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ABSTRACT 

GAS-PHASE SYNTHESIS OF SEMICONDUCTOR NANOCRYSTALS AND ITS 

APPLICATIONS 

By 

Rajib Mandal 

Luminescent nanomaterials is a newly emerging field that provides challenges not only to 

fundamental research but also to innovative technology in several areas such as electronics, 

photonics, nanotechnology, display, lighting, biomedical engineering and environmental control. 

These nanomaterials come in various forms, shapes and comprises of semiconductors, metals, 

oxides, and inorganic and organic polymers. Most importantly, these luminescent nanomaterials 

can have different properties owing to their size as compared to their bulk counterparts. Here we 

describe the use of plasmas in synthesis, modification, and deposition of semiconductor 

nanomaterials for luminescence applications. 

Nanocrystalline silicon is widely known as an efficient and tunable optical emitter and is 

attracting great interest for applications in several areas.  To date, however, luminescent silicon 

nanocrystals (NCs) have been used exclusively in traditional rigid devices.  For the field to 

advance towards new and versatile applications for nanocrystal-based devices, there is a need to 

investigate whether these NCs can be used in flexible and stretchable devices. We show how the 

optical and structural/morphological properties of plasma-synthesized silicon nanocrystals (Si 

NCs) change when they are deposited on stretchable substrates made of polydimethylsiloxane 

(PDMS). Synthesis of these NCs was performed in a nonthermal, low-pressure gas phase plasma 

reactor. To our knowledge, this is the first demonstration of direct deposition of NCs onto 

stretchable substrates. 



Additionally, in order to prevent oxidation and enhance the luminescence properties, a 

silicon nitride shell was grown around Si NCs. We have demonstrated surface nitridation of Si 

NCs in a single step process using non‒thermal plasma in several schemes including a novel dual-

plasma synthesis/shell growth process. These coated NCs exhibit SiNx shells with composition 

depending on process parameters. While measurements including photoluminescence (PL), surface 

analysis, and defect identification indicate the shell is protective against oxidation compared to Si 

NCs without any shell growth. 

Gallium Nitride (GaN) is one of the most well-known semiconductor material and the 

industry standard for fabricating LEDs. The problem is that epitaxial growth of high-quality GaN 

requires costly substrates (e.g. sapphire), high temperatures, and long processing times. 

Synthesizing freestanding NCs of GaN, on the other hand, could enable these novel device 

morphologies, as the NCs could be incorporated into devices without the requirements imposed 

by epitaxial GaN growth. Synthesis of GaN NCs was performed using a fully gas-phase process. 

Different sizes of crystalline GaN nanoparticles were produced indicating versatility of this gas-

phase process. Elemental analysis using X-ray photoelectron spectroscopy (XPS) indicated a 

possible nitrogen deficiency in the NCs; addition of secondary plasma for surface treatment 

indicates improving stoichiometric ratio and points towards a unique method for creating high-

quality GaN NCs with ultimate alloying and doping for full-spectrum luminescence. 
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CHAPTER 1 

Introduction 

1.1 Motivation for studying semiconductor nanocrystal based light emission 

Carbon-based energy sources are declining and energy cost is increasing day by day. The 

effect of this carbon based energy on our global climate is becoming clear. The average 

temperature of earth has increased due to the emission of greenhouse gas into the atmosphere 

mostly due to human activities. In order to curb the greenhouse gas emission and maintain our 

environment, the focus has shifted in using innovative technologies that are inexpensive and uses 

least possible energy. One of the major areas to look for reduction in energy is lighting 

technology. According to the U.S. Energy Administration (EIA)
1
, the electricity consumed by 

the residential and commercial sector of the United States for lighting purpose was 

approximately 412 billion kilowatt-hours (kWh) for the year 2014, which is approximately 15% 

of the total energy consumed by these sectors and represents 11% of the total electricity 

consumption in U.S. Therefore, developing efficient and clean lighting technology like solid-

state lighting would not only save energy but also can have a huge impact in environment. The 

U.S. Department of Energy has a Research and Development (R&D) program specifically 

designed for Solid-State Lighting (SSL)
2
. Figure 1.1 shows the U.S. lighting electricity 

consumption by sector and lamp type in 2010
3
. With increased demand for light, the lighting 

stock has become more efficient over the past decade. This rise in efficacy is largely due to the 

major development in lighting technology over the years. The move from incandescent to 

compact fluorescent lamps (CFLs) has helped in achieving higher efficiency. Figure 1.2 shows a 

comparison study of luminous efficacy for different types of white light lamps
4
. Compared to 

incandescent lamps, both CFL and LED lamps has better performance. But, due to the presence 



2 
 

of toxic materials such as mercury in fluorescent bulbs, it would lead to disposal problems. On 

the contrary, LEDs can be made with non-toxic materials and could also be made smaller than 

the fluorescent and incandescent bulbs that too with higher efficiency. 

