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ABSTRACT 

 The advent of group IV nanostructures has generated a large interest in the use 

of these structures to improve the performance in next generation electronic and 

optoelectronic devices such as photovoltaics, light emitting diodes, lasers, sensors 

(biological and chemical), and transistors. Nanostructures composed of group IV 

semiconductors are attractive for use in these applications as they are abundant and 

nontoxic. The use of these nanostructures in these applications is motivated by the 

numerous reports of novel optoelectronic phenomena that are sensitive to both the 

nanostructure size and interfacial composition. Although a wide variety of phenomena 

have been observed, wide scale device implementation remains difficult due to 

challenges in controlling the size and surface chemistry of the nanostructures. This 

dissertation describes work focused on understanding the impact of different processing 

techniques on the surface composition and passivation of group IV nanostructures. 

 Here, we have focused on understanding how select chemical reactions induce 

changes in surface composition of silicon (Si) nanocrystals (NCs), and graphene oxide 

(GO). The first section of this dissertation presents work on gas-phase functionalization 

of plasma-synthesized H terminated Si NPs. Using in situ attenuated total reflection 

Fourier-transform infrared (ATR-FTIR) spectroscopy we have demonstrated that O2 and 

H2O present in the atmosphere generate different surface species on these NPs. 

Specifically, we have shown that O2 doesn't generate hydroxyls on the NP surface while 

H2O does. By collecting in situ photoluminescence (PL) concurrently with the in situ 

ATR-FTIR we have shown that the surface hydroxyls generated through oxidation with 

H2O vapor are correlated to a constant energy (~ 1.65 eV) increase in PL intensity. In 
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addition, we have demonstrated a hydrocarbon surface coverage approaching the 

theoretical limit for flat surfaces by using a 1-alkyne (phenylacetylene) in the second 

step of a staged gas-phase hydrosilylation process. The Si NP surface was nitrided in 

flight by injecting N2 into the afterglow of a SiH4/Ar plasma. Absorbance from the Si-N-Si 

bonds formed in the process indicate the encapsulating nitride is Si rich, regardless of 

perturbations in the plasma chemistry. 

 The second nanostructure we have investigated in this work is graphene oxide, 

which has been proposed as an economic precursor for the production of graphene 

through reduction using a variety of chemical and thermal treatments. Although the 

properties of the reduced GO are improved relative to the initial fully oxidized GO, these 

properties are limited by the presence of residual oxygen functional groups on the basal 

plane and defects that form through the reduction process. Presently, reduction 

processes cause oxygen to leave the surface with an underlying carbon atom, 

introducing a defect. We have experimentally demonstrated a new method where 

oxygen is removed from the GO surface with carbon monoxide (CO) without introducing 

defects. Moreover, we have used in situ ATR-FTIR and Raman spectroscopies to 

demonstrate that CO can actually heal defects present in the initial GO material that 

form from the initial oxidation and exfoliation of the parent graphite. Our in situ ATR-

FTIR spectroscopy results confirm reduction of key functional groups on the GO surface 

consistent with reaction pathways calculated from large scale molecular dynamics 

simulations.  
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CHAPTER 1 

 INTRODUCTION 

 This chapter provides a broad overview of the types, novel physics and 

applications of group IV nanostructures before providing detail about the problems 

addressed in this work. 

1.1 Motivation For Investigating Group IV Nanostructures 

 For a given material, if its size is reduced in at least one dimension to the order of 

its Bohr radius, observed physical properties differ from the bulk material1-8 and the 

structure is known as a quantum confined nanostructure. Quantum confined 

nanostructures are broadly divided into three categories based on the number of 

dimensions reduced to this length scale. When 1 dimension is confined, the 

nanostructure is a 2 dimensional film. When 2 dimensions are confined, the 

nanostructure is a 1 dimensional nanowire (NW). When all three spatial dimensions are 

confined, then the nanostructure is a 0 dimensional quantum dot (QD).1,4 Charge 

carriers in nanostructures are confined in space, causing the electronic configuration of 

the material to shift from the bands characteristic of bulk materials to discrete energy 

levels more typically associated with isolated atoms or molecules.9-10 These quantized 

energy levels are size dependent: as the confining dimension becomes smaller, 

quantum confinement effects become more pronounced and the energy levels become 

more separated. This causes an increase in energy between the highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the 

confined material, making transitions between these two energy levels blue shift with 

decreasing size.4 Although quantum confinement plays a role in the physical properties 
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observed in a nanostructure, the unique properties of nanostructures are also impacted 

by the composition of the nanostructure interface.11 

 The unique phenomena observed in different nanostructures have motivated a 

large body of research in the field of nanostructured materials. The results of this 

research have shown that these phenomena depend on the size, composition, and 

interface of the nanostructure.11-22 Nanostructures can be engineered for specific 

applications using these dependencies, with some materials more suited for certain 

applications than others. Among the various nanostructures reported in the literature, 

those made from group IV elements; particularly C, Si and Ge; have demonstrated a 

large potential to improve applications across a broad spectrum of fields. Specifically, 

nanostructures of group IV materials have shown promise to improve the performance 

of microelectronic,23-25 photovoltaic,26-27 laser4,28-29 and biological imaging30-32 

applications. However, their use in any of these applications requires understanding of 

how their size, composition, and interface impact the physical phenomena utilized by 

that application. 

 Quantum confinement plays a role in the unique photophysics observed in Si 

QDs. Specifically, observable room temperature photoluminescence (PL),33-35 multiple 

exciton generation (multiple electron-hole pairs produced from absorption of a single 

photon),36-40 optical gain29 and space separated quantum cutting41 have all been 

reported in Si QDs. The observed phenomena have lead to the proposed 

implementation of Si QDs in a variety of optoelectronic applications.42-45 Aside from 

quantum confinement, Si nanocrystals have been shown to endure the extreme 

lithiation induced volume increase (~300%)46-55 that causes the               
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pulverization46,48-50,52-53,55 of bulk Si which has precluded its use as an electrode material 

in Li+ battery applications, despite its high lithiation capacity (~4,200 mAh/g)56 which is 

far greater than graphite (~372 mAh/g)50,53,57 a standard industrial electrode material for 

Li+ batteries.  

 Unlike Si, which prefers to bind in sp3 configurations,58 C nanostructures can 

additionally bind in both sp2 and sp configurations.59 The ability of C to form sp2 bonds 

enables the formation of a variety of interesting allotropes.60 Buckminster fullerenes 

(C60) are spherical structures consisting of sp2 C;61 similar to quantum dots, these 

structures are 0 dimensional. Carbon nanotubes are cylindrical structures consisting of 

sp2 C;62 similar to NWs these structures extend only in 1 dimension. Graphene is a 

single sheet of sp2 C;63-64 the limiting case of a 2 dimensional material. 

 Graphene has emerged over the last decade as a promising material exhibiting 

high carrier mobility, optical transparency, thermal conductivity, and mechanical 

strength.65-71 A major challenge to implementation of graphene as a material in 

industrial applications is the lack of a viable large-scale synthesis method.72-75 One 

proposed route to generating large quantities of graphene is through the oxidation76-77 

and exfoliation of graphite to generate graphene oxide (GO)78 that can subsequently be 

reduced using a variety of different techniques to yield graphene.73,79-92 Large scale 

production of graphene has been demonstrated through the reduction of graphene 

oxide,74 making this an attractive possibility to achieve integration of GO-derived 

graphene into various devices.78 

1.2 Nanostructures and Surface Reactions Considered In this Dissertation 

 As described in the last section, group IV nanostructures can be useful in various 

applications. The work described here focuses on the surfaces of Si nanocrystals (NCs) 
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and GO. Specifically, through a series of  controlled experiments, we show how 

reactions with different gas phase species alter the nanostructure surface chemistry and 

ultimately affect the properties of the starting material.  This section describes the 

specific surface reactions studied during the course of this work, we begin with a 

scientific investigation of the roll of different atmospheric oxidants on the evolution of NC 

emission upon exposure to the atmosphere and then investigate two strategies to 

suppress the oxidation of the NC surface and thus stabilize the NC properties.                                   

1.2.1 Surface Reactions of Si Nanocrystals 

 Si NCs have been synthesized using a variety of liquid and gas phase93-97 

techniques. In this work we have used a continuous-flow, capacitively-coupled radio- 

frequency (rf) SiH4/Ar plasma to synthesize Si NCs < 10 nm in diameter. These NCs are 

H terminated when they exit the plasma.98 We have studied how these surface hydrides 

and the underlying Si surface changes on exposure to different reactants. Specifically, 

in this work we have focused on the surface reactions of H terminated Si NCs to H2O, 

O2, 1-alkynes, and active nitrogen produced in the afterglow of the NC synthesis 

plasma.   

 Si NCs are known to be reactive to the atmosphere at low temperatures.99-110 

This atmospheric oxidation induces changes in the observed room temperature 

photoluminescence (PL) from Si NCs.20,99,101,106,108 The cause of these changes is a 

combination of quantum confinement effects due to the shrinking NC core and 

oxidation-induced changes in NC surface chemistry.11,14,17-18,108,111 Although it is well 

known that atmospheric oxidation impacts the PL properties of Si NCs, it remains 

unclear what the role of different atmospheric oxidants are on the evolution of PL 
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properties in Si NCs.  In this work we have used combined in situ attenuated total 

reflection Fourier transform infrared spectroscopy to further the understanding of the 

impact of oxidation in O2 and H2O on the surface chemistry of an H-terminated Si NC 

surface. With this understanding in mind, the next focus of the project was on the 

suppression of this oxidation using hydrocarbon coatings through the hydrosilylation 

process. 

 Hydrosilylation is a well known technique used to passivate H terminated   

bulk,112-113 porous,114 and Si NC101,115 surfaces. The reaction progresses through a well 

studied self-limiting radical chain mechanism that proceeds through a self-limiting 

random walk on the surface of H-terminated Si.116 This process prevents oxidation of 

the Si surface in two ways: by forming a Si-C bond and through a steric effect where 

thermal fluctuations of larger hydrocarbons can repel O2 from the surface.117 This 

reaction can be carried out in the liquid or gas phase, and previous work has shown that 

a high surface coverage of hydrocarbons can be achieved by using a staged gas-phase 

hydrosilylation process involving a short-chain 1-alkyne (acetylene) followed by a long- 

chain 1-alkene (styrene).101 The surface coverage enhancement resulted in a 

hydrocarbon coverage of ~50%, still far from the maximum theoretical surface coverage 

of 60% for alkenyl-terminated Si(111).118 Although a high surface coverage was 

achieved, it remained unclear if the cause of enhancement was due to an additional 

reaction pathway available to 1-alkynes that is unavailable to 1-alkenes. Thus there is a 

need to understand the cause of surface coverage enhancement in staged gas-phase 

hydrosilylation processes and achieve higher surface coverage to enhance the 
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atmospheric stability of Si NCs. The next method to reduce the atmospheric oxidation of 

Si NCs was through the generation of a protective nitride coating on the NC surface. 

  Silicon nitride thin films generated by surface nitridation of Si are known to 

prevent oxidation of the underlying Si.119 Nitride coated nanocrystals have been 

generated by annealing Si rich nitride films120 and double multi-hollow glow discharge 

plasma CVD.121 To the best of our knowledge, presently there is no technique to 

generate nitride coated freestanding Si NCs using a single step process, the 

development of such a technique to prevent NC oxidation motivated our investigations 

into the surface nitridation of Si NCs in the afterglow of the synthesis plasma previously 

described. Anthony et al. reported that surface hydrides of Si NCs can be manipulated 

by injecting H2 into the afterglow of a plasma synthesis reactor similar to the one used 

to synthesize Si NCs throughout the work described in this thesis.122 This demonstration 

of surface manipulation through the introduction of reactive species into the plasma 

afterglow suggests that the Si NC surface can be nitrided in flight by flowing N2 into the 

plasma afterglow. The observation that plasma enhanced nitridation of bulk Si surfaces 

is self-limiting suggests this process can coat the NC surface while maintaining the NC 

core. The potential for such a coating to prevent the atmospheric oxidation of the NC 

motivates investigation of interaction of N2 with the Si NC surface in the afterglow of the 

synthesis plasma.  

1.2.2 Reduction of Graphene Oxide 

 A number of different chemical and thermal processes have been reported to 

reduce the GO surface.73,80-81,86-92,123 Although reduction of graphene oxide (GO) has 

opened the possibility for the large scale integration of graphene into device level 

electronics,72-74,79 residual oxygen and defects present in the final material73,83,124-125 
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place a practical limit to how closely the reduced material properties match those of 

pristine graphene.63,126  

 The surface of GO is composed of a variety of functional groups that are difficult 

to remove from the surface, and the reduction mechanisms are specific to the functional 

groups considered. Specifically, Bagri et al. used molecular dynamics simulations to 

show that thermal reduction of strained arrangements of hydroxyl and epoxide groups 

found randomly distributed on the GO surface cause the formation of holes decorated 

by stable carbonyl (C=O) pairs. Further, it was shown that these carbonyl pair defects 

remain stable to further thermal reduction,81  and that increased O content in the initial 

GO leads to increased structural disorder upon thermal reduction.80  Erickson et. al. 

used high resolution transmission electron microscopy to observe the introduction of 

extended defects after GO reduction with hydrazine.127  Acik and coworkers report that 

thermal oxidation under high temperature conditions leaves residual oxygen in the form 

of cyclic edge ethers.128 There is thus a need to efficiently remove oxygen functional 

groups from GO at low temperatures without damaging the underlying basal plane. In 

this work we have experimentally demonstrated the damage free reduction of GO 

through the exposure to CO, consistent with molecular dynamics calculations completed 

by collaborating researchers.  

1.3 Key Results Presented In This Thesis 

 This section presents a brief overview of some of key experiments discussed in 

the remainder of the thesis. Relevant results are summarized and their significance to 

the scientific community outlined.  
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1.3.1 Oxidation of Si Nanocrystals in O2 and H2O 

 The initial focus of this research was a scientific study to understand how 

atmospheric O2 and H2O react with a H-terminated Si NC surface, and how those 

surface reactions impact the observed PL. Using in situ attenuated total reflection 

Fourier transform infrared  (ATR-FTIR)  spectroscopy we observe oxidation with H2O 

vapor causes an increase in surface hydroxyl groups while oxidation in O2 fails to 

generate these species. Concurrent in situ PL measurements reveal a constant energy 

(1.65 eV) increase in PL intensity upon oxidation with H2O vapor, while no emission was 

observed after oxidation with O2 under identical conditions.  

 The only major difference between the surface chemistry generated from 

oxidation in H2O and O2 was the presence of hydroxyls after oxidation in H2O, indicating 

that these species play a critical role in the observed increase in PL intensity. To further 

understand the role of surface hydroxyls on the observed PL intensity increase, the NCs 

were dehydroxylated in high vacuum  (10-6 Torr). The dehydroxylation of the NC surface 

leads to a disappearance of the emission. This process was observed to be partially 

reversible: exposure of the vacuum dehydroxylated NC surface to a second dose of 

H2O vapor caused another increase in the hydroxyl concentration on the surface and 

the reemergence of emission at the same energy (1.65 eV). Thus the increase in PL 

intensity at 1.65 eV was correlated to the presence of hydroxyls on the NC surface that 

were only generated through oxidation with H2O. These results help to clarify the role of 

these oxidants on the evolution of the Si NC emission properties upon atmospheric 

oxidation. With this initial scientific study complete, the remainder of the work regarding 

Si NCs was focused on suppressing their atmospheric oxidation by coating the surface 

with hydrocarbons and nitride. 
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1.3.2 Hydrosilylation of Silicon Nanocrystals 

 The first process we investigated to suppress NC oxidation was coating the NC 

surface with a dense coverage of hydrocarbons using a hydrosilylation process. We 

investigated the hydrosilylation of short- and long-chain alkynes using acetylene and 

phenylacetylene to help prevent oxidation of the Si NC surface. Phenylacetylene is the 

1-alkyne analogue of styrene, enabling the direct comparison of the results with 

previous studies.101 We observe a surface coverage of 58 % by conducting a staged 

hydrosilylation process with acetylene followed by phenylacetylene. This result is 

significantly higher than the previous results observed in a staged hydrosilylation 

process using acetylene followed by styrene (50%).101 We attribute the higher surface 

coverage to the higher reactivity of 1-alkynes relative to 1-alkenes of the same chain 

length, and the smaller van der Waals' radius of the alkenyl groups relative to alkyl 

groups. By careful analysis of the sp3 C-Hx stretching region we were able to show that 

both phenylacetylene and acetylene were equally reactive to the bis-hydrosilylation 

pathway. We finally were able to demonstrate that the higher surface coverage obtained 

in this work prevented oxidation of the underlying Si NC more effectively than lower 

coverage previously reported.  

1.3.3 Surface Nitridation of Silicon Nanocrystals 

 The second process we investigated to suppress oxidation was the nitridation of 

silicon nanocrystals by injecting N2 in the afterglow of the synthesis plasma. Using in 

situ ATR-FTIR spectroscopy, the nitride coating was observed to consist of both N rich 

and bare (Si)3Si-H domains regardless of increases to the N2 flow rate. Monitoring the 

PL of the coated NCs as a function of increased atmospheric exposure revealed a blue 

shift in emission. Comparing this blue shift with that from uncoated NCs we observed 
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that this nitride coating was unable to prevent oxidation of the underlying surface, as 

both coated and uncoated NCs decreased in size by approximately the same amount 

due to oxidation.  Although the nitride coating was unable to prevent the oxidation of the 

underlying Si NC, this was still the first demonstration of nitridation of Si NCs using a 

single step process. 

1.3.4 Carbon Monoxide Induced Reduction and Defect Healing of Graphene Oxide  

 We experimentally demonstrated the damage free removal of key oxygen 

functional groups by the reducing action of CO, consistent with large scale molecular 

dynamics calculations completed by collaborators in this work. Using ATR-FTIR 

spectroscopy we were able to observe absorbance decreases in vibrational modes 

originating from surface epoxide, ketones and hydroxyl groups. In addition we observed 

an absorbance increase from the C=C stretching vibration, indicating defect healing 

occurred through this process. To further assess the ability of CO to heal defects in 

graphene, we conducted a controlled experiment where defects were introduced into 

the surface of a pristine sheet of graphene. Using Raman spectroscopy we observe that 

CO exposure to the defective graphene surface induces extensive healing of point 

defects.129 Thus, unlike other reduction processes that damage the underlying basal 

plane,80,127 this process actually removes defects and restores order to in addition to 

removing surface oxygen and should help facilitate the use of graphene oxide as a 

precursor material to produce graphene. 

1.4 Organization of this thesis 

 In this section a brief outline of the organization of this thesis is presented. We 

have studied the effects of oxidizing Si NCs in H2O and O2 on their surface composition 
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and emission properties and present these results in chapter 2. We have achieved 

hydrocarbon surface coverages approaching the theoretical limit for H terminated Si 

(111) (~60%)118 by using a 1-alkyne (phenylacetylene) as the second reactant in a 

staged gas phase hydrosilylation process. These results are presented in chapter 3.115 

We have investigated the synthesis of nitride coated Si NCs using a single plasma 

source by injecting N2 into the afterglow region of the synthesis plasma and present the 

results of this investigation in chapter 4. Finally, we have demonstrated a new method 

for the damage free removal of key functional groups from the GO surface while healing 

point defects present on surface by the reducing action of CO, and present the results 

of this investigation in chapter 5.129 
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CHAPTER 2 

PHOTOLUMINESCENCE BEHAVIOR OF PLASMA SYNTHESIZED SILICON 

NANOCRYSTALS OXIDIZED AT LOW TEMPERATURE IN PURE O2 AND H2O 

Stephen L. Weeks,1 Rohan P. Chaukulkar,1 Paul Stradins,2  and Sumit Agarwal1 

1) Department of Chemical and Biological Engineering, Colorado School of Mines, 

Golden, CO, 80401 
2) National Center for Photovoltaics, National Renewable Energy Laboratory, Golden, 

CO, 80401 

Abstract 

 Low temperature oxidation of plasma-synthesized H-terminated Si nanocrystals 

(NCs) with O2 and H2O was studied using in situ surface infrared and 

photoluminescence (PL) spectroscopy. Surface SiOH groups were generated only 

during exposure of the Si NCs to H2O, and not O2. The emergence of these surface 

SiOH groups was accompanied with the appearance of room-temperature PL at ~1.65 

eV. This emission band decreased in intensity, and ultimately disappeared, as these 

surface SiOH groups were desorbed. Regeneration of surface SiOH through a second 

H2O-exposure step led to the reemergence of PL at ~1.65 eV, suggesting these surface 

species play a key role in the PL mechanism from Si NCs. 

