of 55.5 to 58.5, 132.5 to 135.5 and 160.5 to 163.5 are summarized in these 

plots. Following the phenylhydrazine treatment, the [Si-N2H]
-
 fragment is clearly 

present and corresponds to the highest intensity feature in Figure 4.8(a). Generally, 

ToF-SIMS cannot be used for a quantitative comparison of different but closely 

related surface species; however, if the ionization cross sections of the [Si-N2H]
-
 and 

[Si-N2H2]
- 
species are similar, the intensity difference between the two corresponding 

peaks in Figure 4.8(a) suggests that most of them are originated from Si-N2H-Si 

surface fragments and not from the Si-N2H2 surface species. There are [Si-N2-phenyl]
- 

and [Si-NO-phenyl]
-
 species observed to be present in Figure 4.8(b). The oxidized 

species are generally observed to be present in this experimental setup since oxygen 

gas is always present in the background, albeit in very small quantities. Signatures of 

[Si2-N2-phenyl]
-
, [Si2-N2H-phenyl]

-
 and [Si2-NO-phenyl]

-
 species are presented in 

Figure 4.8(c). 

To clarify and confirm the observed signatures, a zoom-in of [Si-NO-phenyl]
-
 

feature at 135.02 m/z is presented in Figure 4.9(a), with the vertical line indicating the 

expected position of the [Si-N2H2-phenyl]
-
 species, which is clearly absent. This 

comparison rules out the structure of [Si-NH-NH-phenyl]
-
 as a signature of a dominant 

surface species. Similarly, the zoom-in in Figure 4.9(b) clearly shows a peak at 162.98 

corresponding to the minor oxidized [Si2-NO-phenyl]
-
 species and not the [Si2-N2H2-

phenyl]
-
 group, whose expected position is also indicated by a vertical line. 

Together with the infrared and XPS results described above, the ToF-SIMS 

studies zero in on a dominant surface species. Although infrared and XPS results 

could not identify this species unambiguously, they confirmed the presence of the 
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intact phenyl ring, the absence of major surface oxidation, and the relatively low 

coverage of nitrogen even at the optimal set of conditions. ToF-SIMS confirmed that 

the N-N bond is intact in the majority surface species and that the Si-N-NH(phenyl)-Si 

structure is indeed the dominant one.  

 

4.2.4 Computational explanation of the initial steps of the surface reaction 

mechanism for phenylhydrazine interaction with a Cl-Si(111) surface. 

The proposed mechanism of the initial steps of phenylhydrazine interaction 

with a Cl-Si(111) surface is depicted in Figure 4.10. The initial adsorption of 

phenylhydrazine on a Cl-Si(111) surface is a slightly exothermic process and the first 

reaction step is endothermic, with a very modest reaction barrier. The proposed second 

step leads to a much more endothermic product; however, it is overall consistent with 

the previously interrogated reactions of ammonia and unfunctionalized hydrazine on 

the Cl-Si(111) surface. It is likely that the endothermicity of this reaction is greatly 

moderated by a surface reconstruction and also by the fact that the HCl molecule 

released as a consequence of the reaction is bound to a phenylhydrazine molecule, 

since phenylhydrazine is present in excess in the reaction mixture. The stability of the 

resulting product is similar for this model to the stability of the unfunctionalized 

hydrazine in a similar reaction.
28

 However, the different stabilities of the final salts 

(NH2-NH3Cl vs. Ph-NH-NH3Cl) will definitely affect the overall thermodynamics of 

the process. What makes the process involving phenylhydrazine different is the 

resulting efficiency of the process, with only approximately a quarter of surface silicon 

atoms connected to a nitrogen atom of the incoming phenylhydrazine molecule. The 

most straightforward explanation for such a difference is in the bulkiness of 
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phenylhydrazine. Specifically, if the structure of the first step product (where a single 

Si-N linkage is formed and a single HCl molecule is released) is considered carefully, 

it becomes apparent that the substituent phenyl ring is hindering the possible approach 

of another phenylhydrazine molecule to engage in a chemical interaction with the 

surface. Once the reaction goes to completion with both nitrogen atoms of the 

phenylhydrazine forming Si-N linkers and two HCl molecules released, this hindrance 

does not disappear, and in fact becomes even more pronounced. Further investigations 

of the surface reconstruction, consistent with a rather low surface coverage of nitrogen 

and at the same time essentially absent surface oxidation that could potentially 

stabilize this reconstruction, are necessary. 
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Figure 4.10 DFT investigation of the initial steps of a reaction of phenylhydrazine 

with a Cl-Si(111) surface. The proposed mechanism of interaction based on a reaction 

resulting in a HCl molecule bound to a surface-attached species as a product (a) is 

compared with a reaction pathway where the resulting HCl is bound to another 

phenylhydrazine molecule (b), which appear in excess in a realistic reaction mixture. 
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4.3 Conclusion 

The work described in this thesis attempts to understand a complex process of 

phenylhydrazine interaction with a Cl-Si(111) surface to introduce a chemical 

functionality based on a dehydrohalogenation process. The ultimate goal of this 

approach would be to introduce high coverage of a target functionality based 

exclusively on Si-N linkers and without surface oxidation. The infrared investigation 

confirms the reaction and also confirms that the introduced functionality remains 

intact following the modification procedure. XPS studies are consistent with the 

proposed surface species and also confirm the absence of substantial surface oxidation 

unless the reaction time exceeds 2.5 hours. ToF-SIMS allows for identification of the 

majority species formed and the DFT studies offer a possible mechanism for the initial 

interaction steps for phenylhydrazine. However, increase of surface coverage of 

functionalized hydrazines or at least the reasons behind such a high stability of the 

modified surface with respect to oxidation, likely a stable reconstruction, in ambient 

have to be understood in further studies. 
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CARBON NANOTUBES COVALENTLY ATTACHED TO 

FUNCTIONALIZED SURFACES DIRECTLY THROUGH THE CARBON 

CAGE 

5.1 Introduction 

Since the initial identification and reports on carbon nanotubes,
1-2

 their 

properties have spurred a flurry of intense studies due to their unique structure and 

characteristics. The chemical reactivity, as well as the optical, mechanical, and 

electronic properties of carbon nanotubes (CNTs), have resulted in integration of these 

materials into various fields and applications, including sensors,
3-5

 nanoelectronic 

devices,
6
 hydrogen storage,

7-8
 and field emission devices.

9-10
 For such applications, the 

ability to control and fine-tune the attachment and placement of carbon nanotubes onto 

a solid substrate is necessary.  

The immobilization of CNTs onto gold substrates, typically following the 

formation of alkylthiol self-assembled monolayers (SAMs), has been amply reported 

in literature. In several cases, the presence of carboxylic acid functionality is utilized 

to anchor the CNTs to the thiolated gold surface via condensation or amide 

formation.
11-13

 The long-term stability of the CNT-substrate interface involving thiol-

gold linkages may be a concern, however, due to thermal instability and 

photooxidation of the SAM.
14

 For applications in which these challenges may pose 

problems, the gold-thiol interface can be circumnavigated by the sturdy attachment of 

CNTs onto silicon substrates. Several examples in the literature highlight CNT 

Chapter 5 
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attachment to amine- or hydroxyl-modified silicon surfaces.
15-17

 In order to avoid the 

layer of oxidized silicon, alternative methods involving the direct hydrogenation of 

silicon followed by modification with aliphatic alkenes for further reaction with 

carbon nanotubes have been proposed.
18

 Examples of the attachment of carbon 

nanotubes to other surface materials, such as polymers
19

 and ITO glass,
20

 have also 

been reported in literature. 

Thus, most of the methods in literature describing the covalent attachment of 

carbon nanotubes rely on interactions between the substrate surface species and 

functional groups (e.g. carboxylic acid) on the carbon nanotubes. In most cases, the 

functional group is present only on the ends of the CNTs, rather than along the length 

(with the exception of defects). This is ideal for applications in which vertically-

aligned CNT assemblies are desired; however, in cases where a very high degree of 

intimate covalent contact is required between the CNTs and substrate, bonding 

between the substrate and the cage of the CNT may be sought instead. It has been 

shown that electron transfer through CNTs attached to a gold substrate via self-

assembled monolayers is influenced by electrons tunneling through the SAMs.
21

 The 

presence of functional groups bound to a carbon nanotube can also impact the charge 

transport through the CNT, depending on the nature of the bonding involved.
22-23

 

These changes are desired in some cases, such as in chemical sensor development;
24

 in 

other cases, however, it may be preferable for the intrinsic electronic properties of the 

nanotube to be preserved. 