 

Figure 1.1: U.S. Electricity Consumption for Lighting by Sector and Lamp Type for the year 

2010 (Adapted from the 2010 U.S. Lighting Market Characterization report
3
) 

 

 

Figure 1.2: Luminous efficacy of different types of white light lamps over the years. (Adapted 

from Narukawa et al.
4
)  
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We have seen a significant growth of LED lighting over the last decade but we are yet to achieve 

its full potential and impact.  To make it more penetrative and energy saving, this technology 

will need further research and marketing support. 

1.2 Different types of LEDs 

There are mainly two types of LEDs based on the type of light-emitting materials used: 

inorganic and organic LEDS. Having potential for higher efficiency, longer lifetimes, 

exceptional control over color tuning, both organic and inorganic light-emitting diodes (LEDs) 

offer new dimensions for lighting technology. Being both economically and energy efficient, it 

would have more demand in our everyday lives. They do not necessarily contain any heavy 

metals and use of any toxic materials can also be avoided. The working principle of LEDs is that 

some materials (like semiconductor NCs, bulk inorganic materials etc.) can emit light when a 

voltage is applied across the device. Although conventional LEDs uses bulk semiconductor 

materials like gallium nitride (GaN) and gallium arsenide (GaAs) as the light emission source, 

these bulk materials have some spectral limitations. Furthermore, these bulk materials are hard to 

fabricate using thin or flexible substrates. In view of these limitations, the best alternative is to 

use films of organic molecules and inorganic semiconductor NCs. 

Semiconductors can absorb and emit light at certain wavelengths based on its bandgap 

and the light emission process in this manner is referred to as electroluminescence. Silicon (Si) is 

one of the popular semiconductor materials and the basis for integrated circuits. Gallium arsenide 

(GaAs), aluminum gallium arsenide (AlxGa1xAs), gallium phosphide (GaP), and gallium arsenide 

phosphide (GaAsxP1-x)
5–8

 were used as semiconductor materials for making first high-efficiency 

light emitting devices and its was done in 1960s . GaAs and AlGaAs based LED emit in the 

infrared wavelengths, ~850 nanometers (nm) while light in the green and red wavelengths
9
 was 
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achieved by using GaP based LEDs.  Efficient blue light LEDs started to appear in early 1990’s 

and were based on III-nitride materials (such as aluminum nitride (AIN), gallium nitride (GaN), 

Indium Nitride (InN))
10–13

. Group IV nanomaterials like silicon have not been studied 

extensively for the purpose of making LEDs partly due to its indirect-bandgap nature. In 

addition, wet chemistry synthesis mechanisms was not that successful in terms of synthesizing 

narrowly size-dispersed Group IV NCs, although, some research have been done in the past 

decades on silicon in view of its application in LEDs
14–16

. In this thesis, we have studied gas-

phase synthesis of silicon and GaN NCs along with surface modification in order to enhance 

their luminescence properties for applications in LEDs. 

1.3 Overview of Silicon Nanocrystals 

Silicon is one of the most common semiconductor materials and has many advantages 

over the other semiconductor materials: inexpensive, nontoxicity, abundancies, and decades of 

experience in purification, growth and device fabrication. Bulk silicon is considered to be the 

main material of today’s microelectronic
17–19

, photonics
20–22

 and solar-photovoltaic
23–26

 

technologies. However, bulk crystalline silicon is not suitable for optoelectronic applications due 

to its indirect energy gap. By bringing down the size of silicon crystal to nanoscale levels, we 

can obtain new properties and functionalities. These Si NCs have opened the way for new and 

interesting applications in photovoltaic, photonic, microelectronic and nano-biotech industries
27–

29
. These Si-NCs are fully compatible with the existing technologies and that makes them even 

more attractive. Hence, Si NCs have a huge technological and scientific interest. It is important 

to know the physical and chemical properties of Si NCs, its production methods, applications and 

characterization. 
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1.4 Photoluminescence and Quantum Confinement 

Optical properties of Si NCs came into limelight and became an important research topic 

when the luminescence from Si NCs was realized. Various models have been used to explain the 

luminescence mechanism of Si NCs, including quantum confinement, surface states, defects in 

silicon oxide, and others. Among these, quantum confinement is the most generally accepted 

theory that accurately describes the size-tunable luminescence from silicon nanostructures. 