2.1 Introduction 

Although Si has long been the material of choice for electronic integrated circuits, 

its indirect band gap has limited it use in photonic applications. Canham’s observation in 

1990 of room-temperature photoluminescence (PL) from nanosized domains within 

porous Si33-34  prompted reevaluation of Si’s potential as an optical material, stimulating 

a large body of research into the underlying mechanism of light emission in Si 

nanostructures. Despite over two decades of research, there is no consensus on the 

mechanism responsible for PL in nanostructured Si. Light emission observed from Si 
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nanocrystals (NCs) is broadly attributed to quantum confinement12,14,34,130-132 and 

surface chemistry18-19,100,111,133-136 effects. Several groups have correlated an increase in 

emission energy to a decrease in Si NC size,14,137 which is consistent with the 

predictions of quantum confinement models.15,22 However, other emission phenomena 

from Si NCs, that are inconsistent with the predictions of quantum confinement, have 

also been observed and attributed to the surface chemistry. 

Quantum confinement models predict that the PL quantum yield (QY) of 

semiconductor NCs should increase continuously with decreasing size.138 However, 

experiments show an increase in the QY from Si NCs with decreasing particle size until 

a maximum is reached, after which any further decrease in size lowers QY.139 

Numerous researchers report an experimental emission energy from Si NCs which is 

slightly  lower  than  that  predicted by quantum confinement, and attribute the 

difference to oxygen-induced reduction of the NC band gap.20,140-141 Several groups 

report an upper energy limit of ~2 eV for the PL energy dependence on the Si NC 

size.100,111,136,142 To explain this upper limit, Wolkin et al. proposed that carriers 

generated in Si NCs with diameter less than 3 nm recombine through trapping states at 

surface Si=O bonds, which produce localized levels within the bandgap of the NCs.100 

While the Si=O bonds were proposed based on electronic structure calculations, an 

absorption band due to these species143 at ~1250 cm-1 was not observed in the 

experimental infrared spectra.100 Later, Godefroo et al. concluded that the origin of PL 

from Si NCs can be switched between a state localized at the interface and a state 

spread throughout the Si NC core by annealing in a H2 atmosphere.133 Recently, Sa’ar 

et al. used photo-induced absorption to show that the inter-level spacing of the Si NC’s 
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valence and conduction "bands" (populated and unpopulated levels) can become 

trapped at an energy equal to the energy of surface vibrations.16-18 This observation led 

to the proposition that the NC charge carriers interact with the polarization field induced 

by surface vibrations to form a coupled state that reduces the rate of non-radiative 

recombination processes.49-51,89,99 The emission observed from Si NCs is thus sensitive 

to both quantum confinement and surface chemistry effects. 

 Complicating any description of NC emission is the fact that freestanding Si NCs 

oxidize under atmospheric conditions, causing a dramatic change in optical 

properties.22,99,101,104,115 In general, it has been observed that room temperature 

atmospheric oxidation of Si NCs with d > 5 nm causes a blue-shift in the emission 

energy,31 and an increase in the PL QY.14,144 However, little is known about the role of 

individual atmospheric oxidizing agents — O2 and H2O — on the optical properties of Si 

NCs. Moreover, although there has been extensive discussion about the role of surface 

vibrational modes on PL from Si NCs,17-18,100,134,145 surprisingly, there is a lack of 

knowledge about the species created on the surface of Si NCs by individual 

atmospheric oxidants, such as O2 and H2O. 

 In this letter, we first report the changes in surface composition of H-terminated 

plasma-synthesized Si NCs upon exposure to pure O2 and H2O vapor at a low-

temperature by carefully identifying the surface vibrational modes of the different 

species using in situ attenuated total reflection Fourier transform infrared (ATR-FTIR) 

spectroscopy. Second, we use in situ PL spectroscopy to correlate the surface 

composition to the evolution of light emission from these Si NCs. Specifically, our 

experiments show that light emission from our plasma-synthesized Si NCs is correlated 
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to the presence of surface SiOH species, and this emission band can be turned off and 

on through dehydroxylation and rehydroxylation, respectively, of the Si NC surface.  

2.2 Experimental 

 Si NCs were synthesized in a SiH4-Ar (275 std. cm3/min (sccm) Ar, 1.4 sccm 

SiH4) plasma generated by applying radio-frequency power (13.56 MHz, 30 W) to two 

Cu ring electrodes placed around a quartz tube.146 The plasma reactor was attached to 

a surface analysis chamber equipped with in situ ATR-FTIR98,115 and PL spectroscopy 

setups (see Figure 2.1). The Si NCs were directed by gas flow onto a heated 

trapezoidal 50 × 10 × 1 mm ZnSe internal reflection crystal (IRC), with the short faces 

beveled at 45° (see Figure 2.1). Multiple internal reflection of the infrared beam within 

this IRC results in a high sensitivity to surface adsorbates.147 Si NCs were collected for 

30 min onto the ZnSe IRC maintained at a temperature of 100 °C. The surface of these 

Si NCs was oxidized by exposure to 10 Torr of O2 (99.999%) or H2O vapor at 100 °C. 

After cooling the IRC to room temperature and evacuating the chamber to the base 

pressure (6 x 10−6 Torr), the as-synthesized and oxidized Si NCs were photo-excited 

with a 365 nm diode laser (ThorLabs) directed towards the ZnSe IRC through a quartz 

viewport. Photoluminescence from these NCs was collected through a 4.5" quartz 

viewport, and focused with a lens into an optical fiber (see Figure 2.1) that directed the 

light to a spectrometer (Ocean Optics). The PL spectra were corrected for the system 

response by calibrating with a tungsten lamp at a temperature of 3100 K. 
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Figure 2.1 Schematic of the surface analysis chamber showing the in situ attenuated 
total reflection infrared and photoluminescence spectroscopy setups. 

2.3 Results and Discussion 

Figure 2.2 shows the infrared absorbance change after exposure of the as-

synthesized Si NCs to O2 for 8 hr. Upon oxidation of the Si surface, the broad 

absorbance increase centered at 1070 cm−1 was attributed to the transverse optical 

antisymmetric Si-O-Si stretching phonon mode (TO3) in SiO2.
148 The position of this 

absorption band can be related to the average bond angle in SiO2, and thus the bond 

angle strain, using the central force model for SiO2.
149 The model assumes a fixed Si-O 

bond length and perfect SiO4 tetrahedra connected via bridging O atoms. The Si-O-Si 

bridging inter-tetrahedral bond angle,  (º), is then related to the TO3 mode frequency,   ,  

(cm-1) through the relation,                                   , where  is the 

central force constant (428 N/m),150 m and M are the masses (kg) of the O and Si 

atoms, respectively, and c is the speed of light (m/s). Using this expression, a 
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vibrational frequency of 1070 cm-1 corresponds to a Si-O-Si bond angle of 152°, which 

is also the average bond angle in vitreous silica, indicating that O2 oxidation results in 

the formation of relaxed Si-O-Si bonds on the Si NC surface.151
 A corresponding  

 

Figure 2.2 Infrared difference spectrum after exposing the Si NC surface to O2 for 8 hr, 
referenced to a single-beam spectrum recorded immediately after Si NCs were 
collected into the ZnSe IRC.   

decrease in absorbance at 2100 cm−1 (see inset in Figure 2.2), attributed to the SiHx (x 

= 1,2,3) stretching vibrations, indicates the loss of surface hydrides due to 

oxidation.98,101,115,117 The absorbance increase over 2160-2280 cm−1 was attributed to 

the Si-H stretch in OySiHx structures that were formed as O atoms inserted into Si-Si 

back-bonds during oxidation.152 Notably, there was no noticeable absorbance increase 

in the 3000-3800 cm−1 region due to surface SiOH species, indicating that oxidation of 

the Si NCs with O2 at room temperature did not generate SiOH groups. This is in 

contrast to previous experiments and atomistic simulations, which show O2 

dissociatively chemisorbs on H-terminated Si(100), leading to the insertion of O atoms 

in Si-H and Si-Si bonds.117  

800 1000 1200 2000 2500 3000 3500 4000

SiOH

 

 

A
b

s
o
rb

a
n
c
e
 C

h
a
n
g
e

Wavenumber (cm
-1

)

Si-O-Si

1
0
7
0
 c

m
-1

0.02

2000 2100 2200

SiHx (x = 1,2,3) 

0.01

OySiHx

Figure 2 of 4



18 
 

 

Figure 2.3 Infrared difference spectra recorded after (a) exposure of Si NCs to H2O for 
8 hr, (b) vacuum dehydroxylation of the Si NCs for 80 hr, and (c) second exposure to 
H2O for 8 hr.  

 

Figure 2.3(a) shows the infrared absorbance change after exposure of the as-

synthesized H-terminated Si NCs to H2O for 8 hr. Similar to oxidation with O2, a strong 

infrared absorption band appeared at ~1045 cm−1 due to the Si-O-Si TO3 phonon mode, 

but was red-shifted by 35 cm-1 compared to O2 oxidation.153 Also, similar to O2 

oxidation,  in Figure 3(a), a corresponding absorbance decrease centered at ~2100 

cm−1 and a neighboring increase at 2160-2280 cm−1 were attributed to the Si-H 

stretching vibration in the SiHx (x = 1,2,3)98,101,115 and OySiHx
152 configurations, 

respectively. Most importantly, unlike O2, H2O reacts with the H-terminated Si NCs to 

produce surface SiOH groups causing a broad absorbance increase over 3000-3600 
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cm−1. A shoulder on this feature centered at 3300 cm−1 (see Figure 2.3(a)) arises from 

hydrogen-bonding interactions between unshielded SiOH groups.153-154 Absorption from 

the Si-O bending and stretching vibrations in SiOH groups is reported at 890 and 820 

cm−1, respectively.154 However, hydrogen-bonding has been shown to increase the 

frequency of this absorption band.153 We observed an absorbance doublet at 950 and 

900 cm−1, which was attributed to the combined Si-O bending and stretching vibrations 

in hydrogen-bonded SiOH groups.153 Thus, the infrared spectra in Figure 2.3(a) and 

Figure 2.2 clearly shows that only H2O oxidation of Si NCs produces surface SiOH 

species. 

The SiOH groups on the surface of Si NCs created by H2O oxidation were 

unstable at room temperature, and desorbed under vacuum (~ 6 × 10−6 Torr). Figure 

2.3(b) shows the absorbance change after 80 hr of vacuum dehydration, referenced to 

the spectrum in Figure 2.3(a). The infrared spectrum in Figure 2.3(b) clearly shows a 

decrease in absorbance due to the O-H stretching (3000-3600 cm−1) and Si-O bending 

and stretching modes (910 - 950 cm−1) in surface SiOH groups. This loss was 

accompanied by the generation of Si-O-Si bonds leading to an absorbance increase at 

1083 cm−1.153,155-157 Dehydration also generated silanone species with the Si=O 

stretching vibration appearing at  1250 cm−1.143 After dehydration for 80 hr, a second 

exposure to H2O vapor for 8 hr at 10 Torr and 100 °C rehydrated the surface. Figure 

2.3(c) shows the infrared absorbance change after the second H2O vapor exposure 

step (100 °C, 10 Torr), referenced to the spectrum in Figure 2.3(b). Additional H2O 

exposure caused Si-O-Si bridges to decompose to form SiOH species.158 

Simultaneously, H2O oxidizes the surface of the Si NCs, generating new Si-O-Si 
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bridges, causing a net absorbance increase due to the Si-O-Si TO3 phonon mode at 

~1045 cm−1 (see Figure 2.3(c)). The new SiOH species that are generated are apparent 

from the increase in absorbance due to O-H stretching vibrations at 3000-3600 cm−1, 

 

Figure 2.4 PL spectra for Si NCs recorded after 8 hr of H2O exposure (black), 
subsequent dehydroxylation of the surface for 80 hr (red), and second exposure of the 
dehydroxylated surface to H2O for 8 hr (blue). 

 

and Si-O bending and stretching modes at 900 and 950 cm−1, respectively. Upon 

generation of SiOH groups, absorbance due to the Si=O stretching vibrations at 1250 

cm−1 decreased, indicating that silanone groups react with H2O. Previous atomistic 

simulations by Eyre et al. showed that the hydrolysis of an isolated Si=O species on an 

otherwise H-terminated Si NC is facile.159 Our results indicate a similar reactivity of Si=O 

to H2O on an oxidized Si NC surface. 

 The growth of H-terminated Si NCs in the O2 and H2O oxidation experiments 

were conducted under identical conditions, resulting in almost identically sized 

ensembles with a very similar H-terminated Si surface. However, in situ PL 

spectroscopy conducted at room temperature for as-synthesized and oxidized Si NCs 
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showed emission only from Si NCs oxidized in H2O, with a band peaking at ~750 nm 

(1.65 eV) (see Figure 2.4). There were two major differences between the oxide surface 

formed by reaction with O2 and H2O: (a) SiOH groups were only formed after H2O 

exposure and (b) the Si-O-Si bond angle was more strained after both H2O exposure 

steps. The disappearance of emission, within the sensitivity of our setup, in the in situ 

PL experiments after vacuum dehydration of the SiO2 surface strongly indicates that PL 

intensity is correlated with the surface SiOH concentration. Similar to our findings, 

previously, Wang et al.21 also reported an increase in PL intensity at an energy of ~1.65 

eV after exposing Si NCs to air at atmospheric pressure, with a subsequent decrease in 

intensity after drying the NCs in vacuum. The authors were able to isolate H2O as the 

atmospheric species that was responsible for the increase in PL intensity upon 

atmospheric exposure, and suggested that the presence of surface SiOH species led to 

the emission band at ~1.65 eV. These authors inferred the presence of a SiOH on the 

surface as a likely product of the reaction of H2O with the Si NCs, however the ex situ 

infrared measurements made it impossible to definitively show that only reaction of Si 

NCs with H2O leads to surface SiOH, while O2 oxidation does not significantly contribute 

to SiOH formation.21 Previously Brandt et al.135 suggested that that SiOH complexes 

similar to siloxene135 were responsible for the emission band at ~1.65 eV observed for 

oxidized porous Si. However, Sa’ar et al. proposed that resonant coupling between the 

bulk electronic states of Si NCs and surface vibrations, which produce a polarization 

field in the vicinity of Si NCs, induces a coupled state between the NC exciton and 

surface vibrations. These coupled states, referred to as “vibrons” in turn inhibit the 

nonradiative channels which lower the QY from Si NCs.18 It is also interesting to note 
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the recent work of Mahdouani et al. who have shown that the Si NC’s oscillator strength 

can be significantly enhanced due to the presence of surface SiOH groups.134 

Thus, our combined in situ ATR-FTIR and PL spectroscopy experiments provide 

strong experimental verification for the proposal that increased emission intensity 

observed upon atmospheric oxidation of Si NCs is due to the generation of surface 

SiOH groups through reaction with H2O vapor.21 Recent calculations suggest that 

distorted interfacial Si-Si and bridging Si-O-Si bonds can limit the ultimate PL QY from 

oxide encapsulated Si NCs.160 Given that we observe emission from oxidized Si NC 

with more strained Si-O-Si bridges created during H2O oxidation (as inferred from the 

position of the Si-O-Si TO3 phonon mode), this suggests that the QY increase after 

oxidation in H2O more than compensates for any strain-induced decrease in the 

radiative transition probability.160 Vacuum dehydroxylation of the Si NC surfaces, which 

converted surface SiOH groups to siloxane (Si-O-Si) and silanone (Si=O) species (see 

Figure 2.3(b)), led to near complete quenching of  emission from the Si NCs within the 

sensitivity of our PL setup (see Figure 2.4). The second H2O-exposure step, which led 

to an increase in the degree of oxidation and regeneration of surface SiOH groups (see 

Figure 2.3(c)) and reemergence of the emission band peaked at ~1.65 eV (see Figure 

2.4), in fact, consumed surface Si=O species (see Figure 3(c)), which have been 

previously attributed to contribute to light emission from self-trapped states on the Si NC 

surface.100,111 These results imply that the presence of SiOH groups is the predominant 

factor in light emission from plasma-synthesized Si NCs upon oxidation in H2O. We 

further speculate that a similar mechanism results in enhanced light emission from 

oxidized nano-scale Si synthesized by other methods.  
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CHAPTER 3 

GAS PHASE HYDROSILYLATION OF PLASMA-SYNTHESIZED SILICON 

NANOCRYSTALS WITH SHORT- AND LONG-CHAIN ALKYNES 

 The following is a reproduction of a paper published in the ACS journal Langmuir. 

Reprinted with permission from {S.L. Weeks, B. Macco, M.C.M. van de Sanden, and S. 

Agarwal, Langmuir 28, 17295-17301, (2012)}. Copyright {2012} American Chemical 

Society. The chapter is reproduced as submitted in that publication except that section 

numbers, references and figure numbers have been changed to conform to the thesis 

format. 

Gas Phase Hydrosilylation of Plasma-Synthesized Silicon Nanocrystals with 
Short- and Long- Chain Alkynes 

Stephen L. Weeks†, Bart Macco‡, M.C.M. van de Sanden§, and Sumit Agarwal† 

† Department of Chemical and Biological Engineering, Colorado School of Mines, 
Golden, Colorado, 80401, United States 
§Dutch Institute for Fundamental Energy Research, 3430 BE, Nieuwegein, The 
Netherlands 
‡ Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 
5600  

 Abstract 

 Surface passivation of Si nanocrystals (NCs) is necessary to enable their 

utilization in novel photovoltaic and optoelectronic devices. Herein, we report the 

surface passivation of plasma-synthesized, H-terminated Si NCs via gas-phase 

hydrosilylation using a combination of short- and long-chain alkynes. Specifically, using 

in situ attenuated total reflection Fourier transform infrared spectroscopy, we show that 

a sequential exposure of the Si NC surface to acetylene and phenylacetylene results in 

a surface alkenyl coverage of ~58%, which is close to the theoretical maximum of ~55 

and ~60% predicted for alkyl- and alkenyl-terminated Si(111) surfaces, respectively. We 
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attribute this unprecedented high surface hydrocarbon coverage to the combination of 

short- and long-chain alkynes that reduce the steric hindrance on the surface, higher 

reactivity of 1-alkynes versus 1-alkenes of the same chain length, and the smaller van 

der Waals’ radius of the alkenyl groups compared to the alkyl groups. Unlike 1-alkenes, 

1-alkynes also react with the surface to form the 1,1- and 1,2-bridge structures via the 

bis-hydrosilylation reaction. However, our data clearly show that this reaction pathway 

cannot account for the enhanced surface coverage in the sequential exposure 

experiments since exposure of the surface to just acetylene or phenylacetylene results 

in an almost identical surface coverage due to the 1,1- and 1,2-bridge sites. 

3.1 Introduction 

 The ability to synthesize semiconductor architectures on the nanoscale has also 

revealed the critical role of interfacial passivation in determining the material 

properties.113,161 Nanocrystals (NCs) of Si – the most commonly used semiconductor – 

have been investigated for a variety of optoelectronic28,45 and photovoltaic41,43,162-163 

applications motivated by observation of room temperature photoluminescence (PL),34 

multi-exciton generation,38 and optical gain.29 Synthesis of freestanding Si NCs has 

been achieved through both liquid and gas phase techniques. Among the liquid phase 

synthesis techniques are the reaction of Zintl salts,93-95 and the reduction of Si 

precursors.96,164  Synthesis of Si NCs through gas phase processes has been achieved 

via thermolysis,97,165 laser decomposition of silane,166-169 and plasma induced 

decomposition of silane.146  In this work, Si NCs were synthesized using a nonthermal 

plasma synthesis approach. Using a nonthermal plasma several benefits are realized: 

agglomeration of particles is avoided due unipolar negative nanoparticle charging,170-171 

wall losses are reduced due to electrostatic confinement effects,172 and crystallization is 
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easily achieved through particle heating due to surface reactions.173-174 This process 

thus allows for synthesis of highly crystalline nanoparticles with a narrow size 

distribution and relatively high product yields.  

 Electronic properties of Si NCs depend on their size, interfacial structure, and 

surface composition.12-13,133,175-177 In particular, oxidation of Si NCs is known to 

introduce interfacial defects104 that alter their luminescent properties.178-179 Thus, strict 

control over the interfacial passivation is required for technological applications of these 

Si NCs.26,29,180 Previous work has shown that a high surface coverage of the Si NC 

surface with hydrocarbon ligands suppresses surface oxidation113,181-182 and stabilizes 

their size.183-184  

 Direct hydrosilylation of H-terminated Si surfaces with 1-alkenes and 1-alkynes 

provides an effective pathway towards surface passivation.113,182,185 This process is 

known to proceed through the well studied radical-chain hopping mechanism where a  

 

 

 

Figure 3.1 Mechanisms for hydrosilylation of 1-alkynes. (a) Radical chain mechanism 
for an alkyne on an H-terminated Si surface.  Initially absorption occurs onto a dangling 
bond to form a radical intermediate, which subsequently abstracts a neighboring 
surface hydrogen atom from a Si hydride, leaving a dangling bond available for 
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subsequent absorption.  (b) The bis-hydrosilylation pathways for an adsorbed alkyne, 
to form the 1,1- and 1,2-bridging configurations.   

