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Metal deposition has a wide range of applications in many fields, from nano-

fabrications to catalytic reactions. Hence, it is important to understand the basic 

chemical mechanism of the deposition process. In this work, two major target metals, 

silver and copper, are investigated for the effective deposition by metalorganic vapor 

deposition approach. In particular, Chapter 1 gives a general overview of the 

importance and applications of metal deposition in different fields. Specifically, the 

reactions of different metalorganic precursors containing either copper or silver are 

addressed. Chapter 2 describes materials and experimental and computational methods 

used. Experimental investigation of the deposition of copper and silver-containing 

precursors on different substrates is described in Chapter 3. It is found that a specific 

controlled surface morphology can be obtained by changing the reaction parameters, 

such as pressure, dosing time, and temperature. It is also found that the choice of the 

substrate functionalities affect the final morphology of the nanostructure on the 

surface. For example, an H-terminated silicon surface was found to be less reactive to 

the silver precursor (hfac)AgP(CH3)3 

(trimethylphosphine(hexafluoroacetylacetonato)silver(I)) than an HO-terminated 

silicon surface.  

Apart from controlling the morphology of the nanostructure and the oxidation 

state of the metal, other studies involving the role of the metal oxide, specifically CuO, 

in H2S sensing and poisoning was also investigated and discussed in Chapter 4. It was 
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found that the CuO component was reduced and oxidized back and forth when 

exposed to H2S and O2, respectively, hence affecting the sensing performance of the 

sensor. 

Computational investigations are also performed and discussed in Chapter 5 to 

deconvolute the steric and electronic effects for the reactions between metalorganic 

precursors and silicon surfaces. In particular, a bulky precursor TDMAT 

(tetrakis(dimethylamido)titanium) and a much smaller precursor TMA 

(trimethylaluminum) were compared. By changing the size, as well as the type of the 

surface substituents, steric and/or electronic effects can be distinguished.   
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INTRODUCTION 

Metal deposition has been studied over a number of years due to its wide range 

of applications in heterogeneous catalysis, gas sensing, and nanofabrications.1-8 

Overall, it is tempting to find ways to control the oxidation state of the target 

deposited metal, as well as to control the morphology of the deposited nanostructures 

on the surface using chemical controls. Among all the available metal deposition 

techniques, atomic layer deposition (ALD) and chemical vapor deposition (CVD) have 

their unique advantages. Both methods offer uniform deposition of the target chemical 

onto the surface. ALD can provide the layer-by-layer precision of the target metal 

deposited on the surface. For CVD, although the deposition process is not as 

controlled as in ALD, very high deposition efficiency can be achieved.9-13  

Copper and silver are two very common metals that are being studied 

extensively due to the relatively low cost and their excellent electrical and chemical 

properties. In particular, copper is widely used in interconnects for the semiconductor 

industry, coating materials, catalysts, and key components in gas sensors.14-20 As for 

silver, it is mainly used as a catalyst in a number of reactions to promote the growth of 

nanostructures or to control oxidation processes.21-23 Hence, one of the main goals of 

this project is to interrogate the reactivity and the possible reaction mechanisms of 

reactions of copper and silver containing precursors with different types of surfaces, so 

that copper or silver nanostructures can be grown in a controllable way in terms of the 

oxidation state and the morphology of structures deposited. There is a variety of 

Chapter 1 



 2 

copper- and silver-containing precursors available now, including Cu(hfac)2 (Cu(II) 

hexafluoroacetylacetonate), Cu(acac)2 (Cu(II) acetylacetonate), Cu(hfac)VTMS (Cu(I) 

hexafluoroacetylacetonato vinyltrimethylsilane), and (hfac)AgP(CH3)3 

(trimethylphosphine(hexafluoroacetylacetonato)silver(I)). Compared to Cu(acac)2, 

Cu(hfac)2 has 12 more F atoms in one molecule, making the electronic distribution 

different from Cu(acac)2. This difference may lead to different reactivity towards the 

same surface. On the other hand, in Cu(hfac)VTMS, the only active part involved in 

the surface reaction is the Cu(hfac) moiety since the VTMS moiety desorbs from the 

surface.24-29 Therefore, compared to Cu(hfac)2, Cu(hfac)VTMS has a smaller size, 

which may result in a different reactivity, as well. (hfac)AgP(CH3)3 has a structure that 

is different from all the other copper precursors mentioned previously, which may 

result in more complex reaction pathways.  

As mentioned previously, one of the goals of this project is to investigate the 

ways to grow copper or silver nanostructures controllably on the surface. The choice 

of the substrates plays a critical role in determining the final surface morphology. In 

fact, it is found through experiment that the same precursor behaves very differently 

towards differently functionalized substrates in terms of the oxidation state and the 

final morphology following the deposition.30-31 At the same time, different precursors 

show very similar reactivity and resulting morphology depending on the deposition 

process.31 Hence, for comparison and a better understanding of surface processes, this 

dissertation systematically discusses the interactions between the metal precursor and 

different substrates. Namely, the first part of Chapter 3 discusses the interactions 

between the metal precursors and silicon-based substrates (H-terminated silicon, HO-

terminated silicon, and silica), and the second part in Chapter 3 talks about the 
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interactions between the copper precursors and another substrate: HOPG (highly 

ordered pyrolysis graphite). 

Apart from metal deposition, the role of copper in H2S sensing is also 

investigated as a part of the project described in Chapter 4. As mentioned earlier, 

among its wide range of applications, copper can be used in gas sensors. In our 

experiments, CuO and acid-treated carbon nanotubes (CNT-COOH) are mixed with 

SnO2 to enhance the sensing ability of the resulting composite material.32-39 The goal 

of this work is mainly to determine the possible poisoning mechanism for this 

composite material and to test the effect of the poisoning on the performance of the 

sensor based on this material.  

For most of the work described here, DFT (density functional theory) 

calculations are used to corroborate the possible reaction mechanisms from a 

theoretical point of view. Depending on the different reaction systems, different levels 

of calculations are applied and described in detail in each chapter. The DFT 

calculations are also used to elucidate the interaction between functionalized silicon 

surfaces and two metal-containing precursors: TDMAT 

(tetrakis(dimethylamido)titanium) and TMA (trimethylaluminum) in Chapter 5. 

Because it is experimentally difficult to make so many types of functionalized silicon 

surfaces to react with those metal precursors, DFT prediction is a perfect alternative to 

predict the possible outcomes of each reaction. By changing the size of the 

substituents on the silicon substrate, the steric effect can be observed from the energy 

diagrams of the reaction pathways; on the other hand, by replacing more and more H 

atoms with fluorine, the electronic effect is revealed. These predictions clearly show 
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the influence of the steric, as well as electronic, factors on the overall reaction 

pathway.    
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EXPERIMENTAL 

2.1 Abstract 

This chapter introduces all the experimental procedures for the sample and 

substrates preparations, along with the information on all the chemicals used in these 

specific experiments. In addition, various characterization techniques to help analyze 

the surface morphology and species are explained. Also, detailed information about 

the DFT (density functional theory) calculations performed for each model in the 

following chapters is provided. 

2.2 Preparation Procedures 

2.2.1 Preparation of functionalized silicon surfaces 

2.2.1.1 Preparation of H-terminated Si(111) surface 

The p-type double-side polished Si(111) wafers (Virginia Semiconductor, 

>0.1ohm-cm resistivity, 500 μm thickness) were used as substrates. A modified RCA 

cleaning procedure1 was used to prepare the hydrogen-terminated Si(111) surface. In 

particular, the Teflon beakers were cleaned with SC-1 solution comprised of Milli-Q 

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

hydrogen peroxide (Fisher, 30% certified ACS grade), and ammonium hydroxide 

(Fisher, 29% certified ACS plus grade)  (volume ratio 4:1:1). After 30 min in an 80 ºC 

water bath, the Si(111) wafers were cleaned by the same procedure for 10 min. After 
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rinsing with Milli-Q water, the clean wafers were etched in an HF buffer solution  

(Fisher, 29% certified ACS plus grade) for 2 min and rinsed again with Milli-Q water. 

Subsequently, the wafers were placed in the SC-2 solution, a mixture of Milli-Q water, 

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

(volume ratio 4:1:1), for 10 min to grow a silicon oxide layer. The rinsed silicon 

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

etching process in ammonium fluoride (purum, ~40% in H2O) to form a well-ordered 

hydrogen-terminated Si(111) surface, which was confirmed by a sharp peak at 2083 

cm-1 corresponding to monohydride Si−H in the infrared spectra.2-3 

2.2.1.2 Preparation of H-terminated Si(100)  and HO-terminated Si(100) 

surfaces 

 The Teflon beakers were cleaned with SC-1 solution freshly prepared from 

Milli-Q water, hydrogen peroxide, and ammonium hydroxide (volume ratio 4:1:1), for 

30 min in an 80 ºC water bath. The as received p-type double-sided polished Si(100) 

wafers (Virginia Semiconductor, 7-13 ohm-cm resistivity, 425±25 μm thickness)  

were kept in a mixture of Milli-Q water, hydrogen peroxide, and ammonium 

hydroxide (4:1:1 in volume) for 10 min at 80°C in the water bath. Subsequently, the 

samples were cleaned with Milli-Q water again and then kept in an HF buffer solution 

for 2 more minutes. A mixture of Milli-Q water, hydrogen peroxide, and hydrochloric 

acid (4:1:1 in volume) was used to react with the samples for 10 more minutes to grow 

the silicon oxide layer terminated predominantly with Si-OH. Keeping these samples 

in the HF buffer solution for 1 more min would lead to the formation of Si-H 

functionality as the predominant surface termination.4-6 
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2.2.2 Preparation of the silica surface 

The out-of-the-box Si(100) wafer (Virginia Semiconductor, 7-13 ohm-cm 

resistivity, 425±25 μm thickness) was cleaned with deionized water and ethanol (200 

proof, Decon Laboratories, Inc) and is referred to as “silica”. Without additional 

cleaning, a native oxide layer is covering this substrate. 

2.2.3 Preparation of the highly ordered pyrolytic graphite (HOPG) surface 

HOPG samples were cleaved by adhesive scotch tape each time before use.7-8 

To introduce additional surface defects, after this step, the samples were introduced 

into a chamber (base pressure about 10-9 Torr) equipped for ToF-SIMS measurements 

(ToF-SIMS V, ION-TOF, Munster, Germany).  Cesium ions (1 keV) were used to 

introduce defects on the HOPG surface by ion sputtering with the ion dose density of 

approximately 3x109 ions/cm2. After the sputtering, HOPG samples were transferred 

into an open-ended oven to be heated at 650 °C for 8 min to develop a controlled 

amount of defect sites. The defect sties, in general, are chemically similar to the 

oxidized step edges on the surface of a pristine HOPG sample. The HOPG samples 

prepared by ion sputtering and the oxidation process are herein referred to as mHOPG. 

2.2.4 Preparation of the SnO2/CuO/CNTs composite material 

2.2.4.1 Preparation of SWCNT-COOH and MWCNT-COOH 

The acid-treated singlewalled carbon nanotubes (SWCNT-COOH, purity 

95%+, Nanostructure & Amorphous Material Inc.) were used as purchased without 

additional treatment. To functionalize the multiwalled carbon nanotubes (MWCNT, 

purity 95%+, Nanostructure & Amorphous Material Inc.) with carboxylic acid groups, 

the MWCNTs were mixed with a solution comprised of 8 M nitric acid (Fisher, 15.8 
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normality) and 8 M sulfuric acid (Fisher, 98% purity). The slurry was placed in an 

ultrasonic bath for 2 hours at 60 °C. After this, carbon nanotubes were separated from 

the acid by centrifugation at 4500 rpm and washed 5 times with deionized water.9-10 

2.2.4.2 Preparation of the pure SnO2-based sensor 

SnO2 nanopowder (Aldrich, <100nm particle size) was used directly without 

further treatment. The nanopowder was dispersed in deionized water and then drop-

cast onto a silicon wafer (Virginia Semiconductor, >0.1 Ohm-cm resistivity, 500 μm 

thickness). The sample was then dried in the oven at 80 °C to allow the solvent to 

evaporate.  

2.2.4.3 Preparation of sensing materials based on MWCNT-COOH/CuO/SnO2 

and SWCNT-COOH/CuO/SnO2      

To prepare a sensing material based on MWCNT-COOH, CuO, and SnO2, 1.5 

mg of MWCNT-COOH were mixed with 25 mg of CuO/SnO2 nanopowder (Cu 

powder, 99.5% purity, Alfa Aesar; Sn powder, 99% purity, Aldrich) prepared as 

described previously with an atom percent (by weight) of approximately 2% copper, 

as confirmed by EDS.11 The MWCNT-COOH/CuO/SnO2 mixture was then dispersed 

in deionized water and sonicated for 20 min. The mixture was drop-cast onto a silicon 

wafer. The wafer was then placed in an oven at 80 °C to allow the solvent to 

evaporate. The SWCNT-COOH/CuO/SnO2 system was prepared following the same 

procedure. 
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2.2.5 Oxygen plasma set up 

The oxygen plasma was conducted in a plasma cleaner (Harrick plasma, PDC-

32G). The sample was exposed to the plasma for 10s with low plasma intensity (6.8W 

RF coil output). 

2.3 Other Chemicals 

Other chemical used in the experiments are listed as follows: copper(II) 

acetylacetonate, Cu(acac)2, (Acros, 98%); copper(II) hexafluoroacetylacetonate, 

Cu(hfac)2, (Strem Chemicals, Inc., 99.99%); copper(I) hexafluoroacetylacetonate 

vinyl trimethylsilane, Cu(hfac)VTMS, (CupraSelect, Air Products); 

trimethylphosphine(hexafluoroacetylacetonato)silver(I), (hfac)AgP(CH3)3 (Strem 

Chemicals, Inc., 99%); N2 (boil-off, purity 99.99%); H2S (purity 99.5%+, Sigma 

Aldrich). 

2.4 Characterization Methods 

2.4.1 X-ray photoelectron spectroscopy 

One of the most common questions regarding the surface chemistry is the 

identification of the surface species and their corresponding oxidation states. XPS (X-

ray photoelectron spectroscopy) is a useful technique that provides information of this 

sort. It can give the binding energy of the elements on the surface, which can be used 

to determine the identity as well as the oxidation state of a certain element. As shown 

in Figure 2.1A, the incoming X-ray with a fixed energy (depending on the type of 

source) can “kick off” an electrons from the atoms on the surface, making this a 

surface sensitive technique. The collector and analyzer are then used to determine the 

kinetic energy of the emitted electrons. Figure 2B illustrates this process from an 
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atomic point of view. The oxygen atom is chosen as an example. When one of the 1s 

electrons is hit by the incident X-ray, this electron is kicked out of the oxygen atom 

and the corresponding kinetic energy is recorded. Based on the law of conservation of 

energy, the corresponding binding energy of the electron kicked out of the atom can be 

calculated, as shown in equation 2.1: 

Binding energy = EX-ray - Ke – Φ (2.1), 

where EX-ray is the energy of the X-ray, Ke is the kinetic energy of the electron, and Φ 

is the adjustable instrumental correction factor. Hence, by knowing Ke, the binding 

energy can be deduced (EX-ray and Φ are constant for a certain experiment). 

 

2.1: Illustration of the working principle of X-ray photoelectron spectroscopy. 

A: general process. B: atomic perspective. 
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In this work, the K-Alpha+ X-ray Photoelectron Spectrometer (XPS) System 

from Thermo Scientific was used. The Al Kα X-ray source (hν=1486.6 eV) at a 35º 

take-off angle with a resolution of 0.1 eV was used for all the XPS experiments. All 

the raw data were analyzed by CasaXPS software, version 2.3.17. The carbon peak at 

284.6 eV was used to calibrate all the other peaks and components of the spectra.12-15 

2.4.2 Atomic force microscopy (AFM) 

To get a better understanding of the topography of the surfaces before and after 

the reactions, AFM (atomic force microscopy) is used. This technique allows the users 

to get the height information of the surface nanostructures quantitatively. Figure 2.2 

reveals the working principle of this technique. Basically, when there is an interaction 

between the AFM tip and the surface, the AFM cantilever bends accordingly and the 

reflection of the laser beam is repositioned due to the displacement of the cantilever, 

which is recorded by the detector to convert it into topographical information. There 

are generally three different modes for detection based on the motion of the tip. 

Namely, contact mode, tapping mode, and non-contact mode.   

In this work, all the AFM images were collected in tapping mode on a J-

scanner scanning probe microscope (Multimode, NanoScope V). AFM probes (Budget 

Sensor) with a resonant frequency of 300 kHz and a force constant of 40 N/m were 

utilized. The images were processed using Gwyddion software. 

2.4.3 Fourier-transform infrared spectroscopy (FTIR) 

FTIR (Fourier-transform infrared spectroscopy) is used to confirm the 

existence of certain surface species or functional groups based on the absorption of 

energy at certain wavelengths. Namely, since different species have their unique 
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vibration modes with specific energies (Figure 2.3), the absorption in the FTIR 

spectrum at a certain wavelength can indicate a specific type of vibration of a species. 

For example, although other techniques such as XPS and AFM cannot provide the 

confirmation of the existence of surface Si-H bond, FTIR can. By evaluating the 

absorption signature of Si-H at 2083 cm-1, the existence of the Si-H species can be 

probed and even the quality of the surface can be assessed.16 

 

2.2: Illustration of the working principle of the atomic force microscopy. 

 

2.3: Six vibration modes of an H2O-like molecule: symmetric stretching, 

asymmetric stretching, scissoring, rocking, wagging, and twisting. 

Assume the central oxygen atom is fixed. 
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A Nicolet Magna-IR 560 spectrometer with a liquid nitrogen-cooled mercury 

cadmium telluride (MCT) detector is used to collect all the infrared spectra throughout 

this work. The incident angle of the beam is 60°. All spectra are collected at a 

resolution of 8 cm-1 with 512 scans per spectrum.  

2.4.4 Time-of-flight secondary ion mass spectroscopy (ToF-SIMS) 

Most of the time, XPS and FTIR can only provide the confirmation of a 

fraction of the target molecule, such as the -CF3 or Si-H moiety.16 Hence, if one wants 

to prove the intactness of an entire molecule or the existence of a certain species that is 

hard to prove by using XPS or FTIR, ToF-SIMS (time-of-flight secondary ion mass 

spectroscopy) could be a good alternative. As shown in Figure 2.4, during the process, 

the sample surface is bombarded by the ion beam to generate molecules and ions from 

the surface species. Then, depending on the time the species required to reach the 

detector (time-of-flight), the corresponding mass and therefore the species, can be 

distinguished. 

In this work, ToF-SIMS in static mode was used with a ToF-SIMS V 

spectrometer (ION-TOF, Munster, Germany). The samples were analyzed in high-

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

and a beam dosage of 1012 ions/cm2. The mass resolution was m/Δm = 6000 for SiH+. 

The data were collected within the range of m/z (mass to charge ratio) 0 to 350. There 

are at least 3 different samples analyzed for each set of experiments with a single spot 

analyzed in each sample. The calibration masses were H+, H2
+, CH3

+, C2H3
+, C3H5

+, 

C4H7
+, C5H5

+, C6H5
+, and C7H7

+ for the positive mode and H-, H2
-, CH3

-, C2H
-, C3

-, C4
-, 

C5
-, C6

-, and C7
- for the negative mode. 
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2.4.5 Scanning electron microscopy (SEM), energy-dispersive X-ray 

spectroscopy (EDS) and focused ion beam (FIB) analysis 

To interrogate the morphology of the surface following surface reactions or 

deposition processes, SEM (scanning electron microscopy) is utilized. In addition, 

EDS (energy-dispersive X-ray spectroscopy) is also performed to unveil the elements 

distribution on the surface. As shown in Figure 2.5A, by collecting the secondary 

electrons or the characteristic X-rays emitted from the surface, SEM or EDS images 

can be generated, respectively. Figure 2.5B explains this process from atomistic 

perspective. For example, when one electron from the L orbital is kicked out by the 

incoming electron (focused electron beam), the kicked-out electron contributes to the 

formation of the SEM image as one of the secondary electrons. Meanwhile, the 

electron from the M orbital takes that empty position (relaxation process) in the L 

orbital and releases the characteristic X-rays as the byproduct.  