 

 

Figure 1.3: Band structure of bulk and nano silicon. (Adapted from Olivier Debieu 

Dissertation
30

) 

 

The quantum confinement model was first proposed by Canham
31

 in 1990 while explaining the 

visible PL from porous silicon. This principle is explained in the above Fig.1.3. When the 

structure size becomes very small, comparable to its Bohr radius (~5 nm for silicon), excitons 

(electron/hole pairs) generated by light gets trapped into a quantum well. The discrete energy 

levels can be calculated using the Schrödinger equation, where energies are inversely 
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proportional to the square of the width of the well, i.e. the nanoparticle size: the smaller the 

nanoparticle, the higher the band gap energy. The first approach was given by calculating the 

energy levels of a spherical quantum well using the approximation of effective mass
30

, 

𝐸(𝑑) = 𝐸0 +  
ℎ2𝜋2

2𝑑2 (
1

𝑚𝑒
∗ +

1

𝑚ℎ
∗ ) −

1.8𝑒2

𝜀𝑖𝑑
                                                                            (1.1) 

where d represents the nanoparticle diameter in nm, me
*
 and mh

*
 represents the electron and hole 

masses respectively; e denotes the electron charge, ɛi is the electric permittivity of Si, and E0 

represents the band gap of bulk Si. The last term in the Eq. (1.1) represents the Coulomb 

interaction energy between electron and hole. Due to the space confinement, wave vectors have 

become broadened and the band structure acts like direct, i.e. a phonon is not needed for 

radiative relaxation. The chances of radiative transitions increase and therefore it is more 

efficient. The consequences of quantum confinement are as follows: band gap widens and 

emission intensities rise with increased confinement. 

From the Eq. (1.1), it can be seen that the band gap energy of nc-Si is inversely 

proportional with the particle diameter. This trend has also been found in experiments and thus 

the theory of quantum confinement is verified. However, luminescence from silicon involves 

many aspects aside from quantum confinement, including surface effects and competing 

radiative and non-radiative exciton decay pathways. For example, it has been observed that 

luminescence is reduced considerably due to the presence of dangling bonds at the nc-Si
32

 

surface as these dangling bonds does not allow radiative recombination to occur. It is also known 

that if hydrogen and/or oxygen atoms are present in the nc-Si surface or surroundings, they 

contribute a lot in passivation of the dangling bonds and eventually in increasing the PL 

intensity. 
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There are several other models/theories that have arisen for explaining the PL of Si NCs 

from several experimental results. The possible alternate model/theories are radiative surface 

states and interface states, the radiative and non-radiative defects, effect of compression, 

hydrogenated amorphous silicon, surface hydrides (Si-Hx) etc
30

. However, the most likely 

accurate theory is the quantum confinement model by Canham
30

. This model explained the 

relation of nanoparticle size and its luminescence, broad PL spectra and the dependency of 

emission energy on the luminescence life-time. 

Unlike silicon, which possesses an indirect bandgap (nano silicon acts more like a direct 

band gap semiconductor); GaN is a direct bandgap semiconductor material and therefore, its 

light emission mechanism is different from that of silicon. According to Pauli principle, the 

presence of an occupied state in the conduction band and an unoccupied state in the valance band 

(known as holes) is required for the PL process
33

. Emission of a photon occurs when these 

electrons and holes recombine and recombinations could be of two types: radiative and non-

radiative. 

Radiative recombination occurs when an electron in the conduction band annihilates a 

hole in the valance band and releases the excess energy in the form of a photon. The possibility 

of radiative recombination of electrons and holes depends on the band structure of a 

semiconductor. In order to have radiative recombination, the electron and hole have to be very 

close so that their wave functions can overlap spatially (shown by the arrows in Figure 1.4)
33

. 

Figure 1.5 showed the dispersion relation of electrons and holes and it is parabolic in nature 

similar to a free electron
33

. For direct-bandgap material like GaN, electrons will be thermally 

equilibrated to the valance band minimum and similarly for holes with the conduction band 

maximum
33

. In direct band-gap, the emitted photons have negligible momentum (k) and 
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therefore both electrons and holes have a common k according to momentum conservation. 