Interestingly, the surfaces of CNTs are relatively rarely the subject of direct 

chemical modification. The inner surfaces of nanotubes are considered to be inert, and 

in fact these materials are commonly used to provide the “cage effect” for highly 
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controlled processes inside the nanotubes.
25-27

 On the other hand, a number of 

adsorbates have been shown to react with the outside surface of CNTs.
28-31

 The 

question is whether the reactivity of the outer surface of carbon nanotubes without 

additional chemical functionalities could be explored to staple them covalently to 

chemically functionalized surfaces. This approach has been suggested for similar 

systems.
32

 The covalent bonding between the cage of a C60 buckyball and solid flat 

semiconductor substrates has been reported and reviewed in detail,
33-36

 with one of the 

examples of such interactions involving the direct attachment of the C60 and amine-

terminated self-assembled monolayers.
37-39

 In another study, the attachment of [6,6] 

phenyl-C61-butyric acid methyl ester (PCBM), structurally similar to the buckyball, to 

an amine-modified silicon surface showed that while both attachment through the ester 

to form an amide and attachment through the cage to form a secondary amine are 

viable, the latter is actually more favorable.
40

 It stands to reason then, that direct 

attachment of carbon nanotubes through the cage, regardless of the presence or 

absence of other functional groups, might occur in a similar manner, in addition to the 

expected attachment through those functional groups. In this thesis, the attachment of 

non-functionalized carbon nanotubes to amine-modified gold and silicon substrates, as 

summarized in Figure 5.1, is demonstrated. Microscopic techniques confirm the 

presence of the CNTs on the surfaces after washing and sonication to remove 

physically adsorbed CNTs.  X-ray photoelectron spectroscopy (XPS), coupled with 

density functional theory (DFT) calculations, are used to evaluate the chemistry of the 

system. Full computational mechanistic studies are not presented here although similar 

chemistry on the C60 system has been reported.
40

 Unlike the C60 system, the final point 

for analyzing CNT attachment chemistry is not well-defined. Nevertheless, further 
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computational investigation is ongoing. Finally, time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) is used to identify fragments from CNT attachment to the 

surface and to compare attachment of non-functionalized CNTs and carboxylic acid-

functionalized CNTs to these surfaces. 

 

 
 

Figure 5.1 Summary of the direct attachment of carbon nanotubes to amine-

functionalized silicon and gold surfaces through the CNT cage 

 

5.2 Results and discussion 

In order to provide a reliable and straightforward method for covalent bonding 

of carbon nanotubes to functionalized surfaces directly through the nanotube cage, it is 
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important to confirm that carbon nanotubes are present on a surface following the 

procedure, that they are deposited at a submonolayer coverage, that their binding is 

covalent and that the presence of surface functional groups on carbon nanotubes is not 

needed for this deposition but rather that the binding occurs via chemical reactions of 

the pre-functionalized substrate surface with the cage of the carbon nanotube directly. 

In order to address the first part of the process, microscopic techniques, including 

SEM, TEM, and AFM will be applied. The feasibility of a direct covalent link 

between the substrate and cage of the carbon nanotube will be investigated with DFT 

computational methods, and to confirm and analyze the covalent binding, XPS and 

ToF-SIMS will be applied. 

5.2.1 Confirmation of Nanotube Presence on the Surface 

Drop-casting methods are commonly used to deliver a variety of materials to 

the surface, and in this work the same approach is used. However, in order to remove 

the multilayers and bundles of nanotubes and to zero in on the nanotubes strongly 

bound to the surface, sonication is utilized. In order to confirm that the nanotubes 

remain on the surface following the sonication process, SEM was used to compare the 

surfaces before and after this preparation step. Figures 5.2(a) and 5.2(b) show the 

amine-terminated silicon surface before the addition of the CNT-NF. Following the 

reaction, SEM clearly confirms the presence of the nanotubes, as can be observed in 

Figures 5.2(c) and 5.2(d). Likewise, the presence of COOH-CNT can be observed on 

the surface following the deposition and sonication, as demonstrated in Figures 5.2(e) 

and 5.2(f).  
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Figure 5.2 SEM micrographs of the amine-modified silicon surface before (a) and 

after reaction with the NF-CNT (c) and COOH-CNT (e). Images (b), (d), and (f) show 

a close-up view of the surface before the reaction, and following reaction with the NF-

CNT and COOH-CNT, respectively. 

 

Similar results are obtained in Figure 5.3 for the amine-modified gold surface. 

It is apparent from the SEM images in both Figure 5.2 and Figure 5.3 that carbon 
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nanotubes can be deposited on the functionalized surface and that following the 

sonication process, both gold and silicon surfaces retain small but reproducible 

coverages of both functionalized and non-functionalized nanotubes. It also appears 

that the nature of the substrate does not play a substantial role in the coverage of either 

functionalized or non-functionalized nanotubes following the sonication step. It needs 

to point out that, to confirm the preparation procedure described in Chapter 2 does not 

induce the reaction with a chemically inert monolayer, a control experiment with the 

CNT reaction with (t-BOC)-protected AUD was performed, and the resulting SEM 

micrographs confirming this assessment are displayed in Figure 5.4.SEM image of a 

control sample in which (5.4a) the silicon functionalized with (t-BOC)-protected AUD 

was allowed to sonicate in the non-functionalized CNT solution for 3 hours, followed 

by washing in several solvents. Image 5.4(b) shows, for reference, the test sample 

corresponding to this control in which the AUD has been de-protected, resulting in the 

amine-terminated silicon surface. 

However, SEM does not indicate the type of binding between the nanotubes 

and the surfaces; neither does it confirm the presence of individual nanotubes or 

monolayers of nanotubes due to the resolution limit of the instrument. The 

manufacturer specifications for the diameters of the nanotubes (1-4 nm) suggest that 

alternative analytical techniques must be used to verify that individual carbon 

nanotubes are in sufficient enough contact with the surface to interact covalently. 
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Figure 5.3 SEM micrographs of the amine-modified gold surface before (a) and after 

reaction with the NF-CNT (c) and COOH-CNT (e). Images (b), (d) and (f) show a 

close-up view of the surface before reaction, and following the reaction with the NF-

CNT and COOH-CNT, respectively. 
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Figure 5.4 SEM micrographs of (a) (t-BOC)-protected AUD-terminated silicon 

surface and (b) amine-terminated silicon surface after sonication in the NF-CNT 

solution for 3 hours. 

 

 

5.2.2 Submonolayer Coverage of Nanotubes on the Functionalized Substrate 

Surfaces 

In order to verify the expected diameter of the carbon nanotubes, transmission 

electron microscopy was used to closely examine an individual bundle of nanotubes. 

The average diameter of the non-functionalized carbon nanotubes was calculated to be 

1.7 nm from the TEM micrograph shown in Figure 5.5(a), which is consistent with the 

diameter reported by the manufacturer. Atomic force microscopy was then used to 

observe the AUD-modified silicon following its reaction with the NF-CNTs and 

compare it to the AUD-modified silicon surface without introducing nanotubes. Figure 

5.5(b) shows the flat surface of the amine-terminated silicon whereas Figures 5.5(c) 

and 5.5(d) show the same surface following its reaction with the CNT. The features 

present in these micrographs indicate that individual carbon nanotubes can be 

identified on the surface. Indeed, the height of these features, compared to the 

manufacturer-reported and TEM-confirmed CNT diameters, confirms that the features 
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correspond to individual carbon nanotubes several hundreds of nanometers in length. 

The line profile shows that the heights of the CNTs observed in Figure 5.5(d), 

approximately 1.5 nm, are fully consistent with the sizes of individual nanotubes. It is 

noteworthy that at a junction where two nanotubes appear to cross-over in Figure 

5.5(d), the observed height, about 3 nm, is double that of an individual CNT. Thus, 

AFM investigation is used to identify individual carbon nanotubes but more 

importantly, it demonstrates that these individual CNTs lie in intimate contact with the 

surface, which provides ample opportunities for the surface amine moieties to interact 

directly with the carbon nanotube cage. Thus, chemical identification techniques can 

be used to confirm this binding. 
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Figure 5.5 TEM (a) confirmation of carbon nanotube diameter, that is in agreement 

with manufacturer specification. AFM micrographs of (b) AUD-modified silicon 

surface and (c,d) AUD-modified silicon surface following reaction with NF-CNTs. 