 

2.4: Illustration of the working principle of the time-of-flight secondary ion 

mass spectroscopy. 
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2.5: Illustration of the working principle of scanning electron microscopy and 

energy-dispersive X-ray spectroscopy.  

In this work, a Zeiss Auriga 60 FIB/SEM at the W. M. Keck Electron 

Microscopy facility at the University of Delaware was used to perform all the SEM, 

focused ion beam (FIB) and energy-dispersive X-ray spectroscopy (EDS) 

measurements. An In-lens detector was used to collect all the images with an 

accelerating voltage of 3, 6 or 20 keV (as indicated specifically in the text) and a 

working distance of 5.0 mm. FIB was done at an angle of 54° with a current of 120 

pA. 
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2.5 Introduction of the Precursors  

2.5.1 Introduction of the solid-state precursors 

For the introduction of the solid-state precursors (Cu(acac)2, Cu(hfac)2, 

(hfac)AgP(CH3)3), an organo-metallic precursor doser (McAllister Technical Services) 

was used. The doser was connected directly to a high-vacuum chamber with a base 

pressure of 1.0 x 10-5 torr. The solid-state precursors were dosed by sublimation into 

the gas phase.  A differentially pumped (by Adixen Drytel 1025C pump) section of the 

doser was connected so that the precursor could be reloaded without breaking the high 

vacuum. The precursor was loaded into the dosing section of the doser and heated up 

to 373±5 K. Porous frits were placed on both sides of the precursor section to prevent 

the solid precursor from leaking out while allowing the vapor to flow into the reaction 

chamber during the deposition. A resistive heater with a thermocouple was used to 

heat up the precursor volume during the deposition process. Once the temperature 

reached the range of 373±5 K, the deposition was initiated by turning the doser to the 

“deposit” position. Cu(acac)2, Cu(hfac)2, or (hfac)AgP(CH3)3 precursors were dosed 

for a variable time period under different pressures, as indicated later in the text for 

different purposes. After the deposition, the doser was turned back to “lock” position 

to ensure that no additional precursor could enter the reaction chamber.   

2.5.2 Introduction of the liquid-state precursor 

The liquid-state precursor Cu(hfac)VTMS was dosed directly via a standard 

leak valve, following at least three cycles of the freeze-pump-thaw procedure, into the 

reaction chamber without any further treatments.  
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2.6 Set-up of the H2S Sensing System 

As shown in Figure 2.6, a T-shaped chamber was used as the sensing system̆ 

inside which the sensor and heater were placed. Flexible tubing (Marprene, Watson-

Marlow Tubing) were used to connect the gas lines to the chamber for air or N2 (boil-

off, purity 99.99%) flow. To control the speed of the flow, a flowmeter (Dwyer) was 

also used. The predetermined amount of H2S (purity 99.5%+, Sigma-Aldrich) was 

injected into the chamber via a syringe, providing a spike of the target gas with a 

calibrated concentration. A DC power supply (SCI/Speco, model: psv-5, 0.3 V 

voltage) and a galvanometer (Keithley 485) were connected to the surface of the 

sensor via small tantalum clips to provide good electrical contact. The k-type 

thermocouple was attached independently to the sensor surface to measure its 

temperature directly. To be consistent with previously reported conditions,17-19 the 

sensor surface was heated and kept at 473 K throughout the experiments. Dry air was 

used as a carrier gas, unless indicated otherwise. 

 

2.6: Illustration of the set-up for the H2S sensing system. 
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2.7 Computational Details 

Density functional theory (DFT) calculations were performed using the 

Gaussian 09 suite of programs 20 and GaussView 5 interface for all the computational 

investigations with different functionals and basis sets as described below. 

2.7.1 For the simulations of H-terminated Si(111) surface reacted with 

Cu(acac)2, Cu(hfac)2 and Cu(hfac)VTMS 

The B3LYP21-22 functional and the LANL2DZ basis set23-26 were used for a 

Si17H24 cluster (Figure 2.7A) to represent the unreconstructed H-terminated Si(111) 

surface with two neighboring topmost surface sites. All the subsurface silicon atoms in 

the cluster were saturated with hydrogen atoms. This computational approach has been 

previously used successfully to evaluate surface reactions and spectroscopic 

observables for surface processes on silicon.3, 6 The synchronous transit-guided quasi-

newton (STQN) method27-28 was used to predict transition states and a single negative 

eigenvector (frequency) was observed for every transition state reported. The energy 

baseline of a reaction pathway was calculated as the sum of the energy of the silicon 

cluster and the energy of the precursor molecule separately. 

2.7.2 For the simulations of H-terminated Si(100), HO-terminated Si(100), and 

silica reacted with (hfac)AgP(CH3)3 

The B3LYP functional21-22 and the LANL2DZ basis set23-26 were used to 

optimize selected structures. The B97D329-31 functional was also used to optimize 

these structures to illustrate the contribution of dispersion forces. For silica, a 

Si22O38H20 model32 was used with 4 hydroxyl groups on the topmost surface sites 

(Figure 2.7B). The bottom layer was fixed for this model to avoid unrealistic 

distortions during the structure optimization process. Si9O2H14 was used to represent 

the OH-terminated Si(100) substrate with two neighboring hydroxyl groups on the 
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topmost layer of the surface (Figure 2.7C). A Si9H14 cluster was used to represent the 

H-terminated Si(100) surface (Figure 2.7D).4-5, 33 

2.7.3 For the simulations of HOPG surfaces reacted with Cu(hfac)2 and 

Cu(hfac)VTMS 

The B3LYP functional21-22 and the LANL2DZ basis set23-26 were used to 

optimize all the structures. A C58H20 2-D sheet was used to model the HOPG surface 

(Figure 2.7E). Additional -OH or -COOH group was introduced at the edge of the 2-D 

sheet to represent surface defect sites (Figure 2.7F and G).  

 

2.7: Illustration of the H-terminated Si(111) (A), silica (B), HO-terminated 

Si(100) (C), H-terminated Si(100) (D), pristine HOPG (E), HO-functionalized HOPG 

(F), and COOH-functionalized HOPG (G). Grey=Si, blue=H, red=O, black=C. 
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2.7.4 For the simulations of functionalized silicon surfaces reacted with 

tetrakis-dimethylamido-titanium (TDMAT) and trimethylaluminum 

(TMA) 

The B3LYP/6-311+G(d,p)26, 34-41 level of theory was used in the majority of 

studies. Select structures were also analyzed with the 6-311++G(d,p), and the cc-

PVTZ basis sets to confirm the robustness of the approach.  

All the molecules or structures studied had no constraint applied on any of the 

atomic positions (except for the length of the C-F bond in 2,2-difluoromethylamine 

and the N-F bond in fluoroamine surface terminations described in detail in the text. 

Constraints were used for these models to prevent unrealistic distortions.) and the 

energies reported in the potential energy diagrams were referenced to the reactant state 

(the sum of the individual ground state energies of all the reactants before the reaction 

took place) and presented in kJ/mol. Although the target of this investigation was to 

present the trends in surface reactivity rather than to provide the exact energetics for 

the processes investigated, all the energies were reported with accuracy up to the first 

decimal for comparison purposes. 

Transition states for all surface reactions were predicted using the synchronous 

transit-guided quasi-newton (STQN) method27-28 and confirmed by the presence of a 

single negative eigenvector (a negative frequency) in the corresponding frequency 

calculations. 

Natural-bond-orbital (NBO) analysis was also used (1) to visualize the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) of the reactants to rationalize the interactions between them; and (2) to 

illustrate the charge distribution within the molecules, fragments, and cluster models 

studied to analyze the acidity or basicity of the functional groups involved. 
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A Si9H14 cluster (Figure 2.7D) was used to represent a Si-Si dimer of the 

reconstructed Si(100) surface,42-45 which is the most common orientation for industrial 

applications. In the computational models, all the subsurface silicon atoms were 

saturated with hydrogen atoms to maintain the octet rule. It was confirmed that amine 

compounds predominantly adsorb on a Si(100)-2x1 surface in a dissociative process 

with one NRH2 molecule breaking into NRH- and H- moieties, and the two moieties 

bind to two different surface Si atoms through either intra- or inter-dimer.3-6, 42, 46-55 

Only common intra-dimer dissociative adsorption was considered in this work for 

simplicity, and the substituents, R, for the surface-bound amines studied in this work 

include hydrogen (H-), fluorine (F-), methyl (CH3-), fluoromethyl (CFH2-), 

difluoromethyl (CF2H-), trifluoromethyl (CF3-), ethyl (CH3CH2-), β-fluoroethyl 

(CFH2CH2-), β-difluoroethyl (CF2HCH2-), β-trifluoroethyl (CF3CH2-), cyclohexyl 

(C6H11-), and phenyl (C6H5-) groups. This range of amino-groups attached to a silicon 

surface allows a thorough examination of the role of steric and electronic factors in 

surface processes involving TDMAT and TMA. 

To examine the effect of the cluster size and dispersion forces in DFT 

calculations described in this work, two sets of auxiliary computational investigations 

were performed.  

To take dispersion forces into consideration, computations with the B97D 

functional and 6-311++G(d,p) basis set (with diffusion functions on hydrogen atoms) 

were performed for the β-fluoroethyl (CFH2CH2-) substituent reaction discussed in 

detail below. The weak adsorption and final product were optimized for the reaction 

between β-fluoroethyl amine-modified Si(100)-2x1 surface and TMA, and the results 

were compared to the ones that did not consider the dispersion forces. Although, as 
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expected, the energy corresponding to the weakly adsorbed species is affected by this 

change, the trends for the reaction for the functionals considered (B3LYP and B97D) 

turned out to be very similar, as suggested by the data in Table S1 and detailed studies 

presented in Figure S16 in the Supplementary Information section for a number of 

processes discussed below. 

A large cluster model that represents 4 dimers of the Si(100)-2x1 surface 

(Si35H40) was also constructed as shown in Figure 2.8 in order to evaluate the 

influence of cluster size on the proposed reactivity trends. 

 

2.8: Structure of 4 dimers of the Si(100)-2x1 surface. Grey=Si, blue=H.  
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INVESTIGATION OF THE SUBSTRATE INFLUENCE TOWARDS THE 

FORMATION OF THE SURFACE NANOSTRUCTURES VIA 

METALORGANIC VAPOR DEPOSITION 

 

3.1 Abstract 

The focus of this chapter is mainly the influence of the substrates on the 

formation of the surface nanostructures for two common metals used in metal 

deposition processing, copper and silver. The surface reactions between different 

metalorganic precursors (Cu(acac)2, Cu(hfac)2, Cu(hfac)VTMS, and 

(hfac)AgP(CH3)3) and various substrates (H-Si, HO-Si, silica and HOPG) were 

examined by using surface characterization methods including SEM, XPS, AFM and 

ToF-SIMS. Throughout those experiments, the reactivity of different precursors was 

compared, and the reactivity of the precursors toward different substrates was 

examined.  

3.2 Introduction 

Metalorganic precursors can be used to grow well-defined nano-scale 

structures such as nanorods, nanoparticles, and thin films on different substrates 

through atomic layer deposition (ALD) or chemical vapor deposition (CVD).1-3 

Although high-vacuum condition is always needed to use these techniques, they do 

provide uniform morphology of the target product on solid substrates.4-8  

Chapter 3 
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Among all the metal-organic precursors, copper- and silver-containing 

precursors are popular due to the excellent electronic properties and the relatively low 

price of copper and silver.  

In particular, exceptional electronic and thermal properties make copper a 

popular metal for interconnect applications,9-12 where the purity of the metal affects 

these properties tremendously. At the same time, supported copper serves as an 

outstanding catalyst for hydrogenation processes,13-14 methanol dehydrogenation,15-16 

steam reforming,17-18 and many other reactions. In the field of catalysis, the oxidation 

state of copper in a heterogeneous catalyst is very important, as well as in applications 

in gas sensing and solar energy conversion.19-20  

Cu(acac)2 (Cu(II) acetylacetonate), Cu(hfac)2 (Cu(II) 

hexafluoroacetylacetonate) and Cu(hfac)VTMS (copper(I) hexafluoroacetylacetonate 

vinyl trimethylsilane) are some of the common copper-containing precursors (Figure 

3.1) used to form copper or copper oxide thin films on a variety of substrates by ALD 

or CVD processes.21-29 Cu(acac)2 and Cu(hfac)2 both have a planar structure and have 

Cu(II) at the center of the molecule. Compared to Cu(acac)2, all twelve methyl 

hydrogen atoms in Cu(hfac)2 are replaced with electron-withdrawing fluorine atoms, 

making the electronic properties of these two molecules very different. On the other 

hand, in Cu(hfac)VTMS (Cu(I) (hexafluoroacetylacetonato) vinyltrimethylsilane), six 

methyl hydrogen atoms are replaced by fluorine atoms and the oxidation state of 

copper is Cu(I). Moreover, the VTMS moiety of the precursor is expected to desorb 

from the substrate immediately upon the adsorption process even at room temperature, 

leaving Cu(hfac) the only reactive part for any further reactions.23, 25, 30-35 Hence, all 

the three copper-containing precursors may have different reactivities and mobilities 
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towards the same substrate when reacting, which will be discussed later in this 

chapter.  

Metallic silver coatings are of great interest due to a number of applications 

ranging from catalysis4, 36 to high-temperature superconducting materials.6, 37 

Therefore, the effective ways to grow silver on different surfaces have received 

substantial attention over the past years.8, 38-41 Specifically, silver deposition on 

differently functionalized silicon surfaces is examined in this chapter to investigate 

the possible surface reaction mechanism to form silver nanoparticles or silver films.  

As for the silver-containing precursor, 

trimethylphosphine(hexafluoroacetylacetonato)silver(I) ((hfac)AgP(CH3)3) was used 

throughout the experiments as the silver precursor (Figure 3.1) because of its unique 

physical and chemical properties. In particular, the phosphine ligand has been 

reported to play an important role in both anti-oligomerization and deoxygenation,42 

resulting in the decrease of the oligomerization reactions and decreased oxygen 

contamination in the product. In addition, this precursor proved to be stable in air, 

moisture and ambient light43 while still sufficiently volatile for deposition.44 

Different types of substrates were used in the experimental studies of copper 

and silver deposition. Specifically, an H-terminated Si(111) surface was first used to 

follow the possibly different reactivities among the three copper-containing precursors 

(Cu(acac)2, Cu(hfac)2, and Cu(hfac)VTMS). Then, silver-containing precursor 

(hfac)AgP(CH3)3 was used towards the H-terminated Si(111) surface again to 

compare the different morphologies of the deposited structures. On the other hand, to 

test how different substrates affect the deposition products, H-terminated Si(100), 

HO-terminated Si(100), and out-of-the-box Si(100) with the native silica layer on the 
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surface were also used as the substrates for silver deposition. It was found, based on 

different functionalities, that the deposition process resulted in very different surface 

morphologies. Finally, highly ordered pyrolysis graphite (HOPG) was selected as 

another form of substrate for copper deposition to follow the role of surface defect 

sites (and thus different chemical functionalities) in the metal deposition process.  

            The reason to choose silicon and HOPG as the testing substrates is their 

unique properties. Namely, with different treatments, the silicon surface can be 

exclusively functionalized with different functional groups such as -H or hydroxyl 

groups, providing a uniform source of surface H or hydroxyl groups for the precursors 

to react with.45-47 On the other hand, HOPG has atomically flat terraces48 that offer a 

set of defects such as the edges of the steps.49 The nature of these defects has been 

studied in detail previously.50-53 Its excellent electronic properties also make surface 

characterization techniques such as SEM and XPS convenient to perform.54  

Depending on the choice of the substrates, the same precursor may behave 

very differently resulting in very different final surface morphologies following the 

deposition. In contrast, different precursors may also lead to very similar surface 

morphology depending on the chemical reactions involved. So, what leads to all these 

differences and similarities? Which factors would eventually determine the surface 

morphology following the reaction? Also, how does the oxidation state of the metal 

change after the deposition? Selected answers can be found in this chapter.  
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3.1: The structure of Cu(acac)2 (a) and the corresponding ball-stick structure 

(e), Cu(hfac)2 (b) and the corresponding ball-stick structure (f), 

Cu(hfac)VTMS (c) and the corresponding ball-stick structure (g), 

(hfac)AgP(CH3)3 (d) and the corresponding ball-stick structure (h). 

 

3.3 Results and Discussion 

3.3.1 Investigations of the surface reduction reactions between functionalized 

silicon surfaces and metalorganic precursors 

Since the structures and the oxidation states of the central metal atoms for all 

the four precursors are different, this may affect the surface reaction mechanism. 

Specifically, Cu(hfac)2 and Cu(acac)2 have similar structures and the same oxidation 

state for copper (Cu(II)) while the metals in Cu(hfac)VTMS and (hfac)AgP(CH3)3 

both have an oxidation state of +1. So what would happen to the oxidation state of the 

metal in the precursor after the deposition? Is it the same or different due to the 

deposition process? To answer these questions, XPS was performed to identify the 

oxidation state of the metal after the deposition. As a detailed XPS investigation of 

Cu(hfac)VTMS reaction with H-Si(111) surface has been reported previously,23, 25, 30 
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the following spectroscopic characterization (Figure 3.2 and 3.3) only focuses on 

Cu(hfac)2, Cu(acac)2, and (hfac)AgP(CH3)3 molecules. 

As shown in Figure 3.2, Cu 2p XPS spectra for Cu(acac)2 (spectrum d in panel 

A) and Cu(hfac)2 (spectrum c in panel A) following the deposition at room 

temperature on H-Si(111) surface are presented. For comparison, the Cu 2p spectra of 

pure Cu(hfac)2 (spectrum a in panel A) and Cu(acac)2 (spectrum b in panel A) are also 

provided. Cu 2p3/2 peaks for both Cu(acac)2 and Cu(hfac)2 after the deposition are 

observed at 932.8 eV and Cu 2p1/2 peaks at 952.7 eV. Compared to the spectra of the 

pure precursors, no peaks are observed around 940 eV, where the shake-up peak is 

expected as a signature of Cu(II).55 This rules out the existence of Cu(II) on the 

surface. Also, an obvious binding energy shift can be observed for the Cu 2p after the 

precursors are deposited on the surface, meaning the chemical environment of the Cu 

has changed after the deposition. Hence, it is reasonable to consider that only Cu(I) 

and/or metallic copper are present on the surface after the deposition. To differentiate 

Cu(I) from metallic copper, the Cu LMM Auger spectral region was inspected (panel 

B of Figure 3.2). The vertical line shows the position where the peak for metallic 

copper should show up in the spectra (kinetic energy of 918.6 eV).30, 56 However, as 

shown in panel B, the signal is observed around 916.5 eV for both Cu(hfac)2 and 

Cu(acac)2 (spectrum g and h in panel B, respectively) following deposition, which is 

consistent with the peak position for Cu2O reported at 916.4 eV.56 This observation 

suggests that for both precursors, Cu(II) is reduced to Cu(I) during the deposition 

process.   
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3.2: XPS investigation of the reactions between Cu(hfac)2 or Cu(acac)2 and 

H-terminated Si(111) surface at room temperature. Cu 2p region is 

shown in panel A and Cu LMM Auger region is shown in panel B. a) 

and e) denote the spectra of Cu 2p and Cu LMM Auger region for pure 

Cu(hfac)2, respectively; b) and f) correspond to the spectra of Cu 2p and 

Cu LMM Auger region for pure Cu(acac)2, respectively. ; c) and g) 

correspond to the spectra of Cu 2p and Cu LMM Auger region after the 

deposition of Cu(hfac)2 on H-Si(111) surface, respectively. ; d) and h) 

correspond to the spectra of Cu 2p and Cu LMM Auger region after the 

deposition of Cu(acac)2 on H-Si(111) surface, respectively. The kinetic 

energy expected for metallic copper is labeled in panel B as “Cu(0)” line. 

The same oxidation state for the products for Cu(acac)2 and Cu(hfac)2 suggests 

that similar reduction pathways may be followed. For example, when Cu(acac)2 or 

Cu(hfac)2 is introduced into the reaction chamber, the hydrogen atom from the silicon 

surface can combine with the acac or hfac moiety to form acacH or hfacH, 

respectively, as a byproduct. At the same time, the central copper atom from the 

remaining metalorganic entity is expected to interact with surface silicon to form a 

new copper-silicon bond. Thus, Cu(II) is reduced to Cu(I). The reaction of 



 32 

Cu(hfac)VTMS with the H-Si(111) surface investigated previously23, 25 showed that 

the majority of copper deposited was metallic copper, also consistent with the one-

electron reduction process observed here. 