While for silicon, which has indirect band-gap, emission of photon is rare and has to be 

accompanied by phonon-assisted momentum transfer. Although, silicon nanocrystal (Si NC) acts 

as a direct bandgap semiconductor due to the overlap of wave functions as shown in Figure 1.3. 

These Si NCs exploit the effects of quantum confinement due to its small size comparable to 

wavelengths of electrons. 

 

Figure 1.4: Depiction of electrons from the conduction band recombining with the holes from the 

valance band of a semiconductor.(Adapted from Martin Wӧlz Dissertation
33

 and E. Fred 

Schubert (Second Edition, 2006)
34

 ) 

 

Figure 1.5: Band structure of a direct-bandgap semiconductor (GaN) showing electron-hole 

recombination in momentum space. (Adapted from Martin Wӧlz Dissertation
33

 and E. Fred 

Schubert (Second Edition, 2006)
34

) 
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1.5 Outline of Presented Work 

This thesis studies the different aspects of semiconductor nanomaterials (specifically, 

Silicon and Gallium Nitride), starting from its fabrication using a fully gas-phase process, 

treatment factors relating to enhance PL intensity, applications for stretchable devices (mainly 

LEDs) etc. 

Chapter 2 provides the detailed information about synthesis of silicon nanoparticles using 

non‒thermal plasma and a fully gas‒phase process. We will talk about certain advantages of 

non‒thermal plasma and gas‒phase synthesis process over other available processes for silicon 

and gallium nitride (GaN) nanoparticle synthesis. We will also explain the liquid‒phase surface 

functionalization process for SiNCs with 1‒decene to improve their quantum yield, which will be 

used to prepare NCs for device fabrication (LEDs). Finally, we will talk about different kinds of 

characterization techniques used throughout this thesis along with its brief working principle to 

give a better understanding of these characterization schemes and its usefulness in characterizing 

our samples. 

In Chapter 3, luminescent stretchable films of SiNCs are discussed. We have 

demonstrated the first all-gas-phase deposition of luminescent NCs onto elastomeric substrates 

(polydimethylsiloxane, PDMS). The films show wrinkling in response to pre-stretch of the 

PDMS substrates, as well as structural changes compared to SiNCs deposited on Si wafers. The 

SiNCs on relaxed PDMS exhibit blueshifted luminescence compared to SiNCs on Si wafer, with 

decreased blueshifting observed for the wrinkled SiNC films which had been deposited on 

prestretched PDMS. Our experiments confirm that the blueshifting effect is due to enhanced 

oxidation on PDMS, caused by the air-permeability of PDMS and thus oxidation of the SiNC 

films from all sides as opposed to the top-down-only oxidation that occurs for SiNCs on Si 
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wafers. This work has been submitted to the journal ACS Applied Materials and Interfaces with 

the title “Aging of Silicon Nanocrystals on Elastomer Substrates: Photoluminescence Effects”. 

In Chapter 4, we have successfully performed non‒thermal plasma synthesis of GaN 

nanocrystals (GaN NCs) in a fully gas‒phase mode. Trimethyl gallium (TMGa) was used as 

gallium precursor and ammonia (NH3) as nitrogen precursor along with argon as the background 

gas. By performing a parametric study with different combination of flowrates and RF power, we 

successfully synthesized crystalline GaN nanoparticles. These nanoparticles were thoroughly 

characterized by Transmission Electron Microscopy (TEM), X‒Ray diffraction (XRD), Raman 

spectroscopy, X‒ray photoelectron spectroscopy (XPS), Fourier Transform Infrared 

Spectroscopy (FTIR), PL measurement and found out to be hexagonal GaN NCs with 

stoichiometric ratio of 1.4:1 (Ga:N). We have discussed some additional studies that are in 

progress to achieve proper stoichiometric (1:1) GaN NCs. To prove the versatility of this 

process, different sizes of NCs were produced just by changing the reactor geometry and gas 

flow rates. This process will hopefully expand the range of substrates that can be used for GaN 

synthesis. We are preparing this work for submission to Nano Letters under the title “Gas‒Phase 

Synthesis of GaN Nanocrystals using Non‒Thermal Plasma”. 