The line profile of the white line in (d) shows the height of the CNTs. 
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5.2.3 Spectroscopic Evidence of Covalent Binding between Functionalized 

Surfaces and CNTs 

X-ray photoelectron spectroscopy was used to study the surface chemistry of 

carbon nanotubes on amine-functionalized silicon and gold surfaces. Since the main 

spectroscopic signature is based on the chemical environment of the nitrogen atom of 

the functionalized organic layer as it reacts with the carbon nanotubes, Figure 5.6 

compares the XPS results in the N 1s region for the gold and silicon surfaces before, 

and after, reaction with the non-functionalized carbon nanotubes. It is obvious that the 

nominally non-functionalized carbon nanotubes contain a number of defect sites that 

are essentially the same as those for the functionalized CNTs, thus in probing the 

reaction of the NF-CNTs described in this section, it will be important to distinguish 

the chemical pathways that involved these defect sites from those that could be 

associated with the reaction directly through the cage of a CNT. The N 1s spectrum in 

Figure 5.6(b) for the AUD-modified silicon substrate shows the main feature at 399.5 

eV that represents the majority –NH2 species and a smaller peak around 402 eV that is 

likely oxidized nitrogen species because the samples were transferred to the XPS in 

ambient conditions. These assignments are based on the previous investigations of 

amino-terminated organic monolayers
39-42

 and are in a good agreement with the 

computational studies presented for the model systems provided in Figure 5.6, denoted 

by green lines below the spectra. If this spectrum is compared to that obtained 

following the reaction with the non-functionalized carbon nanotubes (5.6a), the large 

feature (which now represents a mixture of –NH2 and –NH- species) shifts the overall 

binding energy by about 0.5 eV and a smaller peak around 397.5 appears. The 0.5 eV 

shift is fully consistent with the formation of the –NH- species by a direct covalent 

binding of the terminal amine of the organic layer on a substrate surface with the cage 
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of carbon nanotubes by a direct attachment process. This assessment is also supported 

by the computational investigation of the N 1s shift following such a reaction, as 

summarized in Figure 5.6.  

The small feature at 397.5 eV could be explained by a side reaction where 

nitrogen is inserted into an aromatic system of the cage structure (likely at defect 

sites), and the obtained binding energy is in agreement with previous investigations of 

similar systems reported in literature
43

 and with the density functional theory 

investigations of several model systems summarized in the Appendix section. The 

small peak around 402 eV is a combination of oxidized nitrogen and it very likely is 

covering a feature indicating amide formation due to defects on the carbon nanotubes. 

However, a direct assignment of this feature is not possible based on these data alone. 

The system of cysteamine on gold, both before (5.6d) and after (5.6c) reaction with 

non-functionalized carbon nanotubes shows very similar spectra, with the largest peak 

around 399.5 eV shifting up by 0.5 eV following the reaction with the carbon 

nanotubes, and smaller peaks at 397 eV and 402 eV, which can be assigned similarly 

to the assignment provided above for the silicon system. The 0.5 eV binding energy 

shift following amine interactions with the carbon nanotube is in agreement with 

predicted N 1s core-level energies from density functional theory calculations that 

were performed separately for the gold and silicon substrate systems. 
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Figure 5.6 XPS investigation of the N 1s spectral region of AUD-modified silicon 

surface before (b) and after (a) reaction with the NF-CNTs, and cysteamine-modified 

gold surface before (d) and after (c) reaction with the NF-CNTs. Spectra of control 

experiments compare (e) NF-CNT powder, (f) NF-CNT reacted with neat 

propylamine, and (g) NF-CNT reacted with propylamine in DMF. The green bars 

underneath the spectra indicate the expected binding energies for selected systems, 

predicted by density functional theory calculations. The presence of two DFT-

predicted binding energies below spectra (a) and (c) indicate the expected values for 

the N 1s energies in a geometry in which the amine dissociates across a C=C bond 

parallel to the direction of the CNT and one in which the amine dissociates across a 

C=C bond that is not parallel to the direction of the CNT. 
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To account for different possibilities of amine attachment to the CNT cage, the 

positions of the N 1s features were compared for two different types of geometries: 

one in which the amine dissociates across the bond that is parallel to the CNT, and the 

other, in which the amine dissociates across a C=C bond that is not parallel to the 

direction of the nanotube. The calculated binding energies of these two possible 

geometries are not identical, but are very close to one another. The predicted binding 

energies are indicated by the green bars underneath the spectra in Figure 5.6. A 

complete list of model systems with several different diameters of CNTs is provided in 

the Supporting Information section. The main conclusions that can be drawn from this 

set of studies are that the chemistry of the local environment of surface amino-groups 

changes upon the substrate interacting with the carbon nanotubes and that neither the 

nature of the substrate itself nor the organic linker appear to influence the chemistry of 

the amino-termination with the carbon nanotubes. All of the comparisons provided in 

Figure 5.6 are consistent with the reaction of the amino-functionality of the surface 

with carbon nanotubes directly via the attachment through the carbon cage; however, 

in order to confirm this, better understanding of the reaction conditions and specific 

identification of the surface species produced is needed. 

A series of control experiments were performed to confirm the nature of the 

nitrogen species observed following surface attachment of carbon nanotubes. First, 

Figure 5.6(e) shows that the non-functionalized carbon nanotube powder analyzed, as 

received, exhibits no features in the N 1s spectral region. Thus, the N 1s features 

recorded are solely the signatures of the nitrogen species originating from the 

functionalized surface. To make sure that the reactivity is based on the –NH2 
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attachment, the carbon nanotubes were allowed to sonicate with neat propylamine and 

with propylamine in DMF solvent for three hours (the same reaction conditions as 

with the amine-terminated substrates); after washing to remove unreacted propylamine 

and solvent, they were dried and analyzed via XPS. The CNTs reacted with neat 

propylamine (5.6f) and with propylamine in DMF (5.6g) show the presence of 

nitrogen. From the comparison of the peak positions of the spectra 5.6(f) and 5.6(g) 

with those for amino-functionalized surfaces in Figures 5.6(a) and 5.6(c), it is clear 

that the reactions result in the formation of similar species in all the cases and that this 

reaction corresponds to the upward shift of the binding energy of the surface primary 

amino group. Of course, the differences in intensity and the presence of other features 

in the surface spectra can be related to the different geometry of interaction, where 

neat propylamine or propylamine in a solvent would have easy access to all the 

functionalities and the entire surface of carbon nanotubes, while the amino-

functionalized surfaces could not possibly react all the surface amino groups with 

submonolayer coverages of carbon nanotubes, and at the same time, the reactivity of 

the surface could influence the efficiency of the entire process. For example, the 

carbon nanotube that is efficiently immobilized on an amino-functionalized surface 

could produce additional linkages via sequential attachment reactions. 
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Figure 5.7 Summary of C 1s spectral region of the XPS studies of carbon nanotube 

reaction with 11-amino-1-undecene-modified Si surface and cysteamine-covered Au 

surface. 

 

Overall, the XPS results suggest four important points: 1) the nitrogen 

observed in these experiments originates only from the amine-modified silicon and 

gold substrates and not from impurities in CNTs or from interactions with a solvent, 2) 

the surface chemistries on the silicon and gold systems are very similar to one another, 

3) the interaction between the surface and the carbon nanotubes results in a chemical 

change, and 4) the spectroscopic signature of the surface species formed is consistent 

with the direct attachment of surface amino groups to the cage of the carbon 

nanotubes; however, the nature of this bonding has to be confirmed independently. It 

should also be pointed out that the C 1s spectral region has also been scrutinized in 

this thesis. The resulting spectra are presented in Figure 5.7; however, because of the 
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presence of organic monolayer and because of a brief exposure to ambient conditions 

during sample transfer, the detailed quantitative assignment of all the observed 

features is not practical. Nevertheless, there are indeed noticeable changes in the C 1s 

spectral regions on both gold and silicon surfaces following attachment of the NF-

CNTs and the π−π* shake-up suggests that aromatic structures are attached in the 

process, fully consistent with the results of microscopy studies described above. 

 

5.2.4 Confirmation that Attachment through the Cage is Energetically 

Feasible 

Computational investigations utilizing density functional theory were 

undertaken to determine whether covalent binding between the CNT cage and 

modified substrate is possible. Modified model substrates (gold and silicon) and (10,0) 

carbon nanotubes were modeled and optimized, and the energies of different covalent 

bonding configurations were computed. CNTs with three different radii (but with 

identical geometries otherwise) were chosen to compare radius effects on covalent 

binding to the flat substrate. Two types of binding between the substrate and the cage 

were considered (and described above): “Parallel” and “non-parallel” to the 

longitudinal direction of the CNT. The relative energy (ΔE) of each configuration is 

compared to its initial optimized components (CNT and amine-terminated substrate). 