So, what is different about the silver-containing precursor (hfac)AgP(CH3)3? If 

introduced onto H-Si(111) surface, does it also undergo the one-electron reduction 

reaction? To verify the assumption, silver deposition was also performed under the 

same conditions and the corresponding XPS result is illustrated below in Figure 3.3. 

The binding energy of Ag 3d5/2 at 368.3 eV indicates the existence of metallic silver 

on the surface,57-60 meaning that the silver-containing precursor also underwent the 

one-electron reduction reaction. However, the reaction mechanism of this process is 

different from the one for copper-containing precursors, and this will be discussed in 

detail later in this chapter.  

 

 

3.3:  XPS spectrum of Ag 3d region after the deposition of (hfac)AgP(CH3)3 

onto H-Si(111) surface at room temperature. 
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All the discussion so far has focused on different precursors reacted with a 

single substrate, namely, the H-Si(111) surface. If the surface functionality changes 

from hydrogen to another form, such as hydroxyl groups, does the surface 

morphology and the oxidation state of the deposited structures change? In other 

words, does the choice of the pre-functionalized substrate affect the final product for 

the same precursor? To answer this question, H-Si(100), HO-Si(100), and an out-of-

the-box Si(100) wafer (silica) were used as differently functionalized substrates to 

react with (hfac)AgP(CH3)3. Following the reactions, XPS was performed again to 

follow the oxidation state of the final product. The results are shown in Figure 3.4. 

 

3.4: XPS spectra of pure (hfac)AgP(CH3)3 (A) and the deposited silver on 

different substrates (from top to bottom: silica (B), HO-Si(100) (C), H-

Si(100) (D)) at around 10-5 Torr for 1h at room temperature. 
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It was found that, compared to the silver signal from HO-Si(100) and silica 

surfaces, basically no Ag 3d signal could be recorded for H-terminated Si(100), as 

shown in spectrum D in Figure 3.4. The comparison of Ag 3d spectra following 

deposition between H-Si(111) and silica is provided in the Supplementary 

Information section (Figure S1). The signal of Ag 3d from H-Si(111) is also small as 

compared to the signal from silica. As for the oxidation state change, in Figure 3.4, 

the Ag 3d5/2 peaks center at 368.9 eV for the silver precursor itself. In contrast, the Ag 

3d5/2 peaks from both silica and HO-Si(100) surfaces shift to a lower binding energy 

of 368.3 eV, indicating the presence of metallic silver.57-60 This significant difference 

implies that compared to the HO-terminated silicon surface, the H-terminated silicon 

surface can be very inert to this silver precursor at room temperature. Moreover, the 

similar Ag 3d5/2 intensities on silica and HO-Si(100) surfaces may suggest similar 

reaction mechanisms for the surface deposition processes on these substrates. The full 

XPS survey spectra of the samples studied are provided in the Supplementary 

Information section (Figure S2) to show the similarity in terms of the signal intensities 

for the two surfaces where efficient deposition has occurred. On the other hand, 

although the reaction between H-Si(100) and the copper precursors (Cu(acac)2, 

Cu(hfac)2, and Cu(hfac)VTMS) was not investigated in this work, previous work47 

has shown that dense nanoparticles can be formed on both H-Si(100) and silica 

surfaces when introducing Cu(hfac)VTMS. 

In summary, based on the XPS spectra so far, for the precursor 

(hfac)AgP(CH3)3, silica or an HO-terminated silicon surface is always more reactive 

than an H-terminated silicon surface. However, this rule cannot be applied easily to 

other precursors, such as the copper-containing precursors discussed here.   
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3.3.2 Examination of the intactness of the ligands following the deposition of 

Cu(acac)2 and Cu(hfac)2 

 

3.5: XPS studies of the F 1s region following reaction of Cu(hfac)2 with H-

terminated Si(111) surface. The main peak at 689.3 eV in a) indicates the 

intactness of –CF3. The black bars in b) show the predicted binding 

energy of –CF3 using DFT calculations and its corresponding 

computational structure. All the 6 fluorine atoms have very similar 

binding energy with a spread of 0.1 eV. The average binding energy is 

calibrated to be 689.3 eV. Plot c) illustrates the predicted binding energy 

of Si-F bond by DFT calculation at 686.9 eV and the corresponding 

computational structure. Plot d) illustrates the predicted binding energy 

of Cu-F bond by DFT calculation at 685.4 eV and the corresponding 

computational structure. All the energies are calibrated by setting the 

average energy predicted by DFT for structure in b) to the corresponding 

experimental energy in spectrum a). 
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To make sure it was actually the precursor molecule itself and not the 

decomposed fragments that reacted with the substrate, the integrity of the ligands 

remaining on a surface following the deposition of the copper precursors was 

investigated spectroscopically by XPS, FTIR, and ToF-SIMS. For the hfac ligand, 

XPS can be used successfully since it is highly sensitive to fluorine-containing 

features.  

As shown in Figure 3.5, XPS studies of F 1s were conducted for a sample 

prepared by a Cu(hfac)2 dose. The single main feature observed in Figure 3.5a at 

689.3 eV indicates the presence of the –CF3 entity.25, 30, 61 Density functional theory 

(DFT) calculations based on Koopmans’ theorem62 were also performed and applied 

to predict the binding energy of F 1s (Figure 3.5b, c, and d).62-63 Despite the fact that 

the general calibration procedures have not yet been reported for F 1s, the relative 

differences (core level shifts) between fluorine atoms in different chemical 

environments can still be used to rule out the presence of Cu-F and Si-F bonds that 

could potentially result from decomposition of -CF3 during the deposition.25, 30 Thus, 

all the binding energies of fluorine atoms in Figure 3.5b, c, and d are calibrated by 

setting the average binding energy predicted by DFT in Figure 3.4b to the 

corresponding experimental energy in Figure 3.5a, which is at 689.3eV. Thus, the 

binding energy difference between C-F and Si-F is predicted to be 2.4 eV while the 

binding energy difference between C-F and Cu-F is expected to be 3.9 eV based on 

the computational investigations. These large differences would be easily observed in 

experimental XPS studies; however, this is not the case for data presented in Figure 

3.5a. Therefore, it is reasonable to infer that the major fluorine-containing chemical 

groups present on a surface following copper deposition at room temperature are –CF3 
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groups. Although a small shoulder around 686 eV suggests a possible decomposition 

process, this peak is minor compared to the dominant peak at 689.3 eV. This 

assessment is also consistent with previously reported experimental binding energies 

for Cu-F or Si-F around 684 eV or 685 eV, respectively.30, 64 

Although the XPS spectra can prove the intactness of the -CF3 moiety, they 

cannot provide more information about the intactness of the entire ligands. However, 

this information can be obtained by ToF-SIMS. Figure 3.6 summarizes the most 

informative spectral regions for the Cu(hfac)2 reaction with the H-terminated Si(111) 

surface. Positive ion ToF-SIMS spectra are shown in Figure 3.6a and 3.6c; negative 

ion spectra are shown in Figure 3.6b and 3.6d. For easy comparison, the fragments 

discussed below are shown with the corresponding m/z values rounded to the second 

decimal. Although the spectral region corresponding to copper species is complicated 

by the presence of many other fragments including SiH3O2
+ (m/z 62.99), C5H3

+ (m/z 

63.02), C5H4
+ (m/z 64.03), SiC3H

+ (m/z 64.98) and C5H5
+ (m/z 65.04), the peaks at 

m/z 62.93 and 64.93 (Figure 3.6a) clearly prove the presence of surface copper, and 

m/z 90.90 and 92.90 (Figure 3.6c, where the slight shift can be explained by the 

overlapping peaks) reveal that the Cu-Si bond is present (partially obscured by the 

presence of C7H7
+ at m/z 91.05, Si2C3

+ at m/z 91.95, C7H8
+ at m/z 92.06, C3F3

+ at m/z 

92.99,  and C7H9
+ at m/z 93.07). Additionally, the peaks at m/z 206.99 (Figure 3.6b) 

and 234.97 (Figure 3.6d) reveal the presence of the intact hexafluoroacetylacetonate 

anion (less hydrogen compared to the intact hexafluoroacetylacetone molecule, 

labeled in Figure 3.6b at m/z 207.99), and Si-hexafluoroacetylacetone anion species, 

respectively. Figure S3 in the Supplementary Information section also provides the 

peak at m/z 235.97 that should be about 5% of the intensity of the peak at m/z 234.97 
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to show the isotope of silicon species. It should be noted that due to the calibration 

limit, the assignment of the peaks at high m/z region such as the one at m/z 234.97 in 

Figure 3.6d might not be as accurate as that at low m/z region.  These observations 

suggest that the hfac ligand is intact following deposition and that the process results 

in the formation of Si-hfac- species. Although ToF-SIMS results can only be treated 

as semi-quantitative, no Cu-hfac cation fragments (as a signature of Cu(hfac) surface 

species) were observed in these studies (Figure S3 in Supplementary Information 

section), suggesting that the formation of Cu-Si interface is related to the reaction 

leading to hfacH elimination upon copper deposition. 

As shown in Figure 3.7, ToF-SIMS of Cu(acac)2 was also used to investigate 

the species formed on the surface following the deposition of Cu(acac)2. The peaks at 

m/z 62.93 and 64.93 in Figure 3.7a clearly prove the presence of copper, although 

additional minor peaks indicate the existence of other features at similar m/z, likely 

from the background, since they are also recorded for H-Si(111) surface. Figure 3.7b 

shows Cu-Si+ species at m/z 90.90 and 92.90 (also complicated by the presence of 

several peaks within similar spectral range on the background spectra). Figure 3.7c 

illustrates acac anion and molecular acacH- ion at m/z 99.04 and 100.05, respectively. 

The minor species present in the background include Si3NH- at m/z 98.93, C4H3O3
- at 

99.01 and Si3O
-. Cu-acac+ species are shown in Figure 3.7d at m/z 161.97 and 163.97. 

All these results suggest similarities with the ToF-SIMS investigation of Cu(hfac)2 

and confirm the formation of Cu-Si bond on the surface. Secondly, they prove the 

intactness of the acetylacetonate ligand on the surface. Along with the results of 

infrared investigation presented in the Supplementary Information section (Figure 
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S4), they indicate that the Cu(acac)2 precursor did not undergo a surface-induced 

decomposition process for the acac ligand upon copper deposition. 

 

3.6: ToF-SIMS taken immediately after the deposition of Cu(hfac)2 showing 

a) Cu, b) hfac species, c) Cu-Si species, and d) Si-hfac species. Each 

figure presents the signal recorded for the sample following deposition 

on the top and the signal from the background (freshly prepared H-

terminated Si(111) surface) at the bottom. Positive ion ToF-SIMS 

spectra are used for plots in (a) and (c); negative ion spectra are used for 

the results presented in (b) and (d). The intensity scale is shown in counts 

per second. 
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3.7: ToF-SIMS taken immediately following the deposition of Cu(acac)2 

showing a) Cu, b) Cu-Si species, c) acac anion and acacH molecule, and 

d) Cu-acac species. Each figure shows the signal recorded for the sample 

following deposition on the top and the signal from the background 

(freshly prepared H-terminated Si(111) surface) at the bottom. Positive 

ion ToF-SIMS spectra are used for Figure 3.7a, 3.7b, and 3.7d; negative 

ion spectra are used for Figure 3.7c. The intensity scale is shown in 

counts per second. 
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3.3.3 Stability and oxidation of the nanostructures following reactions between 

the precursors and the silicon surfaces 

 

3.8: Comparison of the XPS spectra within the Si 2p region for: a) freshly 

prepared H-terminated Si(111) surface; b) freshly prepared H-terminated 

Si(111) surface after the deposition of Cu(hfac)2 and c) freshly prepared 

H-terminated Si(111) surface after the deposition of Cu(acac)2. A 

vertical line is drawn around 103 eV to indicate the position of SiOx. 

Since H-Si surface is very easily oxidized, it is useful to check the oxidation of 

the silicon surface following the deposition of the precursor to see if the deposition 

has any influence on the surface state. Figure 3.8 compares the XPS investigations of 

the Si 2p spectral region for freshly prepared H-terminated silicon (a), same surface as 
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in (a) after the deposition of Cu(hfac)2 (b), and same surface as in (a) after the 

deposition of Cu(acac)2 (c). Surface oxidation manifests itself as a broad SiOx peak in 

the range of 101-104 eV as indicated by the vertical line in Figure 3.8.65 Interestingly, 

for both Cu(acac)2 and Cu(hfac)2 deposited surfaces, the oxidation is minimal, most 

likely resulting from oxidation in ambient during transferring. This is possibly 

because the deposited copper on the surface serves as a protective layer so that further 

oxidation of silicon is suppressed. Although ToF-SIMS suggests the existence of Cu-

Si interface, the binding energy for copper silicide is at 99.6 eV,66 making it difficult 

to directly distinguish since it is overlapped with the signal of bulk Si 2p in XPS. 

  

 3.9:  Comparison of the Si 2p XPS spectra after the deposition of 

(hfac)AgP(CH3)3 at around 10-5 Torr for 1h at room temperature on 

freshly prepared H-Si(100) (a), HO-Si(100) (b), and silica surface (c). 

The peaks in the range of 101 to 104 eV indicate the existence of silicon 

oxides. 
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In contrast, for the H-Si-covered surface (spectrum a in Figure 3.9) 

interrogated immediately after the deposition of (hfac)AgP(CH3)3, it is clear that 

surface silicon is oxidized immediately. This observation in these spectra is very 

different from the Si 2p spectra mentioned early (Figure 3.8) following the deposition 

of the copper precursors. The oxidation could be explained by the poor coverage of 

the silver nanostructures deposited on the H-Si surface. As a result, the H-Si surface 

lacks the protective layer to suppress the surface from further oxidation. One other 

thing worth noting is that compared to the other two spectra in Figure 3.9, the 

spectrum taken on H-Si(100) shown in Figure 3.9a has a much stronger signal of 

silicon, indicating less silver on the surface. This is also consistent with the previous 

statement that H-Si(100) is inert to (hfac)AgP(CH3)3. 

Apart from the study of the silicon oxidation, the oxidation of the metal 

(copper and silver) after the deposition was also investigated. As mentioned 

previously, the deposited copper seems to act as a protective layer to prevent the 

silicon surface from further oxidation. Then what would happen to the surface copper 

itself? Based on the ToF-SIMS results, Cu-Si interface is expected on the surface. 

Upon oxidation, the interface could produce species with a general formula CuSixOy. 

To verify that, the Cu XPS spectrum from the freshly deposited sample (Figure 3.10c) 

is compared to those exposed to air for 2 days (Figure 3.10b) and one week (Figure 

3.10a). It is obvious that after 2 days or 7 days of oxidation, a new peak for Cu 2p3/2 

shows up at 934.9 eV, with a corresponding spin-orbit coupling peak at 954.8 eV. 

This feature is indicative of the formation of either CuSixOy or Cu(OH)2 species, 

possibly a mixture.67-68 It also seems that based on the Cu LMM Auger spectral region 
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(Figures 3.10d, e, and f), the majority of copper present on the surface is still in Cu(I) 

oxidation state, as confirmed by the peak around 915 eV.  

 

 

3.10: Comparison of Cu 2p peaks (top) and Cu LMM Auger peaks (bottom) 

over time for Cu(acac)2. In the figure: a) and d) spectra taken after 1 

week of exposure to ambient; b) and e) spectra taken after 2 days of 

exposure to ambient; c) and f) spectra taken immediately following the 

deposition on H-Si(111). The kinetic energy for metallic copper is 

labeled in the figure as “Cu(0)” line. From this comparison, it is clear 

that at least one part of copper is oxidized from Cu(I) to Cu(II) following 

long-time exposure to ambient, which is indicated by the satellite peaks 

between 940 eV and 945 eV. Furthermore, the new peak at 934.9 eV 

implies the formation of a silicate or copper hydroxide compound.  
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The oxidation of the nanostructures from the deposition of (hfac)AgP(CH3)3 

was also examined by using oxygen plasma. The sample was put into the plasma 

chamber for 10s for the treatment.  

 

3.11: Ag 3d XPS spectra of the HO-Si(100) surface deposited with 

(hfac)AgP(CH3)3 at around 10-5 Torr for 1h at room temperature before 

(a) and after (b) the 10s oxygen plasma treatment.  

As shown in Figure 3.11, different from copper, the Ag 3d peaks did not split 

following oxidation. Instead, the intensity of the silver signal decreased (consistent 

with the Ostwald ripening discussed later) and the binding energy shifted to the lower 

end, indicating the formation of silver oxides (Figure 3.11b).69-70 More importantly, 

the morphology of the surface nanostructures also changed after the oxygen plasma 

treatment, and this part is discussed in detail in the following sections.  
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3.3.4 Surface morphology following the deposition: AFM and SEM studies 

To shed light on the morphology of the structures of the surfaces after the 

deposition of each precursor, AFM and SEM were performed. For the copper 

precursors, it is expected that the reaction chemistry for Cu(acac)2 and Cu(hfac)2 on 

an H-terminated Si(111) surface would be similar based on the XPS results; however, 

it is also obvious that the electronic properties of these deposition precursor molecules 

may be affected substantially by the electron-withdrawing fluorine atoms in  

Cu(hfac)2. Since in both cases, surface termination is the only source of hydrogen that 

can reduce the copper, the overall deposition reaction is expected to proceed until 

surface hydrogens are consumed completely. The reaction stops in a self-limiting 

fashion. Similar processes have been reported on differently functionalized silicon 

surfaces23, 25, 71 and on other semiconductors.30 The Cu(II) precursors are also 

compared to the Cu(I) precursor Cu(hfac)VTMS whose reactions with the H-Si(111) 

have been described in detail somewhere else.23, 25, 30 In addition, the H-Si(111) 

surface following the deposition of (hfac)AgP(CH3)3 is also investigated and 

compared to the other experiments. 

Figure 3.12 shows the AFM images of the nanoparticles deposited onto H-

Si(111) surface using Cu(acac)2 and Cu(hfac)2, Cu(hfac)VTMS and (hfac)AgP(CH3)3 

along with their corresponding nanoparticle height distribution. From this comparison, 

it is clear that overall the morphology of the surfaces produced are very similar. All 

the nanoparticles mainly have height ranges from 0 to 4 nm for the four samples with 

a very similar particle density. Although the particle density after the deposition of 

Cu(acac)2 is lower than for the other samples, it could be due to the selection of the 

specific region. Overall, it appears that the structure differences among the four 
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precursors did not play a critical role in determining the final morphology of the 

surface product.  

 

3.12:  a) and b): AFM image and the corresponding surface nanoparticle size 

distribution following the reaction of Cu(acac)2 with the H-Si(111) 

surface, respectively. c) and d): AFM image and the corresponding 

surface nanoparticle size distribution following the reaction of Cu(hfac)2 

with the H-Si(111) surface, respectively. e) and f): AFM image and the 

corresponding surface nanoparticle size distribution following the 

reaction of Cu(hfac)VTMS with the H-Si(111) surface, respectively. g) 

and h): AFM image and the corresponding surface nanoparticle size 

distribution following the reaction of (hfac)AgP(CH3)3 with the H-

Si(111) surface, respectively All the AFM images were recorded 

immediately following the deposition. 
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3.13: AFM images of the different surfaces (A: H-Si(100), B: HO-Si(100), C: 

silica) following the deposition of silver from the (hfac)AgP(CH3)3 

precursor at around 10-5 Torr for 1h at room temperature and the 

corresponding particle height distribution. 