Chapter 5 describes surface nitridation of SiNCs in a single step process using non‒

thermal plasma. Oxidation can introduce dangling bond defects in SiNCs and also cause a PL 

shift. In an attempt to prevent the oxidation of Si NCs and to enhance its luminescence 

properties, we have tried to grow a shell of silicon nitride around SiNCs. Upon successful 

synthesis, these NCs can be used for different applications like lithium-ion batteries, solar cells, 

LEDs etc. By means of a series of experiments which involved different reactor configurations, 

RF power, location of N2 injection, electrode positioning, N2 flowrate, we confirmed that 
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maximum PL and minimum oxidation occurs when these nanocrystal are synthesized using a 

dual plasma process with N2 gas being injected in between two plasmas. These NCs were 

characterized thoroughly using FTIR, XPS, TEM, PL measurement and found out to be oxidized 

when exposed to atmosphere that led to the decrease of Si NC core size (~ 0.6 nm decrease in 

NC core diameter over a period of 1 month). In order to prevent the oxidation, a critical 

thickness of SiNX layer is to be achieved. We have discussed some on-going work in order to 

achieve this critical thickness. This work will be submitted to the journal ACS Applied Materials 

and Interfaces with the title “Surface Nitridation of Silicon nanocrystals in a Single Step process 

using Non‒Thermal Plasma”. 
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CHAPTER 2 

Synthesis of Semiconductor Nanocrystals using Non-Thermal Plasma 

2.1 Synthesis of Silicon Nanocrystals 

Synthesis techniques for SiNCs are diverse and result in a range of nanostructure features 

like crystallinity, dangling bond density and surface termination. Starting with the liquid-phase 

reactions like thermal degradation of diphenylsilane
35

, and chemical reactions such as the 

reaction of silicon based salts with other compounds
36

, which have achieved great success in 

synthesizing luminescent Si NCs. Several studies have been reported on aerosol techniques for 

the synthesis of Si NCs, such as laser and thermal deposition/decomposition of silane
37–40

, ion 

implantation or plasma-enhanced chemical vapor deposition (PECVD) of SiOx/Si films with 

subsequent annealing
41–43

 and atmospheric pressure plasma synthesis
44–46

. Although these 

methods can be useful for making Si NCs, they have certain limitations. In case of atmospheric-

pressure synthesis methods, for example, laser pyrolysis, the size distribution of the 

nanoparticles were typically wide (~ 2–120 nm, lognormal size distribution)
47,48

 which needs to 

be narrowed down after synthesis in order to effectively use it as light-emitters in wavelength-

specific applications. Additionally, there is often oxidation of the nanocrystal surface that can 

affect its optoelectronic properties, hamper further processing and typically require another 

process to remove the oxide layer. 

Another synthesis route is via plasma reactions. A plasma reactor can be designed in such 

a way that only constitutive elements will come into contact with the emerging nanoparticles, 

except protective and inert gases. This enables the production of high quality pure nanoparticles 

which is a very important prerequisite specifically for semiconductor applications. For example, 

in contrast to the above described laser pyrolysis, SiNCs can be formed in plasmas without any 
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oxide growth. Besides, using the gas phase synthesis, sizes can be controlled accurately with 

adjustable particle structure and the surface will be hydride-terminated which allows this process 

to be flexible in post-synthesis processing routes
49

. Another advantage is that the nanoparticles, 

which are coming out from the plasma, have a lesser degree of agglomeration compared to other 

methods as all the nanoparticles are negatively charged. Non-thermal plasmas has a broader 

operational window for nanoparticle synthesis as it can operate at low pressure as well as 

atmospheric pressures
46,50–53

. Prevention of oxidation of as-produced silicon nanoparticle 

surfaces can be done just by storing them in a nitrogen-purged glove box. In this way, it is 

possible to preserve the Si NC core as well as its surface which has a native hydride coverage 

that will definitely help in doing wet-chemistry functionalization of these NCs. 