Figure 5.8 summarizes these relative energies for the CNTs on gold. The attachment 

of the smallest radius CNT is exothermic for the parallel configuration, but slightly 

endothermic for the non-parallel structure. In contrast, the ΔE for the two larger radii 

CNTs are endothermic for both geometries, with the smaller ΔE belonging to the non-

parallel arrangement. This contrast is likely due to the differences in the radius of 
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curvature and thus in the strain of the resulting adducts. For the smaller radius CNT, 

the carbons that make up the π-bond that interacts with the substrate amine are not in 

the same plane and do not greatly interfere with one another. As the radius increases, 

these carbon atoms in the cage become more similar to those in the graphene sheet. 

These relative energies suggest that, while some energy input is required to bind the 

surface to the CNT cage, this interaction is feasible. Very similar results were obtained 

for calculations on the silicon surface and are summarized in Table 5.1 as below, with 

the differences largely arising from the description of the cluster models for gold and 

silicon surfaces rather than from the geometrical differences of the structures resulting 

from attachment of an amine functional group to the cage of the carbon nanotube. The 

computational studies suggest that this type of attachment is possible, but in order to 

experimentally confirm this, further spectroscopic investigation must be performed. 
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Figure 5.8 Relative energies of parallel and non-parallel (denoted in red and blue) 

attachment configurations on cysteamine-modified gold surfaces for CNTs with radii 

of different sizes. 

 

 

Table 5.1 Relative energies for covalent CNT interactions on the silicon and gold 

substrates 

 

CNT Size 
|| Attachment ΔE (kJ/mol) ⊥ Configuration ΔE (kJ/mol) 

Silicon Gold Silicon Gold 

Small (d ~ 4Å) -105.0 -101.5 -31.5 26.5 

Medium (d ~ 8Å) 151.0 157.5 134.1 141.2 

Large (d ~ 12Å) 210.1 214.2 180.0 185.1 
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5.2.5 Evidence of Covalent Attachment through the Cage 

ToF-SIMS was used to identify specific fragments associated with attachment 

on the surface. Due to the complex nature of the carbon nanotube system and all the 

fragments possible, the assessment of the covalent attachment of carbon nanotubes on 

the surfaces is very difficult. This is even more complicated in the case of the silicon 

substrate due to the long carbon AUD chain and three stable isotopes of silicon. On 

the other hand, using a gold substrate may simplify the fragment assignments since a 

single gold isotope provides an excellent marker for such a complex system. At the 

same time, as described above in the XPS investigation, the attachment chemistry is 

essentially identical on amino-terminated gold and silicon substrates. Thus, the ToF-

SIMS analysis presented below is focused on gold substrates. 

Figure 5.9 shows the ToF-SIMS spectra for the [Au-S-(CH2)2 N]
-
 fragment 

expected at 270.973006 m/z. The corresponding m/z features are not observed for 

carboxylic acid-functionalized or the non-functionalized carbon nanotubes (5.9e and 

5.9f, respectively), as is expected. However, a very prominent peak is observed for the 

cysteamine-terminated gold (5.9d). The same peak is observed for the amino-

terminated samples following their reaction with COOH-CNTs and with NF-CNTs 

(5.9a and 5.9b, respectively). This is expected because all the cysteamine-modified 

gold surfaces should contain this fragment even after their reaction with carbon 

nanotubes. 

A control sample was prepared by modifying a gold substrate with 

dimethylamino ethanethiol and allowing it to react with the NF-CNTs; this spectrum 

can be observed in Figure 5.9c. In this case, the methyl groups on the dimethylamino 

ethanethiol should protect the amine from chemically interacting with the carbon 

nanotubes during sonication. The spectrum from this sample also shows a peak for the 
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[Au-S-(CH2)2 N]
-
 fragment, which is expected. This confirms that all the gold 

substrates are successfully functionalized with their respective amine-containing 

molecules. 

 

 
 

Figure 5.9 ToF-SIMS spectra in the region of the [Au-S-(CH2)2 N]
-
 fragment, which 

is indicative of successful modification of the substrate with cysteamine or 

dimethylamino-ethanethiol. Features are absent in the case of the carbon nanotube 

powders (e, f), but can be observed for this peak on the cysteamine-terminated gold 

before (d) and after reaction with both the COOH-CNTs and NF-CNTs (a, b), and on 

the dimethylamino ethanethiol-terminated gold (c). The black bar below the spectra 

indicates the exact m/z position expected for the fragment. 

 

 



 166 

The spectra in the region of the [Au-S-(CH2)2 NH-C5]
-
 fragment at 331.980830 

m/z are summarized in Figure 5.10 and correspond to cysteamine attached to the 

substrate and a five-carbon fragment of the carbon nanotube. As expected, no peaks at 

this m/z position are observed for the carbon nanotube powders (5.10e, 5.1-f), or for 

the cysteamine-modified gold (5.10d). A prominent feature corresponding to this 

fragment is observed for the cysteamine-terminated gold following its reaction with 

the carbon nanotubes (5.10a, 5.10b). By itself, this observation would be insufficient 

to conclude that the carbon nanotubes are covalently bound to the surface in this case; 

however, the control sample with dimethylamino ethanethiol (5.10c), which should 

prevent covalent bonding of carbon nanotubes to the surface amine group, does not 

exhibit this feature. This suggests that the five-carbon fragment from the carbon 

nanotubes is actually bound to the cysteamine through the primary amine. 
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Figure 5.10 ToF-SIMS spectra in the region of the [Au-S-(CH2)2 NH-C5]
-
 fragment, 

which is indicative of cysteamine bound to the substrate and to a five-carbon fragment 

of a carbon nanotube. Features are absent in the case of the samples without the 

substrate (e, f), on the cysteamine-terminated gold before reaction (d), and the control 

sample (c), but can be observed after reaction with both the COOH-CNTs and NF-

CNTs (a, b). The black bar below the spectra indicates the exact m/z position expected 

for the fragment. 

 

 

The next set of experiments explores whether it could be concluded that the 

binding through the surface amino-group requires participation of the carboxylic acid 

of the functionalized carbon nanotubes or the participation of the defect sites of the 

non-functionalized carbon nanotube. Figure 5.11 shows the ToF-SIMS spectra in the 

region of the [Au-S-(CH2)2 N-CO-C5]
-
 fragment at 358.967921 m/z. This 

fragmentation is expected to occur when cysteamine interacts with a carboxylic acid to 
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form an amide, such as in the case of the carboxylic acid-functionalized CNTs or with 

defects on the CNTs. The C5 portion of the fragment indicates that a five-carbon 

fragment from the carbon nanotube is attached to the amide. No signal is observed in 

the spectra for the CNT powders (5.11e and 5.11f), the cysteamine-modified gold 

(5.11d), or the dimethylamino ethanethiol-modified gold (5.11c). Again, this is 

expected, as the methyl groups on the control sample hinder the reaction between the 

carbon nanotubes and the amino-functionalized substrate.  

In the case of the amino-terminated gold surface reacted with functionalized 

carbon nanotubes, the attachment through amide formation is expected and has been 

previously shown to occur with caged structures featuring carboxylic acid.
40

 The main 

peak in Figure 5.11(a) confirms that this is indeed the case. It should, however, be 

pointed out that the intensity of this feature is very small compared to the peak for the 

same sample in Figure 5.11, suggesting that only a part of this reaction occurs through 

the amide functionality and a substantial portion leads to a direct attachment of the 

primary amino-group to the cage of the carbon nanotube. The ToF-SIMS intensities 

are only a semi-quantitative measure of the extent of a reaction; but the previous 

statement is also reinforced by the relatively small peak from the [Au-S-(CH2)2 N-CO-

C5]
-
 fragment for the attachment of non-functionalized carbon nanotubes, as shown in 

Figure 5.11(b), which might occur on the defect sites. An approximation of the 

percentage of attachment events that occur via the cage versus the carboxylic acid can 

be determined by comparing the integration of the ToF-SIMS peaks corresponding to 

the [Au-S-(CH2)2 NH-C5]
-
 and the [Au-S-(CH2)2 N-CO-C5]

-
 fragments. This semi-

quantitative comparison assumes that the ionization cross sections for the two 

fragments are similar and indicates that about three quarters of the COOH-



 169 

functionalized CNTs attachment takes place through the cage of the nanotube and 

almost 90 % of the non-functionalized CNT attachments occur through the cage. 