Similar AFM measurements were also done for all the variously 

functionalized Si(100) surfaces after the deposition of (hfac)AgP(CH3)3 as shown in 

Figure 3.13. This time, however, the surface morphology is very different depending 

on the substrate used. One should note that HO-Si and silica are essentially the same 

in terms of surface functional groups. Both of them are expected to be terminated with 

surface hydroxyl groups.47, 71-72 The only difference is the hydroxyl groups from HO-

Si were introduced manually by a modified RCA procedure while the hydroxyl 

groups from silica are native. Compared to H-Si(100) surface, both HO-Si(100) and 

silica surfaces are clearly decorated with nanoparticles (Figure 3.13b and c) with a 

very similar surface particle density. Also, according to the particle height distribution 
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shown on the right panel of Figure 3.13, the average height of the few particles 

observed on the H-Si(100) surface is approximately 2.6 nm while those on HO-

Si(100) and silica surfaces are nearly identical, 6.2 and 5.5 nm, respectively, with very 

similar size distributions. Considering the fact that the deposition was performed at 

room temperature, the formation of the nanoparticles on the surface is quite consistent 

with the results reported previously, suggesting a Volmer-Weber (VW) growth 

mode.73-74 To confirm that the formation of silver nanoparticles is a result of the 

deposition process, the AFM images of the silica, HO-Si(100), and H-Si(100) surfaces 

before the silver deposition were also recorded and exhibited no nanoscale features, as 

shown in the Supplementary Information section (Figure S5). 

Based on the AFM images, the number of silver atoms deposited on the 

hydroxylated surface can be estimated by assuming that all the nanoparticles on the 

surface are hemispheres and by fitting the volume of a unit cell of the silver lattice 

into the volume of the hemispheres.75 Admittedly, this is only an estimate, it does 

provide some useful information about the deposition efficiency. For the HO-Si(100) 

surface, for example, the theoretical number of surface -OH species is calculated to be 

9.6 x 1014/cm2 while the number of silver atoms on the surface is calculated to be 2.6 

x 1015/cm2, suggesting a high reaction efficiency even at room temperature.  

Apart from the AFM images shown in Figure 3.13, corresponding SEM 

images were also recorded to show the differences among the substrates after silver 

deposition. As illustrated in Figure 3.14a, only a few nanoparticles can be observed on 

the H-Si(100) surface, which is consistent with the XPS and AFM results discussed 

previously. In comparison, the nanoparticles cover most of the HO-Si(100) and silica 
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surfaces (Figure 3.14b and c). It is worth noting that the HO-Si(100) surface seems to 

lead to some agglomeration not observed on silica, as shown in Figure 3.14b. 

 

3.14: SEM images of the surfaces (A: H-Si(100), B: HO-Si(100), C: silica) 

following the deposition of silver from the (hfac)AgP(CH3)3 precursor at 

around 10-5 Torr for 1h at room temperature. 
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3.3.5 Other experiments done regarding the precursor (hfac)AgP(CH3)3 

For the reactions between the Si(100) surface and the precursor 

(hfac)AgP(CH3)3, additional experiments were performed to investigate the 

contribution of other factors to the morphology of the silver nanostructures. Those 

factors involve: oxygen plasma, substrate temperature, dosing time and pressure.  

3.3.5.1 Plasma treatment of the surfaces following the deposition of 

(hfac)AgP(CH3)3 

As mentioned earlier in this chapter, different from the study of the oxidation 

of the copper nanostructures, an oxygen plasma was used to investigate the influence 

of oxidation on the silver nanostructures. As shown in Figure 3.15, the morphology of 

the surface silver nanoparticles underwent a substantial change after 10 s exposure to 

the oxygen plasma. Smaller nanoparticles coalesced into larger ones following the 

treatment70 (Ostwald ripening process) with the diameter of the nanoparticles 

changing roughly from 30 nm to 300 nm.  

Since the oxygen plasma is effective in changing the morphology of the 

surfaces covered with silver nanoparticles, what happens if the silver film is treated 

with the same plasma? Does the morphology of the silver film also change after the 

treatment? To answer that question, another set of experiments was performed. 

To grow thicker silver films, the base pressure was increased from 10-5 Torr to 

10-2 Torr for 2h with the substrate temperature of 350 °C. From the SEM image 

(Figure 3.16A and B), it is clear that the silver nanoparticles are much denser than the 

ones in Figure 3.15A. It is reasonable to consider this as a silver film. After the 

oxygen plasma treatment, the morphology of the surface, again, changed dramatically. 
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3.15: SEM images of HO-Si(100) surface with the deposition of  

(hfac)AgP(CH3)3 at 10-5 Torr for 1h at room temperature before (A) and 

after (B) 10 s oxygen plasma treatment. 

 

3.16: SEM images of HO-Si(100) surface with the deposition of  

(hfac)AgP(CH3)3 at around 10-2 Torr for 2h at 350 °C before (A and B) 

and after (C and D) 10s oxygen plasma treatment. 
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However, no obvious Ostwald ripening effect was observed this time. Instead, 

it appears that the surface roughness increased due to the treatment.  

Similar oxygen plasma treatment experiments were also performed on ZnO 

powder after the deposition of Cu(hfac)VTMS and the results are shown in the 

Supplementary Information section (Figure S6). Basically, there are many very small 

“island” structures formed following the plasma treatment.  

3.3.5.2 Temperature, pressure and dosing time influence on the surface 

morphology for the reaction between (hfac)AgP(CH3)3 and silicon 

surfaces 

As shown in the previous section, by changing the reaction pressure, dosing 

time or the substrate temperature, the silver film can be formed. In this section, more 

detailed investigations show the influence of these factors. Also, for comparison, only 

the depositions made on silica and H-Si(100) substrates are discussed here. 

To test the influence of the substrate temperature, the silica substrate was 

heated and kept at 350 °C while keeping the other reaction parameters such as 

pressure and dosing time the same. The high temperature is expected to accelerate the 

deposition process and lead to a higher deposition rate. Figure 3.17 unveils the 

resulting XPS spectra of the samples deposited at room temperature and at 350 °C at 

the same pressure (about 10-5 Torr). Compared to the room-temperature experiment, 

the Ag 3d signal increased dramatically in the survey spectra (Figure 3.17A) after the 

deposition at 350 °C, indicating a significant increase in the amount of silver on the 

surface. Also, the intensity of Si 2p and O 1s plummeted after the high-temperature 

deposition, implying again that the surface is dominantly covered with silver. As for 

the Ag 3d spectra (Figure 3.17B), the binding energies at 368.3 eV for Ag 3d5/2 and 

374.3 eV for Ag 3d3/2 again suggest the existence of metallic silver on the surface. 
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3.17: XPS spectra showing the comparison of: (A) the survey spectra of the 

silica surface after the deposition of (hfac)AgP(CH3)3 at room 

temperature and at 350 °C for 1 h, and (B) the silver (Ag 3d spectral 

region) spectra of the silica surface after the deposition at room 

temperature and at 350 °C for 1 h. 

 

3.18. SEM image of the silver nanoparticles on the silica surface following the 

deposition process with (hfac)AgP(CH3)3 at 350 °C for 1 h. The white 

box (A) and the white arrow (B) indicate the locations where EDS were 

taken. 
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To further confirm the silver deposition on the silica surface at 350 °C, SEM 

and EDS were performed. As shown in Figure 3.18, nanoparticles are clearly 

deposited on the silica surface with a fairly high surface coverage. The observed 

width of the nanoparticles is about 20-30 nm. To investigate the chemical composition 

of the particles, EDS was performed at two different locations shown in the figure (A 

(area EDS) and B (single point EDS)). Consistently 7.2% and 6.1% of silver were 

observed at A and B regions, respectively.  

In addition to XPS and SEM, AFM was also performed to interrogate the 

topography of the resulting surfaces. In particular, since previous experiments show 

that the H-Si(100) surface was very inert to the silver precursor at room temperature 

compared to silica or HO-Si(100) surfaces, it is tempting to find out if the increase of 

the temperature would change the situation. As a result, silica and H-Si(100) surfaces 

are compared after the deposition of silver at 350 °C at 10-5 Torr for 1 h as shown in 

Figure 3.19A and 3.19C, respectively. Surprisingly, for the H-Si(100) surface, only a 

few nanoparticles, similarly to the room-temperature process, can be observed on the 

surface even after the deposition at 350 °C (Figure 3.19C). On the other hand, the 

silica surface is packed with nanoparticles (Figure 3.19A) with an apparent height of 

3-5 nm (Figure 3.19B).  This difference is consistent with the deposition results 

acquired at room temperature. Namely, compared to the other types of surfaces, the 

H- Si(100) surface is less reactive to the silver precursor, even as the surface 

temperature is increased substantially. 

XPS was again performed on H-Si(100) and silica surfaces (Figure 3.20) to 

evaluate the nanoparticle formation and silver surface concentration. The Ag 3d signal 

from H-Si(100) surface is, as expected, much smaller than the one from silica surface.  
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3.19: AFM images of the silver nanoparticles deposited on silica surface after 

using (hfac)AgP(CH3)3 at 350 °C for 1 h (A), and the corresponding line 

profile (B). Figure C shows the AFM images of H-Si(100) surface after 

the same deposition at 350 °C for 1 h. 

 

3.20: XPS spectra of silver after the deposition at 350 °C for 1 h for silica 

surface (top) and H-Si(100) surface (bottom).  
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3.21: AFM image (top) of the silica surface after the silver deposition from 

(hfac)AgP(CH3)3 at ~ 10-2 Torr at 350 °C for 2 h and the corresponding 

line profile (bottom) indicated by a white line in the image.  

From the previous discussion, it is obvious that high-temperature (350 °C) 

deposition can lead to denser surface nanoparticles, but it is still not clear what the 

pressure and dosing time does to the morphology. Hence, for the following 

experiments, the deposition pressure was increased from ~ 10-5 Torr to ~ 10-2 Torr, 

and the duration of the deposition process was changed to 2 h or 4 h instead of 1 h 

while the temperature was still kept at 350 °C 

The increased pressure and deposition time should affect the deposition 

efficiency as well as the film thickness and surface morphology. Figure 3.21 presents 

the AFM image and the corresponding surface particle height profile following silver 
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deposition at ~ 10-2 Torr at 350 °C for 2 h. Compared to the previous samples, the 

particles acquired under this condition appear to be much larger (in apparent height) 

and yield a much denser structure. Overall, this deposition protocol favors columnar 

growth, although it is not clear if there is a 2D silver film formed beneath the 

columnar structures. Based on these results, it appears that the growth at these 

conditions still follows the Volmer-Weber mode; however, the Stranski-Krastanov 

mode also cannot be ruled out.    

 

3.22: SEM images of the silica surfaces after depositions of (hfac)AgP(CH3)3 

under different conditions. For A and C, the deposition was performed at 

350 °C with ~10-5 Torr pressure for 1 h. For B and D, the deposition was 

performed at 350 °C with ~10-2 Torr pressure for 4 h. Images 3.22A and 

3.22B were recorded at a 54° angle in order to estimate the thickness of 

the deposited silver layer. The cavities in Figure 3.22A and 3.22B are the 

results of FIB (focused ion beam) application. 
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To understand better the factors that may affect the growth of the silver 

nanostructures as well as to unveil the film-growth mode, another comparison 

experiment was also performed. The silver precursor was dosed at ~10-2 Torr for 4 h 

with the substrate temperature of 350 °C. SEM and FIB were utilized to follow the 

morphology of the surface, as well as to follow the profile of the film deposited. As 

shown in Figure 3.22, compared to the lower pressure deposition, image 3.22B shows 

a thicker, approximately 75 nm, layer of deposited silver. Based on the image 

presented in Figure 3.22B, it appears that at these conditions, Stranski–Krastanov 

growth mode for the silver nanoparticles can be achieved, similar to the previous 

investigations.70, 76-77 For the surface treated with lower pressure and shorter time 

(Figure 3.22A and C), there is no continuous layer deposited. Hence, by increasing the 

dosing time and the pressure, a thicker layer of silver has been shown to grow on the 

silica substrate. 

 

3.3.6 Computational investigation of surface reactions between silicon surfaces 

and precursors 

To validate the proposed one-electron reduction assumption for the reactions 

between H-Si(111) and the precursors, DFT calculations were performed. In Figure 

3.23, four reaction states for the reaction between H-terminated Si(111) surface and 

the copper/silver precursors are listed. From left to right, they are weak interaction 

state, transition state for ligand elimination/hydrogen removal, the result of ligand 

elimination with the byproduct weakly bound to the surface, and the final product 

after the ligand leaves the surface (desorption), respectively. Overall, the processes for 

all the four precursors considered are slightly endothermic; however, similarly to the 
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previously described deposition of Cu(hfac)VTMS onto different functionalized 

silicon surfaces,23, 25, 78 it is important to realize that the actual deposition processes 

can be substantially more complex and possibly self-catalyzed by the copper/silver 

that is deposited in the preceding steps. In other words, it is more important to 

compare the four processes, rather than invoke quantitative information about the 

energy landscape for each one.  

As discussed previously, the oxidation state of copper in Cu(acac)2 and 

Cu(hfac)2 is Cu(II). However, XPS only shows the existence of Cu(I) on the surface 

after the deposition. The mechanisms suggested in Figure 3.23 explain this reduction 

process. For example, as the Cu(acac)2 precursor approaches the H-terminated Si(111) 

surface, it abstracts one hydrogen from the surface to form acacH as a byproduct, 

leading to the formation of a Si dangling bond. Then, the central copper atom is 

reduced during the formation of the Si-Cu bond that results from the interaction 

between the central copper and the dangling silicon bond. Following this reduction, 

acacH leaves the surface and the copper remains in its Cu(I) state.  This mechanism 

also applies to Cu(hfac)2. However, the analogous process for Cu(hfac)VTMS 

involves only the Cu(hfac) fragment, as it has been shown that VTMS is immediately 

released into the gas phase upon adsorption.32, 78 For this Cu(I) precursor molecule,  it 

is clear that the reduction reaction produces a formally Cu(0) deposit, which is 

completely consistent with the previously reported observations.23, 25 An important 

difference between Cu(I) and Cu(II) precursors regarding the reaction with the H-

terminated Si(111) surface is the formation of a weakly bound initial state for 

Cu(hfac)VTMS (adsorption energy of 70.1 kJ/mol), as compared to other precursors 

studied. This difference is likely caused both by the different electronic structure of 
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the precursor molecules and also by their different geometries. Namely, the Cu(II) 

precursors and the silver precursor are all planar, which makes the weak interaction 

between the surface and the central copper or silver atom hard to proceed. The exact 

numbers obtained by this simple calculation are possibly misleading. However, it is 

clear that compared to Cu(hfac)VTMS, the weak interactions of all the other three 

precursors toward H-Si(111) are minimal. This comparison also implies that the 

structures formed after the elimination of a neutral molecule (acacH or hfacH) from 

the Cu(II) precursors may serve as a protective layer to prevent further reduction of 

copper and oxidation of the underneath silicon, which is also consistent with the XPS 

results showed before. The exact mechanisms of surface ligand migration and 

confirmation of surface Cu(hfac) species thermochemistry sould be the target of 

further investigations. As for the silver precursor, similar procedure explains the 

reduction of silver (Figure 3.23D). It is worth noting, however, that the DFT 

calculations for the silver deposition only show the scenario where the hfacH 

molecule is formed as the byproduct while the AgP(CH3)3 moiety is left on the 

surface (both Figure 3.23 and 3.24). This conclusion is based on the fact that after the 

silver deposition, relatively strong signal of P 2p is observed while almost none of F 

1s can be seen in the XPS spectra (Figure S7 in Supplementary Information section). 

Again, it is important to realize that these processes are only the initial steps in the 

formation of the nanoparticles described in the previous sections. 

Another question is the reactivity difference among differently functionalized 

Si(100) surfaces towards the silver precursor. Namely, why are there more 

nanoparticles formed on the HO-Si(100) and silica surfaces compared to the H-

Si(100) surface? Also, why are the density and the size of the nanoparticles formed on  
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3.23: Proposed reaction pathways and DFT calculations reflecting the 

corresponding energies of each state for Cu(acac)2 (A), Cu(hfac)2 (B), 

Cu(hfac)VTMS (C), and (hfac)AgP(CH3)3 (D). From left to right, the 

structures shown correspond to weak interaction, transition state for 

corresponding hydrogenated ligand removal, product before the ligand 

leaves the surface, and product after the ligand leaves, respectively. The 

baseline is set as 0 kJ/mol for the sum of the energy of the silicon 

substrate (represented by a cluster model) and the energy of the 

corresponding precursor molecule calculated separately.  
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3.24: DFT predications of the reactions between the (hfac)AgP(CH3)3 silver 

precursor and: H-Si(100) (A), HO-Si(100) (B), and silica (C). Gray: 

silicon. Cyan: fluorine. Red: oxygen. Blue: hydrogen. Green: silver. 

Yellow: phosphorus. Black: carbon. 

 the HO-Si(100) and silica surfaces so similar to each other? The DFT calculation 

could be a very useful way to answer those questions. As shown in Figure 3.24, the 

DFT calculations (B3LYP/LANL2DZ) simulate the reactions between the precursor 

and the differently functionalized Si(100) surfaces. Compared to the other two types 

of surfaces, the adsorption energy for H-Si(100) is very low (-4.8 kJ/mol), meaning a 

much weaker interaction between this surface and the precursor. On the other hand, 

the adsorption energy for HO-Si(100) and silica is much higher, both close to               



 64 

-100 kJ/mol. The reason for this difference can be explained by the hydrogen bond 

formed in the latter cases. That is, for HO-Si(100) and silica surfaces, the -OH groups 

from the surface can form hydrogen bonds with the precursor. In contrast, since there 

is no oxygen available on top of the H-Si(100) surface, no effective hydrogen bonds 

can be formed under this condition. Hence, the interaction between the H-Si(100) 

surface and the precursor would be much weaker compared to the other types of 

surface. To take dispersion forces into consideration, another set of calculations based 

on B97D3/LANL2DZ is also performed (Figure S8 in the Supplementary Information 

section). It shows a similar trend in terms of the reaction energies. 

3.3.7 Investigations of the reactions between HOPG and copper-containing 

precursors 

As mentioned in the previous section, the choice of the substrate effectively 

influences the morphology of the deposition product on the surface. To investigate 

this statement more completely, pristine HOPG (with minimal surface defects) and 

modified HOPG (a large number of surface defects induced by sputtering) were 

chosen to react with Cu(hfac)VTMS and Cu(hfac)2 to follow the role of defect sites in 

metalorganic surface deposition processes.  

3.3.7.1 Introduction and evaluation of surface defect sites on the HOPG surface 

The main defects on the pristine HOPG surface are the step edges of the basal 

planes. The chemical groups available at these sites are mostly -C-H, –OH, and –

COOH. Upon thermal annealing, the presence of C-O-C groups has also been 

reported.79-85 However, it is important to realize that there are very few defects 

expected to be available on a freshly prepared HOPG surface and if additional defects 

are needed, they may be introduced intentionally by ion sputtering followed by 
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annealing in oxygen. The chemical nature of both types of defects is expected to be 

similar, based on the detailed previous studies;86-88 however, the amount can be varied 

by varying the surface preparation conditions.   

Figure 3.25 shows the HOPG surface before and after the treatment by ion 

sputtering followed by oxidation. Specifically, Figure 3.25A corresponds to the 

pristine HOPG surface immediately after cleaving. The linescan (white inset 

corresponding to the red profile line) unveils the atomically flat surface with the step 

height expected for HOPG. Figure 3.25B and C show the same HOPG surface 

following the ion sputtering modification and oxidation (mHOPG). It is obvious that 

in addition to the previously produced terraces, surface pit structures are present as a 

result of the ion sputtering and oxidation with the density of ~275/μm2 based on 

Figure 3.25B. The depth of the pits is approximately 1 nm (average 0.9 nm with a 

standard deviation of 0.2 nm), as shown in the inset 3.25C and the corresponding line 

profile. Further analysis shows the average diameter of these pits is 6.9 nm with a 

standard deviation of 1.9 nm and a median of 7 nm. This shape is precisely what is 

expected for these surface preparation conditions chosen based on the previous 

studies.89 The defects provide sufficiently reactive sites for the copper precursor 

molecules. However, it should be noted that the pit structures should not be 

considered as atomic-scale defect sites. They are more similar to the high-density step 

edges on HOPG surface and thus are expected to have similar chemistry as the step 

edges.  
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3.25: AFM images of the HOPG surfaces before (A) and after (B and C) ion 

sputtering and oxidation. (A) shows the pristine grade ZYB HOPG 

surface immediately after cleaving. (B) shows the HOPG surface 

immediately after the ion sputtering and oxidation. (C) is the zoom-in of 

(B). The depth profiles are shown for the red lines in the images.   