 

1-alkyne or 1-alkene reacts with a Si dangling bond to form a surface radical 

intermediate, which subsequently either desorbs or abstracts an H atom from a 

neighboring Si hydride to form a stable Si-C covalent bond (see Figure 3.1 a).181,186-194 

This mechanism has been demonstrated for H-terminated Si bulk,181,187-189 porous194 

and nanoparticle186 surfaces. Hydrosilylation of free-standing, H-terminated Si NCs with 

1-alkenes has been shown to enhance the PL quantum yield.35 Hydrosilylation with 1-

alkynes via the solution phase has been recently reported to provide surface coverages 

close to the theoretically predicted maximum of ~60% for alkenyl-terminated bulk 

Si(111).118 However, liquid-phase passivation techniques for Si NCs involve the 

additional transfer of NCs into solution and subsequent separation that can reduce the 

product yield, and lead to adventitious oxidation. 

 Recently, we reported gas-phase hydrosilylation of H-terminated plasma-

synthesized Si NCs101 using styrene and a sequential exposure to acetylene and 

styrene, which provided surface hydrocarbon coverages of ~38% and ~50%, 

respectively. However, this coverage remains significantly lower than the theoretically 

predicted maximum of ~60% for alkenyl-terminated Si(111).101 A high surface coverage 

of organic ligands is expected to lead to superior passivation of the Si surface due to the 

chemical and steric passivation provided by the tightly packed organic ligands.117 While 

our previous work on sequential gas-phase exposure of H-terminated Si NCs in a 

staged hydrosilylation process using a short-chain 1-alkyne (acetylene) followed by a 

long-chain 1-alkene (styrene) led to enhanced surface ligand coverage, the underlying 
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reasons for this enhancement in coverage remains unclear. It is possible that (a) the 

difference in reactivity between acetylene and styrene with H-terminated Si resulted in 

the reaction of acetylene with surface sites that were otherwise unreactive to styrene 

and/or (b) the acetylene-terminated Si surface provided lower steric hindrance to the 

reaction of styrene in the second stage of the process due to the shorter chain used in 

the first stage.  In addition, this staged hydrosilylation study with acetylene followed by 

styrene raised the question of the impact of using a 1-alkyne in both the first and the 

second stage of the hydrosilylation process:  surface alkenyl species formed after the 

reaction of 1-alkynes with H-terminated Si have a smaller van der Waals' radius, which 

can further lower steric hindrance and, in general, 1-alkynes are more reactive than 1-

alkenes of the same chain length.   

 To determine the reason for the enhanced surface coverage in a staged 

hydrosilylation process, in this article, we report on the gas-phase thermal 

hydrosilylation of plasma-synthesized H-terminated Si NCs using phenylacetylene (PA), 

and sequential exposure to acetylene and PA. The dispersion interactions of PA with 

the Si surface are comparable to that of styrene and, thus, these experiments allow us 

to isolate the effect of the C≡C triple bond in PA from the effect of the molecular size, 

which as discussed above is also known to influence the surface reactivity during 

hydrosilylation.195 Moreover, PA is capable of reacting through the same surface 

reaction mechanisms as acetylene, which suggests PA can also access the same 

surface sites for reaction as acetylene. Thus, experimentation with PA in a staged 

hydrosilylation process can provide information on the impact of using a 1-alkyne in the 

second stage of the process and help identify the underlying reasons for the surface 
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coverage enhancement in staged hydrosilylation processes for H-terminated Si 

surfaces.  

In this study, reactions of PA and acetylene with the H-terminated Si NC surface 

were observed using in situ attenuated total reflection Fourier transform infrared (ATR-

FTIR) spectroscopy.98,101,147,196 We show that sequential exposure of Si NCs to 

acetylene and PA resulted in a surface hydrocarbon coverage of ~58%, which is close 

to the theoretically-predicted maximum surface coverage of ~60% for alkenyl-terminated 

Si surfaces.118 To our knowledge, this is the highest surface coverage reported for gas-

phase hydrosilylation of H-terminated Si. In contrast, exposure to PA with no prior 

exposure to acetylene resulted in a lower surface coverage of ~46%. Further, we show 

that the bis-hydrosilylation reaction of 1-alkynes with H-terminated Si (see Figure 3.1b) 

cannot account for the observed enhancement in surface coverage observed for PA 

versus styrene. 

3.2 Experimental Methods 

 Si NPs were synthesized in a tubular quartz reactor using a non-thermal, radio-

frequency (rf), SiH4-Ar plasma (275 standard cm3/min (sccm) Ar, 1.4 sccm SiH4) 

powered at 13.56 MHz and 50 W.98 The reactor design was similar to the one reported 

by Kortshagen and coworkers.146 This plasma reactor was attached to a surface 

analysis chamber equipped with an in situ ATR-FTIR spectroscopy setup described 

previously.98,101,196 Si NCs were transported by gas flow and collected onto a trapezoidal 

ZnSe internal reflection crystal (IRC) with dimensions of 50  10  1 mm, heated to 160 

°C during Si NC collection and subsequent hydrosilylation.101,196 The Si NC synthesis 

duration was set at 6 s. Hydrosilylation with PA and acetylene was investigated through 
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exposure of the Si NCs to the hydrocarbon species at a chamber pressure of 275 

mTorr.  In the case of the sequential hydrosilylation of acetylene followed by PA, the 

latter precursor was introduced after 120 min of acetylene exposure. All IR spectra 

reported herein were recorded as difference spectra. To determine the surface 

composition of the as-synthesized Si NCs, the IR spectra were referenced to a single-

beam spectrum of the bare IRC. Subsequent changes in the surface composition during 

hydrosilylation of the Si NCs were referenced to a single-beam spectrum of the IRC with 

the deposited Si NCs. Each IR spectrum was recorded over 700-4000 cm-1 with a 4 cm-

1 resolution, and averaged over 200 scans.  

3.3 Results and Discussion 

 The plasma-synthesized Si NCs were H-terminated, with a broad IR absorption 

band in the 2000-2200 cm-1 (see Appendix B.1) region, which was assigned to the 

various surface SiHx (x=1,2,3) stretching vibrations:98 these SiHx (x = 1,2,3) species 

provided the initial surface for the subsequent hydrosilylation reaction with PA and 

acetylene. Acetylene exposure resulted in the covalent attachment of the molecule to 

the surface through both the direct hydrosilylation and bis-hydrosilylation pathways (see 

Figure 3.1). Difference spectra shown in Figure 3.2 correspond to the exposure of the 

as-synthesized H-terminated Si NCs to acetylene for (a) 15 and (b) 120 min followed by 

exposure to PA for an additional (c) 15 and (d) 600 min. All spectra in Figure 3.2 show 

an increase in absorbance in the ~1600 and 2800-3100 cm-1 regions, indicating alkenyl 

attachment to the Si NC surfaces. Covalent attachment of acetylene and PA is 

associated with H-abstraction from surface SiHx (x = 1,2,3) species and, therefore, 

absorbance due to these modes shows a corresponding decrease in the 2000-2200 cm-
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1 region. Thus, the spectra in Figure 3.2 clearly show that we can directly observe the 

reactions of both acetylene and PA with the H-terminated Si NC surface. 

 In Figure 3.2 (spectra a and b), the absorption increase at ~1670 cm-1 is due to 

the C=C stretching vibration in surface ethenyl groups. In certain cases, the radical  

 

Figure 3.2   Difference IR spectra collected during the combined hydrosilylation of Si 

NCs with acetylene and phenylacetylene at 160 °C. Spectra obtained after (a) 15 and 

(b) 120 min of exposure to acetylene followed by another (c) 15 and (d) 600 min of 
exposure to phenylacetylene.  The reference spectrum was collected immediately after 
deposition of the Si NCs.   

 

intermediate formed upon absorption of acetylene onto a Si dangling bond site can 

undergo further polymerization reactions with additional incoming acetylene 

molecules192 until an H-abstraction event occurs. This results in conjugated C=C bonds, 

observed  at ~1560 cm-1.101,197 The corresponding increase in the 2800-3100 cm-1 

region in spectra a and b in Figure 3.2 is due to the sp3-hybridized CHx (x = 2,3) and 
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sp2-hybridized CHx (x = 1,2) stretching modes.198 The simultaneous presence of sp2- 

and sp3-hydridized species indicates that both hydrosilylation processes occur, as 

illustrated in Figure 3.1. Spectra c and d in Figure 3.2 show an increase in absorbance 

at ~1600 cm-1 associated with the aromatic ring in PA.114 However, these strong modes 

overlap with the surface vinyl stretching region associated with the alkenyl-terminated Si 

surface, which was clearly visible in spectra a and b.114 The aromatic CH stretching 

modes are also observed to increase at ~3060 cm-1.199  A further decrease in 

absorbance due to the SiHx (x = 1,2,3) stretching modes in spectra c and d show that 

PA is binding with the remaining SiHx (x = 1,2,3) species on the acetylene pre-exposed 

surface.   

 During both hydrosilylation pathways detailed in Figure 3.1, abstraction of H 

atoms from a surface SiHx (x = 1,2,3) results in the formation of a Si-C covalent bond. 

For a surface that is initially fully H-terminated, the only surface H loss mechanism is via 

the hydrosilylation pathway shown in Figure 3.1. Assuming that the SiHx (x = 1,2,3) 

infrared absorption cross section is independent of the surface coverage, which has 

been shown to be valid for similar surfaces,200 the surface alkenyl coverage,         , in 

each experiment was determined via the relative decrease in the integrated IR 

absorbance of the surface SiHx (x = 1,2,3) species given by 

         
                                      

                   
 ,                                      (3.1) 

where                 is the integrated absorbance due to the stretching modes of the 

surface SiHx (x = 1,2,3) species determined at the onset of hydrosilylation (t = 0) and at 

any subsequent time t. This is a reasonably accurate method to determine          for 

the following reasons. First, Kortshagen and coworkers predicted >95% surface H 
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coverage for Si NCs produced in a similar SiH4-Ar plasma.174 Second, electron 

paramagnetic resonance studies by these authors showed a minimal concentration of Si 

dangling bonds in as-synthesized Si NCs.104 Third, it is known that thermal desorption of 

surface H from Si NCs at the temperature of the hydrosilylation experiment, 160 °C, is 

minimal.98,201 Further confirmation of the validity of the surface alkenyl coverage  

 

Figure 3.3 Temporal evolution of the surface coverage during hydrosilylation with                                   
(a) phenylacetylene (), and (b) acetylene followed by phenylacetylene (■).  The 
alkyne species in the latter experiment were switched after 120 min of acetylene 
exposure. 

reported in Figure 3.3 was obtained through the temporal evolution of the normalized 

integrated absorbance increase in the CHx (x = 1,2) stretching region during exposure of 

the Si NCs to PA (see Appendix B, Figure B.2).  As shown in Figure B.2, the temporal 

evolution of the surface coverage obtained via either the SiHx (x = 1,2,3) or the CHx (x = 

1,2) stretching regions was almost identical indicating that for each alkenyl ligand that 

was added to the surface, a surface SiHx (x = 1,2,3) species was abstracted.  However, 

it was not possible to directly determine the absolute surface coverage using the 

integrated absorbance in the CHx (x = 1,2) stretching region as the infrared absorption 

cross sections for alkenyl ligands on Si surfaces are not known to a reasonable degree 
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of accuracy. The similarity in the kinetic behavior of both the SiHx (x = 1,2,3) and CHx (x 

= 1,2) stretching regions also suggests that a single monolayer of PA was chemisorbed 

onto the surface. 

 Figure 3.3 shows the temporal evolution of the surface alkenyl coverage during 

exposure of the Si NCs to (a) PA and (b) acetylene followed by PA. Previous 

hydrosilylation studies of H-terminated bulk Si show that the surface hydrocarbon 

coverage and loss of surface SiHx (x = 1,2,3) follow a Langmuir isotherm 188-189 with two 

distinct regimes: an initial fast kinetics, which is observed to slow down as the surface 

coverage increases.101,188-189 As the reaction proceeds, the reaction rate of the 

unsaturated hydrocarbon with the H-terminated Si surface decreases116  due to (a) 

increased steric hindrance on the surface and (b) self-termination of the radical hopping 

mechanism as neighboring SiHx (x = 1,2,3) sites around a dangling bond may become 

unavailable after a certain number of random steps due to previous H-abstraction 

events, as explained by Cicero et al.116 Consistent with previous studies, we observed a 

similar kinetics for hydrosilylation with PA, as shown in Figure 3.3. After 700 min of PA 

exposure, the surface coverage saturated at ~46%. This surface coverage was 

significantly greater than that reported for styrene (~38%) on an almost identical starting 

surface.101 Since the only difference between PA and styrene is the C≡C triple bond 

versus the double bond, the higher surface coverage of PA is consistent with 

calculations based on density functional theory that predict that 1-alkynes in general are 

more reactive than 1-alkenes in hydrosilylation processes.118,191 This higher 

hydrocarbon surface coverage for 1-alkynes compared to 1-alkenes is attributed to a 

deeper local minimum for the radical intermediate, a lower barrier for H abstraction by 
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the radical intermediate compared to desorption,191 and a lower interpenetration of the 

van der Waals’ radii in the alkenyl Si-C=C linkage compared to the alkyl Si-C-C 

linkage.118,202 In addition to these considerations, 1-alkynes can also undergo the bis-

hydrosilylation reaction: this additional pathway may also lead to enhanced surface 

coverage, which is addressed later in this section. 

 While the surface hydrocarbon coverage obtained with PA is significantly higher 

than with styrene, it is still much lower than the theoretically predicted maximum alkenyl 

coverage of ~60% on Si(111).118 Motivated by our previous work on enhancing the 

surface hydrocarbon coverage of H-terminated Si NCs through sequential exposure to a 

short-chain alkyne (acetylene) followed by a long-chain alkene (styrene),101 we 

performed a similar experiment where we replaced styrene with PA. The Si NCs were 

first exposed to acetylene for 120 min, resulting in a surface coverage of ~25%, at which 

point the hydrosilylation reaction transitioned into the slow kinetic regime.101 In contrast, 

PA transitioned into a slow kinetic regime at ~35% surface coverage (see Figure 3.3). 

Thus, the reaction of the acetylene-pre-exposed, ethenyl-terminated surface with PA 

was initiated at a surface coverage of 25% where the reaction is expected to continue in 

the fast kinetic regime. Furthermore, enhancement in surface coverage is expected due 

to the lower steric hindrance due to ethenyl groups that pre-occupy ~25% of the surface 

sites. In this two-step process, the total surface alkenyl coverage was significantly 

enhanced to ~58% after an additional 600 min of exposure to PA (see Figure 3.3). Note, 

this enhancement was not observed when the order of exposure was reversed where 

the surface was first exposed to PA followed by acetylene (see Figure B.3 in Appendix 

B).    



35 
 

 In our previous work on two-step hydrosilylation of Si NCs with acetylene and 

styrene, we had posited that the higher surface ligand coverage of Si NCs compared 

with single-step exposure to styrene could be due to the surface reaction of acetylene 

via the bis-hydrosilylation pathway (Figure 3.1b), in addition to the normal 

hydrosilylation reaction (Figure 3.1a). We further speculated that the SiHx (x = 2,3) sites 

where the bis-hydrosilylation reaction occurred may not be reactive with styrene, since it 

can only react with the surface via the normal hydrosilylation reaction: whether this 

additional bis-hydrosilylation reaction pathway contributed to the enhanced surface 

coverage could not be tested.  Replacing styrene with PA, a 1-alkyne, we were able to 

examine the impact of the bis-hydrosilylation reaction, since PA has a structure very 

similar to styrene. Since our data show that the surface coverage during the two-step 

process with acetylene and PA was again enhanced (see above), either the bis-

hydrosilylation pathway does not significantly influence the overall surface coverage, or, 

PA does not react with the surface SiHx (x = 2,3) via this pathway, similar to styrene. To 

distinguish between these two possibilities, we carefully examined this reaction during 

acetylene and PA exposure through identification of the saturated hydrocarbon surface 

species formed in these reactions (see Figure 3.1). The bis-hydrosilylation reaction of 

acetylene results in 1,1- and 1,2-bridge structures containing sp3-hybridized CHx (x = 

1,3) and CH2, respectively. For PA, this reaction produces 1,1- and 1,2-bridge sites that 

contain sp3-hybridized CHx (x = 1,2) for both structural configurations. In most 

hydrocarbons, aliphatic CHx (x = 1,2,3) stretching vibrations are observed over 2845-

3000 cm-1, while olefinic and aromatic CHx (x = 1,2) stretching vibrations are observed 

over 3000-3130 cm-1.198 Therefore, any vibrational modes observed at <3000 cm-1 in 
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the CHx (x = 1,2,3) stretching region during hydrosilylation with acetylene or PA would 

indicate species formed due to bis-hydrosilylation. Figure 3.4 shows the absorbance 

change in the CHx (x = 1,2,3) stretching region for Si NCs exposed to acetylene and PA 

for 120 and 700 min, respectively, at which point their surface coverage was nearly 

saturated. It is clear from a comparison of the two spectra in Figure 3.4 that the  
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Figure 3.4 Absorbance change in the CHx (x = 1,2,3) stretching region for a surface 
saturated with phenylacetylene (red)  and acetylene (black).  

absorbance increase in the aliphatic region was approximately the same, indicating that 

both acetylene and PA react with the Si NC surfaces via the bis-hydrosilylation pathway 

to nearly the same degree. Therefore, the enhanced surface coverage in the two-stage 

process with acetylene and styrene or acetylene and PA cannot be due to the bis-

hydrosilylation pathway. The origin of the surface coverage enhancement is thus 

clarified: the shorter chain used in the first stage of the process reduces the steric 

hindrance during the second stage, allowing the use of larger, more reactive molecules 

while mitigating coverage-limiting steric effects. 
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Finally, we have demonstrated that the higher surface ligand coverage obtained 

during hydrosilylation with acetylene and PA results in a significant decrease in the rate 

of surface oxidation of the Si NCs under ambient conditions. One of the reactions that 

occur during surface oxidation of Si is the insertion of O atoms into surface Si-H bonds 

to convert them to surface Si-OH sites.203-205 Thus, the integrated absorbance due to 

the stretching vibrations of the surface SiHx (x = 1,2,3) species  

 

Figure 3.5 Change in integrated absorbance in the SiHx (x = 1,2,3) stretching region 
after 24 hr of oxidation in the ambient for different surface hydrocarbon ligand 
coverages on Si NCs. The dashed line is not a fit to the data and is drawn as a guide. 

remaining on the surface after hydrosilylation is expected to decrease upon exposure to 

the ambient. We have obtained the extent of surface oxidation of passivated Si NCs by 

determining the relative decrease in the integrated absorbance due to the surface SiHx 

(x = 1,2,3) species after 24 hr of oxidation. Figure 3.5 shows the percent change in the 

surface SiHx (x = 1,2,3) coverage due to oxidation plotted as a function of the percent 

surface hydrocarbon coverage,   , for acetylene (      , styrene (      ,101 PA 

(      , acetylene followed by styrene (      ,101 and acetylene followed by PA 
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(      . The data in Figure 3.5 clearly shows that increased surface coverage leads to 

a nearly exponential decrease in the rate of surface oxidation of the Si NCs. 

3.4 Conclusions 

 We have demonstrated gas-phase surface functionalization of plasma-

synthesized H-terminated Si NCs via hydrosilylation using PA and sequential exposure 

to acetylene followed by PA. In the case of exposure to just PA, the surface alkenyl 

coverage saturated at ~46% of the available surface sites after 600 mins of exposure 

while in the case of acetylene followed by PA the surface coverage was observed to 

saturate at a much higher value, ~58%, which is close the theoretically-predicted 

maximum surface coverage for alkenyl species on initially H-terminated Si(111).118 To 

our knowledge, this is the highest surface coverage reported for hydrosilylation of Si 

NCs. Our IR data show that for the formation of the 1,1- and 1,2-bridging structures via 

bis-hydrosilylation of the Si NPs during individual PA and acetylene exposure was very 

similar. The similar reactivity of PA and acetylene with surface sites capable of forming 

the bridging structures and the enhanced surface coverage obtained during sequential 

hydrosilylation suggests that the bis-hydrosilylation reaction pathway does not enhance 

surface coverage. We attribute the enhancement in surface coverage to the reduced 

steric hindrance in the second stage of the process due to the short-chain species used 

in the first stage of the process. Further, we postulate that the primary reason for the 

enhanced surface coverage in the sequential exposure experiment with acetylene-PA 

compared to acetylene-styrene is due to the smaller van der Waals’ radius of alkenyl 

chains compared to the alkyl chains.118,202
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Abstract 

 Utilization of Si nanocrystals (NCs) in Li+ batteries requires that they resist 

lithiation induced pulverization and the formation of a solid-electrolyte-interface (SEI). 