Synthesis of Si NCs (diameter < 10 nm) using plasmas have been studied thoroughly 

since early 1990s owing to its major application in several areas
53

, although most of the studies 

from early 1990s were based on the detrimental effects of plasma on silicon thin films. The 

Kortshagen group
50,54

 was one of few who have synthesized Si NCs for application purpose and 

they used a continuous flow non-thermal plasma for that purpose. Nanoparticle heating inside the 

plasma was modelled by Mangolini et al.
55

 and detailed analysis of plasma-induced 

crystallization mechanism for SiNCs was performed by Kramer et al
56

. Defect free NCs are 

really important for application purposes and Pereira et al.
57

 have studied the defect control for 

freestanding SiNCs produced from non-thermal plasma.  Liquid-phase surface passivation of as-

produced Si NCs was performed by Mangolini et al.
58

 and photoluminescence quantum yields 

(PL QY) of ~ 60‒70% were achieved. Effect of power on the level of crystallinity for SiNCs was 

carried out by Anthony et al
59

. The Kortshagen group
60,61

 has also studied the gas-phase surface 

passivation of SiNCs and an all-gas-phase approach for the fabrication of   SiNC based Light-
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Emitting Diodes (LEDs). Gas-phase hydrosilylation of plasma-synthesized SiNCs were also 

performed by Agarwal Group
62

. Agarwal et al.
63

 have done a measurement study of absolute 

radical densities in plasma using mass spectrometry. Plasmonic properties of boron and 

phosphorus doped  SiNCs were analyzed by Kramer et al
64

 and Zhou et al
65

. For colloidal 

stability and doping of SiNCs, Wheeler et al
66

 has performed a study on hypervalent surface 

interactions.  

This low-pressure non-thermal plasma has been extensively studied not only for SiNCs 

but also for germanium nanocrystals (Ge NCs)
67

, compounds like indium phosphide
68

 and 

gallium nitride
69

, and also for alloys i.e. silicon-germanium nanoparticles
70

. Holman et al.
67,71

 

have studied size-controllability, monodispersity and the effect of impaction on film thickness 

for Ge NCs produced from non-thermal plasma. A numerical study was performed by Le Picard 

et al.
53

 to understand the synthesis of SiNCs in radio frequency (RF) low-pressure plasma and 

also investigated the mechanism of particle growth. 

Atmospheric plasma synthesis is also a very powerful tool for nanocrystal synthesis. 

Sankaran et al.
46

 have synthesized blue luminescent silicon nanoparticles (SiNP) using 

atmospheric-pressure microdischarges. Microplasma was also used by Nozaki et al 
44,72

 and Wu 

et al 
73

 for the synthesis of tunable luminescent SiNCs and water-soluble SiNCs respectively. 

Atmospheric plasma has also been used for the synthesis of zinc oxide nanocrystals (ZnO 

NCs)
74

. Here, we use a low-pressure nonthermal plasma reactor for the synthesis of Si NCs and 

GaN NCs. 

The schematic diagram of the plasma reactor for SiNC synthesis is shown in Fig. 2.1. 

This model of the reactor was developed by Elijah Thimsen and Lorenzo Mangolini of the 
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Kortshagen Group at the University of Minnesota in 2005 and has been well-studied
50,59,75,76

. The 

flow-through reactor consists of a Pyrex tube with an Outer Diameter (O.D.) of 12.7mm in the 

top portion and 25.4mm in the bottom portion. The tube is 304.8mm long and the expansion area 

is 177.8mm from the top. Argon and Silane (1% in Argon) are flown through the quartz tube and 

a pair of ring copper electrodes is wrapped around the tube. The position of the ring electrodes 

are such that the bottom edge of the ground electrode will be 2cm above from the starting of the 

expansion region. The thickness of the electrodes is around 1cm and the distance between the 

inside edges of the electrodes is 1.5cm. The upstream pressure was in the range of 1.85‒2.7 Torr 

with downstream pressure being 160‒300 mTorr (with the flowrates of Ar = 5‒30 standard cubic 

centimeters per minute (sccm) and SiH4 (1% bal. Ar) = 50‒80 sccm) and can be kept constant 

using an orifice plate. The bottom electrode is grounded and the upper one is connected to 13.56 

MHz radiofrequency (rf) power supply via an impedance matching network. The matching 

network has been assembled in our lab, and is depicted in Figure 2.2. 

 

Figure 2.1: The Plasma Reactor (a) Schematic (b) Experimental setup. 
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The rf power excites plasma in the tube and dissociates the silane which leads to the nucleation 

and growth of Si nanoparticles. For most of the experiments the Si NCs are collected on 

substrates via the inertial impaction technique
71

. Except for air-sensitive measurements, these 

samples were kept in open air environment. For surface functionalization of as-produced Si NCs, 

nanoparticles were collected on stainless steel mesh via diffusion and kept under nitrogen 

environment. 