3.3.7.2 Characterizations of the HOPG and mHOPG surfaces after the 

deposition of Cu(hfac)VTMS and Cu(hfac)2 

To investigate the influence of the substrate towards the formation of the final 

product, the non-sputtered HOPG surface (pristine HOPG) was firstly reacted with the 

two precursors studied. Since the number of defect sites on the non-sputtered HOPG 
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surface is very limited compared to the sputtered one as discussed previously, the 

surface deposition is also expected to have limited efficiency. Figure 3.26 shows the 

surface morphology of the non-sputtered HOPG surface and the XPS spectra of the 

surface following the deposition of Cu(hfac)VTMS and Cu(hfac)2. It is very clear that 

after the deposition of Cu(hfac)VTMS (Figure 3.26A), virtually no particles on the 

surface can be observed. In contrast, some nanoparticles are formed at step edges after 

the deposition of Cu(hfac)2 (Figure 3.26B), which suggests a higher reactivity of this 

precursor. However, in both cases the reactivity of the precursors studied at room 

temperature is very limited due to the small concentration of defect sites. This 

observation is also supported by the XPS results. Consistent with the AFM results, 

virtually no signal of Cu 2p or F 1s can be observed after the deposition of 

Cu(hfac)VTMS (Figure 3.26C and D, bottom spectra). In contrast, relatively strong 

signals of Cu 2p and F 1s can be observed following the deposition of Cu(hfac)2. 

Specifically, the Cu 2p3/2 peak is centered at 934.6 eV with the satellite peaks around 

940 to 945 eV, indicating the existence of Cu(II).90-91 The ratio of Cu/F is calculated 

to be nearly 1:1 following the reaction, suggesting that the majority of the fluorine-

containing species has desorbed from the surface (as this ratio is expected to be 1:12 

based on the stoichiometry of the precursor). 

What will happen if the reactions are repeated with the mHOPG surface? 

Figure 3.27 shows the mHOPG surfaces following their reactions with 

Cu(hfac)VTMS and Cu(hfac)2 (Figure 3.27A and D, respectively). The zoomed-in 

areas with the nanoparticles formed are presented in Figures 3.27B and E and the 

corresponding particle height distributions are provided in Figures 3.27C and F. Based 

on these images, it is clear that the nanoparticles prefer to form at the defect sites such 
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as at the edges of terraces or at the pits. Compared to the non-sputtered surfaces 

(Figure 3.26A and B), the sputtered surfaces clearly exhibit a much higher 

nanoparticle density. As for the particle size, most of the particles formed after the 

deposition of Cu(hfac)VTMS have a height of 1 to 4 nm (Figure 3.27C). For 

Cu(hfac)2, however, more of the particles have a size over 4 nm compared to the other 

precursor.             

 

3.26: AFM images of the non-sputtered HOPG surfaces following the 

deposition of Cu(hfac)VTMS (A) and Cu(hfac)2 (B) at room 

temperature. The corresponding XPS spectra of Cu 2p region (C) and F 

1s region (D) after the deposition are also presented. 
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The difference in nanoparticle size distribution may imply a difference in the 

reactivity of the Cu(hfac)VTMS and Cu(hfac)2 precursors adsorbed on the surface,92 

which is discussed in detail later. It should also be noted that the height distribution 

can be affected by the slight difference in the surface preparation process for the two 

types of experiments; however, it seems unlikely since similar differences in 

nanoparticle size distributions were observed for at least 3 samples examined for each 

precursor molecule. 

 

3.27: AFM images of mHOPG surfaces following their reaction with 

Cu(hfac)VTMS (A, zoom-in B) and Cu(hfac)2 (D, zoom-in E) at room 

temperature and the corresponding nanoparticle height distributions (C 

and F). 

To investigate the formation of nanoparticles on the mHOPG surface, XPS 

was utilized again. Not only can it serve as a practical method to prove the presence of 
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3.28: XPS spectra of Cu 2p region (A) and F 1s region (B) of the mHOPG 

surfaces after the reactions with Cu(hfac)VTMS and Cu(hfac)2 at room 

temperature. 

certain elements, it can also shed some light on the composition and oxidation state of 

the elements studied. Figure 3.28 illustrates the XPS results of the mHOPG surfaces 

after the deposition of the copper precursors. The results suggest that on the mHOPG 

surface both precursor molecules react much more efficiently than on the non-

sputtered HOPG. Oxidized copper (Cu(II)), as indicated by the satellite peaks around 

940 to 945 eV, was observed for both precursors. Further identification of the copper 

species could be difficult due to the complex nature of the HOPG surface, yet detailed 
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fitting of the Cu peaks shown in Figure 3.28A provided in the Supplementary 

Information section (Figure S9) shows the expected positions of the peaks. Based on 

the fitting of the Cu 2p3/2 features and the satellite peaks, at least two types of copper-

containing species are observed on the mHOPG surface for either one of the precursor 

molecules. One is Cu(II) as mentioned above, and the other is Cu(0) or Cu(I). Based 

on the Cu LMM Auger spectra (Figure S10 in the Supplementary Information 

section), it can be inferred that Cu(0) is not the main species, leaving Cu(I) and Cu(II) 

as the only two possibilities. Several pieces of useful information can also be inferred 

based on the F 1s spectra in Figure 3.28B. First, the position of this peak is consistent 

with the fluorine remaining attached to carbon rather than with the formation of Cu-F 

species.30, 93 It is likely that the source of the remaining fluorine is the –CF3 groups 

from the hfac ligand. Second, the Cu/F ratio is calculated to be 1:1 again for Cu(hfac)2 

while that for Cu(hfac)VTMS it is found to be approximately 4:1. Given that the 

initial stoichiometric Cu/F ratio for Cu(hfac)VTMS is 1:6 and for Cu(hfac)2 it is 1:12, 

it is clear that in both cases a substantial amount of fluorine is eliminated after the 

deposition. 

In addition to the AFM and XPS characterization, EDS was also performed to 

identify the chemical elements on a surface within a certain surface area. If copper 

precursors prefer to react at the defect sites, there should be copper deposited around 

the edges of the hexagon pit structures on the mHOPG surface that are derived from 

ion sputtering and oxidation. In fact, as shown in Figure 3.27E, copper nanoparticles 

do form on the edges of the pits, but it is difficult to discern them clearly due to the 

small particle size. Hence, EDS was conducted as an auxiliary technique to prove the 

existence of copper on the defect (hexagon) edges. Figure 3.29A presents an image 
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3.29: SEM images of the mHOPG surface following the deposition of 

Cu(hfac)VTMS (A) and Cu(hfac)2 (B). The hexagons in both pictures 

represent the surface defect sites as a result of ion sputtering followed by 

oxidation in ambient. EDS was conducted at all the six points as 

indicated (a, b, c, d, e, and f) to confirm the presence of copper. 

recorded following the deposition of copper from Cu(hfac)VTMS. A single-point 

EDS analysis was performed for points a and b to investigate the corresponding 

chemical composition. The results reveal that 1.5% and 1.4% (by weight) of copper 

was detected at points a and b, respectively. Similarly, EDS was also performed at 

point c where no copper was detected. Figure 3.29B illustrates a similar hexagon 

structure on the mHOPG surface following the deposition of Cu(hfac)2. 1.7%, 0.6% 
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and 0.9% of copper were detected at point d, e, and f, respectively, but none on the 

terrace. 

 

3.30: SEM images of the mHOPG surface following copper deposition from 

Cu(hfac)2. White arrows indicate the location where EDS was 

performed. 

Apart from the hexagon structures, the edges/steps on the mHOPG surface 

were also investigated by single point EDS as summarized in Figure 3.30. Similar to 

the results acquired on the edges of the hexagons, 0.7%, 1% and 1.8% of copper were 

detected at point a, b and c.  

Combining all the evidence from AFM, XPS, SEM and EDS, it is reasonable 

to assume that compared to the non-sputtered HOPG surface, the mHOPG surface is 

far more reactive due to the introduction of the defect sites. This, again, emphasizes 

the importance of the choice of the substrates in determining the morphology and 
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chemical state of the final product. Also, the deposition results show that at room 

temperature, Cu(hfac)2 seems to be more reactive than Cu(hfac)VTMS, regardless of 

the surface preparation (non-sputtered HOPG or mHOPG).  

3.3.7.3 Temperature influence on the copper nanoparticle formation for both 

pristine HOPG and mHOPG 

To investigate the interactions between the HOPG surfaces and the precursors 

to get better knowledge of the substrate influence on the final product, the HOPG 

surfaces were also heated and kept at 200 °C under high vacuum during the deposition 

to approximate the chemical vapor deposition (CVD) processing while keeping the 

surface functional groups intact.94-95 Figure 3.31 shows the representative AFM 

images and the corresponding particle height distributions of the surfaces. According 

to Figures 3.31A and C, for both non-sputtered HOPG surfaces, the particle density 

after the deposition of Cu(hfac)VTMS is substantially higher than the one following 

the deposition of Cu(hfac)2. Also, in Figure 3.31A, the average particle height is 17.2 

nm while the average particle height in Figure 3.31C is only 5.4 nm, which suggests a 

substantial difference in chemical behavior of the two precursors. However, for both 

figures (3.31A and C), it is clear that the particles have the tendency to form at the 

edges of terraces (“line” structure). This fact implies that even at high temperature, the 

same reaction mechanism mentioned previously still applies. Namely, efficient 

deposition requires the presence of the surface defect sites, to begin with. As for 

Figures 3.31B and D, the same trend is observed again: the average particle height for 

Figure 3.31B is 11.1 nm while that for Figure 3.31D is only 3.7 nm. All the data 

strongly suggest that, with a high-temperature substrate, the reactivity of the two 
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precursors are different. Specifically, at high temperature, the reaction of Cu(hfac)2 

always leads to the formation of larger nanoparticles. On the other hand, the average  

 

3.31: AFM images and the corresponding particle height distributions of each 

surface with the substrates being heated to 200 °C during the deposition: 

Cu(hfac)2 reacted with the non-sputtered HOPG surface (A), Cu(hfac)2 

reacted with the sputtered HOPG (mHOPG) surface (B), Cu(hfac)VTMS 

reacted with the non-sputtered HOPG surface (C), and Cu(hfac)VTMS 

reacted with the sputtered HOPG (mHOPG) surface (D). For the 

corresponding particle height distributions, the letter “m” on the top right 

stands for the average height of the particles. 



 76 

particle height decreased for both precursors when the HOPG surfaces were sputtered. 

Two possible explanations can address this observation: the height difference may 

suggest that the surface defect sites help to “trap” the precursors for particle formation 

and growth; alternatively, it may be simply because the nanoparticles on the sputtered 

surface “sit” in the pits created by sputtering/oxidation process so that they appear 

“lower” than they would be. However, the second explanation is less likely since the 

differences in average heights for both precursors are substantially larger than the 

depth of the pits introduced by the sputtering/oxidation procedure. 

3.3.7.4 DFT simulations of the reactions between HOPG and the copper 

precursor molecules 

DFT calculations were performed to shed some light on the initial stages of the 

copper deposition process on HOPG. The defect sites on the surface are represented 

by C-OH or COOH groups at the edge of the carbon layer as shown in Figure 3.32B 

and 3.32C. The presence of these functional groups at the mHOPG surface is fully 

consistent with the increase of the O 1s signal following the sputtering and oxidation 

(Figure S11 in the Supplementary Information section) compared to the pristine 

HOPG surface. The increased O 1s peak is centered at 532.5 eV, indicating the 

oxidation of HOPG surface.96-98 As shown in Figure 3.32, compared to the 

interactions with Cu(hfac)VTMS, HOPG prefers to interact with Cu(hfac)2 since the 

corresponding reactions are always more thermodynamically favorable (exothermic), 

which is consistent with the experimental observations at the initial stages of copper 

deposition. Specifically, it appears that the reactivity of Cu(hfac)2 on HOPG is 

initially thermodynamically driven. Yet, further studies are needed to investigate the 

possibility of self-catalyzed processes for copper deposition for both precursors. 
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3.32: DFT calculations for the interaction between: non-defect HOPG and the 

precursors (A), HOPG-COOH (-COOH as the defect site) and the 

precursors (B), and HOPG-OH (-OH as the defect site) and the 

precursors (C). 

It is worth noting that, for the weak interaction between HOPG-OH and 

Cu(hfac) (Figure 3.32C, bottom), the copper atom interacts preferentially with the 

carbon atoms at the edge of the basal plane instead of the oxygen atom from the 

hydroxyl group. In contrast, the same copper atom prefers to interact with the 

carbonyl oxygen of the carboxylic functionality in Figure 3.32B. This observation 
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may suggest selectivity towards the functional groups for Cu(hfac)VTMS, that is, -

COOH > C=C > -OH. 

3.4 Conclusions 

By depositing Cu(acac)2, Cu(hfac)2, Cu(hfac)VTMS, and (hfac)AgP(CH3)3 

onto the H-terminated Si(111) surface under high vacuum conditions, a one-electron 

reduction reaction was observed by XPS for the central copper or silver atom. A 

similar one-electron reduction reaction was also observed for the reactions between 

the silver precursor and the differently functionalized Si(100) surfaces. More 

importantly, it was found that regardless of the orientation of the silicon (Si(111) or 

Si(100)), the H-terminated silicon is always less reactive compared to the HO-

terminated silicon or silica for this silver precursor. Moreover, in terms of oxidation, it 

was proven that the Cu-Si interface formed during the copper deposition process can 

be further oxidized to CuSiO3, possibly along with Cu(OH)2 if the sample were left 

under ambient conditions for an extended period of time. On the other hand, for the 

silver deposition product, Ostwald ripening was observed after the oxygen plasma 

treatment.  

In addition, Cu(hfac)VTMS and Cu(hfac)2 were used for the reactions with 

non-sputtered HOPG as well as mHOPG surfaces. It was found that compared to non-

sputtered HOPG, the mHOPG surface was more reactive for both precursors due to 

the introduction of surface defect sites. Meanwhile, Cu(hfac)2 was found to be more 

reactive than Cu(hfac)VTMS at room temperature when the substrate is the same, and 

DFT calculations also support this argument. On the other hand, increasing the 

temperature of the surface also facilitates the efficiency of the deposition and the 

nanoparticle size distribution depends on the precursor and the surface used. 
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Based on these experiments involving different surfaces and different 

precursors, two major conclusions can be made. First, for the exactly same surface, 

such as pristine HOPG, different precursors (Cu(hfac)VTMS or Cu(hfac)2) clearly 

lead to different surface morphology due to the nature of the precursors. Secondly, for 

the same precursor, such as (hfac)AgP(CH3)3, differently functionalized surfaces lead 

to different morphology of the final structures. If the surface is terminated with 

hydrogen, the surface nanoparticles after the deposition will be less dense and much 

smaller compared to the ones from hydroxyl terminated surface such as HO-Si and 

silica. On the other hand, due to the similarity of HO-Si and silica surfaces, the final 

products on the two surfaces have very similar morphology.  

These findings not only imply the substrate influence on the formation of the 

surface nanostructures, but also point out the importance of choice of the precursor 

itself.  
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INVESTIGATIONS OF THE POISONING MECHANISM OF THE H2S 

SENSOR  

4.1 Abstract 

The poisoning of the H2S sensing material (a mixture of acid-treated carbon 

nanotubes, CuO and SnO2) was investigated by exposing the material to high doses of 

H2S (1% in volume). From XPS, the presence of metal sulfides (CuS and SnS2), 

sulfates and thiols was confirmed on the surface as the result of H2S poisoning. 

Further study revealed that leaving the already poisoned mixed material in the air for 

an extended period of time leads to reoxidation of metal sulfides back to metal oxides. 

On the other hand, thiols and sulfates in the mixture were produced reversibly under 

these conditions. The performance of the sensor was also examined under air and N2. 

4.2 Introduction 

As a well-known gaseous toxic material, H2S can affect the neural system in 

humans and could be lethal with the concentration as low as 250 ppm.1-2 Therefore, 

sensors with high sensitivity and fast response to H2S are always in demand. 

Semiconducting metal oxides3-5 serve as the major materials for H2S sensors. In 

particular, tin dioxide or zinc oxide are the most popular ones.6-7 Besides low cost, 

these sensors demonstrate high sensitivity and fast response.8 However, limitations of 

these types of sensors also exist. One of them is that oxygen is always required to 

recover the sensing ability,9-12 the other is that the operational temperature needs to be 

Chapter 4 
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around 350 °C for the best sensitivity. Although studies also suggest that metal oxides 

can be used at room temperature as reliable sensing materials, their sensitivity 

improves dramatically at elevated temperatures.13-16 On the other hand, carbon 

nanotube-based gas sensors have many advantages that metal oxide-based sensors 

lack. One of them is that nanotube-based sensors can be operated reliably at room 

temperature.17 Moreover, due to their outstanding chemical stability18 and electrical 

properties,19 some carbon nanotube-based sensors showed detection limit as low as 10 

ppb (part per billion)20 and a very high selectivity towards target gases such as CO, 

NH3,
21-23 H2S, CHCl3, and ethanol.18, 24-25  

Naturally, one question arises: what happens if the metal oxide-based sensing 

material is mixed with carbon nanotube-based material? Will the new composite 

material have the advantages of the two? A number of studies have been reported 

based on this idea. Some of them used modified metal oxide material and acid-treated 

carbon nanotubes as the new composite material to sense H2S.26-28 In particular, for 

metal oxide combinations, recent work has demonstrated that a mixed CuO/SnO2 

material shows a better performance compared to the pure tin dioxide for H2S 

sensing.29-33 It has been suggested29-30 that copper improves the performance by 

increasing the concentration of surface active sites and decreasing the crystalline size 

of SnO2; alternatively, the introduction of H2S may destroy the p-n junction between 

CuO and SnO2 by forming CuS, therefore improving the sensing ability.33-34 However, 

oxygen is still needed to recover this material following H2S exposure. At the same 

time, it has been suggested that oxygen may not be necessary to recover the sensing 

ability of acid-treated carbon nanotubes.21 Specifically, the signal change during H2S 

sensing could be due to the weak hydrogen bonds formed between carboxylic acid 
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groups on the carbon nanotube surface and H2S, which results in a change of charge 

distribution on the surface of the carbon nanotubes. In this case, no oxygen is required 

to reverse this interaction. Thus, composite sensing materials based on this modified 

metal oxides and acid-treated carbon nanotubes could possess all the prerequisites of 

an excellent sensor for H2S, and some preliminary work has already shown some 

positive results.26, 35  

Despite all the positive experimental results reported so far by using the 

composite material made of metal oxides and carbon nanotubes, the actual chemical 

reactions occurring during the sensing process and the possible poisoning mechanism 

for such composite material still remain unknown.  

 To understand the chemistry and the poisoning process of the composite 

material, a mixture of CuO, SnO2, and CNT-COOH was prepared as the sensing 

material. Large doses of H2S (1% by volume) were used throughout the experiments 

unless indicated otherwise. A T-shape chamber was utilized as the main reaction 

chamber. The samples were placed in this chamber and were kept at 473K to be 

consistent with previously reported conditions as mentioned in chapter 2.6. throughout 

the experiments with a fixed air or nitrogen flow to measure sensor response during 

H2S exposure.  

4.3 Results and Discussions 

Since the main target of this work is to understand the chemical process 

leading to sensor poisoning instead of optimizing the sensor performance, larger than 

normal doses of H2S were used throughout the experiment. The sensor responses to 

these large doses were measured as: 
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2ÅÓÐÏÎÓÅ , 

where Rg is the resistance of the sensor in the presence of H2S and Ro is the resistance 

of the sensor without H2S (in air or in nitrogen, as indicated below). 

4.3.1 SWCNT-COOH/CuO/SnO2 response to H2S 

 

SWCNT-COOH/CuO/SnO2 was chosen as the primary target of the present 

investigation due to the relatively simple physical and chemical structure of SWCNT-

COOH. MWCNT-COOH/CuO/SnO2 mixture was also explored to supplement the 

findings of the SWCNT-COOH/CuO/SnO2 study.  