Silicon nitride is well known to passivate Si surfaces and is a promising candidate to 

prevent reaction of the NC surface with the electrolyte that forms a SEI. In this work 

nitride encapsulated Si NCs are synthesized in a single plasma process through 

injection of N2 into the afterglow region of a synthesis plasma. The photoluminescence 

(PL) from the Si NCs indicate a NC core diameter of ~ 4 nm. Recent work suggests that 

Si NCs in this size regime undergo lithiation and delithiation without structural 

degradation. Using in situ attenuated total reflection Fourier transform infrared (ATR-

FTIR) spectroscopy we observe nitrogen rich HSiNx present on the NC surface which is 

insensitive to increases to the flow rate of injected N2. Optical emission spectroscopy 

(OES) reveals that N and excited N2 concentrations remain roughly unchanged with 

increased flow rate. We conclude that increased N2 injection does not alter the plasma 

composition and thus the nitride coating formed is insensitive to changes in the N2 flow 

rate. 



41 
 

4.1 Introduction 

 Use of Li+ ion batteries (LIBs) in applications beyond portable electronic devices, 

such as electric vehicles and large-scale energy storage systems, requires a 

significantly higher energy storage density.206-207 To enhance the energy density of 

LIBs, it is necessary to synthesize novel electrode materials with a much higher Li+ 

storage capacity.46,56,208 Amongst the different candidate materials for LIB anodes, Si 

has the highest theoretical capacity of ~4200 mAh/g,56 which is more than an order of 

magnitude higher than the conventional material graphite, ~372 mAh/g.50,53,57 In 

addition, Si is abundant and non-toxic. However, several challenges need to be 

overcome before utilizing Si as an anode material in LIBs. Complete lithiation of Si to 

Li4.4Si results in a ~300% volume expansion.46-55 In bulk Si, the mechanical stress due 

to expansion and contraction during repeated charging and discharging cycles leads to 

electrode pulverization.46,48-50,52-53,55 This leads to a decrease in lithiation capacity due to 

the loss of electrical contact between the Si fragments.46,55 Furthermore, electrode 

pulverization leads to continuous exposure of fresh electrode surfaces to the electrolyte 

resulting in the formation a thick solid electrolyte interface, which adversely affects 

battery performance.46-48,50,55 In addition to these drawbacks, Si has poor conductivity 

for Li+, leading to increased cycle times for LIBs with bulk Si anodes.57 

 Si nanostructures have been proposed to overcome the challenges associated 

with the use of bulk Si anodes in LIBs.46-47,50,55 Based on the Griffith criterion, below a 

certain critical dimension, Si nanostructures are expected to endure lithiation and 

delithiation without fracturing.209 While there are a number of encouraging results using 

carbon- and SiO2-coated Si nanostructures in LIBs,49,55,210-211 fabrication of these 

nanostructures is often a  complex, multistep process.48-49,55,210-211 Therefore, it would 
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be advantageous to develop simplified methods of producing surface-modified Si 

nanostructures for LIB applications. In this study, we demonstrate a single-step plasma 

synthesis technique for sub-10-nm silicon nitride-coated Si nanocrystals (NCs) for LIBs. 

Silicon nitride is a hard, chemically-inert material212-213 with a relatively high lithiation 

capacity (~1300 mAh/g)214 compared to the typical graphite electrodes. Scheid and 

coworkers have shown that SiNx films with x >1 are more resistant to alkaline solutions, 

which are common electrolytes in LIBs.212 Thus, SiNx is a promising material for coating 

Si NCs to provide a stable solid electrolyte interface in LIBs.  

 Nitridation of silicon surfaces has been achieved by N2 plasma exposure.215-219 Si 

surface nitridation with N2 plasma exposure has been reported to be self limiting,218-219 

which suggests N2 plasma treatment can generate a nitride coating while preserving the 

Si NC core. This effect was used by Uchida et. al. to achieve surface nitridation of Si 

NCs using double multi-hollow discharge plasma CVD.121 Green and coworkers 

synthesized nitride encapsulated Si NCs by annealing a silicon rich nitride film.120 A 

single step process to produce nitride encapsulated Si NCs would simplify their 

production. To our knowledge, there is no report of a single step process to synthesize 

nitride coated Si NCs. Here we report on such a process by the in flight nitridation of Si 

NCs using a single plasma reactor.   

 We synthesized nitride coated Si NCs by injecting N2 into a continuous flow 

Ar/SiH4 nonthermal plasma reactor. Nonthermal plasma synthesis has the benefit of 

preventing particle agglomeration due to unipolar charging170-171,173 and in flight 

crystallization from surface reactions.173-174,220 This process can thus be used to grow Si 

NCs with a narrow size distribution with high crystalline fractions.146 By  
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Figure 4.1 A surface analysis chamber equipped with in situ ATR-FTIR and in situ PL 
with an attached plasma reactor. The plasma reactor consists of a quartz tube in which 
2 Cu ring electrodes sustain an Ar/SiH4 capacitively coupled plasma at 13.54 MHz and 
30W. A blend of Ar/SiH4 flows through the plasma where SiH4 is dissociated and 
reacts to form Si NCs that are initially H terminated. N2 is injected 4 cm downstream of 
the powered electrode, in the afterglow region of the plasma, generating active 
molecular and atomic N that reacts with the particle surface to form a nitride shell.  

 injecting N2 into the afterglow of the NC synthesis plasma, a nitrogen rich hydrogenated 

SiNx surface coating was formed.  

4.2 Experimental Methods 

 The nitride coated Si NCs were synthesized in a capacitively coupled plasma 

(13.54 MHz, 30 W) sustained in a flow reactor similar to a design introduced by the 

group  of Kortshagen (see Figure 4.1).146 This reactor consists of a quartz tube through 

which a mixture of Ar (275 standard cm3/min (sccm)) and SiH4 (1.4 sccm) enters 

upstream of the plasma, while downstream N2 at varying flow rates was introduced into 

the plasma afterglow. The plasma afterglow was characterized using optical emission 

spectroscopy (OES) by directing an optical fiber towards the plasma afterglow region, 
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where the N2 was injected into the plasma (see Figure 4.1). To avoid complications of 

wall deposition in our OES measurements, we measured emission in the afterglow of a 

pure Ar plasma with N2 injected under the same conditions of the synthesis plasma.  

 The plasma reactor was attached to a surface analysis chamber equipped with in 

situ attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy and 

in situ photoluminescence (PL) setups (see Figure 4.1). The in situ ATR-FTIR setup has 

been described previously.98,101,221 The in situ PL setup used a 365 nm diode laser as 

an excitation source (ThorLabs), particle emission was collected through a 4.5" quartz 

viewport in the surface analysis chamber and focused with a lens into an optical fiber to 

deliver the light to a spectrometer (Ocean Optics). The PL spectra were corrected for 

the system response by calibrating using a tungsten lamp at a temperature of 3100 K.  

 For the in situ ATR-FTIR experiments the particles were entrained in the gas 

stream which carried them to a 10 x 50 x 1 mm ZnSe internal reflection crystal (IRC) 

that is kept at a temperature of 100 °C, in these experiments the deposition time was 

set to 1 min. To conduct in situ PL and ex situ x-ray diffraction (XRD) (Siemens 

Kristalloflex 810, Cu Kα source) measurements, particles were deposited for 30 minutes 

onto a Si wafer placed at the same location and kept at the same temperature (100 °C) 

as the ZnSe IRC used in the ATR-FTIR experiments. The in situ PL measurements 

were made after cooling to room temperature after synthesis, after 24 hours of 

atmospheric exposure and after 21 days of aging in the atmosphere. The size of the 

nitride coated Si NCs was assessed by observing the PL of these particles after varied 

exposure to atmospheric conditions. 



45 
 

4.3 Results 

 

Figure 4.2 Difference in situ ATR-FTIR spectra collected for particles synthesized with 
25 sccm (red) and 50 sccm (black) of N2 injected into the plasma afterglow, deposited 
on a ZnSe internal reflection crystal (IRC). The reference spectrum was collected on 
the clean ZnSe IRC immediately before deposition. 

 

 Si NCs synthesized without injection of any gas into the afterglow of the plasma 

are known to be crystalline and hydrogen terminated.98 Addition of N2 into the afterglow 

of the synthesis plasma caused surface nitridation to occur. The nitridation caused an 

intense IR absorption band from 700-1050 cm-1 (see Figure 4.2) which is due to the Si-N 

asymmetric stretching vibration120,222-225 (transverse optic component) from local 

bonding configurations with varying N content. This broad absorption has a shoulder 

centered at 1150 cm-1 which arises due to two contributing factors: the N-H bending 

vibration226 and the longitudinal optic mode of the Si-N asymmetric stretch,227-228 

activated from the Berreman effect.229 The particles remain hydrogen terminated, 

causing a large absorbance increase from 2000-2300 cm-1 due to SiHx(x =1,2,3) 

stretching vibrations. The SiHx(x =1,2,3) stretching region was centered at 2168 cm-1,  
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Figure 4.3 Deconvolution of the absorbance in the Si-Hx(x = 1,2,3) stretching region for 
particles synthesized with 25 and 50 sccm of N2 injected into the synthesis plasma 
afterglow. The simulated curve is shown in blue while the experimental data is shown 
in black. 

shifted from the typical frequency of the SiHx(x =1,2,3) stretching mode due to the 

presence of N atoms in the Si back-bonds.222,224-226 Hydrogen was also bound to the 

nitrogen, leading to absorbance at 1550 cm-1 and ~3380 cm-1 from NH2 bending230 and 

NHx(x = 1,2) stretching modes,226,230 respectively.  

 Figure 4.3 shows the deconvolution of the SiH stretching region for the case of 

25 and 50 sccm N2 injection. The absorbance from the Si-H stretching region consists 

of contributions from mono-, di-, and tri- hydride species, moreover, the presence of N 

in the Si-H back-bonds caused a shift in the Si-H stretching region to higher frequencies 

due to an induction effect.152,224 Absorbance in the 2000-2350 cm-1 region for particles 

synthesized with different flow rates of injected N2 was deconvoluted into 5 Gaussian 

line shapes (see Figure 4.3). Specifically, the absorption band at ~2080 cm-1 (v1) arises 

from the Si-H stretching vibration;98 the band at ~2115 cm-1 (v2) has contributions from 
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the SiH2
98  and the N-SiH binding configurations152; the band at ~2150 cm-1

 (v3) 
 has 

contributions from the N2SiH,152 NSiH2,
152 and SiH3 configurations;98 the band at ~2180 

cm-1 (v4)
 has contributions from the N-SiH3, N2SiH2 and N3-SiH bonding 

configurations.152,224 A small peak centered at ~2250 cm-1 (v5) is attributed to Si-H in the 

(N3)Si-H binding configuration.223 The overlap in absorption from Si-H in the SiH2, NSiH; 

N2SiH, NSiH2, SiH3; and NSiH3, N2SiH2, N3Si-H bonding configurations makes it 

impossible to distinguish which specific species is contributing to the absorption in the 

v2, v3, and v4 bands, respectively. Regardless, this analysis shows that there is some 

contribution (v1, 2080 cm-1) from Si-H with no N in the back-bond and that the hydride 

composition is virtually unaffected by changes to N2 flow rate. The presence of Si-H with 

no back-bonded N indicates domains of uncoated NC are still present on the surface. 

 The shape of the Si-N-Si asymmetric stretching absorbance for NCs remains 

essentially unchanged with 25 and 50 sccm of N2 injected into the afterglow (see Figure 

4.4). This indicates that the stoichiometry of the nitrided NC surface is insensitive to the 

changes in the N2 flow rate used in this study. The Si-N-Si asymmetric stretching 

absorbance we observe is broad and peaks at a value of ~930 cm-1. The frequency of 

the absorption band from the Si-N-Si asymmetric stretch shifts depending on the 

nitrogen120,223,225 and hydrogen222,225 content in local bonding configurations. In general, 

absorbance features above 970 cm-1 are only present in nitrogen rich films.120  

Specifically, Senemaud et al. report a shoulder on the Si-N stretching absorbance 

feature between 1000-1100 cm-1 for SiNx films with 1.27<x<1.61 and attribute this to the 

Si-N stretching vibration in N3SiH.231 Although the Si-N absorbance observed in this 

study is centered at 930 cm-1 the absorbance extends above 1000 cm-1  



48 
 

700 800 900 1000 1100 1200 1300

 

 

N
o
rm

a
liz

e
d
 A

b
s
o
rb

a
n
c
e
 C

h
a
n
g
e

Wavenumber (cm-1)

.2

~ 930 cm
-1

N-H bend

 

Figure 4.4 Normalized absorbance change in the Si-N asymmetric stretching region for 
particles synthesized with 25 (black) and 50 (red) sccm N2 injected into the synthesis 
plasma afterglow.  

 

indicating that the nitride coating generated contains nitrogen rich domains. Our ATR-

FTIR results show that N2 injection into the afterglow region of the synthesis plasma 

forms a discontinuous nitride coating on the Si NC surface, with N rich Si-N domains 

and intermittent regions with no N present leading to non back bonded SiH. Moreover, 

we observed no change in the stoichiometry of the Si-N domains with increased N2 flow.   

 To assess the impact of N2 injection on the crystallinity of the Si NC core we used 

x-ray diffraction (XRD), and observed that the crystalline core of the particle was 

maintained regardless of N2 flow. The diffraction patterns for particles synthesized with 

0, 25, and 50 sccm of N2 injected into the afterglow indicate the particles were 

crystalline in all cases. Scattering from the (111) (220) and (311) planes was observed 

regardless of N2 flow rate (see Figure 4.5). Thus particle crystallization is decoupled 

from the N2 induced surface modification. 
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 Our in situ ATR-FTIR experiments indicated that the composition of the surface 

nitride coating is N rich and insensitive to changes in N2 flow rate. To understand how  

 

Figure 4.5 X-ray diffraction patterns from Si NCs synthesized with 0 (blue), 25 (red), 
and 50 (black), sccm of N2 injected into the afterglow region of the synthesis plasma 
show that the Si NCs are crystalline regardless of N2 flow by exhibiting scattering from 
the (111), (220) and (311) planes in all cases. 

N2 perturbs the plasma, we collected optical emission spectra (OES) on a model system 

by injecting N2 into a pure Ar plasma under the same conditions as the synthesis 

plasma. The model system of N2 injection into a pure Ar plasma is used to eliminate any 

impact of wall deposition on the OES data. Although a dusty plasma will obviously 

produce different detailed plasma chemistry, the model system can provide qualitative 

information regarding the impact of increased N2 injection on changes to the plasma 

species present in the synthesis plasma. 

 Optical emission data is shown in figure 4.6. Emission from the first positive 

system (570 - 610 nm and 630 - 680 nm), and the second positive system (350 - 450nm  

are observed upon N2 injection.232 The first negative system of N2
+ is observed (~ 398 

nm) but is overlapped by the second positive system that dominates emission this 

region.232 Emission centered at 425 nm is observed, originating from the relaxation of 
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singly ionized N.233-234 Under higher pressure conditions P   1 Torr, typical in these 

plasmas,146 N2 dissociation is known to proceed through the reaction of  

 

Figure 4.6 Optical emission from N2 in the afterglow of a plasma with, 25 (red), and 50 
(black) sccm of N2 injected into the afterglow.  

long lived metastable species instead of direct electron impact dissociation.235 Although 

the OES data demonstrates the generation of active nitrogen in the plasma, increasing 

the amount of N2 injected into the plasma caused no significant change in the observed 

absolute intensities from the nitrogen species in the model plasma system. This is 

consistent with our infrared data that suggests the nitride coating on the Si NC has a 

composition that is not sensitive to changes in N2 flow rate.   

 Our IR spectroscopy results indicated the formation of a N rich nitride coating on 

the Si NCs that is discontinuous with domains of (Si)3Si-H. Lithiation induced 

pulverization of Si nanostructures is suppressed below a critical size209 that is 

dependent on Griffith's criteria. PL from Si NCs is dependent on both NC size and 

surface composition.14,100,111,130,175 After 24 hr of atmospheric exposure, the nitride 

coated Si NCs exhibit emission at 735 nm (see Figure 4.7). This emission energy has 
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been used to estimate the size of the Si NC core after 24 hr of atmospheric exposure. 

Using a well established model introduced by Ledoux et al.14 the Si nanocrystal 

 

Figure 4.7 Photoluminescence collected after 24 hours of oxidation for particles 
synthesized with 25 (black) and 50 (red) sccm of N2 injected into the afterglow of the 
synthesis plasma. 

core size is estimated to be ~ 4 nm for nitride coated Si NCs synthesized with both 25 

and 50 sccm N2 injected into the afterglow. Si NCs of this size are expected to be stable 

to lithiation cycling in LIBs. The fact that core emission is constant despite increased N2 

flow rate suggests the process is self limiting and is consistent with the IR and OES 

data that indicate the nitride coating generated through this process is not sensitive to 

N2 flow. 

 The stability of the NCs under atmospheric conditions was investigated using PL.  

Upon synthesis, no PL was observed from the NCs within the sensitivity of our setup, 

regardless of nitride coating. When the surface analysis chamber is brought to 

atmospheric pressure, the particles begin to exhibit observable PL. Emission from the 

particles is observed to blue shift with increasing oxidation (see Figure 4.8), consistent 

with higher energy emission from a shrinking NC core due to quantum confinement 
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effects. Using the model put forth by Ledoux et al.14 the average particle diameter was 

calculated from the peak emission energy. Exposure to atmosphere for 21 days caused 

the particle  

 

 

Figure 4.8 Photoluminescence collected after 1 (red) and 21 (blue) days of atmospheric 
oxidation for particles synthesized with 25 and 50 sccm of N2 injected into the afterglow 
of the synthesis plasma. 

diameter to shrink by ~.5 nm regardless of surface termination. Thus it is clear that the 

surface nitride formed in this process does not inhibit atmospheric oxidation of the Si 

NCs.  

4.4 Discussion 

 Our results indicate that we form a very thin nitride coating around the Si NC by 

injecting N2 into the afterglow of the synthesis plasma. This coating is 1) insensitive to 

the gas phase species present in the synthesis plasma 2) contains both domains that 

are N rich as well as domains of bare (Si)3Si-H bonds and 3) unable to prevent 

atmospheric oxidation induced changes in emission energy. 
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 Nitridation of bulk surfaces using a N2 plasma is known to be self limiting in the 

absence of a substrate bias.218-219 Morgen et al. investigated nitridation of Si (111) and 

Si (100) surfaces using x-ray photoelectron spectroscopy and report a temperature 

dependent saturated thickness, the thickest films being 30   at the highest temperature 

investigated, 900 °C.218 Bahari et al. further confirmed the self limiting nature of N2 

plasma induced surface nitridation. Beyond being self limiting, they demonstrated that 

the morphology of the nitride generated is temperature dependent - with amorphous 

nitride observed for surface temperatures less than 500 °C and a more ordered nitride 

deposited at higher temperatures.219    

 Mangolini et al. demonstrated that electron-ion recombination and hydrogen 

surface reactions can cause the Si NC surface temperature to differ from the gas 

background temperature. However, as the NC grows, its thermal mass increases 

proportionally to the cube of the particle radius - reducing the impact of the surface 

reactions on particle temperature fluctuations. The net result of this selective NC 

heating is a narrower NC temperature distribution as the particles grow in size.174 

Recent experiments by Kramer et al. demonstrated the temporal evolution of Si NC 

temperature at the minimum power input required to achieve crystallization (30 W for 4 

nm Si NCs), these authors report Si NCs 4nm in diameter exhibit temperature 

fluctuations between ~275-475 °C at 30 W input power.220 

 SiH4 is rapidly depleted in these reactors - either contributing to the NC growth or 

depositing as film on the reactor walls.174 In the afterglow region, there is likely little SiH4 

remaining to drive NC growth as primary Si NC synthesis occurs upstream.122 Our PL 

results indicate that the NC core is ~ 4 nm in diameter after 24 hrs of atmospheric 



54 
 

oxidation, this size represents the minimum size the NC could have been at the time it 

interacted with the active N2 in the afterglow region of the plasma. Taking this as the 

limiting case, and considering the NC temperature distribution for similar dusty 

plasmas,174 and recent Si NC temperature measurements,220 our data indicates the NC 

surface temperature was less than 500 °C upon interaction with the active N2 in the 

plasma afterglow, meaning the nitride coating likely has a disordered morphology.219 

 The low NC temperature, short residence time in the afterglow region, and self 

limiting nature of plasma induced nitridation of Si suggest that the coating generated in 

our experiments was extremely thin, amorphous and based on the observation of 

(Si3)SiH in our IR measurements, likely contained discontinuities. Although it is well 

known that silicon nitride films can act as barriers to suppress oxidation of Si surfaces, 

there is a critical thickness that must be achieved for the nitride to protect the underlying 

Si.119,236-237 Wallace et al. investigated the oxidation resistance of thin nitride layers 

formed by thermal nitridation of the Si(111) surface with NH3. They demonstrated that 

ordered and disordered nitride films .3 and .2 nm thick respectively, both effectively 

suppressed oxidation of the underlying Si by O2 at 600 °C.119  However, they noted that 

only ordered Si3N4 coating suppressed oxidation under atmospheric conditions.119 Thus, 

the low temperatures of the Si NCs during interaction with active N2 in the plasma 

afterglow lead to a thin, disordered nitride coating that doesn't suppress oxidation of the 

underlying Si NC surface. Also, it is worthwhile to note that in the deconvolution of the 

Si-H stretching region indicates the presence of hydrides with no N in the Si back-bond. 