Overall, this set of studies implies that the presence of extra functionality is not 

necessary to covalently bind carbon nanotubes to an amine-terminated surface and that 

strong, covalent attachment will occur through the cage. 

 

 

 
 

Figure 5.11 ToF-SIMS spectra in the region of the [Au-S-(CH2)2 N-CO-C5]
-
 fragment, 

which is indicative of amide formation resulting from carboxylic acid (attached to a 

five-carbon fragment) reacting with the primary amine of cysteamine. These features 

are absent in the case of the samples without the substrate (e, f), the modified gold 

surface (d), and the control sample (c). A small peak can be observed on the 

cysteamine-terminated gold after reaction with the NF-CNTs (b) and a large peak is 

observed on the amine-modified gold after reaction with the COOH-CNTs (a). The 

black bar below the spectra indicates the exact m/z position expected for the fragment. 
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5.3 Conclusion 

The covalent attachment of carbon nanotubes to functionalized silicon and 

gold surfaces has been investigated. Microscopic techniques confirm the presence of 

flat-lying nanotubes on both substrates and the presence of a sufficient number of 

nanotubes to allow for covalent binding. Spectroscopic studies suggest that regardless 

of the presence of functional groups on carbon nanotubes, they can attach directly 

through the carbon cage to the amino-functionalized surfaces by a direct addition 

process. The role of functional groups present on CNTs is important, as they have 

been shown to react with surface amines; however, the direct attachment through the 

cage has been demonstrated to additionally take place, both for functionalized and for 

non-functionalized carbon nanotubes. The experiment with the protected amino 

functionality of the surface reinforces the role of primary amines as an excellent 

anchor functional group for utilizing with carbon nanotubes. 

These findings provide a novel approach for covalent and stable attachment of 

flat-lying carbon nanotubes to chemically functionalized substrates and to control the 

architecture of the attachment process, which will be important in many applications. 
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CHEMICAL PROTECTION OF MATERIAL MORPHOLOGY: ROBUST 

AND GENTLE GAS-PHASE SURFACE FUNCTIONALIZATION OF ZnO 

WITH PROPIOLIC ACID 

6.1 Introduction 

Within the last several years, metal oxides have attracted increasing attention 

to benefit a number of novel applications including solid state lighting, hybrid organic-

inorganic light-emitting diodes and dye-sensitized solar cells.
1-2

 Among these 

materials, zinc oxide, with a wide band gap of 3.3 eV at room temperature and 

photoluminescence emission centered at ∼287 nm,
3
 has attracted substantial interest, 

specifically targeting research on interfacing it with small molecules, dyes, or 

biomolecules,
4
 because the resulting organic-inorganic hybrids can be employed in 

devices such as solar cells and sensors.
5
 In fact, precise control and molecular-level 

understanding of the interface between ZnO and molecules has become fundamentally 

and technologically important challenge for a very wide range of possible future 

applications.  

The most common approach to functionalize ZnO surface with small 

molecules usually utilizes wet chemistry reactions with functionalized carboxylic
4, 6-8

 

and phosphonic acids.
8-12

 Bishop et al. reported an approach to form stable, 

multidentate carboxylate linkages to a variety of metal oxide nanoparticles including 

ZnO, Fe2O3, TiO2, and WO3, while also enabling subsequent multistep chemistry via 

the Cu(I)-catalyzed “click” reaction.
1
 Later, Cao et al. investigated ZnO nanorod films 
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functionalized with carboxylic acid capped with an azide end group followed by 

copper-free “click” chemistry.
4
 More recently, Tudisco et al. obtained nanostructured 

ZnO fibers functionalized through the grafting of a bifunctional phosphonic linker 

with azide terminations, followed by the anchoring of a specific cavitand receptor 

having four alkyne groups via “click” reaction.
12

 Although carboxylic and phosphonic 

acids do lead to the formation of stable linkages on ZnO surface, multiple species are 

always formed during the attachment process, which makes it difficult to apply further 

modification protocols onto the resulting surfaces. More importantly, solution-based 

methods, despite sometimes being successful in applications to nanoparticles, alter the 

structures of thin films or nanostructured materials because ZnO is easily dissolved in 

a wide number of solvents and especially prone to dissolution in acids.
13-15

 This point 

is especially detrimental to chemical modification of delicate ZnO nanostructures that 

can be grown on a variety of substrates and possess a wide range of very attractive 

properties.
16-18

 

Despite recent advances in solution ZnO surface modification, even successful 

and carefully optimized conditions for processes utilizing wet chemistry methods are 

normally associated with some changes in material morphology caused by etching 

processes.
19

 Thus, an alternative method for surface modification that produces stable 

and robust surface linkages and at the same time does not dissolve (or influences the 

structure) of ZnO features, has to be developed. Hence, the necessity to develop a 

well-controlled interfacial strategy on ZnO surface is highly desired. Here we report a 

simple and precise method to achieve stable bidentate carboxylate linkage to ZnO 

surface, which has an azide group available for further modification that can be tested, 

for example, by “click” chemistry, as summarized in Figure 6.1. This alkyne–azide 
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click reaction has been successfully explored under ultrahigh vacuum condition, where 

the azide is stable upon adsorption, yet maintains sufficient reactivity.
20

 

 

 
 

Figure 6.1 Reaction scheme for ZnO surface modification with propiolic acid 

followed by benzyl azide test reaction via gas phase and liquid phase modification. 

 

There are a number of advantages of the gas-phase modification as opposed to 

the solution-based chemistry. First, the preparation of the ZnO surface can be 

controlled much better compared to the solution methods, since vacuum annealing and 

exposure to additional co-reagents can provide a better set of conditions for a reaction 

with a selected adsorbate. Second, as will be shown below, the chemistry of the 

adsorbate can be controlled to deliver a perfectly preserved functional group to the 

surface and at the same time the adsorbate created can be anchored to the surface in a 

highly selective manner. Finally, the functional group delivered by this gas-phase 

exposure can be further modified either by subsequent exposures to a desired reagent 

in a gas phase or by wet-chemistry modification procedures, as the ZnO surface 

modified in the first step becomes structurally stable with respect to both of these 

approaches.  

In this thesis, to confirm the reaction of gas phase carboxylic acid with ZnO 

surface followed by azide−alkyne cycloaddition “click” reaction and to establish the 
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structures of surface species produced, each step of modification was characterized by 

scanning electron microscopy (SEM), solid-state nuclear magnetic resonance 

spectroscopy (SSNMR), Fourier-transform infrared spectroscopy (FT-IR) and X-ray 

photoelectron spectroscopy (XPS). Density functional theory (DFT) calculations were 

performed to propose a plausible mechanism of surface reaction and to produce a set 

of appropriate spectroscopic observables, including vibrational spectra and core-level 

energies to compare with the results of experimental studies.  

The successful functionalization of the ZnO surface by exposure to gas-phase 

propiolic acid apparently stabilizes the oxide surface, so that further modification, for 

example, by “click” chemistry can be performed either in liquid phase or, again, by a 

gas-phase exposure to a probe azide. This universal method opens up new possibilities 

for working with a multitude of different modification schemes following the initial 

surface preparation and for developing new chemistries for ZnO-based nanomaterials 

and nanostructures. 

 

 

6.2 Results and Discussion 

6.2.1 Morphology Change of ZnO Surface during Propiolic Acid Treatment 

and Following “Click” Reaction. 

In addressing any treatment approaches for solid state materials in powder or 

nanostructure form, it is always important to understand the effects of these treatments 

on the morphology of the material studied. Given that ZnO can easily dissolve in 

acidic solutions,
13-15

 and acidic surface modifiers including thiol, carboxyl, and 

phosphonate linkers have been observed to alter the surface chemistry and to etch the 
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zinc oxide surface,
15

 it is critical to confirm that gas-phase exposure of this material to 

propipolic acid does not influence the surface morphology. A set of studies exploring 

this statement is presented in Figure 6.2, where the morphology of ZnO powder 

following various treatments is investigated by SEM to uncover any potential 

“etching” by a carboxylic acid. Following the exposure of pristine ZnO powder 

(shown in Figure 6.2a) to the gas phase treatment with propiolic acid at 1 Torr for 8 

minutes, the structure of the material is fully preserved, as shown in Figure 6.2(b). 