Figure 4.1 summarizes the XPS studies of Cu 2p region (A) before and after 

exposing the SWCNT-COOH/CuO/SnO2 sensing material to H2S. A zoom-in of 

spectrum b and c in Figure 4.1A is also shown in Figure 4.1B. The copper component 

before exposure to H2S (spectrum a in Figure 4.1A) mostly consists of CuO and 

Cu(OH)2 since two peaks at 933.3 eV and 935.3 eV, respectively, can be assigned to 

these species.36-38 The presence of Cu(OH)2 may be due to the moisture present in 

ambient.34 Based on the changes within this spectral region as a function of H2S 

exposure, two major conclusions can be inferred. First, as shown in Figure 4.1A, as a 

result of consecutive H2S exposures, the spectral changes from (a) to (c) indicate a 

transition of the chemical components during the process. Namely, not only do the 

shake-up satellite peaks between 940 eV and 945 eV disappear with the exposure of 

H2S, the binding energy of the main Cu 2p3/2 peak also shifts from 933.4 eV to 932.5 

eV, indicating the formation of CuS.39 This evidence serves as a robust argument to 

prove that CuO and Cu(OH)2 have reacted with H2S and transformed chemically into 

CuS.36 Figure 4.1B shows the zoom-in of the spectrum b and c in Figure 4.1A  
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4.1: XPS of Cu 2p region for SWCNT-COOH/CuO/SnO2 sensing material 

(A) and the corresponding zoom-in image (indicated by arrows) that 

illustrates the binding energy shift of copper (B): a) is the spectrum taken 

before exposure to any H2S; b) is the spectrum taken immediately after 

the first exposure to H2S; c) is the spectrum taken immediately after the 

second exposure to H2S; d) is the spectrum taken 2 days (kept in air at 

room temperature) following (c); e) is the spectrum taken 7 days (kept in 

air at room temperature) following (c) and f) is the spectrum taken 

following re-exposure of the sample in (e) to H2S. Dashed lines show the 

binding energies corresponding to CuO and CuS, as indicated by the 

labels. 

(indicated by the black arrows) to further illustrate the binding energy shift of copper. 

Second, as shown in spectrum d and e, the previously formed CuS can be reoxidized 

back to CuO and Cu(OH)2 when left in air for an extended period of time. The shift of 
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the binding energy and the reappearance of the satellite peak can serve as the 

evidence. Then, if H2S is introduced to the system again (Figure 4.1A spectrum (f)), 

the formation of CuS can be confirmed again. It is worth noting for XPS identification 

purposes that CuS does not have the satellite peak around 940 eV as CuO does.34, 40-42 

It is also very difficult to distinguish Cu2S from CuS by examining Cu 2p spectral 

region or even in the Cu LMM region since the binding energies of those two are very 

close to each other.36, 43 Hence, in order to confirm the existence of CuS and rule out 

the possibility of Cu2S formation, the XPS for sulfur 2p region also needs to be 

examined. 

Figure 4.2 shows the XPS studies of the S 2p spectral region as a function of 

H2S exposure. From (a) to (c), the increasing intensity of the peaks around 162.5 eV 

and 169.4 eV indicates the accumulation of S2- and (SO4)
2- surface species, 

respectively.36, 43-45 The presence of substantial amounts of -HS or chemisorbed H2S 

can be ruled out since the binding energy of those species is expected to be between 

163.5 eV and 165 eV.46-47 As mentioned earlier, the only feasible way to differentiate 

CuS from Cu2S is from the S 2p region. Specifically, spectral features corresponding 

to these two copper sulfides exhibit approximately 0.7 eV binding energy difference. 

A series of previous XPS investigations at relatively low resolution reported the 

binding energy of unresolved S 2p peak for Cu2S at 161.8 eV, and CuS at 162.5 eV.36, 

43-44 Hence, it is reasonable to assign the peaks at 162.0 eV and 163.2 eV (S 2p3/2 and 

S 2p1/2 in spectrum (f) labeled as S1) to CuS rather than Cu2S since they have an 

average binding energy of 162.6 eV, which is very close to the reported value 162.5 

eV. Other studies also reported the formation of CuS from CuO following the 

introduction of H2S with the temperature varying from room temperature to 453 K.48-49 
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However, given the fact that tin from SnO2 may also interact with H2S to form SnS2 at 

temperature as low as 523 K, S1 could be a combination of the two species, which will 

be discussed in detail later.50  It is also worth noting, as shown in Figure 4.2 from (d) 

to (e), that the sulfide peak around 162.5 eV decrease dramatically after the material to 

air for several days while the peaks for sulfates around 169.4 eV still exhibit the same 

intensity. This decrease in sulfide peak echoes with spectrum (d) and (e) in Figure 

4.1A perfectly to indicate the transition from CuS to CuO and Cu(OH)2.
34, 49, 51 The 

peaks around 169.4 eV (S 2p3/2 and S 2p1/2 in spectrum (f) labeled as S3) can be 

assigned to Sn(SO4)2 since the same feature is observed after exposing SnO2 

nanopowder to H2S, as discussed later. On the other hand, since there are no 

corresponding shake-up satellite peaks observed between 940 eV and 945 eV 

indicating the presence of  CuSO4 in spectrum (c) and (f) in Figure 4.1A,36, 45, 52 

CuSO4 should not be considered as one of the sulfate products. This statement is also 

supported by the fact that CuO reacts with H2S to form CuSO4 only around 1273 K, 

which is much higher compared to the experimental temperature reported here (473 

K).53 The complex product containing C-O-S that derives from the interaction between 

H2S and SWCNT-COOH may also contribute to the formation of the peak around 

169.4 eV, which will also be discussed later. 
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4.2: XPS of S 2p spectral region for SWCNT-COOH/CuO/SnO2 sensing 

material: a) is the spectrum taken before exposure to H2S; b) is the 

spectrum recorded immediately following the first exposure to H2S; c) is 

the spectrum recorded immediately following the second exposure to 

H2S; d) is the spectrum taken 2 days (kept in air at room temperature) 

after (c); e) is the spectrum taken 7 days (kept in air at room temperature) 

after (c) and f) is the spectrum taken following re-exposure of sample in 

(e) to H2S. Only the peaks in spectrum (f) are fitted with corresponding 

fitting curves, as described in the text. 

It is again worth noting that S1 species may correspond to a combination of 

sulfides of copper and tin in the mixture. However, since the binding energies of 

copper sulfide and tin sulfide compounds are so close in S 2p region, it is extremely 
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difficult to distinguish them.40, 43 Meanwhile, S2 species indicated by a fit at 163.8 eV 

and 165.0 eV represents S 2p3/2 and S 2p1/2 for thiol functional group that results from 

the interaction between SWCNT-COOH and H2S.54 Although the binding energy (S 

2p) of elemental sulfur or S8 is within the same range, around 164.0 eV,55 the high 

experimental temperature (473 K) helps to rule out these possibilities.31 S3 species at 

169.0 eV and 170.2 eV likely originate from a combination of S 2p3/2 and S 2p1/2 

features from Sn(SO4)2 and C-O-S as mentioned before, which will also be discussed 

later in detail. The sulfur XPS results can serve as a strong evidence for the reactions 

between H2S and all the components of the SWCNT-COOH/CuO/SnO2 sensing 

material. The peaks with the similar pattern are also observed for the mixture 

MWCNT-COOH/CuO/SnO2, implying a similar reaction mechanism (Figure S12 in 

Supplementary Information section). 

Figure 4.3 shows the Sn 3d spectral region before and after the H2S exposure 

and recovery in air. All the spectra show nearly the same binding energy for Sn 3d5/2, 

which matches up with the binding energy for SnO2 at 487.3 eV.56-58 The binding 

energy of Sn 3d5/2 for SnS2 is reported to be 486.5 eV,59-60 so it is possible that a very 

minor feature corresponding to SnS2 is hidden under the bulky peak corresponding to 

SnO2. However, the presence of SnS can be ruled out because the binding energy of 

Sn 3d5/2 for this compound is 486.0 eV,60 which is more than 1 eV lower than that of 

SnO2. 

As mentioned earlier, it is extremely difficult to determine the surface species 

only based on the sulfur XPS spectra from the mixture of SWCNT-COOH/CuO/SnO2. 

Hence, it is necessary to investigate the components separately to see the possible 

products when exposed to H2S under the same conditions. Figure 4.4 compares the S 
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2p and Sn 3d spectral regions of the pure SnO2 sample before and after H2S exposure. 

In particular, the peak at 169.3 eV in spectrum b and c (panel A) coincides with the 

sulfate peak observed in Figure 4.2 (169.4 eV). This means that the feature at 169.4 

eV in Figure 4.2 should indeed be assigned to Sn(SO4)2, as was proposed above. Also, 

it is important to note that this peak is detectable even after 2 days of exposure to the 

ambient environment, meaning the formation of the Sn(SO4)2 is not reversible in air. 

On the other hand, the peaks around 163 eV indicate the formation of sulfide. 

 

4.3: XPS of Sn 3d spectral region for SWCNT-COOH/CuO/SnO2 sensing 

material: a) is the spectrum taken before exposure to H2S; b) is the 

spectrum recorded immediately after the first exposure to H2S; c) is the 

spectrum recorded after the second exposure to H2S; d) is the spectrum 

taken 2 days (kept in air at room temperature) after (c); e) is the spectrum 

taken 7 days (kept in air at room temperature) after (c). 
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4.4: XPS of S 2p (Panel A) and Sn 3d (Panel B) spectral regions for pure 

SnO2 before and after H2S exposure: a) spectra taken before exposure to 

H2S, b) spectra taken immediately following exposure to H2S, and c) are 

the spectra taken 2 days (kept in air at room temperature) after (b). 
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Combined with the previous studies, the existence of Sn(II) can be ruled out so 

the sulfide observed should be SnS2. After exposure to air for 2 days, the sulfide peak 

disappears (spectrum c in panel A), meaning the reoxidation process has occurred as 

discussed earlier. The binding energy of tin in the 3d region does not change 

noticeably along the experiments as shown in panel B (487.2 eV for spectrum (a) and 

(b), 487.3 eV for spectrum (c)). Thus, the presence of Sn(IV) instead of Sn(II) is 

confirmed on the surface of both pure SnO2 and the same material in the mixture. 

To understand the morphology as well as the surface element distribution 

better, SEM and EDS were performed following the second introduction of the H2S. 

The bright area in the center of Figure 4.5a shows the SEM image of the mixture of 

CuO and SnO2 and the dark area around it corresponds to SWCNT-COOH, as 

confirmed by EDS in Figure 4.5b. Also, copper and sulfur signal overlap within the 

same area (c and d) after exposure to H2S, suggesting a compound of copper and 

sulfur is formed efficiently and it dominates the surface. This is fully consistent with 

the XPS results described above. The lack of tin and oxygen signal further emphasizes 

the formation of CuS. However, it is important to point out that since the material is 

essentially a mixture of CuO and SnO2 within the carbon nanotube matrix, the 

distribution of the elements within the material is not expected to be uniform.  

As discussed previously, the S2 species and some of the sulfate signal should 

derive from the interaction between SWCNT-COOH and H2S. To verify that, pure 

SWCNT-COOH material was used to react with H2S under the same conditions. 

Figure 4.6 shows the S 2p signal before (Figure 4.6a) and after (Figure 4.6b) exposure 

to H2S. It also reveals the S 2p signal of the same sample after for 2 and 7 days 

recovery in air (Figures 4.6c and d, respectively).   
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4.5: SEM and EDS images of the surface following the second introduction of 

H2S. a) SEM image of the surface showing SnO2 and CuO (bright area) 

mixed with SWCNT-COOH (dark area). b) EDS elemental mapping of 

oxygen (light blue), carbon (green), copper (dark blue), sulfur (orange) 

and tin (red) on the surface. c) EDS elemental mapping of copper on the 

surface. d) EDS elemental mapping of sulfur on the surface. e) EDS 

elemental mapping of tin on the surface. f) EDS elemental mapping of 

oxygen on the surface. 
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4.6: XPS spectra of pure SWCNT-COOH showing S 2p spectral region: a) 

spectrum recorded before exposure to H2S; b) spectrum recorded 

immediately following the exposure to H2S; c) spectrum taken 2 days 

(kept in air at room temperature) following the exposure, and d) spectrum 

taken 7 days (kept in air at room temperature) following the exposure. 

It is obvious that following the exposure to H2S, a sulfide or a thiol compound 

forms as the product with a binding energy of S 2p3/2 at 163.8 eV and S 2p1/2 at 165.0 

eV. This spectral feature is a perfect fit with the features labeled as S2 in spectrum (f) 

of Figure 4.2. Pure unfunctionalized SWCNT material is also examined and found to 

have the same peak at the same binding energy (Figure S13 in Supplementary 

Information section). Moreover, it is found that this feature does not disappear even 

after 7 days exposure to the ambient environment (spectrum d). This observation 
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explains the presence of a minor species in spectra (d) and (e) in Figure 4.2 with the 

same spectral signature. In other words, for the composite material SWCNT-

COOH/CuO/SnO2, the peak around 162.5 eV actually consists of copper/tin sulfides 

(species labeled S1 in spectrum (f) in Figure 2) as well as thiols (S2 in spectrum (f) in 

Figure 2).54, 61 Since the formation of copper/tin sulfides can mostly be reversed after 

exposure to air (as discussed in the previous sections), the intensity of the overall 

feature decreases following sample exposure to air; however, thiol species formed on 

carbon nanotube remain unchanged. That is the reason why there is still a minor peak 

in spectrum f (Figure 4.2) after 7 days exposure to air. Considering that the SWCNT-

COOH only accounts for 6% (by weight) of the entire composite material, the small 

signal intensity is expected. In addition to the sulfide peaks, spectra (b) - (d) in Figure 

4.6 also show a small peak around 168.6 eV (also labeled as S3 in spectrum (f) in 

Figure 4.2), suggesting the formation of minor amounts of sulfate species (C-O-S) 

directly on the surface of carbon nanotubes following their exposure to H2S.36 

Combination of the XPS results from Figures 4.2 and 4.6 can serve as a strong 

evidence that chemical reactions between SWCNT-COOH and H2S occur during the 

exposure process, and that surface thiol and sulfates form as products. The formation 

of these products is not affected by the subsequent exposure to air. 

Although the sensitivity investigation of the composite material towards H2S is 

out the scope of this study, it is still important to know how the poisoning process will 

affect the sensing performance of the material. Figure 4.7 summarizes the sensor 

responses to H2S before and after the surface sulfides and sulfates are formed (A and 

B, respectively). The sensing performance under N2 is also presented in Figure 4.7C. 
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4.7: Response of the composite material under an air flow at 473 K before (A) 

and after (B) several large doses of H2S (when sulfide and sulfate peaks 

are observed as shown in Figure 4.2c). Response under N2 is shown in 

plot C with an arrow indicating the time of the introduction of air. All the 

doses in 4.7A are 600 ppm. The first dose in 4.7B is 600 ppm and 2 

subsequent doses are 120 ppm. Only one dose of 600 ppm is recorded in 

4.7C. 

As shown in Figure 4.7A, before the formation of surface sulfides and sulfates, 

the sensor response for 600 ppm H2S in air illustrates consistent changes and recovery 
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every time. Also, even after the formation of surface sulfides and sulfates, the sensing 

ability of the composite material is still not jeopardized as long as it is in the air flow 

(Figure 4.7B). However, if the air flow is replaced by N2 flow as shown in Figure 

4.7C, the composite material will lose the ability to recover until air flow is restored.  

Based on all the information obtained so far, the general poisoning mechanism 

can be summarized into several chemical equations as shown below. In particular, 

reactions (4.1), (4.2) and (4.3) occur when H2S is introduced into the system to form 

CuS, SnS2, and Sn(SO4)2 on the surface.31, 33 It is reported that the formation of CuS is 

the main cause of the resistance change of the material.34 On the other hand, reactions 

(4.4) and (4.5) are proposed to take place when the recovery process starts.31 Hence, if 

only N2 (but not oxygen) is provided to the system, the sulfides cannot be reoxidized 

back to the original state, which leads to the effective “poisoning” of the material. Due 

to the complexity of the SWCNT-COOH structure, the corresponding chemical 

equations for this material are not listed here. However, the previous studies suggest 

that SWCNT-COOH will also undergo a poisoning process to form thiols and sulfates, 

and this process is not revertible in air. 

H2S+CuO ŕCuS +H2O  (4.1) 

2H2S + SnO2 + 6H2O ŕSn(SO4)2 + 8H2  (4.2) 

SnO2  + 2H2S ŕSnS2  + 2H2O  (4.3) 

CuS +  3/2O2  ŕCuO +SO2  (4.4) 

SnS2  + O2  ŕSnO2  +2S (4.5) 

The proposed poisoning mechanism explains the performance of the composite 

material showed in Figure 4.7B and 4.7C. Although the material is already poisoned in 

Figure 4.7B, the response is still largely unaffected and reproducible due to the supply 
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of air. However, when no air is present, the sensor does not recover and is effectively 

“poisoned”. It is worth noting that the recovery time of the sensor shown in Figure 4.7 

is substantially shorter (several minutes) compared to the samples used for the XPS 

studies (spectra in Figure 4.1 and Figure 4.2, takes 2 and 7 days to recover). Two 

factors may contribute to this difference: firstly, all the tests in Figure 4.7 are recorded 

at 473 K, while the sample used for XPS measurements is kept in air at room 

temperature. High temperature (473 K) will definitely accelerate the recovery process. 

Secondly, much larger dosage (1% in volume, or 10000 ppm) is applied to the sample 

for XPS analysis in order to have a reliable signal of the target elements while only 

120 ppm and 600 ppm are used to test the sensor response. This will lead to a much 

shorter time of recovery for the latter one. Figure S14 in the Supplementary 

Information section also shows the response curve for a sensor designed based on a 

pure SnO2 material. 

4.3.2 MWCNT-COOH/CuO/SnO2 response to H2S 

To generalize the findings presented above, a material constructed by the same 

procedure as for SWCNT-COOH/CuO/SnO2 but based on MWCNT-COOH was also 

prepared. The XPS studies for this mixture confirm the formation of very similar 

surface species as reported for SWCNT-COOH/CuO/SnO2, i.e., the formation of 

sulfides and sulfates on the surface. However, if the morphology of the materials 

based on SWCNT-COOH and on MWCNT-COOH are compared before and after the 

exposure to large doses of H2S, as summarized in Figure 4.8, there are some important 

differences. Figure 4.8a shows the SEM image of the MWCNT-COOH/CuO/SnO2 

material before exposure to H2S and Figure 4.8b follows the same sample after 

exposure. Compared to Figure 4.8a, there are clearly a number of “island” structures  
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4.8: SEM images of sensing material based on MWCNT-COOH/CuO/SnO2 

before (a) and after (b) exposure to H2S under the same conditions. The 

arrows in 8b indicate the “island” structures formed on the surface after 

the exposure. 

newly formed on the surface in 4.8b, several of which are indicated in the figure by 

arrows. The XPS survey shows that the apparent surface sulfur to copper ratio of the 

MWCNT-COOH/CuO/SnO2 is nearly 3:1 while that of the SWCNT-

COOH/CuO/SnO2 is approximately 1:1. This may suggest that the amount of sulfur 

trapped on a surface depends on the specific chemical arrangement of the components, 
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which could eventually lead to the formation of the “islands”. However, due to the 

size of the “island” structures (around 10 nm in diameter) and the limitations of the 

instrument used, the quantitative investigation of the elemental composition of these 

structures is difficult and can potentially become a subject of additional further 

investigations. 

4.4 Conclusions 

This work examines the poisoning process of a promising H2S sensing material 

based on carbon nanotubes, copper oxide, and tin dioxide. The mixture of SWCNT-

COOH/CuO/SnO2 is investigated in detail as a function of large exposures to H2S and 

recovery in air. It is found that when H2S is initially introduced, each component of 

the composite material, CuO/Cu(OH)2, SWCNT-COOH and SnO2, reacts to form 

sulfides, sulfates, and thiols. The formation of surface copper and tin sulfides is 

reversible in the air either after several days at room temperature or after several 

minutes at 473 K while the formation of sulfates and thiols cannot be reversed. For the 

MWCNT-COOH/CuO/SnO2 mixture, although similar chemistry is also confirmed, 

the formation of small islands is recorded following the exposure of H2S. Following 

the chemical changes investigated, the sensing properties of the materials used were 

tested and it was confirmed that the sensing ability of the mixed materials can be 

recovered in the air but not in N2. 