There are several parameters which are responsible for the growth and crystallinity of the 

synthesized SiNCs, such as, supplied power, mass flow rate, pressure and temperature. We have 

used different combination of flow rates of Argon and Silane. Two different pressure gauges 

have been used, one at upstream of the slit-shaped orifice (Range: 10 Torr) and the other one at 

the downstream of that orifice (Range: 1 Torr). At first, we did a power study by keeping all 

other properties constant to find out the optimized power for the system as it is known that the 

overall crystallinity of the ensemble of collected nanoparticles depends on power
59

. After 

studying a power range from 15‒60 W, we found that 25W is the optimum power that produces 

crystalline silicon nanoparticles. Crystallinity has been verified with XRD, TEM, and Raman 

Spectroscopy. 

 

Figure 2.2: Photograph (Top View) and schematic of the matching network. 
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In order to achieve higher quantum yield from these Si NCs, liquid-phase surface-

functionalization was performed using a thermal hydrosilylation reaction
58,77

. For this purpose, 

we have collected the NCs onto a stainless steel mesh and then immediately transferred to a 

nitrogen-purged glove box to avoid any oxidation. Inside the glove box, these filters with Si NCs 

were kept in vials sealed with rubber septum. When we were ready to start the functionalization 

process, we took out the sealed vials and put it under the N2 line using a Schlenk line to avoid 

any oxidation. The functionalization solution is prepared by mixing mesitylene and 1-decene in 

5:1 volume/volume ratio. This solution was then degassed and dried by putting some molecular 

sieves (size 4Ǻ) into it and heating it at 50
0
C under the N2 environment for 30 mins. Mass of the 

NCs were ~ 10 mg and to make it 1:1 (mass/volume) ratio for SiNCs: functionalization solution, 

we transferred 10 ml of functionalized solution into the vial using the Schlenk line. Then, we 

sonicated the vial containing NCs and solution for 5-10 mins so that it mixes properly. After that, 

we transferred the solution into a prepared bulb and refluxer tube setup which was being placed 

in a sandbath heater. Figure 2.3 is showing our functionalization setup including Schlenk line. 

 

Figure 2.3: Schlenk line setup for functionalization of Si NCs. 
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We heated the sample at 170
0
C (based on 1-decene boiling point temperature) under N2 

flow and it took approximately 2 hours to complete the reaction indicated by formation of a clear 

solution. During the course of the reaction, cold water was flown through the refluxer tube to 

recondense the evaporated solvents so that the solution does not dry out. This thermal 

hydrosilylation process has been used extensively for silicon surfaces
78

 and has been described 

for plasma-produced SiNCs
77

. 

2.2 Synthesis of Gallium Nitride (GaN) Nanocrystals 

A low-pressure nonthermal plasma reactor has also been used for the synthesis of GaN 

NCs. The reactor geometry and dimensions are different than the SiNC reactor but the principle 

is the same. We have used trimethylgallium ((CH3)3Ga, TMGa) as Gallium (Ga) precursor, 

ammonia (NH3) as nitrogen source, and argon (Ar) as a background gas. Power was supplied 

from a RF power source via a matching network to the electrodes which excited the plasma 

causing the precursor to dissociate. These precursor fragments then grouped together and grew to 

form nanoparticles. We will talk about the detailed synthesis process for GaN NCs in Chapter 4. 

2.3 Nanoparticle Characterization 

The nanoparticles are really important owing to their applicability in vast areas and they 

are normally divided into two categories: engineered and nonengineered
79

. Engineered particles 

are the one which are created or produced according to our needs by following a standard 

procedure. They could be the final products (like quantum dots) or some intermediate products 

depending on the application purpose. On the contrary, nonengineered nanoparticles could either 

be produced by nature or are created without any intent. Depending on the application area, 

nanoparticles can exists in various forms, for example, aerosols, colloids, nanocomposites, 

nanopowders etc. In this thesis, we have synthesized Si NCs and GaN NCs using a gas-phase 
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process in view of application in several areas and these NCs definitely falls under the category 

of engineered nanoparticles. 

Due to their small size, these nanoparticles have different properties as compared to their 

bulk counterparts and also have surface dependent material properties due to extremely high 

surface area to volume ratio. There are several types of characterization techniques available and 

few are listed below (in brackets showing the characterization techniques used for our study). 