This shows the nitride coating contains configurations of (Si)3Si-H on the NC surface 

which are susceptible to oxidation. 
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4.5 Conclusion 

 Synthesis of nitride coated Si NCs in a single step process by injection of N2 into 

the afterglow of an Ar/SiH4 synthesis plasma was demonstrated. Surface nitridation 

occurred in the plasma afterglow in a region where particle growth and crystallization 

had already occurred. Nitridation was confirmed to have no effect on the crystallinity of 

the NC core. Our ATR-FTIR spectroscopy results indicate a discontinuous nitrogen rich 

coating and we observed that the binding configurations and stoichiometry generated in 

this process were not sensitive to the flow rate of injected N2, consistent with a self 

limiting nitridation process. The particles oxidize upon atmospheric exposure, leading to 

a decrease in NC core size. This is likely due to the discontinuous, disordered nature of 

the nitride coating, as inferred from our IR results and the low NC temperatures in the 

afterglow region as inferred by the observed PL. To suppress oxidation of these NCs it 

is necessary to generate a more continuous, ordered nitride coating, and it is suggested 

that the use of a secondary downstream plasma containing N2 or NH3 to nitride these 

particles could achieve this goal. Such a process is left as a topic for future 

investigations. 
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Abstract 

 Graphene oxide holds promise as a carbon-based nanomaterial that can be 

produced inexpensively in large quantities. However, its structural and electrical 

properties remain far from those of the graphene sheets obtained by mechanical 

exfoliation or by chemical vapor deposition—unless efficient reduction methods that 

preserve the integrity of the parent carbon-network structure are found. Here, the 

authors use molecular dynamics and density functional theory calculations to show that 

the oxygen from the main functional groups present on graphene oxide sheets is 

removed by the reducing action of carbon monoxide; the energy barriers for reduction 

by CO are very small and easily overcome at low temperatures. Infrared and Raman 

spectroscopy experiments confirm the reduction in CO atmosphere and also reveal a 

strong tendency for CO to heal vacancies in the carbon network. Our results show that 

reduced graphene oxide with superior properties can be obtained through reduction in 

CO atmosphere. 

5.1 Introduction 

 The reductive processing of graphene oxide (GO) has been intensely 

investigated because it could lead to the inexpensive, large-scale production of 

graphene.72-74,79
 

The reduction avenues pursued so far rely either on thermal desorption 
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of oxygen and oxygen-containing species,80-83
 

or on the chemical action of a reducing 

agent such as, for example, hydrazine,73,86-87
 

nitric oxide,123
 

and others.79,88-92
 

After any 

of the reductive processes pursued thus far, there remains a certain amount of oxygen 

on the sample, ranging from ~ 8%,83,124 to ~ 12%.73,125
 

Because of these remnant 

oxygen groups, the electronic, optical, and mechanical properties of the graphene 

derived from thermal or chemical reduction of GO are not nearly as exciting as those of 

pure graphene (obtained by more expensive and less scalable methods),63,126
 

and the 

resulting nanomaterial is termed reduced graphene oxide (rGO).  

 Improvement of the electronic, optoelectronic, or mechanical properties of rGO, 

while clearly possible to an extent,82-83,86,238 is ultimately hindered by two main factors, 

(i) the ubiquitous presence of oxygen functional groups on the graphene sheet at the 

end of reduction, and (ii) the presence of defects such as large holes, isolated missing 

atoms or pairs of atoms, or local reconstructions of the carbon network. A vast portion of 

these defects are, in fact, introduced during the thermal reduction at high 

temperatures.80-81
 

Therefore, the properties of rGO will remain far from those of pure 

graphene, unless efficient reduction methods that preserve the integrity of the parent 

carbon-network structure are found. In this article, we show that carbon monoxide can 

reduce the main oxygen functional groups that are present on the GO basal plane. 

Using molecular dynamics (MD) simulations based on a reactive force-field (ReaxFF) 

and density functional theory (DFT) calculations, we have determined the atomic-scale 

mechanisms and the energy barriers for the reduction of each of the oxygen-containing 

groups on graphene oxide with gas-phase CO. The barriers for the reduction by CO are 

lower than 0.1 eV and can be overcome at low temperatures. A recent theoretical study  
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focused on the reaction of nitric oxide (NO) with the epoxide species123
 

suggests that 

the reduction of epoxide could occur in NO atmosphere at 500 K. Our study shows that 

CO reacts rapidly not only with the epoxide group, but with all the predominant oxygen-

containing functional groups present on GO. Furthermore, our infrared and Raman 

spectroscopy measurements confirm that reduction of GO by carbon monoxide readily 

occurs at low temperatures. By studying the action of carbon monoxide on samples of 

monolayer graphene with controlled content of defects (vacancies), we have found that 

the vacancies heal nearly completely in the presence of CO. Our study therefore 

demonstrates an efficient, chemically facile, and reproducible way to remove oxygen 

from the graphene basal plane while restoring the integrity of the parent carbon-network 

structure.  

 The remainder of this paper is organized as follows. The next section describes 

our simulation and experimental results and discusses their relevance not only in terms 

of the reduction processes via CO, but also in terms of healing of vacancies in pure 

(unoxidized) graphene. Our conclusions are given in Sec. III. In order to improve the 

flow of this letter, we have opted to present the full details of our simulations and 

experimental techniques in Appendix C, rather than inside the main text.  

5.2 Results and Discussion 

 In order to gain insight into the reduction mechanisms of GO by CO, we have first 

performed MD simulations of a single graphene sheet with O-containing groups, the 

most common of which are shown in figure 5.1. Recent work has evidenced that the 

most prevalent of these groups are epoxides,239 hydroxyls,126,240 and ketone pairs241 on 

the basal plane of the GO sheet, and phenols, carboxyls, cyclic ethers, ketones, and 

others at the edges.242 To identify the reduction mechanism associated with the removal 
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of each individual oxygen-containing group (epoxide, hydroxyl, or ketone pair), we per-

formed the first set of simulations using a single type of functional group on a graphene 

sheet without holes or vacancies in CO atmosphere at 900 K; this temperature was 

chosen such that no thermal desorption of oxygen occurs. The simu 

  
 

 

Figure 5.1 (Color online) Common oxygen-containing groups present on GO away from 
edges 

lations were performed using a ReaxFF potential,243
 

which has been shown80,244-245 
 

to 

reproduce well the formation and breaking of bonds in similar systems (see Appendix 

C).  

 Figure 5.2(a) illustrates the evolution of a selected epoxide group (C–O–C) on a 

GO sheet containing 8 at.% oxygen in the form of epoxide groups alone. In the initial 

configuration [to which we assign the time instant t = 0, figure 5.2(i)], wherein the CO 

molecules are far away from the GO sheet, the C–C and C–O bond lengths in the 

epoxide were found to be 1.72 and 1.48  , respectively. Initially, the CO molecule 
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experiences thermal motion before coming in the vicinity of any epoxide; the GO sheet 

oscillates, but at 900 K, these oscillations leave all the epoxide bonds intact.  

 
 
Figure 5.2 (Color online) Temporal evolution of GO sheets with (a) epoxides [8 at.% O], 
(b) hydroxyl groups [8 at.% O], and (c) ketone pairs [16 at.% O] at 900K in a CO 
environment using ReaxFF-based MD simulations. For clarity, only small selected 
areas around the reaction sites are shown. Reduction of an epoxide [panel (a), images 
(i)–(iii)] proceeds with the formation of an intermediate via adsorption of CO (ii), before 
the abstraction of O and formation of CO2 (iii). For the case of hydroxyl groups [panel 
(b)], the reduction reaction proceeds via steps (iv)–(viii) resulting in rGO sheet with CO2 
and H2O as the only byproducts [image (vii)]; the field of view changes in panel (vi) to 
zoom in on a second –OH site reached by the COOH radical. The abstraction of O 
from a ketone [panel (c)] follows steps (ix)–(xiii), in which the final state is an unreacted 
epoxide and CO2 (xiii) 

Subsequently, during thermal motion, a CO molecule comes within the interaction range 

of one of the epoxide groups and attacks it. This attack consists of breaking one of the 
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C–O bonds of the epoxide, with the formation of a bond between the surface O and the 

C atom of the incoming CO [see Figure 5.2(ii)]. The carbon atoms that originally formed 

the epoxide group relax decreasing in their spacing to 1.51  , thereby restoring the local 

planarity of the sheet. The epoxide oxygen, however, remains attached to the GO sheet 

(and to the incoming CO) before eventually desorbing as part of a free CO2 molecule 

[see Figure 5.2(iii)]. Our simulations show that the CO environment is particularly 

effective in abstracting hydroxyl groups (OH) from a GO sheet via the reduction 

mechanism illustrated in panel (b) of figure 5.2, in which one CO molecule eventually 

removes two –OH groups from the GO sheet. The C atom of the CO molecule attacks a 

hydroxyl group forming a bond with the oxygen of the –OH [see Figure 5.2(v)]. The 

COOH radical formed does not remain chemically bonded to the sheet, but migrates 

freely due to thermal fluctuations. This COOH radical attacks another hydroxyl group on 

the GO sheet; the O–H bond in COOH dissociates leading to the formation of CO2 and 

H2O, as shown in figure 5.2(vii-viii). Motivated by recent DFT work,246 which shows that 

an epoxide and hydroxyl that are present on neighboring carbon atoms have lower 

energy than when they are farther apart, we have also considered cases in which two or 

more O-containing groups are present in combination. For example, the hydroxyl-

epoxide combination on neighboring carbons is more stable by ~60 meV per O. For a 

coverage of 20 at.% O (half epoxide and half hydroxyls), we have found that CO 

molecules can still attack and abstract first either the epoxide or the hydroxyl with the 

reduction proceeding by one of the mechanisms shown in panels (a) and (b) of figure 

5.2. Carbon monoxide reduces the epoxide-hydroxyl combination by attacking each 
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group sequentially, and the improved stability246 of the combination on the GO sheet 

does not affect the reduction by CO. 

 Panel (c) in figure 5.2 shows the GO sheet containing ketone pairs (16 at.% O) 

undergoing reduction in a CO environment via a number of intermediate steps [figure 

5.2(ix-xiii)]. Initially [see Figure 5.2(ix)], the carbon atoms belonging to the yet-unreacted 

ketone pair (i.e., C1-O1 and C2-O2) were 2.44   apart and C1–O2 distance measured 

2.59  . As the CO molecule approaches this ketone pair (i.e., C1-O1 and C2-O2) were 

2.44   apart and C1–O2 distance measured 2.59  . As the CO molecule approaches 

this ketone pair, the carbon atom of CO, i.e., C3, attacks the C1–O1 bond of the upper 

ketone leading to the formation of a C3–O1 bond [1.22   in figure 5.2(x)]. The O1 atom 

remains attached to the GO sheet; the atoms C1 and O2 come close to each other to a 

separation of 1.65  , assisted by thermal fluctuations, eventually resulting in a chemical 

bond between them [see Figure 5.2(xi)]. Later, the bond between C1 and C2 begins to 

heal as shown by the decrease in their spacing to 1.72   with the formation of an 

epoxide, C1–O2–C2 [See Figure 5.2(xii)]. Finally, the O1 atom is removed from the GO 

sheet via a CO2 molecule, which desorbs. Thus, the results of the MD simulations 

reveal that  

(1) CO reduces the three main oxygen containing species that are present on 

GO by abstracting an oxygen atom;  

(2) the reaction product is either CO2 (for epoxides and ketone pairs), or CO2 

and H2O (for hydroxyls);  

(3) with each such abstraction reaction, the local planarity and sp
2 

bonding are 

restored;  



64 
 

(4) the reduction reactions occur rather fast, on time scales of the order of 10–

100 ps, suggesting a low or absent activation energy barrier.  

 

In order to confirm that the attack of CO is facile, we have also performed DFT  

 

Figure 5.3 (Color online) Energy change as a function of reaction coordinate  during 
DFT relaxations started from d = 1.4 Ǻ , the spacing between the carbon atom of the 

incoming CO and the oxygen atom on the graphene sheet. The reaction coordinate  
varies from 0 (initial) to 1 (final configuration, in which either CO2 or COOH has formed 
and moved away from the sheet). 

calculations (see Appendix C) of the energy barriers associated with vertical pathways 

of the CO molecules toward the various oxygen-containing species on the surface. In 

these calculations, the carbon of the CO was kept at various distances d away from the 

oxygen atom of each particular group on the sheet, and the total energy was computed 

as a function of d. We have found that for distances d > 1:5  , the approach of the 

incoming CO molecule occurs with small energy barriers of 0.06 eV for an epoxide,  

0.04 eV for hydroxyl, and 0.09 eV for a ketone pair; these barriers are associated with 

specific vertical pathways in which incoming CO is aligned above the O atom on a gra-

phene sheet, and, as such, they represent upper bounds. Interestingly, DFT static 
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relaxations from starting configurations with d =1.4   trace similar reaction pathways as 

those found in ReaxFF MD simulations. Figure 5.3 shows the change in the total energy 

of a supercell containing a single functional group on graphene and a CO molecule 

(initially at d =1.4  
 
), as a function of the reaction coordinate that traces the progress 

from the initial ( = 0) to the final ( = 1) state in which either CO2 or COOH has formed 

and moved away from the graphene layer. The reactions are strongly exothermic, with 

energy releases greater than 6.5 eV. The energy decreases monotonically in all three 

cases [see Figure 5.3], suggesting that there is no energy barrier for the desorption of 

the reaction products, and the only energy barrier (lower than 0.1 eV in all cases, for d > 

1.5 Ǻ
 
) occurs during the approach of CO.  

 With this atomic-scale understanding of the GO reduction by CO in place, we 

have also performed experiments in which we have monitored the reactions of CO with 

the GO surface using real-time in situ attenuated total reflection Fourier transform 

infrared (ATR-FTIR) spectroscopy (see Appendix C).  To distinguish thermally induced 

changes in GO from those induced by exposure to CO, a drop-cast GO film on a 

ZnSe internal reflection crystal was annealed at 423K in vacuum, in a surface analysis 

chamber. The initial changes in absorbance during low-temperature annealing were 

primarily due to the removal of residual H2O and thermal decomposition 

of carboxyl groups.80,247 Once the GO surface was thermally stable, different IR spectra 

were recorded after 5 min, as well as at longer durations of exposure (see Figure 5.4). 

In figure 5.4, the decreases in absorbance over ~1600–1750, ~3000–3500, and ~1070 

cm-1 were attributed to the stretching modes of C=O,197-198 –OH,197-198 and C–O,128,198 

respectively, in carboxyl and hydroxyl groups.80,128,247-248 In addition, the broad decrease 
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in absorbance centered at ~1240 cm-1 indicates the removal of surface 

epoxides.80,128,247-248 The increase in absorbance at ~1010 cm-1 was attributed to the C–

O–C stretching mode in agglomerated edge cyclic ethers,128,248 which were most likely 

formed due to the reaction of CO with edge sites.128 Finally, the increase in absorbance 

at ~1530 cm-1  

 

Figure. 5.4 (Color online) Infrared absorbance change for GO during exposure to 
carbon monoxide. Interaction of covalently bonded surface oxygen with CO results in 
an absorbance decrease for surface phenols (OH stretching, 3000–3800 cm-1), 
carboxylic acid (OH stretching, ~3000–3800 cm-1; C=O stretching, 1550–1750 cm-1; C-
O stretching, ~1070cm-1), and epoxides (C-O-C stretching, ~1250cm-1). Carbon 
monoxide also reacts with the vacancies and edges of GO, which results in an 
increase in absorbance due to sp2 hybridized C (C=C in-plane stretching, ~1500–1600 
cm-1), and cyclic ethers (C-O-C stretching, ~1010cm-1). 

was attributed to C=C stretching modes,80,128,247-248 indicating the simultaneous 

restoration of the sp2-hybridized carbon network of graphene. This restoration of the 

basal plane of graphene occurred because of the combined effect of the reduction of 

surface oxides (see Figure 5.2) and the healing of point defects such as single-carbon 

vacancies on the GO sheet. We have also measured the changes in absorbance after 

60 min of CO exposure and have found no significant differences with respect to the 
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absorbance changes corresponding to the 5-min exposure (see Figure 5.4). This means 

that virtually all reactions of CO with the oxidized graphene occur in less than 5 min, 

which is consistent with the low energy barriers (fast kinetics) for the reduction reactions 

determined from our DFT calculations. 

 

 

 
Figure 5.5 (Color online) Raman spectra of the graphene sheet at different phases of 
processing. The synthesized starting material contains the G and symmetric 2D band 
while lacking the D band, characteristic of single layer, pristine graphene. After 
hydrogenation and annealing the spectrum contains overlapping wide D and G bands, 
and no second order peaks (2D, D+G), characteristic of highly defective graphene. The 
Raman spectrum after 4 h exposure of the sheet to CO reveals substantial defect 
healing by the observed narrowing and separation of the D and G bands, and the D’ 
band becomes distinguishable in this region. The lower defect density after CO 
exposure also causes the second order 2D and D+G features to be observed.  

 

 In order to understand the extent of healing of point defects alone (i.e., in the 

absence of edges and O-containing functional groups), we have performed another set 

of experiments on a single-layer pristine graphene sheet (not oxidized, see Appendix 

C). First, graphene was transferred onto the ZnSe internal reflection crystal. The Raman 

spectrum of as synthesized, single-layer graphene showed the characteristic G band at 

~1580 cm-1, and a strong, long-range-order related 2D band at ~2680 cm-1 (see Figure 
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5.5).249-250 Second, defects were controllably introduced in pristine graphene through 

plasma-induced hydrogenation at room temperature followed by dehydrogenation at 

773K.251 The Raman spectrum (see Figure. 5.5) obtained after the annealing step, 

confirmed the presence of defects; specifically, a wide disorder-related D band centered 

at ~1350 cm-1 emerged along with a widened overlapping G band centered at  ~1580 

cm-1.252 Moreover, the 2D band no longer appeared in the Raman spectrum. Finally, to 

heal these defects, the ZnSe crystal with the defective graphene layer was placed in the 

surface analysis chamber and exposed to CO for 4 h, and the healing process 

was monitored with both ex situ Raman spectroscopy and in situ real-time p-polarized 

ATR-FTIR spectroscopy. The Raman spectrum after CO exposure unambiguously 

shows the healing of the graphene sheet through the restoration of the features that are 

characteristic of long-range order: the 2D band was restored at ~2660 cm-1, and the 

D+G band also appeared at  ~2930 cm-1.249,253 Furthermore, the D and G bands at 

~1340 and ~1580 cm-1, respectively, were separated and narrower than in the Raman 

spectrum of damaged graphene, consistent with healing.252 Based on the ratio of the 

intensities of the D and G bands before and after healing, we have followed the 

approach of Lucchesse et al.254 to estimate that  ~98% of the defects in the graphene 

sheet were healed after CO exposure with an average defect spacing of 9.6 nm 

after healing. 

 Consistent with the Raman data, IR spectra recorded during graphene exposure 

to CO (see Figure 5.6) show an increase in absorbance in the in-plane C=C stretching 

region at ~1590 cm-1,80,128,247-248 indicating the restoration of the graphene network. This 

strong band at ~1590 cm-1 can obscure changes in other vibrational bands in this region 
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due to oxygen-related defects.255 However, in a nearly planar graphene layer, this 

vibrational band only shows a weak absorbance for p-polarized IR radiation. 