These results provide chemical insight into the poisoning process for the H2S 

sensors that contain copper/tin and carbon nanotubes as sensing elements and can 

serve as a starting point for adapting some of these materials for further sensing 

applications. 
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COMPUTATIONAL INVESTIGATIONS OF THE SURFACE REACTIONS 

BETWEEN METAL-ORGANIC PRECURSORS AND FUNCTIONALIZED 

SILICON SURFACES 

5.1 Abstract 

Steric and electronic effects play a profound role in determining the 

mechanisms of surface reactions. In the case of reactions between metalorganic 

precursors and functionalized surfaces, these effects should be considered both for the 

incoming metalorganic precursor and for the functionalized surface itself. This study 

uses density functional theory (DFT) calculations to investigate the technologically 

important reactions of tetrakis-dimethylamido-titanium (TDMAT) and 

trimethylaluminum (TMA) with different amine-functionalized silicon surfaces. The 

bulky dimethylamido-substituents from TDMAT are shown to suppress the electronic 

effects of the surface-bound amines unless the very open surface-bound structures of -

NH2 and -NHF are present. The relatively open structure of TMA allows for the 

formation of a strong dative bond between the central aluminum atom and the N atom 

from the surface amine. A comparison of several surface-bound amines on the silicon 

surface is performed regarding the reactions with TDMAT and TMA to show the 

influence of both steric and electronic effects.  

5.2 Introduction 

Steric and electronic effects have long been used as the guiding principles for 

explaining the stability and geometry of molecules1 or for manipulating the 

Chapter 5 
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thermodynamics or kinetics of chemical reactions.2-4 This combination has been 

studied in detail and reviewed for a wide variety of classical synthetic reactions,5 

catalytic processes,6-7 bio-medical applications,8-9 and nano-electronics.10-11 While 

major efforts have been dedicated to optimizing the combination of steric and 

electronic factors for selected reactions,5-6, 8-10 substantial attention has also been 

directed at differentiating the role of these effects in a number of processes.7, 12-13  

More recently, substantial interest is turned to the role of steric and electronic 

effects in surface processes,14-15 since treating a surface as a (macro-) molecular 

reagent has been successful in a number of applications, including organic 

modification of semiconductors16-18 and heterogeneous catalysis.19-20 However, 

treating these two types of factors as independent is complicated by the role of the 

surface. 

A practical approach to evaluating steric and electronic factors is often related 

to a concept of acidity vs. basicity of functional groups on solid surfaces.21-23 One of 

the recent studies applied this concept to evaluate the reactivity of amino-

functionalized surfaces toward adsorption and following surface transamination 

reactions of metalorganic compounds with amino-based ligands,24 utilizing the 

electron-withdrawing or electron-donating nature of the substituents. In the present 

work, technologically important reactions of tetrakis(dimethylamido)titanium 

(TDMAT) and trimethylalane (TMA) with the cornerstone of microelectronics, 

functionalized silicon surfaces, are used as probes to estimate the initial ability of the 

lone pair on a nitrogen atom of surface amino functionality to nucleophilically attack 

the electrophilic site of the incoming metalorganic precursor molecule, and further 

surface processes following this initial attachment are evaluated. TMA is a common 
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precursor used for deposition of Al2O3 films onto the surface.22 Al2O3 film can serve 

as a protective layer that prevents the surface from further oxidation or be utilized as 

an electrical insulator on silicon.25  On the other hand, TDMAT is often used as a 

precursor to deposit titanium-containing thin films, such as titanium carbonitride, onto 

silicon substrates. The applications of these films, in general, vary from 

microelectronics to high-quality hard coatings for cutting tools due to their attractive 

electronic and mechanical properties.26 TDMAT is also a common atomic layer 

deposition precursor for TiO2 thin films, which can either be used as a high-k 

dielectrics in the field effect transistors or as a catalyst or catalyst support in a number 

of chemical processes.27 The practical and fundamental value of interaction of both 

TMA and TDMAT with organically functionalized surfaces has been recently 

reviewed,28-29 and selected results from the previous work will be used as comparators 

for the current study. 

The goal of this paper is to use computational studies to identify the role of one 

type of the effects without the presence of the other (or with minimal influence), thus 

splitting the mechanistic reasoning behind surface transformations into two main 

domains. The dominance of either electronic factors or steric contribution will define 

the methods that can be used in the future to evaluate and predict a wide variety of 

surface processes, an approach that can be further applied to other surfaces and 

chemical functionalities. In addition, the influence of steric effects on these complex 

surface transformations will be evaluated in terms of the effect of the substituent 

ligands on the metalorganic precursor as well as the substituent groups of the surface 

amine. That is why it is important to compare the reactivity of TDMAT, where 

molecular geometry suggests that contribution of steric effect of the dimethylamido-
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groups will be substantial, with the planar TMA, where relatively open geometry is 

available for the formation of the dative bond with surface species. 

5.3 Results and Discussions 

5.3.1 Computational approach to differentiate steric and electronic effects in 

surface processes for TDMAT and TMA: Precursor effects 

Based on the previous results obtained by X-ray photoelectron spectroscopy 

(XPS), Auger electron spectroscopy (AES), and multiple internal reflection Fourier-

transform infrared spectroscopy (MIR-FTIR),24 when TDMAT was dosed onto 

ethylamine and aniline modified silicon surfaces, only on ethylamine Si(100) surface, 

was titanium metal deposited successfully for comparable doses. The results were 

attributed to either the bulky phenyl ring of aniline posing steric hindrance towards 

TDMAT or the electron withdrawing nature of phenyl ring weakening the nucleophilic 

attack of the N-H group towards TDMAT or the combination of both. However, it was 

difficult to further decouple these two effects, since ethylamine and aniline 

functionalities formed on the Si(100) surface were both sterically and electronically 

different. 

On the other hand, similarly to a previous computational investigation of the 

reaction between TDMAT and NH2-Si(100),21 the interaction between the incoming 

precursor molecule and the modified silicon surface can be understood in terms of the 

interaction of a HOMO of one system with a LUMO of the other. As summarized in 

Figure 1, the deposition process includes two steps: (1) the weak attraction between 

the precursor molecule and the surface (where the HOMO of a surface amine attacks 

the LUMO of an incoming metalorganic precursor molecule) and (2) the hydrogen 

abstraction from either one of the two different surface hydrogen sources (N-H or Si-
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H). As shown in Figure 5.1, TDMAT molecule approaches the modified surface 

without significant stabilization (3.6 kJ/mol). It is worth noting again that the exact 

adsorption energies may be rather different from those predicted; however, the trends 

in surface reactivity are expected to be consistent throughout these studies. Because 

there are two possible sources of hydrogen available on a surface, TDMAT can 

abstract hydrogen from either –NH2 or Si-H to form dimethylamine as the byproduct. 

Despite the fact that only hydrogen abstraction from the –NH2 functional group is 

predicted to be thermodynamically favorable, both pathways feature similar kinetic 

barriers. 

The same general approach is also applied to describe the interaction between 

TMA and the ammonia-modified Si(100) surface. The results of this exercise are 

presented in Figure 5.2. This time, however, a relatively strong dative bond is formed 

between the aluminum atom from the precursor and the nitrogen atom from -NH2. 

This can be explained by the presence of the nicely-open LUMO of TMA available for 

a nucleophilic attack and the HOMO of a surface-bound amine. What is more 

interesting, in the case of TMA compared to that of TDMAT, is that the formation of 

either one of the proposed final products following methane desorption is nearly 

equally possible based on thermodynamics; however, abstraction of surface hydrogen 

from a surface Si-H has a substantially higher reaction barrier compared to the similar 

process involving N-H. Thus, for TDMAT vs. TMA, one can immediately observe the 

difference of electronic and steric factors resulting in potentially different types of 

reaction products in kinetic vs. thermodynamic regimes.  

To fully evaluate the influence of the electronic and steric effects, the DFT 

calculations were also used to evaluate the reaction between TDMAT and silicon 
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5.1: Computational investigation of TDMAT interaction with ammonia-

modified Si(100) surface represented by a Si9H12 cluster at B3LYP/6-

311+G(d,p) level of theory. (A) Visual representations of HOMO and 

LUMO (as indicated) of TDMAT precursor and NH2-Si(100) cluster 

model predicted with natural bond orbital (NBO) analysis. The shaded 

area represents the bulk (subsurface) silicon lattice. (B) The potential 

energy diagram along the reaction coordinate between TDMAT and -

NH2 functionalized silicon surface. From left to right: TDMAT 

approaching the surface, weakly adsorbed species, product following 

dissociation of the surface N-H bond and product following dissociation 

of the surface Si-H bond. The numbers at the two-way arrows denote the 

barriers of the corresponding reaction pathways. 
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5.2: Computational investigation of TMA interaction with ammonia-modified 

Si(100) surface represented by a Si9H12 cluster at B3LYP/6-311+G(d,p) 

level of theory. (A) Visual representations of HOMO and LUMO (as 

indicated) of TMA precursor and NH2-Si(100) cluster model predicted 

with natural bond orbital (NBO) analysis. The shaded area represents the 

bulk (subsurface) silicon lattice. (B) The potential energy diagram along 

the reaction coordinate between TMA and -NH2 functionalized silicon 

surface. From left to right: TMA approaching the surface, weakly 

adsorbed species, product following dissociation of the surface N-H bond 

and product following dissociation of the surface Si-H bond. The 

numbers at the two-way arrows denote the barriers of the corresponding 

reaction pathways. 
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surfaces (Si(100)) modified with two sets of primary amines; one set includes 

ethylamine and 2,2,2-trifluoroethylamine, and the other one with cyclohexylamine and 

aniline. The goal of this selection is to group the amines that feature similar steric 

effects but extremely different electronic effects in one set. 

Starting with NBO studies, the HOMOs and LUMOs of the four primary 

amines are compared in Figure 5.3. According to these results, the HOMOs in all four 

cases are localized around the N atom on the surface, making the N atoms open for 

electrophilic interaction. Although the HOMOs also reach out to the C-H containing 

substituents, these substituents are less likely to interact with the precursor molecule 

by electron donation. In fact, because of the steric hindrance from the dimethylamido 

ligands and the tetrahedral geometry of TDMAT, the LUMO of TDMAT molecule is 

protected by these ligands (Figure 5.1A) and nearly impossible to accept any electron 

even though the surface nitrogen is capable of a nucleophilic attack.  Moreover, the 

LUMOs of all four surface models presented in Figure 5.3 mainly surround the surface 

hydrogen atoms (Si-H) instead of the hydrogen atoms on the amines. Thus, the 

formation of a hydrogen bond between the N-H entity and the dimethylamido ligand 

becomes difficult, which is different from the previously described reaction of a 

hydroxyl group on water-modified Si(100) surface.21 Consequently, the weak 

adsorption of the precursor molecule onto the modified surfaces does not seem to be 

able to produce any strong bonding, as indeed predicted and summarized in Figure 

5.4. 
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5.3: Visual representations of HOMOs and LUMOs of the Si(100) cluster 

models modified with four primary amines (as indicated) predicted with 

natural bond orbital (NBO) analysis using B3LYP/6-311+G(d,p) 

approach. The shaded area represents the bulk (subsurface) silicon lattice. 

 

5.4: The potential energy diagram for the reaction between TDMAT and four 

amine-modified silicon surfaces represented by functionalized Si9H12 

cluster models at B3LYP/6-311+G(d,p) level of theory. 
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5.3.2 Computational approach to differentiate steric and electronic effects in 

surface processes for TDMAT and TMA: Surface effects 

  As mentioned in the previous section, four different surface functionalities are 

examined in order to differentiate the role of steric and electronic effects in the 

reaction between functionalized silicon and TDMAT.  

As observed from Figure 5.4, the weak adsorption is minimal for all the four 

cases possible due to the bulky structure of TDMAT itself. In addition, the overall 

reactions between TDMAT and all four surface amine functionalities exhibit 

remarkable similarity. Firstly, the energy barriers for abstracting hydrogen from the N-

H sites are, in all cases, considerably higher than those from Si-H sites. Secondly, the 

products formed after TDMAT picks up the hydrogen from N-H sites are more stable; 

nevertheless, the product formation is predicted to be slightly endothermic in all eight 

pathways. Third, most of the predicted energies of the transition states and the 

energetics of the products show no significant differences. For example, following the 

pathway of hydrogen abstraction from Si-H, the energies of transition states range 

from 79.4 to 84.6 kJ/mol, and the stability of the products for the same pathway range 

from 21.9 to 28.3 kJ/mol.  

Overall, the reaction pathways in all four cases presented in Figure 5.4 are 

similar to the ones investigated for the reaction of TDMAT with the ammonia-

modified Si(100) surface summarized in Figure 5.1. This implies that in the case of 

TDMAT, the steric effect of dimethylamido-groups of the precursor is so substantial 

that subtle electronic differences among the surface substituents are overpowered. In 

order to minimize steric interactions and at the same time to provide clear electronic 

influence on the reaction pathway, a computational comparison between ammonia- 

and fluoroamine-modified surfaces was performed, as shown in Figure 5.5. 
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5.5: The potential energy diagrams for TDMAT reacting with ammonia- and 

fluoroamine-modified Si(100) surfaces represented by functionalized 

Si9H12 cluster models at B3LYP/6-311+G(d,p) level of theory. The 

numbers adjacent to the two-way arrows denote the barriers of the 

corresponding pathways in kJ/mol. 

As shown in Figure 5.5, -NH2 and -NHF functionality (that may be very 

difficult to prepare experimentally) are selected to minimize the steric effect from the 

surface substituents and to unveil the influence of electronic factors at the same time. 

As expected, this influence is not significant for the adsorption step of TDMAT. 

However, the H-transfer step is now clearly affected by the difference between 

electron-withdrawing F atom and electron-donating H atom on the surface-bound 

amine group. Namely, it changes the reaction pathway for transferring a hydrogen 

from the N-H bond of the surface-bound -NHF group to form a molecule of 

dimethylamine. When R is an H atom, the energy barrier for this reaction is 85.9 
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kJ/mol while it decreases to 45.6 kJ/mol when R is replaced from H to F. This 

observation is completely in line with the fact that electron-withdrawing F is expected 

to make the H easier to attack the dimethylamido group of TDMAT compared to the H 

from –NH2 group. On the other hand, this difference does not alter substantially the 

reaction pathway involving hydrogen transfer from surface Si-H group since the Si-H 

group is too far from the F atom to be affected (83.3 kJ/mol vs. 75.8 kJ/mol). 

The combination of studies presented in Figures 5.4 and 5.5 suggests that in 

the case of bulky molecules similar to TDMAT, the influence of the bulky substituents 

on kinetics and thermodynamics of surface processes overpowers their subtle 

electronic differences. However, when the size of the substituents is decreased down 

to -NHF and -NH2, the electronic influence of the functionalized surface on the 

transamination process begins to emerge.  

The limited amount of information that is obtained by the investigation of the 

transamination process of TDMAT can be expanded by comparing these findings with 

those for TMA, which has a much simpler geometric structure compared to TDMAT. 

The study summarized in Figure 5.6 for TMA echoes with the one shown in 

Figure 5.4 for TDMAT. Compared to Figure 5.4, several conclusions can be made 

based on Figure 5.6. First, the initial adsorption between the surface and TMA leads to 

the formation of a relatively strong Al-N bond, which is not observed between the 

surface and TDMAT in Figure 5.4. Second, the thermodynamics and kinetics of the 

second step, H-transfer, is also different. Due to the formation of the Al-N bond during 

the first step, it is easier for TMA to abstract the H from -NH than from Si-H. As 

shown by the black and red reaction pathways, the energy barrier to abstract H from 

Si-H (black) is always higher than that from -NH (red). To test the robustness of this 
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level of calculation, higher levels of calculations are also performed for the interaction 

between TMA and ethyl amine-modified Si(100) surface. The results (Figure S15 in 

 

5.6: The potential energy diagram for the reaction between TMA and three 

amine-modified silicon surfaces represented by functionalized Si9H12 

cluster models at B3LYP/6-311+G(d,p) level of theory. 

the Supplementary Information section) show very similar energy profiles regardless 

of the level of theory, meaning B3LYP/6-311+G(d,p) is sufficient for this 

investigation.  

The reactions between -NHF or –NH2 functionalized surface and TMA are 

summarized in Figure 5.7. Leaving aside the complexity of the methane formation, the 

main useful observation from this figure is that qualitatively there is no substantial 

effect of the fluorination on the reaction pathway, since in the case of TMA, it is not 
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the weakness of the surface N-H bond but rather the strength of the Al-C bond that 

contributes more to the energetic requirements.  The main conclusion in the case of 

TMA is that the steric effects of the substituent groups of a metalorganic precursor are 

greatly diminished compared to TDMAT and the steric contribution involved is 

mostly from the surface substituents in all cases considered. 

 

5.7: The potential energy diagrams for TMA reacting with ammonia- and 

fluoroamine-modified Si(100) surfaces represented by functionalized 

Si9H12 cluster models at B3LYP/6-311+G(d,p) level of theory. The 

numbers adjacent to the two-way arrows denote the barriers of the 

corresponding pathways in kJ/mol. 

Overall, it can be concluded that when the substituents of the primary amines 

on a functionalized silicon surface occupy substantial space, the steric effect 

overshadows the electronic factors and results in a high energy barrier for hydrogen 

transfer steps and low stability of the products. Although the electronic effect emerges 
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when the sizes of the substituents in the metalorganic precursors are minimized, a 

clearer relationship between electronic effect and the thermodynamics of the reactions 

is needed. To achieve this, a set of calculations were performed on a systematic 

selection of primary amines including three groups. The first group consists of 

cyclohexylamine, ethylamine, methylamine, and NH2- functionalities as a 

representation of the steric effect (the steric series). The second group is represented 

by ethylamine, 2-fluoroethylamine, 2,2-difluoroethylamine, and 2,2,2-

trifluoroethylamine to explore electronic effect. Lastly, the third group contains 

methylamine, fluoromethylamine, difluoromethylamine, and trifluoromethylamine to 

compare with the second group in order to understand the interplay between electronic 

and steric effects. These results are summarized in the next section. 

5.3.3 Useful parameters that can be correlated with the specific steps of surface 

reactions of TDMAT and TMA with functionalized silicon 

All the results including energy predictions, structural parameters, and NBO 

charges are provided in the Supplementary Information section (Table S2 to S7); only 

selected data are summarized in Figure 5.8. 

The plot of black circles (steric series) in Figure 5.8A and B clearly shows that 

the energy barrier increases with the size of the amine substituents in a reaction with 

TDMAT, while the charge on the hydrogen atom slightly decreases due to the 

electron-donating nature of these substituents (H, methyl, ethyl, and cyclohexyl).  If 

this observation is followed for TMA reaction, as demonstrated in Figure 5.8C and D, 

the contribution of the precursor substituents is decreased dramatically because of the 

planar structure of the TMA molecule.   

On the other hand, the energy barriers for the two electronic series for TDMAT 
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 (red triangles and green diamonds in Figure 5.8) drop when more and more fluorine  

 

5.8: Summary plots of energy barriers for TDMAT (A) and TMA (C) 

abstracting hydrogen from surface amine groups and the charges (during 

the weak interaction step) on the hydrogen atoms to be abstracted from 

the surface amines for TDMAT (B) and TMA (D) using NBO analysis. 

Black circle: steric series; green diamond: electronic series based on 

ethylamine; red triangle: the electronic series based on methylamine. The 

dashed lines are provided to guide the eye without a specific fit. 
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atoms are added to the substituents. Accordingly, the charge on the corresponding 

hydrogen atom becomes more positive because of the strong electron-withdrawing 

ability of fluorine. In addition, the decreased slope for the ethylamine series compared 

to the methylamine series is fully consistent with the shorter distance from the fluorine 

atoms to the hydrogen in the methylamine series (α carbon for methylamine; β carbon 

for ethylamine). These plots not only display the influences of electronic and/or steric 

effects but also point out that the barrier is inversely related to the charge on the 

hydrogen atom to be transferred. Figure S16 in the Supplementary Information section 

also shows select calculations with dispersion forces or the use of 6-311++G(d,p) 

basis set to illustrate a more precise simulation result. It is found that regardless of the 

level of theory chosen, the overall trends are the same. If the analysis shown in Figure 

5.8B using B3LYP/6-311+G(d,p) is repeated for the same models with B97D/6-

311++G(d,p), no noticeable changes are observed. The exact values for all the 

observables are listed in Tables S2-S7 in the Supplementary Information section. 