However, if the treatment is performed by the propiolic acid in liquid phase, the 

structure of the nanopowder is largely destroyed, as demonstrated in Figure 6.2(e), 

meaning that further surface modification based on the surface shown in Figure 6.2(e) 

would definitely lead to a different morphology, compared to the pristine surface. 

Most importantly, if the first step is the gas-phase exposure of ZnO nanopowder to 

propiolic acid (where the morphology is preserved), further chemical reactions, such 

as either gas-phase thermal “click” with benzyl azide (shown in Figure 6.2c) or the 

copper-catalyzed “click” process in the liquid phase (Figure 6.2d) do not appear to 

affect the morphology of ZnO material at all. Thus, the propiolic acid-functionalized 

ZnO surface formed in the first step is sufficiently stable to withstand the annealing 

and solution-based processing. In other words, such gas-phase modification of ZnO 

provides an alternative pathway to modify the ZnO surface with a carboxylic acid at a 

high degree of control over the morphology, without any noticeable impact on the 

surface structure, offering a solution for the common challenge posed by acidic 

modifiers for ZnO functionalization. 
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Figure 6.2 SEM studies of ZnO surface modification. (a) Clean ZnO nanopowder; (b) 

Gas phase propiolic acid-functionalized ZnO surface; (c) Propiolic acid functionalized 

ZnO surface depicted in (b) followed by copper-free gas phase “click” reaction with 

benzyl azide; (d) Propiolic acid functionalized ZnO surface depicted in (b) followed 

by copper-catalyzed liquid phase “click” reaction with benzyl azide; (e) ZnO powder 

directly exposed to liquid phase propiolic acid. 
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6.2.2 Confirmation of Carboxylate Linkage to ZnO Surface by Infrared 

Investigation. 

Although structural integrity of the ZnO material studied is confirmed by 

SEM, in order to be practical, the modification schemes proposed have to be verified 

spectroscopically.  The initial assessment of the successful surface modification can be 

made based on in-situ infrared investigations. Figure 6.3 summarizes the spectral 

region of 1000-3800 cm
-1 

for gas phase propiolic acid (7.3a), propiolic acid-

functionalized ZnO surface (6.3c), along with DFT predicted vibrations of a single 

propiolic acid molecule chemisorbed on the model cluster representing ZnO surface 

(7.3b) provided for comparison. The chemical reaction between the gas-phase 

propiolic acid and ZnO can be confirmed by the disappearance of the hydroxyl group 

absorption at around 3600 cm
-1

 following the room-temperature exposure of ZnO 

powder to the gas-phase propiolic acid, as would be expected, since the most common 

reaction pathway would be the dissociation of the carboxylic group to form a 

carboxylate and a surface-bound hydrogen,
15

 with vibrational signature substantially 

different from the unreacted –COOH.
21-22

 At the same time, the produced adsorbate 

clearly exhibits the characteristic absorption features of the C≡C stretching vibration 

around 2100 cm
-1

 and an obvious feature just above 3250 cm
-1

 corresponding to the C-

H stretching of the alkyne group. The spectrum 6.3c was recorded following extensive 

(16 hours) pumping in vacuum to remove all the non-chemically adsorbed propiolic 

acid. Shortened pumping time leads to multiple species physisorbed on the ZnO 

surface including molecular propiolic acid, as observed by infrared spectroscopy in 

Figure 6.4. Such comparison emphasizes the necessity of the removal of physisorbed 

species by additional pumping and it will be further elaborated by SSNMR and 

discussed later to demonstrate that only one type of zinc carboxylate species is formed 
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on the a surface during gas-phase reaction with propiolic acid. The chemisorbed 

propiolic acid also exhibits a strong absorption peak at 1608 cm
−1

 and weaker split 

peaks centered at 1375 cm
−1

, consistent with the asymmetric and symmetric stretches 

of a zinc carboxylate species.
1, 5, 7, 23-24

 It also shows a relatively weak broad 

absorption feature around 1710 to 1685 cm
−1

 likely associated with the differences in 

O-C-O vibrations in multiple structurally similar surface species present.
1, 25-27

 The 

nature of the chemisorbed product is also confirmed by comparing the experimentally 

recorded infrared spectrum to that predicted computationally for a model proposed 

surface species shown in Figure 6.3b. Based on this comparison, the predicted 

spectrum is consistent with the experimental results for the signatures of C≡C, 

C≡C−H. A noticeable shift in the vibrations corresponding to the carboxylate linkage 

can be explained by the simplicity of the computational model used, as the realistic 

structures will be affected by their neighbors and by the likely interactions with 

available surface hydroxyl groups, affecting the vibrational frequencies of both 

species. Overall, this set of infrared studies confirms the –COOH dissociation and the 

presence of C≡C, C≡C−H and zinc carboxylate containing chemical groups following 

the reaction of gas phase propiolic acid with ZnO surface, forming a bidentate 

carboxylate linkage to ZnO. 
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Figure 6.3 Infrared spectroscopy studies of propiolic acid reaction with ZnO surface. 

(a) Gas phase propiolic acid; (b) Computationally predicted infrared spectra for the 

cluster model schematically represented in the figure (frequencies are scaled by a 

common scaling factor of 0.94); (c) Propiolic acid-functionalized ZnO surface 

(molecularly adsorbed propiolic acid is removed following extended pumping time). 

Clean ZnO surface is used as a background for spectrum (c). 
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Figure 6.4 IR studies of propiolic acid reaction with ZnO surface.(a) Propiolic acid 

physisorbed mixed with chemisorbed ZnO surface (after 30-min pumping); (b) 

Propiolic acid-functionalized ZnO surface (after 16-hour pumping, same as Figure 

6.3c). Clean ZnO surface is used as a background for both. 

 

 

6.2.3 Confirmation of “Click” Reaction on Modified ZnO Surface by IR and 

XPS. 

To explore the possibility of performing multistep functionalization of the ZnO 

surfaces based on the initial chemisorption of a functionalized carboxylic acid, the 

propiolic acid-modified ZnO was exposed to gas-phase benzyl azide, at elevated 

temperature to thermally activate copper-free click chemistry.
4, 28

 Reaction with 

benzyl azide is expected to provide a phenyl group as an indicator of chemical 

modification for IR and XPS analysis. The spectral region of 1000-3800 cm
-1 

for gas 

phase benzyl azide (6.5a) and benzyl azide “clicked” propiolic acid-functionalized 

ZnO surface (6.5c) are presented in Figure 6.5. When benzyl azide is introduced into 
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the reaction chamber, strong signatures of azide group and phenyl ring at 2110 cm
-1

 

and 3050 cm
-1

, respectively, are clearly recorded for the gas-phase benzyl azide (6.5a). 

Based on the DFT prediction for a product of thermal “click” chemistry between the 

model ZnO cluster and benzyl azide (Figure 6.5b), the signature of this chemical 

modification should be very different from the gas-phase species. The spectrum 

recorded following this thermal “click” resulting from the gas-phase exposure of 

benzyl azide is shown in Figure 6.5c using propiolic acid-modified surface as a 

background. If this spectrum is compared with the spectrum of the propiolic acid-

modified surface (spectrum 6.5d) replotted from Figure 6.3, it is clear that this 

signature is a combination of the absorption features corresponding to the benzyl azide 

reaction and the decrease in intensity of the selected features corresponding to 

chemisorbed propiolic acid. Specifically, the decreased intensity of the 3250 cm
-1

 

feature corresponds to the loss of the alkyne functionality The decrease in intensity of 

several features corresponding to the very specific vibrations of the surface-bound 

carboxylate/C≡C such as the decreased intensity of the peaks at 1608 cm
-1

 and 1375 

cm
-1

 also suggests that the triple bond participates in a reaction with benzyl azide. At 

the same time, several key vibrations associated with the formation of a triazole ring 

and a successful “click” reaction are recorded to appear within the fingerprint 

vibrational region.
29-31

 The small peaks above 3000 cm
-1

 and around 1130 cm
-1 

corresponding to aromatic C−H are observed as the evidence of phenyl ring 

attachment. Two strong peaks at 1403 cm
-1

 and 1228 cm
-1

 are the signature of C−N in 

the triazole ring as suggested by the DFT-predicted spectra.  
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Figure 6.5 Infrared spectroscopy studies of copper-free “click” reaction with propiolic 

acid functionalized ZnO surface. (a) Gas phase benzyl azide; (b) Computationally 

predicted infrared spectra for the considered cluster model shown (frequencies are 

scaled by a common scaling factor of 0.94); (c) Benzyl azide reacted with propiolic 

acid-functionalized ZnO surface; (d) Propiolic acid-functionalized ZnO surface (same 

as Figure 6.3c and 6.4b). Propiolic acid functionalized ZnO surface is used as a 

background for spectrum (c). 