Consequently, we were able to observe an additional broad absorbance increase over 

the spectral range extending from  ~900 to 1550 cm-1, which indicates that CO reacts 

with graphene to form oxygen related species on the surface. Specifically, the increase  

 

Figure 5.6 (Color online) p-polarized in situ ATR-FTIR spectra recorded during CO 
exposure of the defective graphene after 60, 120, and 240 min, referenced to the initial 
defective graphene. The increase in absorbance at ~1590cm-1 is attributed to the C=C 
vibrations, and indicates the healing of defects in the graphene sheet. Broad 
absorbance increases originating from the C=O vibrational modes are observed over 
~1300–1500 cm-1. In addition, we observe an increase in absorbance over ~850–
1300cm-1 due to the vibrational modes of cyclic ethers, which are most likely at the 
edges. 

in absorbance over 1300–1550 cm-1 was attributed to ketones,248 while the increase in 

absorbance over ~900–1300cm-1 was attributed to cyclic edge ethers, with some 

contribution from ketones; both these functional groups are likely formed at the edges of 

larger holes in the sheet.128 The barrier for abstraction of oxygen atoms from these edge 

ketones is reported to be over the range of 1.5–8.0 eV,256 which makes such abstraction 

events unlikely at 423K. The cyclic ethers are also known to be thermally stable with a 



70 
 

binding energy reported over the range of 4.9–9.1 eV,128 and it is again unlikely that CO 

will abstract oxygen atoms from these sites. 

5.3 Conclusion 

 In conclusion, we have determined the atomic-scale mechanisms for the 

reduction of GO by carbon monoxide and have found that the reduction proceeds 

without significant energy barriers for all of the prevalent oxygen containing groups 

(epoxides, hydroxyls, and ketone pairs) that are away from the edges of the graphene 

sheets. The results of the atomic scale calculations are consistent with our vibrational 

spectroscopy experiments. At the same time, exposure to CO heals the parent 

graphene network by largely eliminating point vacancies on the sheet. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

 This chapter presents a summary of the work described in this dissertation, and a 

description of proposed investigations to build on the knowledge developed through the 

work described in the previous chapters. In this research we have used in  situ 

diagnostics, specifically, attenuated total reflection Fourier transform infrared (ATR-

FTIR) spectroscopy and photoluminescence (PL) to increase understanding of the 

specific surface species produced on different nanostructures  through a variety of 

processing techniques. We have also used ex-situ X-ray diffraction (XRD) and Raman 

spectroscopy to further our understanding of these processes. In this work we have 

focused on surface reactions of Si nanocrystals (NCs) and the reduction of graphene 

oxide (GO). The primary findings of this work are restated and suggestions for future 

experiments to advance knowledge on these topics are made in the following sections. 

6.1 Oxidation of Silicon Nanocrystals  

 Chapter 2 presented results of a study revealing the specific products generated 

on the Si NC surface upon exposure to the atmospheric oxidants H2O and O2, and how 

those products induce changes in the emission properties of the Si NCs. Specifically, 

we reported a constant energy (~1.65 eV) emission intensity increase that is correlated 

to the presence of surface hydroxyls which are only generated through the reaction with 

H2O vapor. Oxidation in O2 causes no observable PL within the limits of detection in our 

in situ system. It is noted that aging these NCs under atmospheric conditions leads to a 

blue shift in the observed emission.101 H terminated Si surfaces are relatively stable in 

controlled environments such as those explored in these experiments, and atmospheric 

oxidation is known to be driven by the presence of ozone and radicals in the air.257 Thus 
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future work should focus on the surface species formed on these Si NCs through low 

temperature ozone exposure and the impact these species have on the observed Si NC 

emission.  

 6.2 Hydrosilylation of Si NCs 

 Chapter 3 presented a detailed study of staged hydrosilylation using short- and 

long- chain alkynes. Si NCs were exposed to acetylene until the surface coverage 

approached saturation, then subsequently the NCs were exposed to phenylacetylene 

(PA). An ultimate surface coverage of ~58% was observed, remarkably close to the 

recently reported theoretical maximum coverage  of 60% for alkenyl terminated Si (111) 

surfaces.118 Through careful examination of absorbance from the sp3 C-Hx it was 

concluded that both acetylene and PA were equally reactive to the bis-hydrosilylation 

pathway (see Figure 3.4) and therefore this mechanism wasn't responsible for the 

enhancement in surface coverage in staged hydrosilylation processes. The higher 

coverage achieved through the sequential exposure of acetylene-PA compared to 

acetylene-styrene (the 1-alkene analogue of PA) was attributed to the smaller van der 

Waals radius of alkenyl species and the higher reactivity of 1-alkynes compared to 1-

alkenes in hydrosilylation processes. Further it was demonstrated that the higher 

surface coverage lead to increased atmospheric stability of the Si NC.  

 Coating Si NCs with PA makes them more suitable for electronic rather than 

optical applications. Ensembles of Si NCs coated with PA were recently reported to 

have a reasonable electrical conductivity (18.1 S/m),258 which is much higher than 

recent reports of the electrical conductivity of H2O exposed H terminated Si NCs.259 At 

the same time PA is known to quench PL in Si NCs by serving as a nonradiative 

recombination center due to the conjugation of the vinyl group with the phenyl ring in the 
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alkenyl linkage formed through direct hydrosilylation (see Figure 3.1 (a)).260 This 

conjugation also stabilizes the radical intermediate in the hydrosilylation reaction.261 

DiLabio et. al. demonstrated that van der Walls forces between the surface and large 

hydrocarbons can also stabilize the radical intermediate in this reaction.195 To enable 

atmospherically stable hydrocarbon coated Si NCs for optical applications, future 

investigations should focus on using large 1-alkynes that are not conjugated to a phenyl 

ring in the second exposure of staged hydrosilylation processes.  

6.3 Surface Nitridation of Silicon Nanocrystals  

 Chapter 4 introduced a method to nitride Si NCs in flight by injecting N2 into the 

afterglow of the synthesis plasma. Using in-situ attenuated total reflection Fourier 

transform infrared (ATR-FTIR) spectroscopy it was demonstrated that the coating 

generated in this process contained groups of (Si3)Si-H which are susceptible to 

atmospheric oxidation. At the same time the absorbance from the Si-N-Si asymmetric      

stretching mode indicated the presence of N rich binding configurations on the surface. 

These observations suggest a discontinuous coating consisting of N rich domains and 

isolated bare NC surface through which oxidation can proceed, and indeed was 

observed. The stoichiometry of the nitride coating was observed to remain unchanged 

with increased N2 flow rates. Optical emission spectroscopy from a model plasma 

system suggested that the active species generated in this process were also 

unaffected by the changes in N2 flow rate. This is consistent with the observed 

stoichiometry of the coating from the IR data. 

 Atmospheric exposure of the nitride coated Si NCs resulted in a blue shift in the 

observed NC emission over the course of 21 days. This is consistent with a shrinking 

NC core due to oxidation of the underlying Si NC. Thus the nitride coating failed to 
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suppress oxidation that likely proceeded through the discontinuities in the coating as 

inferred by our IR results. Although thin nitride coatings have been reported to suppress 

atmospheric oxidation, this process failed to achieve the high order required for such 

suppression. 

 To achieve a more continuous coating capable of suppressing atmospheric 

oxidation, two suggestions for future work are made. First, the use a secondary plasma 

to nitride the surface could be employed, such a secondary plasma could be operated 

at higher powers and then the synthesis plasma, resulting in more active species to 

react with the NC surface. Moreover the secondary plasma could be adjusted to 

increase the particle residence time in the plasma, possibly leading to a more 

continuous coating. The second suggestion involves the use of NH3 as a source of 

nitrogen to nitride the NC surface in a secondary plasma, the use of NH3 has the added 

benefit of adding hydrogen to the plasma which could result in enhanced dangling bond 

passivation. 

6.4 Carbon Monoxide Induced Reduction and Healing of Graphene Oxide 

 Chapter 5 introduced a novel method to reduce graphene oxide at low 

temperatures without generating defects in the basal plane using CO. Collaborators 

used large scale molecular dynamics (MD) simulations to reveal the mechanisms by 

which CO removes surface epoxides, ketone pairs, and hydroxyls. It was observed that 

CO removes each of these species generating only CO2 and H2O in the process while 

leaving the underlying sp2 framework intact. Further, density functional theory (DFT) 

calculations revealed that the reduction of each of these species is ~6.5 eV exothermic. 

The DFT calculations revealed negligible energetic barriers of .06,  .04, and .09 eV for 

the reduction of epoxides, hydroxyls and ketone pairs, respectively. These barriers were 
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noted to be associated with the specific orientation of the CO molecule with respect to 

the O atom in GO, and represent the upper bounds of the energetic barrier to reduction 

of each individual species. 

 The author's contribution to this work involved experimental demonstration of the 

calculated reduction process. Using in situ attenuated total reflection Fourier transform 

infrared (ATR-FTIR) spectroscopy it was shown that exposure of a thermally stable GO 

surface to CO induced decreases in absorbance from vibrational modes associated with 

surface hydroxyl, epoxide, ketone and carboxyl groups (see Figure 5.4). These 

absorbance decreases indicated the removal of these species from the GO surface, 

consistent with the calculated reaction pathways. Additionally, an absorbance increase 

associated with cyclic ethers was observed, indicating that CO reacts with edge sites on 

the GO sheet. An absorbance increase from sp2 C was also observed, indicating 

restoration of the underlying graphene framework through exposure to CO. The 

increase in C=C was due to a combination of two affects: 

1) the reduction of surface oxide groups through the mechanisms 

outlined in figure 5.2; 

2) the healing of point defects through reaction of CO. 

 To isolate the capability of CO to heal point defects, controlled experiments were 

conducted on pristine graphene. Through hydrogenation and annealing of a pristine 

single layer of graphene, a defective but oxygen free surface was generated. This 

surface was subsequently exposed to CO and Raman spectra collected before and 

after the exposure clearly show restoration of long range order in the graphene sheet. 

Consistent with the Raman spectra, p polarized in situ ATR-FTIR spectra collected 
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during the CO exposure revealed increased absorbance from C=C. Additionally, 

absorbance increases from modes associated with cyclic ethers and C=O indicates that 

CO reacts to form these species at the edges of the sheet. 

 Although this work demonstrates the damage free reduction and defect healing 

of GO, the extent of reduction remains unclear. Determination of the efficiency of this 

process outside the scope of this project and remains a topic for future investigations. 

An analytical technique such as x-ray photoelectron spectroscopy (XPS) could be used 

to accomplish this task by determining the absolute C:O ratio on the GO surface before 

and after reduction in CO by monitoring photoemission from the C 1s (284-289 eV)262 

and O 1s (530-535 eV) levels.263 The potential for atmospheric contaminants to alter the 

results of such a measurement precludes the use of an ex-situ XPS experiment.  An 

accurate determination of the oxygen removed in the process requires collecting XPS 

data before and after exposing a thermally stable GO surface to CO without 

intermediate atmospheric exposure and is left as a topic for future investigation. 
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APPENDIX A 

 

NUCLEATION OF SILICON NANOCRYSTALS IN A REMOTE PLASMA WITHOUT 

SUBSEQUENT COAGULATION 

 

 The following is a reproduction of  a paper submitted for publication in the 

Journal of Applied Physics. This work has been previously published in identical form in 

Chapter 4 of the thesis of Dr. Ilker Dogan ("Remote Plasma Synthesis of Silicon 

Nanocrystals: Plasma processes, nanocrystal growth, and diagnosis" Eindhoven 

University of Technology, 2014) as part of his work in the Plasma and Materials 

Processing Group within the Department of Applied Physics at the Eindhoven University 

of Technology, (5600 MB Eindhoven, The Netherlands). The chapter is reproduced as 

published there except that section numbers, references and figure numbers have been 

changed to conform to the thesis format. The author was fortunate to have the 

experience of traveling to Eindhoven to contribute to this work from 8/2011-12/2011. For 

clarity to the reader: the author's contribution to this work was in the experimental 

synthesis and collection of Raman spectroscopy and mass spectrometry data. 
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Abstract 

 
  We report on the growth mechanism of spherical silicon nanocrystals (Si-NCs) in 

a remote expanding Ar plasma using a time-modulated SiH
4 
gas injection in the 

microsecond time range. Under identical time-modulation parameters, we varied the 

local density of the SiH
4 
gas by changing its stagnation pressure on the injection line 

over the range 0.1-2.0 bar. We observed that nanocrystals were synthesized in a size 

range from ~2 to ~50 nm with monocrystalline morphology. Smaller nanocrystals (~2-6 

nm) with narrower size distributions and with higher number densities were synthesized 

with an increase of the SiH
4 
gas-phase density. We related this observation to the rapid 

depletion of the number density of the molecules, ions and radicals in the plasma during 

nanocrystal growth, which can primarily occur via nucleation with no significant 

subsequent coagulation. In addition, in our remote plasma environment, rapid cooling of 

the gas in the particle growth zone from ~1500 to ~400 K significantly reduces the 

coalescence rate of the nanoparticles, which makes the coagulation process highly 

unlikely. Our observations indicated that commonly accepted nanoparticle formation 

mechanism in plasmas via nucleation and subsequent coagulation is not always valid. 
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A.1 Introduction 

 Size dependent properties of nanoparticles and their potential technological 

applications have boosted interest in these materials among researchers from various 

disciplines.264-266 As a result of the multi-disciplinary approach on nanoparticles, a 

variety of synthesis techniques have been developed, which include solution 

synthesis,267 sputtering,268 ion implantation,269 laser pyrolysis,166 and microfluidic 

synthesis.270 In addition to these techniques, plasma-chemical synthesis techniques are 

particularly appealing as these techniques have potential to reach higher 

throughputs146,271
 

with respect to the other techniques while still preserving size 

dependent optical, electronic, and chemical properties. Various nanoparticle systems, 

including silicon nanocrystals (Si-NCs) have been synthesized in inductively coupled 

plasmas,272 radio-frequency discharge plasmas,273 direct-current discharge plasmas,274 

remote plasmas,271,275 atmospheric pressure plasmas,276 non-thermal plasmas,98,101,146 

and very high frequency plasmas.
277-278

 These plasmas offer much flexibility on varying 

the process parameters and material morphology, and there is basically no limit on the 

type of the gas mixture used and the plasma environment created. An important 

consideration on the plasma synthesis of nanoparticle systems, however, is the 

dynamics of nanoparticle formation. 

 In the literature, detailed experimental analyses and theoretical approaches with 

different nanoparticle formation dynamics in plasmas are reported.279-282 A widely 

referred theory claims that formation of nanoparticles starts with nucleation of stable 

small clusters from polymerization of the monomer species of the feed gas. Once stable 

nuclei start to appear in the plasma, a nucleation burst occurs until reaching an almost 
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complete depletion level of the nucleating species.283-284 Following this nucleation burst, 

subsequent growth up to the sub micrometer scale particles occurs by means of 

coagulation.285-288  

 Nanoparticle morphologies can greatly differ at different stages of the growth, 

especially in their crystal structures. As a result of the exothermic nature of the growth 

reactions174,289-290 that take place during nucleation, nanoparticles have 

monocrystalline, defect-free morphology. On the other hand, during post-nucleation 

stage, depending on the temperature, nanoparticles coagulate that ends up with 

polycrystalline morphology, which contains defects and discontinuities due to the grain 

boundaries. In this case, embodied individual nanoparticles can be imaged by using 

electron microscopy. 

 As we mentioned before, size dependent features of nanoparticles can 

potentially be used in various technological applications. Particularly for crystalline 

silicon nanoparticles, or silicon nanocrystals (Si-NCs), these properties depend on 

the structure of the nanocrystal – grain boundaries and disordered crystal structures 

within a nanocrystal can alter its optical and electronic properties, or even completely 

suppress them. Therefore, we should consider plasma-chemical techniques as 

possible environments where nanoparticle coagulation is an unfavorable mechanism 

during the growth. This can be possible either if the nanoparticles are strongly 

charged with the same polarity, or if the nanoparticle growth occurs in a low 

temperature, rapidly cooling zone. In the first situation, the electrostatic repulsion forces 

between small nanoparticles prevent coagulation,291 and in the latter situation, 

coalescence rate of small nanoparticles is lower than their collision rate – so that the 

nanoparticles form web-like dendritic structures without merging into each other.271,278 
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 In our previous work, which concerns the formation of Si-NCs in a remote 

expanding thermal plasma (ETP) using an Ar/SiH4 gas mixture,271 we elaborated that 

nucleation favors the growth of Si-NCs in low temperature growth zones with well-

defined residence times that ends up with spherical shapes and monocrystalline 

morphologies according to the results obtained from transmission electron  microscopy  

(TEM). This  work  deals  with  the  systematic  analysis  of  the  Si-NC  growth 

mechanism, which will show that nucleation is the primary nanoparticle formation 

mechanism in ETP. We synthesized Si-NCs in an Ar/SiH4 mixture using a time 

modulated injection of SiH4 to vary the local density of silane injected into the 

downstream plasma. We analyzed the depletion of SiH4 from mass spectrometry, and 

the morphology and size distribution of Si-NCs using transmission electron 

microscopy (TEM) and Raman spectroscopy (RS). TEM analyses demonstrated the 

formation of small and large Si-NCs that are monocrystalline and free from any defects. 

Analysis of Raman spectroscopy data showed that there is an inverse relationship 

between the average Si-NC size and size distribution with the local density of SiH4 in 

the downstream plasma, which indicated Si-NC growth by nucleation process without 

subsequent coagulation as a result of rapid depletion of the nucleating molecules, 

ions, and radicals at higher local densities of SiH4 injected into the downstream 

plasma. In addition, we will comment on the role of different plasma species, i.e., 

positive ions and radicals, on polymerization and growth reactions of small and large Si-

NCs grown in different parts of the downstream plasma. 

 This paper is organized as follows: Following the introduction, we will discuss the 

particular silane chemistry leading to synthesis of monocrystalline Si-NCs via 

nucleation. After that, the ETP and the experimental details will be provided. We will 
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show the results obtained from mass spectroscopy, TEM and RS in the results section 

and discuss the observations. Finally we will summarize and draw conclusions. 

A.2 Silane chemistry in the downstream region of the expanding plasma 

 Formation of nanoparticles is observed in various plasmas. Although the formation 

mechanism may differ in different plasma environments, a general formation mechanism of 

nanoparticles can be envisaged, see Figure A.1: First, dissociation of the precursor gas; 

second, polymerization reactions of the plasma species (i.e., ions, radicals, and neutrals 

containing one Si atom) on the molecular scale; and finally, nucleation and subsequent 

growth of stable nanoparticles. In this section, we will describe the particular plasma chemistry 

that leads to formation of Si-NCs in the expanding thermal plasma (ETP). 

 

 
 

Figure A . 1 Formation of Si-NCs in the ETP. Nanocrystal formation starts with 

dissociation of SiH4 molecules via Ar+ ions. These silicon-containing ions and radicals 
undergo polymerization reactions, and form the first ionic clusters that will eventually 
be the cores of the stable clusters at the later stage of nanocrystal formation. When 
the stable size is reached, these clusters act as sinks for nucleation. A nucleation 
burst starts from this stage until the density of the nucleating species is quickly 
depleted. The final size of the nanocrystals is determined by the extent of the 
nucleation, and nucleation depends on the residence times in the plasma. 

 

 Figure A.2(a) shows a schematic of the ETP setup. An Ar plasma generated in 

a cascaded arc with approximately  10%  ionization  degree  expands  supersonically  

into  a  low  pressure  downstream cylindrical vessel. After a stationary shock front 

located ~3 cm in front of the nozzle, the plasma expands subsonically (with a directed 
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velocity of υ~1000 m s-1), in the form of a central beam. As a result of the limited 

pumping capacity  

 

Figure A.2 (a) The remote expanding thermal plasma setup. Due to the particular 
reactor geometry and processing parameters, the Ar plasma expands in the form of a 
central beam that is surrounded by background recirculation cells.271 SiH4 was 

pulsed through an injection ring located 5 cm downstream from the arc nozzle. A 
fast valve attached to the SiH4 injection line, was used to modulate the gas flow. 

The amount of SiH4  delivered in each pulse was controlled by varying the 

stagnation pressure, Ps, measured upstream the fast valve (Ps = 0.1-0.2 bar). (b) 

SiH4 was pulsed for 10 ms and the time interval between each pulse was 10 s. (c) The 

time interval of 10 s was chosen to ensure that each pulse was isolated, that is, there 
was no residual silane signal (m/z=31) observed by the quadrupole mass 
spectrometer prior to the next pulse. Five pulses were performed for each 
processing parameter to collect enough Si-NCs for transmission electron 
microscopy and Raman spectroscopy. 

in the background of the plasma beam recirculation cells develop. This flow pattern in 

the ETP creates significant differences in residence times between the beam and 

background regions271,292: the directed flow in the central beam has a residence time 

of τbeam≤10.0 ms, whereas the closed streamlines in the recirculation cells have 

residence times in the range τrecirc ~0.1-0.5 s. The residence times determine the final 

size of the nanoparticles synthesized in these plasma zones, and therefore, a bimodal 

size distribution of small and large nanoparticles is expected.271 The transport of Si-NCs 

between  these two zones occurs via a diffusional  process. However, large Si-NCs 
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4 n 2 

are strongly influenced by the convective processes that traps these nanocrystals in 

the recirculation cells for the duration of above-mentioned residence times. 