Overall, similar trends are observed for the charge of the surface hydrogen 

atom to be transferred for the reaction with TMA, although both the initial charge and 

the incline are higher compared to those for TDMAT. As shown in Figure 5.9, there is 

an obvious correlation between the energy barrier for abstracting the surface hydrogen 

from a Si-H moiety by TMA molecule and the increase in the absolute value of the 

adsorption energy of TMA on the corresponding surface amine functionality. In other 

words, the energy barrier for the abstraction increases as the corresponding adsorption 

energy increases in value (with the negative sign emphasizing the adsorption process 

on the energy diagram). This is fully consistent with the discussion presented above. 

For this reaction pathway, the substituents of the amino group are too far to affect the 
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Si-H sites, which results in the similar structure of a transition state for all the 

functionalized amino groups on silicon reacting with TMA. Hence, the stronger TMA 

adsorption is, the more energy is required to overcome the transition state 

requirements. In contrast, this type of correlation is not practical for TDMAT since the 

steric effect is still dominant for the Si-H dissociation/hydrogen abstraction pathway 

due to the bulky structure of the TDMAT molecule. 

 

5.9: Correlation between the adsorption energy for TMA on a silicon surface 

functionalized with substituted amines and the corresponding energy 

barrier for the reaction between TMA and the surface hydrogen from Si-

H group.  

5.4 Conclusions 

With the help of DFT and NBO calculations, the reactions of TDMAT and 

TMA with a systematic selection of silicon surface functionalities were simulated. It 
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was found that changing the substituents of the surface amine group results in an 

insignificant effect on the weak adsorption of the reaction between TDMAT and 

functionalized surfaces, which is likely due to the molecular geometry of TDMAT. In 

the case of TMA, this effect is also observed; however, the adsorption, in this case, 

leads to a formation of a relatively strong Al-N bond. Moreover, it was found that 

steric effects dominate the influence of substituents on the reaction thermodynamics as 

long as the substituent occupies substantial space. Also, with the trends of the energy 

barrier increasing with the size of the substituents from surface amine and decreasing 

with the number of F atoms in surface-bound amines for both TDMAT and TMA, the 

steric and electronic effects can be clearly decoupled; furthermore, the charge of the 

hydrogen to be abstracted by the precursor molecule is the key factor in the reactions 

of TDMAT and TMA with surface amine functionalities. 
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SUMMARY AND FUTURE PLAN 

By choosing different metalorganic precursors that contain either copper or 

silver, different surface reactivity was investigated and compared. In particular, it was 

found that, for the silver precursor, regardless of the choice of the orientation of the 

silicon (Si(100) or Si(111)), the HO-terminated silicon or silica always has a higher 

reactivity compared to H-terminated silicon. DFT calculations support and explain the 

possible reasons behind these observations. Namely, the formation of hydrogen bond 

between the precursor and the HO-Si/silica facilitates the reaction while in the case of 

H-Si no hydroxyl group is available so that no effective hydrogen bond can be formed. 

Also, based on AFM and SEM results, it was found that the average particle size on 

the H-Si surfaces after the silver deposition is always smaller than that on the HO-

Si/silica surfaces. For both silver and copper containing precursors, a one-electron 

reduction reaction was proved by the XPS results. After the deposition, Cu(II) was 

reduced to Cu(I) and Ag(I) was reduced to metallic silver. The reactions of the 

precursors with different types of HOPG surfaces were also investigated. The results 

show that mHOPG surface clearly is more reactive to both Cu(hfac)2 and 

Cu(hfac)VTMS, as compared to the pristine HOPG surface.  

Apart from the copper deposition investigation, the role of copper in H2S 

sensing was also examined by incorporating CuO into the matrix of SnO2 and carbon 

nanotubes. Following analysis involving XPS, SEM, and EDS, it was found that each 

component of the sensing material (CuO, SnO2, and CNT) reacted with H2S to form 

Chapter 6 
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CuS, SnS2, Sn(SO4)2, thiol, and sulfate, respectively. The results also revealed that 

upon exposure to oxygen, the sulfides compounds can be reoxidized back to CuO and 

SnO2 while other products remain unchanged. This experiment showed the key role of 

copper in H2S sensing and the chemical state changes of each element throughout the 

entire process were tracked by XPS. 

Although the CVD process performed with the silver-containing precursor was 

briefly discussed in Chapter 3, the actual growth mode and the emergence of the final 

silver film structure on the silicon surface is still not clear. As a part of future 

investigations, silver deposition under different pressures with varied exposure time 

and temperature can be examined to obtain a more complete picture of the 

nanostructure growth mode. In addition, the oxygen plasma treatment of the silver 

product is also worth further investigation. Although only preliminary tests were 

performed on silver deposition, the result of nanoparticle agglomeration seems very 

intriguing. Different exposure times to oxygen plasma can be applied to show the 

differences in resulting morphology. Also, silver nanoparticles or thin films with 

different density or thickness can also be used as the starting point to investigate the 

influence of oxygen plasma on different types of samples. 

.  
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SUPPLEMENTARY INFORMATION 

 

A.1: XPS survey of silica (out-of-the-box Si(111), top) and H-Si(111) surface 

after the deposition of silver precursor (hfac)AgP(CH3)3. The Ag 3d 

signal from the silica surface is much stronger than the one from H-

Si(111). 

 



 140 

 

A.2: XPS survey comparison of HO-Si(100) H and silica surfaces after the 

room-temperature deposition of the silver precursor. 

 

A.3: ToF-SIMS spectra of Cu(hfac) fragment region. a): negative ion ToF-

SIMS spectra from m/z 234.5 to 236.5 showing the M+1 peak (m/z 

235.97) of the Si-hfac- species. b): negative ion ToF-SIMS spectra from 

m/z 269 to 273 showing no significant peaks for Cu(hfac) at m/z 269.96 

and 271.96 . c): positive ion ToF-SIMS spectra from m/z 269 to 273 

showing no significant peaks for Cu(hfac) at m/z 269.96 and 271.96. 
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A.4: IR spectrum taken after the deposition of Cu(acac)2 onto H-terminated 

Si(111) surface. The peaks in a) at 2850, 2920 and 2962  cm-1 indicate 

the C-H stretching compared to the native oxide-covered silicon used as a 

background. This implies that the precursor is successfully deposited on 

the surface. b): comparison of the IR spectra taken before and after the 

deposition of Cu(acac)2 onto H-terminated Si(111) surface. 1): IR 

spectrum of freshly made H-terminated Si(111) surface with the native 

oxide-covered silicon used as a background. 2): IR spectrum following 

the deposition of Cu(acac)2 onto the H-terminated Si(111) surface with 

the surface in sample 1) used as a background. Following the deposition, 

a strong peak at 2083 cm-1 indicating the existence of surface hydrogens 

disappears and in spectrum 2) a negative peak of the same area and shape 

appears. This means the surface hydrogen is consumed during the 

deposition. 
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A.5: AFM images of silica (A), Si-OH (B), and Si-H (C) before silver 

deposition. 

 

A.6: SEM images of ZnO nanopowder deposited with Cu(hfac)VTMS before 

(A and B) and after (C and D) 10s oxygen plasma treatment. Compared 

to figure A and B, there are lots of small “island” structures formed on 

the surface of the ZnO powder in Figure C and D.  
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A.7: XPS spectra of F 1s (A) and P 2p (B) of silica surface after the deposition 

at room temperature. The dashed line in the F 1s spectrum indicates the 

theoretical binding energy position of the F 1s peak for -CF3 moiety. 
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A.8: DFT prediction of the reactions between the precursor and: Si-H (A), Si-

OH (B), and silica (C). Dispersion contribution (B97D3/LANL2DZ, 

optimization) is considered for those calculations. Gray: silicon. Cyan: 

fluorine. Red: oxygen. Blue: hydrogen. Green: silver. Yellow: 

phosphorus. Black: carbon.   
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A.9: Summary of the XPS investigations and fitting of the Cu 2p3/2 peaks. 

Figure S9A zooms in the Cu 2p3/2 peak on pristine HOPG surface after 

the deposition of Cu(hfac)2. Figures S9B and S9C correspond to the Cu 

2p3/2 peaks on the mHOPG surface after the deposition of 

Cu(hfac)VTMS and Cu(hfac)2, respectively. The binding energy in 

Figure S9A for Cu(II) is 934.6 eV. The binding energies in Figure S9B 

for the two peaks are 932.7 eV and 934.6 eV for Cu(0)/Cu(I) and Cu(II), 

respectively. The binding energies in Figure S9C for the two peaks are 

932.9 and 934.7 eV for Cu(0)/Cu(I) and Cu(II), respectively. 
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A.10: Cu LMM Auger peaks corresponding to the three experiments 

summarized in Figure S9. The dashed line indicates the kinetic energy 

expected for metallic copper. Due to the low intensity, it is difficult to 

determine the specific copper species based on these Auger peaks. 

However, the presence of metallic copper as the dominant surface species 

can be clearly ruled out. 

 

A.11: The summary of O 1s XPS studies for the pristine HOPG and the 

mHOPG samples. No oxygen signal is recorded for the pristine HOPG 

sample; however, after sputtering and oxidation process, oxygen signal 

can be observed. The peak recorded is centered at 532.5 eV. 
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A.12: XPS spectra of sulfur in MWCNT-COOH/CuO/SnO2. The binding 

energies of all the species (S1, S2, and S3) are the same as those for 

SWCNT-COOH/CuO/SnO2. 

 

A.13: XPS illustration of the sulfur region for SWCNT-COOH and pure 

SWCNT after exposure to the same amount of H2S for the same time 

period at 473 K with air flow. Both samples show very similar sulfur 

peaks indicating the formation of thiol or disulfide on the surface. 
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To compare the influence of carboxylic acid groups has on the interactions 

between H2S and carbon nanotubes, SWCNT-COOH and pure SWCNT were used. 

Both of them were placed simultaneously into the chamber and were exposed to the 

same amount of H2S for the same time period. Right after the exposure, XPS was done 

to analyze the surface species. As shown in Figure S2, for SWCNT-COOH, S 2p3/2 is 

at 163.8 eV and S 2p1/2 is at 165.0 eV. For pure SWCNT, S 2p3/2 is at 164.0 eV and S 

2p1/2 is at 165.2 eV. Both samples show very similar sulfur peaks indicating the 

formation of thiol or disulfide on the surface. Moreover, for SWCNT-COOH, there is 

a minor peak around 169 eV, which indicates the formation of sulfate species. 

 

A.14: H2S response curve for the pure SnO2 sensor before (A) and after (B) 

sulfide/sulfate peaks observed via XPS. 
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A.15: Computational investigation of TMA interaction with ethyl amine-

modified Si(100) surface represented by a Si9H12 cluster using B3LYP 

functional with various basis sets. 

 

A.16: NBO charge comparison for TDMAT weak interaction with differently 

functionalized Si(100) surface represented by a Si9H12 cluster. A: B97D 

functional (including dispersion) and 6-311++G(d,p) basis set are used. 

B: B3LYP functional (without dispersion) and 6-311+G(d,p) basis set are 

used. 
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Table A.1:  Comparison of the selected energies predicted for the reaction between -

fluoroethyl amine-modified Si(100) surface and TMA for computational 

approaches indicated. 

 Weak adsorption kJ/mol Product kJ/mol 

Si9H12, B3LYP, 6-311+G(d,p) -48.3 -86.2 

Si9H12, B97D, 6-311+G(d,p) -104.8 -112.2 

Si35H40, B97D, 6-311++G(d,p) -20.5 -112.3 

 

 

Table A.2:  Energy predictions, structural parameters, and NBO charge estimations 

obtained for steric trend at B3LYP/6-311+G(d,p) level of theory (for 

TDMAT). 

 NH2- Methyl- Ethyl- Cyclohexyl- 

Energy of weak adsorption 

stage (kJ/mol) 
-3.6 -0.9 -0.3 -0.4 

Barrier for N-H pathway 

(kJ/mol) 
85.9 112.3 120.6 147.0 

Energy of Product via N-H 

pathway (kJ/mol) 
-18.3 -0.4 3.7 15.0 

Barrier for Si-H pathway 

(kJ/mol) 

83.3 

 
82.5 82.1 84.6 

Energy of Product via Si-H 

pathway (kJ/mol) 
25.1 25.9 26.8 28.3 

Ti-N bond length of the 

surface adduct (Å) 
1.96 1.96 1.96 1.99 
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Table A.2 continued 

 

 NH2- Methyl- Ethyl- Cyclohexyl- 

R-N-Ti bond angle of the 

surface adduct (degree) 
110.25 120.56 117.10 126.98 

Charge on surface N -1.263 -1.074 -1.084 -1.085 

Charge on H of the surface 

N-H group 
   0.399 0.388 0.389 0.388 

Charge of H of the surface N-

H group considering H 

diffusion and dispersion  

force (B97D functional and 

6-311++G(d,p) basis set)             

   0.398 0.385 0.386 0.385 

 

 

Table A.3: Energy predictions, structural parameters, and NBO charge estimations 

obtained for ethyl electronic trend at B3LYP/6-311+G(d,p) level of 

theory (for TDMAT). 

 Ethyl- 
Fluoro 

ethyl- 

Difluoro 

ethyl- 

Trifluoro 

ethyl- 

Energy of weak adsorption 

stage (kJ/mol) 
-0.3 -5.1 -0.6 -0.7 

Barrier for N-H pathway 

(kJ/mol) 
120.6 105.8 85.6 92.6 

Energy of Product via N-H 

pathway (kJ/mol) 
3.7 3.8 8.0 2.6 

Barrier for Si-H pathway 

(kJ/mol) 
82.1 80.2 81.8 79.4 

Energy of Product via Si-H 

pathway (kJ/mol) 
26.8 20.8 24.6 21.9 
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Table A.3 continued 

 

 Ethyl- 
Fluoro 

ethyl- 

Difluoro 

ethyl- 

Trifluoro 

ethyl- 

Ti-N bond length of the 

surface adduct (Å) 
1.96 1.98 1.98 1.99 

R-N-Ti bond angle of the 

surface adduct (degree) 
117.10 119.70 120.18 112.78 

Charge on surface N -1.084 -1.079 -1.073 -1.070 

Charge on H of the surface 

N-H group 
0.389 0.397 0.396 0.398 

Charge of H of the surface N-

H group considering H 

diffusion and dispersion 

force (B97D functional and 

6-311++G(d,p) basis set)             

0.386 0.394 0.393 0.394 

 

 

Table A.4: Energy predictions, structural parameters, and NBO charge estimations 

obtained for methyl electronic trend at B3LYP/6-311+G(d,p) level of 

theory (for TDMAT). 

 Methyl- 
Fluoro 

methyl- 

Difluoro 

methyl- 

Trifluoro 

methyl- 

Energy of weak adsorption 

stage (kJ/mol) 
-0.9 -1.7 -1.8 -2.0 

Barrier for N-H pathway 

(kJ/mol) 
112.3 105.1 50.5 29.5 

Energy of Product via N-H 

pathway (kJ/mol) 
-0.4 4.0 -11.9 -9.5 
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Table A.4 continued 

 

 Methyl- 
Fluoro 

methyl- 

Difluoro 

methyl- 

Trifluoro 

methyl- 

Barrier for Si-H pathway 

(kJ/mol) 
82.5 74.9 78.3 72.7 

Energy of Product via Si-H 

pathway (kJ/mol) 
25.9 24.0 22.9 17.2 

Ti-N bond length of the 

surface adduct (Å) 
1.96 1.99 2.00 2.09 

R-N-Ti bond angle of the 

surface adduct (degree) 
120.56 119.84 119.64 112.78 

Charge on surface N -1.074 -1.053 -1.067 -1.073 

Charge on H of the surface 

N-H group 
0.388 0.395 0.410 0.418 

Charge of H of the surface N-

H group considering H 

diffusion and dispersion 

force (B97D functional and 

6-311++G(d,p) basis set) 

0.385 0.392 0.408 0.416 

 

 

Table A.5: Energy predictions, structural parameters, and NBO charge estimations 

obtained for steric trend at B3LYP/6-311+G(d,p) level of theory (for 

TMA). 

 NH2- Methyl- Ethyl- Cyclohexyl- 

Energy of weak adsorption 

stage (kJ/mol) 
-64.5 -58.0 -47.8 -31.1 
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Table A.5 continued 

 

 NH2- Methyl- Ethyl- Cyclohexyl- 

Barrier for N-H pathway 

(kJ/mol) 
107.2 114.2 107.8 110.1 

Energy of Product via N-H 

pathway (kJ/mol) 

 

-110.7 -90.5 -87.5 -76 

Barrier for Si-H pathway 

(kJ/mol) 
183.8 178.4 168.3 152.0 

Energy of Product via Si-H 

pathway (kJ/mol) 
-96.5 -94.5 -92.6 -78.2 

Al-N bond length of the 

surface adduct (Å) 
1.82 1.82 1.83 1.83 

R-N-Al bond angle of the 

surface adduct (degree) 
118.52 118.14 117.62 122.41 

Charge on surface N -1.239 -1.086 -1.103 -1.099 

Charge on H of the surface 

N-H group 
0.412 0.402 0.405 0.405 

 

 

Table A.6: Energy predictions, structural parameters, and NBO charge estimations 

obtained for ethyl electronic trend at B3LYP/6-311+G(d,p) level of 

theory (for TMA). 

 Ethyl- 
Fluoro 

ethyl- 

Difluoro 

ethyl- 

Trifluoro 

ethyl- 

Energy of weak adsorption 

stage (kJ/mol) 
-47.8 -48.3 -31.9 -25.9 

Barrier for N-H pathway 

(kJ/mol) 
107.8 111.5 94.4 94.6 
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Table A.6 continued 

 

 Ethyl- 
Fluoro 

ethyl- 

Difluoro 

ethyl- 

Trifluoro 

ethyl- 

Energy of Product via N-H 

pathway (kJ/mol) 
-87.5 -86.2 -95.1 91.1 

Barrier for Si-H pathway 

(kJ/mol) 
168.3 170.6 154.2 147.1 

Energy of Product via Si-H 

pathway (kJ/mol) 
-92.6 -82.3 -76.9 77.3 

Al-N bond length of the 

surface adduct (Å) 
1.83 1.83 1.86 1.84 

R-N-Al bond angle of the 

surface adduct (degree) 
117.62 117.54 112.43 116.87 

Charge on surface N -1.103 -1.091 -1.082 -1.073 

Charge on H of the surface 

N-H group 
0.405 0.413 0.416 0.415 

 

 

Table A.7: Energy predictions, structural parameters, and NBO charge estimations 

obtained for methyl electronic trend at B3LYP/6-311+G(d,p) level of 

theory (For TMA). 

 Methyl- 
Fluoro 

methyl- 

Difluoro 

methyl- 

Trifluoro 

methyl- 

Energy of weak adsorption 

stage (kJ/mol) 
-58 -34.9 -25.1 -8.9 

Barrier for N-H pathway 

(kJ/mol) 
114.2 104.5 89.8 80.9 
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Table A.7 continued 

 

 Methyl- 
Fluoro 

methyl- 

Difluoro 

methyl- 

Trifluoro 

methyl- 

Energy of Product via N-H 

pathway (kJ/mol) 
-90.5 -63.5 -75.8 -102.8 

Barrier for Si-H pathway 

(kJ/mol) 
178.4 154.9 145.8 128.5 

Energy of Product via Si-H 

pathway (kJ/mol) 
-94.5 -73.0 -61.3 -57.8 

Al-N bond length of the 

surface adduct (Å) 
1.82 1.87 1.91 1.91 

R-N-Al bond angle of the 

surface adduct (degree) 
118.14 106.44 100.98 102.73 

Charge on surface N -1.086 -1.077 -1.082 -1.067 

Charge on H of the surface 

N-H group 
0.402 0.411 0.422 0.424 

 
 
 

 
 

 

 

 

 

 

 

 



 157 

COPYRIGHT PERMISSION LETTERS 

 



 158 

 



 159 

 



 160 

 



 161 

 



 162 

 



 163 

 