 

Thus, the infrared study of copper-free click reaction indicates the presence of 

phenyl groups and triazole linkage following the copper-free click reaction of benzyl 

azide with propiolic acid-modified ZnO surface. One question that is more difficult to 

address based solely on the infrared spectra is if some of the benzyl azide may directly 

react with the ZnO surface, forming a nitrene-type species and possibly displacing 
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surface carboxylates. This question can be addressed using XPS. This technique could 

also help us in identifying the difference in gas-phase and liquid-phase modification 

processes following the initial gas-phase exposure of ZnO to propiolic acid. 

 

 
 

Figure 6.6 High-resolution XPS spectra of C 1s region for (a) Gas phase propiolic 

acid-functionalized ZnO surface; (b) Copper-free “click” reaction of gas phase benzyl 

azide with propiolic acid-functionalized ZnO surface; (c) Copper-catalyzed “click” 

reaction of liquid phase benzyl azide with propiolic acid functionalized ZnO surface. 
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 The spectra of C 1s region of propiolic acid-functionalized ZnO surface and 

the surface following the “click” reaction with benzyl azide are presented in Figure 

6.6. This figure also compares the results of the copper-free gas-phase click reaction 

and the copper-catalyzed azide−alkyne cycloaddition (CuAAC) reaction conducted 

using liquid phase benzyl azide with the propiolic acid functionalized ZnO surface.
1, 32

 

As shown in Figure 6.6, for all three samples, three peaks at 284.6 eV, 286.3 eV and 

288.6 eV are fit and assigned to C−C bonds, C−O/C−N bonds and C=O bonds. It 

needs to be noted that the peak at 286.3 eV, associated with C−O/C−N bonds on 

propiolic acid functionalized ZnO surface, increases after copper-free “click” reaction 

with gas phase benzyl azide and increases in intensity even more following CuAAC 

reaction with liquid phase benzyl azide, as a result of benzyl azide interacting with the 

propiolic acid-functionalized ZnO surface forming the triazole ring. This observation 

is also consistent with the expectation that CuAAC reaction is substantially faster than 

thermal attachment. But the most important observation is the peak at 292.1 eV, which 

corresponds to the π−π* shake-up in aromatic functional groups, confirming the 

presence of the aromatic entities on the modified surface following the “click”  

reaction with benzyl azide. Since this peak is not observed for propiolic acid 

functionalized ZnO surface, there is only one possible source of aromaticity in this 

sample: the presence of the phenyl ring from benzyl azide. 
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Figure 6.7 High-resolution XPS spectra of N 1s region for (a) Gas phase propiolic 

acid-functionalized ZnO surface; (b) Copper-free “click” reaction of gas phase benzyl 

azide with propiolic acid functionalized ZnO surface; (c) Copper-catalyzed “click” 

reaction of liquid phase benzyl azide with propiolic acid functionalized ZnO surface; 

(d) Benzyl azide adsorbed directly onto ZnO surface. The core level energy shifts 

predicted by DFT for the model systems presented in the figure are shown as solid 

bars. 
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Another spectral region that should be very informative is the one 

corresponding to N 1s. Figure 6.7 shows the N 1s spectral region of propiolic acid-

functionalized ZnO surface and benzyl azide “clicked” ZnO surface by two different 

methods, respectively, along with the DFT-predicted N 1s core level energies shown 

as solid bars for the models indicated in the figure. The N 1s experimental spectrum 

shown for the propiolic acid-functionalized ZnO surface in Figure 6.7a exhibits no 

feature of nitrogen containing species, as would be expected. In Figure 6.7b, following 

copper-free “click” reaction with gas phase benzyl azide, propiolic acid functionalized 

ZnO surface shows a strong and broad peak centered at 401 eV, which is discerned 

into three peaks attributed to the triazole ring.
30-31, 33

 Furthermore, the experimental 

results match consistently the computational prediction of N 1s core level for the 

triazole model structure shown in Figure 6.7. Another comparison is given by the N 1s 

experimental spectra of propiolic acid functionalized ZnO surface “clicked” with 

benzyl azide through CuAAC reaction, as shown in Figure 6.7c. Although the features 

appear to be shifted slightly towards lower binding energy region, this spectrum shows 

a very similar strong and broad feature, fit with three peaks for the triazole ring as 

well.
31

 According to the DFT calculation, the two possible isomers resulted from 

copper-free “click” reaction, as opposed to catalyzed liquid-phase process, would 

result in species differentiated by 0.8~0.9 eV in XPS spectra, which may explain the 

observed peak shift and the small differences in peak shape resulted from CuAAC 

reaction, which only leads to a  single triazole-ring isomer produced.
32, 34

 It is also 

worth pointing out that the results of gas-phase thermal “click” in Figure 6.7b and 

liquid phase copper catalyzed “click” attachment in Figure 6.7c exhibit low intensity 
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broad shoulders in addition to the main features. Given the high reactivity of benzyl 

azide, a number of additional investigations summarized in Figure 6.7 were performed 

to evaluate the direct reaction of this compound with ZnO surface. Based on the DFT 

prediction of proposed models shown in Figure 6.7, the shoulders observed in Figure 

7.7b and 7.7c are possible results of the direct attachment of a nitrene entity inserted 

into ZnO bond following the loss of N2 by an azide molecule and other reactions 

occurring on surface defect sites. Other possible attachments appear to correspond to 

much higher binding energies than what is observed experimentally. In order to test 

this hypothesis, a control experiment for benzyl azide adsorbed directly on a ZnO 

surface is presented in Figure 6.7d. It shows a broad low intensity feature above 400 

eV, likely corresponding to surface-bound nitrene species according to the comparison 

with the DFT models in Figure 6.7. The shape and intensity of the observed feature 

suggest that it is not the major species in the reaction of benzyl azide with the ZnO 

surface modified with propiolic acid.  

The XPS spectra of other relevant regions including Cu 2p, O 1s and Zn 2p 

regions are also collected and shown in Figure 6.8, 6.10, 6.11, however, these spectral 

regions are not very informative in that they only present the expected largely 

unchanged features in Zn and O region. It should be noted that the Cu 2p region was 

recorded to confirm the absence of copper catalyst: the copper catalyst was removed 

following the CuAAC “click” reaction, as shown in Figure 6.8 and also confirmed by 

SEM/EDX measurements in Figure 6.9.  
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Figure 6.8 High-resolution XPS spectra of Cu 2p region for (a) Gas phase propiolic 

acid-functionalized ZnO surface; (b) Copper-free “click” reaction of gas phase benzyl 

azide with propiolic acid-functionalized ZnO surface; (c) Copper-catalyzed “click” 

reaction of liquid phase benzyl azide with propiolic acid functionalized ZnO surface, 

confirming the removal of copper catalyst following the procedure. 

 

 
 

Figure 6.9 EDX analysis of Copper-catalyzed “click” reaction of liquid phase benzyl 

azide with propiolic acid functionalized ZnO surface, confirming the removal of 

copper catalyst following the procedure. 
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Figure 6.10 High-resolution XPS spectra of O 1s region for (a) Gas phase propiolic 

acid-functionalized ZnO surface; (b) Copper-free “click” reaction of gas phase benzyl 

azide with propiolic acid-functionalized ZnO surface; (c) Copper-catalyzed “click” 

reaction of liquid phase benzyl azide with propiolic acid functionalized ZnO surface. 
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Figure 6.11 High-resolution XPS spectra of Zn 2p region for (a) Gas phase propiolic 

acid-functionalized ZnO surface; (b) Copper-free “click” reaction of gas phase benzyl 

azide with propiolic acid-functionalized ZnO surface; (c) Copper-catalyzed “click” 

reaction of liquid phase benzyl azide with propiolic acid functionalized ZnO surface. 

 

 

Thus, the XPS results summarized above confirm that both CuAAC and 

copper-free “click” reactions are successfully performed on the propiolic acid-

functionalized ZnO surface and the results of both “click” approaches appear to be 

essentially the same. 
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6.2.4 Multistep Functionalization of the ZnO surfaces followed by NMR 

 

 
 

Figure 6.12 
13

C NMR spectroscopy studies of the reaction of propiolic acid with ZnO 

surface and the following copper-free “click” reaction. (a) gas phase propiolic acid-

functionalized ZnO surface; (b) liquid phase propiolic acid-modified ZnO powder; (c) 

benzyl azide reacted with propiolic acid-functionalized ZnO surface; (d) liquid phase 

propiolic acid. 
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Although the IR and XPS confirmed the modification of ZnO with gas-phase 

propiolic acid and also confirmed that the resulting surface can be further 

functionalized by “click” chemistry, they did not answer the question of why the 

liquid phase reaction with propiolic acid is so different from gas-phase exposure and 

also whether there is any difference between the anchoring of propiolic acid onto ZnO 

in liquid and gas phase attachment. NMR spectroscopy will help us address these 

questions. 