 The chemistry in the ETP is different from the usual electron dominated 

chemistries.293 As a result of the remote character of the ETP, the electron temperature 

in the downstream region is relatively low, i.e., Te ~0.1-0.3 eV. Therefore, dissociation 

of SiH4   by electron impact is inefficient and the plasma chemistry is initiated by Ar+ 

ions emanating from the cascaded arc. Dissociation of molecular SiH4 downstream  of 

the ETP starts with Ar+ ions by means of dissociative charge exchange reactions that 

leads to the formation of SiHn
+ (n ≤ 3) ions via  

ArSiH  SiH
lHmH  Ar , (A-1) 

with a reaction rate k~10-16 m3 s-1 36, where l+2m+n=4. The dominant product of this 

reaction is SiH3
+

 

ions (Formation of SiHn
+ ions with n≤2 requires Ar+ ions with kinetic 

energies above 2.0 eV,289 and in the downstream of the ETP, the kinetic energy of Ar+  

ions is less than 1.0 eV). Produced SiH3
+  ions can involve in two different 

polymerization reaction pathways depending on the electron density to SiH4 density 

ratio (ne/nSiH4).
271 When (ne/nSiH4) < 10-3-10-2 the first reaction  pathway  is  a  radical 

polymerization path that starts with a dissociative recombination reaction of an SiH3
+  

ion with an electron; 

3 
SiH+e

SiHp +lH+mH2 , (A-2)  

(k~10-13  m3  s-1[271], p≤2, and l+2m+p=3) and proceeds further with the addition of 

SiH4  molecules, e.g., for p=2;  

SiH2  + SiH4  Si2H5 + H, (A-3) 

with a reaction rate of k~10-16-10-15 m3 s-1.289 In the second pathway, when 
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 (ne/nSiH4) >10-3-10-2, SiH3
+  ions initiate an ion polymerization path – they react with 

SiH4  via an associative charge exchange reaction: 

SiH3
+

  + SiH4  Si2H5
+

 + H2, (A-4) 

with  a  reaction  rate,  k~6.0×10-16   m3   s-1.289  Further  addition  of  radicals  and ions  

drives  the polymerization, and first molecular clusters (Sin Hm
+ and Sin Hm ) appear in the 

plasma. 

 During silane polymerization, atomic H is generated abundantly in association 

reactions, which can abstract an H from the molecular Sin Hm 
+ and Sin Hm clusters, 

forming H2  molecules, e.g. for Sin Hm 
+; 

H + SinHm
+

  SinHm-1
+

 + H2 (A-5) 

H + SinHm-1
+SinHm-2

+
 + H2 

         

Starting from the polymerization phase, H abstraction reactions produce H poor Si 

clusters, which are indeed observed experimentally.294-295
 

 Growth of molecular clusters proceeds until these clusters reach sizes which can 

no longer be considered molecular. Beyond this critical size, these clusters become 

stable nanoparticles with well-defined surfaces that provide sites for further nucleation 

of the molecules, ions, and radicals in the plasma (the critical size for Si-NCs is ~1 

nm285). Nucleation of nanoparticles continues until the density of nucleating species is 

depleted.  

 During the nucleation of silicon nanocrystals (Si-NCs) in the ETP, all reactions 

(radical and ion polymerization reactions, hydrogen abstraction reactions, and collisional 

stabilization of excited species) involved in growth are exothermic.174,290,296 The energy 
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released from these reactions locally heats the particles at their nucleation sites and 

most probably is responsible for maintaining the crystallinity during the growth 

process.271,291 Further growth of nanocrystals can be possible depending on the plasma 

temperature. At high plasma temperatures, in which colliding nanocrystals are in a 

molten state, coalescence (mutual merging of particles) rate is high.286 As a result of 

collision between small nanoparticles, large nanoparticles with sizes of hundreds of 

nanometers can be formed. This process is defined as the coagulation phase of the 

particle growth. During the coagulation, large particles roughly maintain a spherical 

shape and individual small nanoparticles are distinguished. If the temperature in the 

plasma is not high enough to initiate the coalescence, collided nanoparticles do not 

coagulate. Instead, they stick to each other and form web-like dendritic structures.281,297 

Individual nanoparticles could be decomposed via a post-separation process without 

affecting their morphology. Thus, in a low-temperature plasma, nucleation and further 

growth by monomer addition on the nanocrystal surface (growth by molecular collisions) 

are the primary nanoparticle growth processes. 

A.3 Experiment 

 Silicon nanocrystals (Si-NCs) were synthesized in a remote expanding thermal 

plasma (ETP) by using an Ar/SiH4 gas mixture (see Figure A.2(a)). A DC plasma was 

generated in a cascaded arc with a fixed Ar flow rate of 20.0 sccs under 

subatmospheric pressures (Parc = 0.1-0.2 bar). The total power generated in the arc 

was over the range of 1.3-1.8 kW. Both electron and gas temperatures in the 

cascaded arc were ~1.0 eV, with an electron density of ne ~ 1022 m-3.298 The 

downstream region is pumped down to a pressure of ~1.0 mbar. The diameter of the 

cylindrical vessel was about 50 cm, and the distance between the nozzle and the 
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substrate holder was 40 cm. The plasma density in the downstream region is about 

1021-1022 m-3.299 SiH4 gas was injected via an injection ring, which was placed in the 

subsonic region, 5 cm downstream. A valve was attached on the SiH4 injection line, 

which was used for time modulation of the SiH4 flow. The amount of SiH4 injected 

downstream at each pulse was controlled by varying the stagnation pressure, Ps , 

upstream of the valve, in the range of 0.1-2.0 bar. Stagnation pressure was monitored 

by using a baratron gauge. SiH4 injection time during each pulse was τpulse=10.0 ms. 

A time interval of 10.0 s with no SiH4 flow between each isolated pulse ensured that 

residual SiH4 in the vessel was pumped out prior to the next pulse (Figure 2b). The 

depletion of SiH4 was determined by means of a quadrupole mass spectrometer by 

monitoring the ion current signal at m/z=31 (Figure A.2(c)). Our previous studies with 

similar processing parameters showed that, the gas temperature is ~1500 K at the 

location of injection ring and decreases down to ~400 K close to the substrate and 

the reactor walls.292 Si-NCs were collected onto plastic or crystalline silicon substrates 

and transferred via a load lock. Substrates were protected by a shutter during the 

startup of the plasma. A list of setup parameters are provided in Table A.1. 

 Transmission electron microscopy (TEM) was performed after transferring the 

Si-NCs to carbon grids. Beam intensities were chosen sufficiently low to prevent any 

electron-beam related artifacts on Si-NCs. Raman spectroscopy was performed by 

using a 514 nm Ar+ laser. During the Raman measurements, laser power was fixed 

at 0.3 W mm-2, which is sufficiently low to prevent any laser induced shift and 

broadening on the Raman spectra of silicon nanocrystals. The Raman spectra were 

deconvoluted using Lorentzian line shapes to determine the size distribution of small Si-

NCs using an analytical, size-dependent phonon confinement model.297 
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Table A.1 

Parameter Processing Value 

Ar flow 20 sccs 

Plasma Power 1.3-1.8 kW 

Arc Pressure .1-.2 bar 

SiH4 stagnation pressure .1-.2 bar 

Downstream Pressure 1.0 mbar 

Pulse ON time 10 ms 

Pulse OFF time 10 s 

Number of pulses 5 

Substrate temperature 25 °C 

 

A.4 Results and Discussion 

Mass Spectrometry.  

 Figure A.3 demonstrates the amount of SiH4 delivered into the downstream 

region for each pulse and its depletion as a function of the stagnation pressure, Ps . 

The absolute amount of SiH4 molecules delivered increases from ~5.0×1018 to 

1.0×1020 with an increase of the stagnation pressure from 0.1 bar to 2.0 bar. Thus, we 

were able to control the SiH4 density injected in the downstream plasma by tuning the 

stagnation pressure. We determined the depletion of SiH4 from the relative amount of 

dissociation, D, (by the Ar+ ions emanating from the arc) with respect to the SiH4 content 

under plasma-off condition using Equation A-6: 

  
        

    
 (A-6) 

where  Ion    and  Ioff    are  the  ion  current  signals  at  m/z=31  when  the  plasma  was  
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on  and  off, respectively.  

 

Figure A.3 (a) Absolute number of SiH4 molecules delivered into the downstream 

region of the plasma during each pulse, (b) the percent depletion of SiH4, and (c) the 

absolute amount of depleted SiH4 in the downstream region of the expanding Ar 

plasma as a function of SiH4 stagnation pressure. 

 

 The depletion of SiH4 (Figure A.3(b)) decreased from ~80% to ~40% with an 

increase in the absolute number of the SiH4 molecules in the downstream region from 

~5.0×1018 to 1.0×1020. Note that, the equivalent SiH4 flow within 10.0 ms corresponds 

to a flow rate of ~20-400 sccs, which was much higher than the SiH4 flow used under 

continuous plasma condition reported earlier.271 At the high equivalent flow rates, we 

expect relatively less efficient depletion of SiH4 molecules  since  the number of Ar+ ions 

emanating from the arc was limited by the plasma source settings (depletion 

decreases when the initial ratio of the Ar to SiH4 density is reduced).293 By knowing 

the absolute amount of variation of SiH4 and its depletion, the absolute depleted 

amount of SiH4 in the downstream increased from 5.0×1018 (for Ps =100 mbar) to 

almost 4.0×1019 (for Ps =2000 mbar) with a linear trend (Figure A.3(c)). 

 Note that the absolute increase of the amount of depletion (which quenches the  

electron density) and the absolute amount of SiH4 species in the plasma is in favor of 

ion-molecule reactions (Equation A-4), which promote ion polymerization path. Here we 

compare the ratio of electron to SiH4 density (ne/nSiH4). To demonstrate a simple 
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comparison, we only consider the events that take place during SiH4 injection (τpulse =10.0 

ms). We know that electrons were produced only by the ionization of Ar in the 

cascaded arc. Assuming 10% ionization degree and 10 ms interaction time with injected 

SiH4 in the central beam (Ar flow is 20.0 sccs, 1 sccs is 2.5×1019 particles per second 

under standard conditions), 5×1017  electrons (and also Ar+  ions) are available to initiate 

dissociative recombination reactions during 10 ms of interaction time (Equation A-2). 

Referring back to the mass spectroscopy data, the amount of SiH4  molecules 

increased from 1018  to 6×1019  with stagnation pressure in the gas line. In other words, 

(ne/nSiH4) decreases from 10-1  to ~1.6×10-3. Thus, ion polymerization path (Equation A-

4) was promoted at higher stagnation pressures on the gas line. According to Figure 

A.3(c), the depleted amount of SiH4 has a linear dependency on the stagnation pressure, 

i.e. D   Ps. As we will discuss later on, this linearity of D together with decreased Si-

NC size at higher stagnation pressures is an important indication that addition of SiH4  

plays a critical role on the growth of Si-NCs in the ETP. 

Transmission Electron Microscopy.  

 We used transmission electron microscope (TEM) to analyze the morphology 

and size distribution of Si-NCs. Figure A .4 demonstrates Si-NCs synthesized in ETP, 

which have a spherical shape and a fully crystalline morphology. First, we show Si-

NCs synthesized using a continuous SiH4 injection (Figure A.4(a)) as a benchmark. As 

we discussed above, and showed in our previous work,271 Si-NCs (Figure A.4(a)) 

have a bimodal size distribution as a result of the specific reactor geometry: small Si-

NCs with sizes in the range 2-10 nm are synthesized in the central beam (beam 

residence time, τbeam ≤ 10.0 ms) and  large Si-NCs with sizes in  the range 50-120 nm 
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are synthesized in the recirculation cells (τrecirc  ~ 0.1-0.5 s). Figure A.4(b) 

demonstrates that the size distribution  of  Si-NCs  was  still  bimodal  in  the  time  

modulated  SiH4   gas  injection  experiments. However, in contrast to the continuous 

SiH4 flow experiments, the size of large Si-NCs synthesized in the time-modulated SiH4 

injection experiments were noticeably smaller (20-50 nm, see Figure A.4(d)) than the 

sizes observed in continuous silane gas injection (50-120 nm, Figure A.4(c)) as a 

result of the finite amount of SiH4  present in the downstream region – the averaged 

flow between two pulses varies in the range of 2x10-4-4x10-3 sccs. The decrease in the 

size of the large Si-NCs is also related to the duration of SiH4 injection. The stream 

lines in the recirculation cells were almost identical in the continuous and in the 

time-modulated injection of SiH4 as the downstream properties were mainly 

determined by the supersonic Ar plasma expansion in the axial direction, and by the 

limited pumping capacity, resulted in the formation of the recirculation cells. However, 

one key difference is that, the duration of SiH4 injection in the time-modulated injection 

was much shorter with respect to the characteristic residence times (           ), which 

also limited the growth of large Si-NCs in the recirculation cells. An analysis of the size 

distribution in Figure A.4(c) and Figure A.4(d) shows that large Si-NCs had a lognormal 

distribution. Lognormal distribution in gas phase synthesis reactors is observed when 

convective flow and diffusion processes are responsible for particle transport through a 

finite growth regime in well-defined residence times.271,282 Depending on the 

competition between the convective flow and diffusion processes, the shape of the 

distribution could be either highly asymmetric (limited convection), or almost symmetric 

(limited diffusion). 
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Figure A.4 Transmission electron microscope images of silicon nanocrystals. As a 
benchmark, we show a comparison of (a) Si-NCs synthesized using continuous SiH4 

injection with (b) Si-NCs synthesized using time-modulated SiH4 injection. Time 
modulation of the SiH4 flow does not prevent the formation of large Si-NCs, which are 
formed in the recirculation cells. However, the final size of the large Si-NCs in (b) is 
considerably smaller than the sizes observed in (a). The average size of large Si- 
NCs synthesized using continuous silane injection is about (c) ~70 nm. On the 
other hand, the average size of large Si-NCs synthesized using time-modulated 
SiH4 injection is about (d) ~40 nm. Both of the distributions resemble a lognormal 
behavior (Skewness of the distribution in (c) is 0.16 and in (d) is 0.15). 
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Figure A.5 (a) Transmission electron microscopy images of large Si-NCs demonstrate 
a spherical morphology without and internal defects in the structures. Scale bar is 
50 nm. High resolution transmission electron microscopy images of large Si-NCs in 
(b) and (c) demonstrate the monocrystalline morphology that indicates the primary 
growth mechanism was nucleation in ETP. Scale bars in (b) and (c) are 10 nm and 5 
nm, respectively. 

 

As we mentioned above, all Si-NCs synthesized in the ETP have fully crystalline 

morphology. High resolution TEM images in Figure A.5 demonstrate that large Si-NCs 
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have ordered crystal structures. In other words, Figure A .5 concludes that, these 

large Si-NCs do not have polycrystalline morphology, indeed they have 

monocrystalline morphology. In addition, the dendritic shape of small and large Si- NCs 

(Figure A . 4(b)) implies that the temperature in the plasma was insufficient to  

initiate particle coalescence. This observation concludes that the rate of a possible 

coalescence mechanism was lower than the rate of collision during the transport of 

nanocrystals in the downstream plasma.286 

Size analysis of small Si-NCs with TEM is only possible if only these 

nanocrystals could be separately distinguished. As small Si-NCs were found in dense 

dendritic-like structures, size analysis was unreliable and time consuming by using 

TEM. Nonetheless, an accurate analysis of the average size and size distribution of 

small Si-NCs is essential to understand the particle formation mechanisms in the 

plasma beam. As we demonstrated in a previous paper, Raman spectroscopy can be 

excellently used as an alternative analysis tool.297 

Raman Spectroscopy.  

 Figure A . 6 demonstrates Raman spectra of Si-NCs synthesized at various 

stagnation pressures of the gas line during time-modulated SiH4 flow experiments. 

Raman spectroscopy revealed that the analyzed material was fully crystalline as the 

broad Raman peak centered at 480 cm-1, which is the fingerprint of the amorphous 

silicon (a-Si:H), was not detected. The peak position of Raman spectra departed 

from the optical phonon mode of bulk crystalline silicon, which is located at ωc-Si = 521 

cm-1, starting with the stagnation pressure of 0.2 bar (~2x1019 SiH4 molecules per 

injection). Moreover, we observed that the red-shift increases with an increase in the  



102 
 

 

Figure A.6 Raman spectra of Si-NCs for different stagnation pressures in the gas line. 
The Raman peak position shifts to the lower wavenumbers with increasing stagnation 
pressure, indicating a decrease in the average size of the Si-NCs. Moreover, 
increased asymmetry of the line shapes, which is especially apparent for 
stagnation pressures of 1500 and 2000 mbar, indicates that a bimodal size 
distribution still exists. 

 

stagnation pressure. In other words, the average size of Si-NCs had an inverse relation 

with the density of SiH4 injected downstream. In addition, we observed an 

asymmetric peak broadening together with the peak shift: for each Raman spectra, the 

average shift in the low wavenumber part of the peak was more pronounced than the 

average shift in the high wavenumber part (Figure A.6). Observed peak shapes differ 

from the peak shape of Si-NCs with monodisperse size distribution,300 and indicates 

the presence of a bimodal size distribution, which  was also observed  from TEM 

images. We observed smaller Si-NCs at higher stagnation pressures on the SiH4 gas 

line (which shift the low wavenumber part of the spectra), however, large Si-NCs were 

still present in the mixture (which makes the high wavenumber part of the spectra 

almost unshifted). The presence of bimodal size distribution became clearer from the 

Raman spectra as the stagnation pressure, or SiH4 density, got higher. 

 The way to determine the size distribution of small Si-NCs is to deconvolute the  
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Figure A.7 Size distribution of small Si-NCs for different SiH4 stagnation pressures in 

the gas line. Their size distribution was obtained via deconvolution of the Raman 
spectra using the analytical phonon confinement model demonstrated in our previous 
work.297 Increasing stagnation pressure – or increasing the local density of SiH4 for 

each pulse – results in smaller Si-NCs with a narrower size distribution. 

measured Raman spectra to find the particular Raman peaks of small and large Si-

NCs, and determine the parameters required to plot the size distribution. The 

deconvolution procedure is explained in detail in our previous work.297 Figure A.7 

demonstrates the size distribution of small Si-NCs as a function of SiH4 stagnation 

pressure. Results of the analyses conclude that, at higher stagnation pressures, the 

average size of small nanocrystals decreased and nanocrystals had possession of a 

narrower size distribution, e.g., at Ps=0.2 bar, we observed Si-NCs in the size range 

from 2.5 nm to almost 16.0 nm, however, at Ps=2.0 bar, the sizes were in the range from 

2.0 nm to 6.0 nm. In addition, we estimated the volume fraction of small Si-NCs with 

respect to the total analyzed volume using the integrated areas of the deconvoluted 

peaks. For the lowest (5.0×1018) and highest (1.0×1020) amount of SiH4 molecules 

injected into the downstream, we determine the volume fraction of small Si-NCs as 

60% and 85%, respectively. Figure A.8 shows that higher stagnation pressures on the 

SiH4 gas line reduced the peak size and the distribution width of Si-NCs from 6.2 nm to  
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Figure A.8 The peak size and with of small Si-NCs determined from the Raman 
spectroscopy analyses. Figure A . 8  demonstrates that the peak size and the width 
of small Si-NCs decrease with increased stagnation pressure, i.e., higher local 
densities of SiH4 injected in the plasma. This observation is related with the 

formation of a higher number density of critical-sized clusters with increased local 
density of silane. These critical-sized clusters serve as sinks for additional 
nucleation and quickly reduce the level of saturation by depleting the density of 
the nucleating species in the plasma. Observation of smaller nanocrystals for higher 
local densities of SiH4 also indicates that, nucleation of Si-NCs does not proceed 

with coagulation in the later stages of nanocrystal formation. Indeed, nanocrystal 
collision rate is faster than a possible coagulation rate and therefore collided 
nanocrystals form dendritic structures as seen from the TEM images in Figure A.4. 

3.2 nm, and from 5.0 nm to 1.7 nm, respectively. Size distributions became less 

asymmetric at high stagnation pressures. Decreased asymmetry of the nanocrystal 

size distribution indicates that the contribution of diffusion as a key process in Si-NC 

formation became smaller with respect to convective flow (limited diffusion) at higher 

local densities of the SiH4 gas injected into downstream region. 

Discussion. 

 From the results of TEM and Raman spectroscopy, we observed distinctive 

phenomena, which helped us to reveal the underlying  mechanism, on  the formation 

of silicon nanocrystals (Si-NCs) in the remote expanding thermal plasma (ETP). First 

of all, we observed a bimodal size distribution of spherically shaped small and large 

Si-NCs. Considering the residence time differences in the plasma as mentioned 
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above, small Si-NCs were synthesized in the central beam and large Si-NCs were 

synthesized in the recirculation cells. TEM images demonstrate that, together with 

small Si-NCs, large Si-NCs had monocrystalline morphology. In other words, large Si-

NCs were free from any discontinuities in their crystal structures, such as dislocations, 

grain boundaries, or randomly distributed atomic planes (Figure A.5). The dendritic 

behavior indicated that individual nanocrystals did not combine and form large Si-NCs. 

Downstream expanding plasma cools rapidly from ~1500 (at the position of the injection 

ring) to ~400 K in the vicinity of the substrate and in the recirculation zones.292 These 

temperatures in nanocrystal formation regions were insufficient to promote the 

coalescence that might result in the formation of Si-NCs with various sizes. Therefore, 

under these observations, we conclude that nucleation and subsequent growth of these 

nuclei via SiH4  addition with suppressed coagulation is the only responsible formation 

mechanism of small and large Si-NCs in the ETP. Indeed, the residence times and the 

density of SiH4 available in the recirculation cells are sufficient for the nucleation and 

growth of nanocrystals via monomer addition up to hundreds of nanometers in size.271 

 Another remarkable observation  is the inverse relation  between  the amount of 

SiH4 in the plasma and the average size of small Si-NCs formed in the central beam. 

According to the Raman spectroscopy results, average size of small Si-NCs was 6.2 

nm when 5.0×1018 SiH4 molecules were injected, and 3.2 nm when 1.0×1020  SiH4   

molecules were injected in the downstream plasma. In addition, the volume fraction of 

small Si-NCs increase from ~60% to ~85% as the SiH4 amount in the plasma 

increases. Instead of reaching larger sizes at higher local densities of the feed gas 

injected in the downstream region, nanocrystals got smaller and their number densities 

increased. The question is why and how? 
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 Nucleation of nanoparticles starts with  polymerization  reactions of the 

molecules, ions, and radicals in the plasma, which leads to formation of stable ionic 

clusters.285 Formation of these clusters and their population in the growth region 

depends on the supersaturation degree of the feed gas (including ions, radicals, and 

neutrals) in the plasma.281,284 Higher local densities of SiH4 (i.e., higher stagnation 

pressure on the SiH4 gas line) shortens the required  time for appearance of stable 

clusters, and increase their number densities in the growth region as a result of the 

increased supersaturation degree. These clusters act as sinks for the nucleation of the 

species available in the plasma during the nucleation burst.284 A high number density 

of clusters provide a large surface area for further nucleation, which in turn depletes the 

density of plasma species in the growth zone faster than a depletion by a low number 

density of clusters. Therefore, higher number density of clusters results in rapid 

depletion of plasma species that reduces the nucleation time and results in the 

formation  of  smaller  nanocrystals. These  observations  from  Raman  spectroscopy  

can  only  be explained in such a way if nucleation is the responsible nanocrystal 

formation mechanism in the ETP. 

 According to the mass spectroscopy data, total absolute amount of directly 

consumed SiH4 increases with stagnation pressure with a linear relationship. However, 

depletion of SiH4 decreases from ~80% to ~40%. In other words, the absolute number of 

SiH4 molecules also increases with stagnation pressure. If SiH4 molecules are consumed 

by addition reactions, the total surface area of Si-NCs should compensate for the 

available SiH4 molecules. Considering ~40 nm average size of large Si-NCs, and the 

volume fractions of 85% and 60%  respectively, the available surface area during the 

growth of 3.2 nm Si-NCs was 2.4 times larger than that of 6.3 nm Si-NCs. This 
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observation indeed indicates that, addition reactions of SiH4 molecules play an important 

role on the growth of small Si-NCs at higher stagnation pressures. 

 Raman spectroscopy also demonstrated that, the width of the nanocrystal size 

distribution decreases with increased amount of SiH4 injected downstream. In addition, 

the distribution shapes became less asymmetric when their widths became narrower. 

Observation of a finer size distribution is related to the nucleation time. We illustrate 

this with the following assumption282: consider a constant flux ϕ, of plasma species on 

a newly formed nanocrystal with surface area A. We can describe the increase of the 

nanocrystal volume per unit time as dV/dt = ϕA. According to this assumption, the 

radius of the nanocrystal scales with time, i.e., r   t. If there is an asymmetric 

residence time distribution for nanocrystal growth, which is observed when the 

nanocrystal transport is governed by convective flow and random diffusion, the size 

distribution of nanocrystals will also be asymmetric, i.e., lognormal under present 

conditions.282,297 Linked with the reasons stated above, smaller Si-NCs with a narrower 

size distribution are observed when nanocrystal growth stops in a shorter time, which 

was observed for a higher number density of clusters. On the other hand, depletion 

of the SiH4  density in the plasma takes longer if the number density of clusters is lower 

as a result of reduced nucleation area on the cluster surfaces. Thus, differences in 

sizes increase and the final size distribution becomes wider and more asymmetric, and 

average size of Si-NCs increases.  

 We should also address the role of various plasma species on the formation of 

small and large Si-NCs as their mean free path, sticking coefficient and reaction rate 

significantly differ from each other. Two groups of plasma species, i.e., radicals and 

positive ions, mainly react with each other, or with SiH4  during the initial polymerization 



108 
 

and subsequent nucleation process in the ETP. Radicals have longer mean free path 

and lower sticking coefficients than positive ions.301-302 For instance, the sticking 

coefficient of a SiHn radical is 0.27-0.33 for n=3302-304 and 0.35-0.40 for n=2.305 For  the 

polysilane radicals, the sticking coefficient roughly equals to 0.10-0.20.306 On the 

other hand, the positive ions have almost unity sticking coefficient and once they 

appear in the plasma, they immediately undergo ion-molecule reactions.307 During the 

plasma expansion process, therefore, one can expect that the radicals have a higher 

chance of reaching the recirculation cells via diffusional process, where the 

polymerization reactions and subsequent nucleation form large Si-NCs. Positive ions, 

however, likely stay within the central beam and undergo polymerization reactions that 

end up with the formation of small Si-NCs. Molecular ion creation rate becomes 

dominant over the radical creation  rate  if  electron  to  SiH4   density  ratio, (ne/nSiH4) < 

10-3-10-2, as  mentioned  earlier.  This is observed at higher amount of SiH4 injections. 

Indeed, increased surface area for SiH4 addition, and linear dependency of SiH4 

depletion with stagnation pressure concludes that, creation of molecular ions by 

charge exchange process is in favor of the formation of small Si-NCs since these 

species mostly stay within the central beam. 

 We finally discuss the main differences between the continuous and time-

modulated injection of SiH4 into the downstream region. First of all, with time 

modulation of the SiH4 injection, we had a full control on the time, and the amount 

of SiH4   molecules injected via varying the stagnation pressure in the gas line. Time-

modulation experiment tracked the change of particle size and size distribution as a 

function of SiH4 amount injected per unit time interval, and therefore revealed the 
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underlying formation mechanism. In the case of continuous SiH4 injection,271 these 

parameters are not very well defined. Although a bimodal size distribution of Si-NCs is 

observed both in the continuous and time-modulated SiH4 injection, the final size of 

the large Si-NCs synthesized in the time-modulated injection was smaller. Another 

difference is the final size and size distribution of small Si-NCs. A high local density of 

SiH4  in the downstream results in smaller Si-NCs in both cases as a consequence of 

growth via nucleation. In continuous SiH4 injection, the maximum possible SiH4 

injection is in the order of tens of standard cubic centimeters per second (~101 sccs). 

During the time-modulation, as we mentioned before, we reached equivalent SiH4 

flows over the range 20 to 400 sccs. In relation with the discussions on the particle 

size and size distribution, therefore, time modulated injection produces smaller 

nanocrystals during nucleation, with a narrower size distribution. This is a critical 

requirement for technological applications of Si-NCs, in which the size dependent 

properties of nanocrystals are used for promoting optimum device performance. 

A.5 Conclusion 

 According to the results from transmission electron microscopy (TEM) and 

Raman spectroscopy, silicon nanocrystals (Si-NCs) synthesized in the remote 

expanding thermal plasma had monocrystalline morphology, and they formed 

dendritic groups. Analyses on size distribution of small Si-NCs showed an inverse 

relation between the SiH4 density and the final nanocrystal size under identical SiH4 

injection times. In addition, nanocrystal size distributions were lognormal and their 

widths became narrower at smaller sizes. Under these conditions, we conclude that, 

formation of large Si-NCs with monocrystalline morphology via coagulation is highly 

unlikely. Therefore, the only possibility of Si-NCs to reach sizes from a few to tens 
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of nanometers is via nucleation and further growth of the molecules, ions, and 

radicals available in the plasma. These nanocrystals have monocrystalline morphology 

as the molecular exothermic reactions maintain crystallinity during growth. In 

addition, observed dendritic structures were easily separable, e.g., by means of 

sonication of Si-NCs. The observations of this work apply for all kind of plasma 

environments, where nucleation is the primary mechanism of nanocrystal formation. 
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APPENDIX B 

CHAPTER 3 SUPPORTING INFORMATION:  

GAS PHASE HYDROSILYLATION OF PLASMA-SYNTHESIZED SILICON 

NANOCRYSTALS WITH SHORT- AND LONG- CHAIN ALKYNES 

 The following is a reproduction of  the supporting information of a paper 

published in the ACS journal Langmuir. Reprinted with permission from {Langmuir 28, 

17295 -17301 (2012)}. Copyright {2012} American Chemical Society  The chapter is 

reproduced as submitted in that publication except that section numbers, references 

and figure numbers have been changed to conform to the thesis format. 

Supporting Information 

Gas Phase Hydrosilylation of Plasma-Synthesized Silicon Nanocrystals with Short- and 

Long-Chain Alkynes 

Stephen L. Weeks†, Bart Macco‡, M.C.M. van de Sanden§, and Sumit Agarwal†,* 

† Department of Chemical and Biological Engineering, Colorado School of Mines, 
Golden, Colorado, 80401, United States 

§Dutch Institute for Fundamental Energy Research, 3430 BE, Nieuwegein, The 
Netherlands 
‡ Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513, 
5600 MB Eindhoven, The Netherlands 

B.1 Starting surface for hydrosilylation 

 Gas – phase hydrosilylation of 1-alkynes and 1-alkenes has been accomplished 

on H terminated Si nanoparticles.  The evolution of the surface coverage and vibrational 

modes have been monitored with in-situ ATR-FTIR spectroscopy.  The starting surfaces 

of each experiment are similar as evidenced by the SiHx(x = 1,2,3) stretching 
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absorbance observed in figure B1.  From the similarity in starting surface, it is 

concluded that differences observed in the hydrosilylation reaction were due to the 

different alkynes used in the hydrosilylation. 

 

Figure B.1  Normalized absorbance due to the SiHx (x = 1,2,3) stretching region of the 
Si NPs collected after 6 s of growth prior to each hydrosilylation experiment in this 
study.  Spectrum (a), and (b), correspond to the initial hydride composition prior to 
exposure to phenylacetylene, and acetylene followed by phenylacetylene, respectively.  
The starting surface in each experiment is very similar. 

 

B.2 Kinetics tracked by integrated absorbance in the C-Hx(x = 1,2) stretching 

region 

 The surface coverage  was also tracked by normalizing the integrated 

absorbance in the C-Hx(x = 1,2) stretching region.  Comparison to the kinetics tracked 

with equation 3.1 is achieved by normalizing both to their saturation values.  The 

consistency of the kinetics tracked by both of these methods indicates validity of 

equation 3.1 and provides evidence of the monolayer nature of the alkenyl coverage.  If 

the process resulted a multilayer, than reaction on an outer carbon shell wouldn’t effect 
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inner surface hydrides and the absorbance increase of the C-Hx(x = 1,2) region wouldn’t 

track the coverage increases calculated from equation 1 so closely.  The kinetics 

tracked by the integrated absorbance in the C-Hx(x=1,2) stretching region is shown in 

figure B.2. 

 

Figure B.2 Temporal evolution of the kinetics tracked with the (a) SiHx (x = 1,2,3) and 
(b) CHx (x = 1,2) stretching regions during exposure of the H-terminated Si NCs to PA. 
In each case, the surface coverage (a) and the integrated absorbance in the CHx (x = 
1,2)  (b)  were normalized to their saturation values at the end of PA exposure. 
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B.3 Sequential exposure of phenylacetylene followed by acetylene 
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Figure B.3 Temporal evolution of the fractional surface coverage of alkenyl species for 
sequential exposure of phenylacetylene followed by acetylene.  The alkyne species 
were switched after 120 minutes, indicated by the line. 

Enhanced surface coverage was observed upon sequential exposure of the Si 

NP surface to acetylene followed by phenylacetylene, reversing the exposure caused 

the enhanced surface coverage  to no longer be observed as shown in figure B.3.   
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APPENDIX C 

CHAPTER 5 DESCRIPTION OF METHODS 

The following is a reproduction of  the appendix of a paper published in the Journal of 

Vacuum Science and Technology A. Reproduced with permission from [B. Narayanan, 

S.L. Weeks, B.N. Jariwala, B. Macco, J.-W. Weber, S.J. Rathi, M.C.M. van de Sanden, 

P. Sutter, S. Agarwal, and C.V. Ciobanu J. Vac. Sci. Technol., A 31, 040601 (2013)]. 

Copyright [2013], American Vacuum Society. The chapter is reproduced as published 

except that section numbers, references and figure numbers have been changed to 

conform to the thesis format. 

C.1 MD studies of the reduction mechanisms 

 The molecular dynamic simulations were performed using a reactive force field 

(ReaxFF)243
 

as implemented in the LAMMPS package.308
 

ReaxFF is a general bond-

order interatomic potential that has been found to provide an accurate description of 

bond dissociation/formation, intermediate states, reaction pathways and reactivity 

trends in hydrocarbon systems.243,245
 

The simulation box consisted of a graphene sheet 

with 512C atoms (4.12 nmx3.56 nm) and randomly distributed functional groups on both 

sides of the sheet that were either all (a) epoxide (8 at.% O conc.), (b) hydroxyl (8 at.% 

O conc.), or (c) ketone pairs (16 at.% O conc.).  

 Periodic boundary conditions were applied along the two directions (at 60° 

from 

one another) in the plane of the graphene sheet, while fixed boundary conditions were 

applied in the direction normal to the sheet. The graphene oxide sheets were then 

thermalized at 900 K for 10 ps in a canonical ensemble (NVT) with a Nose'–Hoover 

thermostat. A timestep of 0.25 fs was used for all the MD simulations. After thermalizing 

the GO sheets at 900 K, two CO molecules were introduced, one on each side of a 
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given GO sheet, at random positions far away from the sheet. Two reflective walls were 

employed parallel to the GO sheet at a distance of 1 nm above and below it to simulate 

a CO atmosphere. These sheets were further annealed in the reducing CO environment 

in a NVT ensemble for 400 ps, and the reactions of CO with the oxide species on GO 

were monitored. 

C.2 Optimized reaction pathways using DFT calculations 

 The computational supercell for the density functional theory (DFT) calculations 

consisted of a graphene sheet containing 50 carbon atoms; a functional group that 

could be either (a) an epoxide, (b) a hydroxyl group, or (c) a ketone pair; and a CO 

molecule away from the sheet but directly above the functional group. Periodic 

boundary conditions were employed along all the directions, and a vacuum of 15 Ǻ 
 
was 

introduced in the direction normal to the graphene layer. Total energy DFT calculations 

were performed within the framework of the spin-polarized generalized gradient 

approximation, using the projector-augmented wave potentials309
 

as implemented in the 

ab-initio simulation package VASP.310-311 The atomic coordinates were relaxed using a 

conjugate gradient algorithm until the force components on any atom were smaller than 

0.02 eV/Ǻ. The exchange-correlation was described by the Perdew–Burke–Ernzerhof 

functional,312
 

which has been reported to describe well the bonds in graphene oxides.80
 

The plane wave energy cutoff was set to 450 eV. The Brillouin zone was sampled with a 

Monkhorst–Pack313
 

5 x5 x1 k-point grid.  

C.3 Experimental procedures 

 The evolution of GO surface vibrational modes upon introduction of CO was 

monitored in a surface analysis chamber equipped with an in situ ATR-FTIR 

spectroscopy setup. An aqueous dispersion of GO (Graphene Supermarket) was drop 
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cast on the surface of a ZnSe internal reflection crystal (IRC). The GO dispersion on the 

IRC was dried by annealing ex situ at 448 K for 6 h and subsequently placed in the IR 

beam path in the surface analysis chamber. The ex situ annealing step removed most 

of the water present in the dispersion. To ensure the observed spectral changes were 

not due to thermal annealing but to CO exposure, the ZnSe substrate with the GO layer 

was heated in situ at 423 K. Prior to the exposure of GO to CO, the change in 

absorbance due to the surface IR modes was monitored until no further spectral 

changes were observed for 30 min. Once the surface was thermally stable, a fresh 

reference spectrum was collected. CO was introduced into the chamber at a pressure of 

850 mTorr and a substrate temperature of 423 K. IR spectra with respect to the 

reference spectrum were collected by evacuating the vacuum chamber to the base 

pressure ( 10-6
  

Torr). After collecting the difference spectra, CO was reintroduced into 

the chamber at the same pressure, continuing the reduction process.  

 We have also performed analysis of a single-layer of graphene after introducing 

defects. Single-layer graphene was grown on Cu, using a procedure similar to the one 

reported by Li et al.314
 

A 40-μm-thick, 5 x 2 cm
2 

Cu foil (Goodfellow Product No. 

Cu000465) was placed in a 50mm-diameter quartz tube furnace, which was pumped to 

a base pressure of 1 mTorr. Next, 10 (std. cm
3

/min (sccm)) of H2 was introduced at 110 

mTorr, and the Cu-foil was heated to 1050 °C in 10 min. The Cu foil was annealed in H2 

for 30 min while slowly heating to 1065 °C. The H2 flow was then reduced to 2 sccm, 

and 35 sccm of CH4 was added to give a total pressure of 430 mTorr. After 2 min, the 

sample was slowly cooled down (15 min), while maintaining the gas flow. 

Polymethylmethacrylate (PMMA, A4, MicroChem) was spin-coated on one side of the 
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sample for 60 s at 2500 rpm, and the sample was cured on a hot plate for 5 min at 130 

°C. To remove the graphene from the uncoated side, the sample was floated on an 

aqueous solution of 1 M FeCl3·6H2O for 5 min and then rinsed with deionized (DI) 

water. The sample was reintroduced into the solution to fully dissolve the Cu. The 

floating PMMA/graphene sheet was rinsed in DI water several times and transferred to 

the ZnSe crystal. The sample was blow dried with N2 and baked at 423 K for 15 min for 

improved adherence.  

 The PMMA transfer layer was removed in a two step process. First, the ZnSe 

IRC with the monolayer graphene and the PMMA transfer layer were immersed in 

acetone (reagent grade) for 24 h. After this step, we recorded an IR spectrum of the IRC 

with monolayer graphene, which was referenced to the spectrum of the bare IRC. This 

IR spectrum showed characteristic absorbance due to the C–H and C=O stretching 

regions at 3000 and 1750 cm-1, respectively, due to residual PMMA. Second, to remove 

this polymer residue, the IRC was rinsed in methanol and annealed in vacuum at 10-6 

Torr and 573 K for 3 h.315
 

The IR spectrum recorded after the annealing step, again 

referenced to the bare IRC, showed no C=O stretching vibrations at 1750 cm-1 

indicating the removal of PMMA.  

 Defects were controllably introduced into the graphene sheet by hydrogenation in 

a plasma followed by annealing.251
 

During the hydrogenation step, the monolayer 

graphene (on the IRC) was placed on the grounded electrode in a radio-frequency, 

capacitively coupled H2/Ar (1.4:1 flow ratio) plasma operated at 40 W and 13.56 MHz 

for 20 s. The IRC was heated to 423 K with the chamber pressure maintained at 150 

mTorr. During the annealing step, which induces defects due to the dehydrogenation of 
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graphene,251
 

the IRC was heated at 773 K and 10-6 
 

Torr for 5.5 h. A Raman spectrum 

was collected for this defective graphene layer using 532 nm excitation.  

 To heal the defects induced in graphene, the ZnSe IRC was heated to 423 K and 

exposed to CO at 850 mTorr for 4 h. Changes in the vibrational modes of the graphene 

layer due to interaction with CO were measured by only sampling the p-polarized 

radiation. This prevented the large absorbance increase associated with the in-plane 

C=C stretching modes in graphene at 1590 cm 
-1 

(Refs. 80, 247, 128, 248, and 255) 

from overwhelming the absorbance due to other O-related species formed in the healing 

process. After the CO exposure step, another Raman spectrum was collected to 

determine the structural changes in graphene.  

 

    

 

 

 

 

 

 

 

 