Figure 6.12 displays the 
13

C solid-state NMR spectra for gas phase propiolic 

acid-functionalized ZnO surface (6.12a); ZnO powder reacted with liquid phase 

propiolic acid (6.12b) and gas-phase benzyl azide “clicked” propiolic acid-

functionalized ZnO surface (6.12c). To better interpret the results, solution 
13

C NMR 

spectrum of propiolic acid in D2O (6.12d) is shown for comparison. Despite the 

anisotropic broadening effect, these studies clearly show the signature of alkyne group 

at 79 ppm for the propiolic acid-functionalized ZnO surface (6.12a), fully consistent 

with that of propiolic acid in solution (77.5 and 73.9 ppm for alkyne carbons; 6.12d). 

A sharp peak is recorded at 161 ppm (6.12a), corresponding to zinc bidentate 

carboxylate linkage.
35

 These observations support the success of propiolic acid 

modification of the ZnO surface. When the ZnO powder is directly exposed to the 

liquid phase propiolic acid (6.12b), two additional peaks are observed at 165 ppm and 

169 ppm. These two peaks can be attributed to zinc monodentate carboxylate linkage 

and the physisorbed propiolic acid molecule;
36

 the peak at 169 ppm is noticeably 

sharper, likely indicating that the mobility of this physisorbed propiolic acid is much 

higher than that of the species corresponding to the features of 161 and 165 ppm. This 
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set of studies is extremely important in that it uncovers the main differences in liquid 

phase vs. gas-phase modification of ZnO. The gas phase modification offers a much 

better control of the surface, when the ZnO powder (and by extension many thin films 

or nanostructures) can be annealed in vacuum prior to exposure to propiolic acid. 

Thus, a single type of anchoring, the carboxylate formation, is dominant. However, if 

the ZnO modification is performed in ambient conditions or in a solution, the presence 

of surface hydroxyl groups and the possibility to form a physisorbed layer of propiolic 

acid prevents one from preparing well-defined surface with a single type of 

functionality. Thus, further modification processes are applied not only to the target 

carboxylate groups on a ZnO surface but also to other functionalities and possibly 

surface defects, leading to the formation of a much less well-defined mixture of 

surface species. 

So what about the “click” chemistry confirmation by NMR? After being 

“clicked” with benzyl azide, the propiolic acid-functionalized ZnO surface (7.12c) 

shows the characteristic peaks of phenyl group and triazole ring at 128 ppm and 135 

ppm, clearly showing that the “click” reaction occurred.
37

 It has to be pointed out that 

the alkyne carbons at 79 ppm and zinc bidentate carboxylate linkage at 161 ppm do 

not completely disappear following the click reaction. The former is likely caused by 

the relatively low efficiency of copper-free “click” reaction and a low apparent yield 

of gas phase “click” chemistry.
20

 The latter confirms that the bidentate structure is 

preserved on the surface following the click reaction. Thus, the 
13

C NMR 

spectroscopy studies strongly confirm the reaction of propiolic acid with ZnO surface 

forming a single type of a bidentate carboxylate linkage on ZnO, and the occurrence of 

the following “click” reaction with benzyl azide.  
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Overall, the solid state NMR study reinforces the conclusions reached in SEM, 

FT-IR and XPS investigations. The SEM study suggests that the ZnO surface 

morphology is preserved during the gas-phase surface modification process with 

propiolic acid and all the reactions following this initial functionalization. The FT-IR 

study proves the formation of zinc carboxylate linkage capped with an alkyne group 

which enables the following “click” reaction. The XPS study indicates the formation 

of a triazole ring as a result of successful azide−alkyne cycloaddition with the 

propiolic acid-functionalized ZnO surface. Finally the solid state NMR study provides 

a strong signature for each surface modification step. 

 

6.3 Conclusion 

A simple and precise method to modify the zinc oxide surface with gas-phase 

propiolic acid in vacuum at room temperature is described. The SSNMR, FT-IR and 

XPS results prove the formation of a stable bidentate carboxylate linkage to ZnO 

surface, and the alkyne group on the surface enables subsequent azide−alkyne 

cycloaddition “click” reaction with benzyl azide. This approach avoids the utilization 

of carboxylic acid solutions, preserving the surface morphology for further 

modification protocols, as confirmed by detailed microscopy investigations. This 

design can serve as a universal method for the modular functionalization of zinc oxide 

surface following the initial surface preparation. Since this gas-phase interfacial 

engineering strategy allows for preserving surface structure and morphology of the 

modified surface from the “etching” effect of acidic modifier, it is an important 

method for surface modification of ZnO thin films, nanostructures and nanopowders. 
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SUMMARY AND FUTURE OPPORTUNITIES 

7.1 Summary 

In this thesis, a variety of different substrates and nanomaterials including 

silicon, gold and zinc oxide nanopowder have been functionalized with diverse surface 

modifiers, aiming at developing new strategies for manipulating the surface properties 

of semiconductor materials in a controlled way, to benefit future applications in 

molecular and nanoelectronics, sensing, and solar energy conversion.
1
 Our expertise 

allows us to selectively tune the chemical and physical properties of semiconductor 

surfaces by an appropriate choice of surface chemistry based on different approaches 

including chemical passivation, molecular switches and on the use of self-assembled 

monolayers.
2
 The surface and interface properties were investigated by a combination 

of spectroscopic techniques including FTIR, XPS, ToF-SIM and NMR, microscopic 

techniques including AFM, SEM and TEM, computational method such as DFT 

calculations and charge carrier lifetime measurement to evaluate the electronic 

property. 

7.2 Future Opportunities 

Based on the procedures proposed and tested in this thesis for surface 

modification, functionalization, and chemical assembly, a number of new devices and 

materials can be designed. 

Chapter 7 
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In Chapter 3, a simple and efficient wet chemistry method was designed to 

prepare a Si(111) surface terminated predominantly with Si-NH-NH-Si functionality. 

Subsequently, a novel method to covalently attach the Buckminsterfullerene C60 to 

this hydrazine-modified Si(111) surface has been developed and shown to yield high 

coverage of a C60 monolayer, as displayed in Figure 7.1.  

 

 
 

Figure 7.1 Reaction scheme to form a stable interface between C60 fullerenes and 

silicon surface. 

 

Such unique hydrazine-modified silicon surface with high reactivity can serve 

as a platform for many different further modification protocols; this point has been 

reinforced by the test of copper precursor, as discussed in Chapter 3 and the study of 

phenylhydrazine with Cl-Si(111) in Chapter 4. Although in Chapter 5, the carbon 

nanotube is demonstrated to attach directly through the carbon cage with the amine 

group of self-assemble monolayer on the surface, same type of chemistry can be 

applied onto the hydrazine-modified silicon surface.
2
 As illustrated in Figure 7.2, 

many different types of functionality have been studied on this unique interface, more 

importantly; we started to learn how to use such surfaces to induce different chemical 

reactions. 
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Figure 7.2 Illustration of possible reactions with the hydrazine-modified silicon 

surface.  

 

In Chapter 6, we introduce a simple and precise method to modify the zinc 

oxide surface with gas-phase propiolic acid in vacuum at room temperature. This gas-

phase approach preserves the surface morphology for further modification protocols, 

free from the “etching” effect of acidic modifier;
3
 so that this design can serve as a 

universal method for the modular functionalization of zinc oxide surface following the 

initial surface preparation. Another interesting point is that the alkyne group available 

on the propiolic acid-modified surface enables the sequential “click” reaction with 

azide group, which provides a new way for many other applications. For example, a 

porphyrin derivative containing azide group can be attached to the surface and such 

porphyrin structure can be incorporated into dye-sensitized solar cells, as well as used 

as a molecular electronics component of utilized as a supramolecular building block 

for other systems.
4-5

 

Overall, the ability to control chemistry of surfaces and interfaces will lead to 

new devices, new applications, new materials and likely new concepts for designing 

such systems. The current research provides the foundation for these developments. 
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