 Optical (Imaging) Probe Characterization Techniques 

 Electron Probe Characterization Techniques ( SEM, TEM) 

 Scanning Probe Characterization Techniques (AFM) 

 Photon(Spectroscopic) Probe Characterization ( Photoluminescence) 

 Ion-Particle Probe Characterization Techniques (Raman Spectroscopy, XRD, 

EDX ) 

 Thermodynamic Characterization Techniques 

2.3.1 Scanning Electron Microscopy (SEM) 

SEM is an electron microscope which creates images of samples by scanning it with a 

focused beam of electrons. The basic principle is that a beam of electrons strikes the sample 

surface and after interaction with the sample atoms, it generates signals. These generated signals 

are typically secondary electrons, back scattered electrons and characteristics X‒rays and gives 

us important information regarding the sample’s surface topography, composition, etc. The SEM 

operates in three different modes: primary (high resolution; secondary electron imaging), 

secondary (elemental composition analysis by EDX; Characteristic X‒Rays) and Tertiary 

(elemental composition of sample; back-scattered electronic images). 
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We have used a Carl Zeiss Auriga Dual Column FIB SEM at the Composite Materials & 

Structures Center (CMSC), MSU. Surface structures, sample porosity, film thickness and sample 

composition were verified using SEM. One of the major drawbacks of this method is that the 

sample must be a good conductor at the surface for high image quality. SEM can give some 

valuable information regarding the purity and degree of aggregation. 

2.3.2 Transmission Electron Microscopy (TEM) 

TEM is a high magnification imaging technique where a beam of electrons transmits 

through the sample and gives us important information regarding the sample’s crystallographic 

structure in atomic scale. The basic principle of TEM is that a high energy beam of electrons 

impinges on a very thin sample‒electrons are transmitted through the sample, scattering off of 

features and providing an atomic‒scale image. TEM is the preferred method for the measurement 

of nanoparticle size, grain size along with overall size distribution, and of crystallinity of 

nanoparticles. 

A JEOL 2200FS ultra-high resolution transmission electron microscope from Center for 

Advanced Microscopy, MSU was used for our project. Selected Area Electron Diffraction 

(SAED) is a TEM technique which can be used to obtain the diffraction patterns resulting from 

the electron beam scattered by the sample lattice. Dr. Xudong Fan helped us in performing TEM 

analysis for our samples. Special thanks to Alborz for helping us with few TEM analyses. 

2.3.3 X-ray Diffraction (XRD) 

XRD can be used to obtain several characteristics of the single crystal or polycrystalline 

materials using the principle of Bragg’s Law. In this technique, a parallel beam of 

monochromatic x-rays hits the sample (sample could either be on a fixed stage or on a rotating 

stage for averaging purpose) and the gets diffracted from the sample surface at some specific 
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angle as the atomic lattice works as a three dimensional diffraction grating. The diffraction 

pattern gives us important information regarding the sample in terms of diffracted beam position 

(angles) and its corresponding intensities. We can find out the interplanar atomic spacings (d-

spacings) from the angles and the intensity coupled with the angles is very useful in identifying 

the crystalline material or compound. We can also figure out the crystal orientation from the 

position of those diffracted peaks and crystallite size in the sample can be calculated from the 

width of the diffracted peaks. 

 

Figure 2.4: Typical X‒ ray diffraction setup (Adapted from ref. 80). 

A Bruker Davinci Diffractometer from the Center of Crystallographic Research, MSU was used 

for the characterization of our samples. For our samples, which are in film format, a larger 

volume of sample was required to get proper signals. 

2.3.4 X‒ray Photoelectron Spectroscopy (XPS) 

XPS is a widely known surface characterization technique that can analyze a sample to a 

depth of 2 ‒ 5 nm. We can get the information about which chemical elements are present near 

the surface and what is the nature of chemical bonds that exist between these elements. XPS 

works on the photoemission principle which states that when an x ‒ ray bombards a sample, 
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some electrons become excited enough to escape the atom
81

. Irradiating a sample with x‒rays of 

adequate energy excites the electrons in specific bound states. Once these photo-ejected electrons 

are in the vacuum, an electron analyzer will collect them and will measure their kinetic energy. 

This electron analyzer will create an energy spectrum of intensity (number of photo-ejected 

electrons vs time) vs binding energy (the energy of the electrons before they left the atom). 

Elemental analysis can be performed as each prominent energy peak corresponds to a specific 

element. Therefore, by integrating the area under each peak, we can get an idea about the 

composition percentage of the sample surface as each peak area is proportional to the total 

number of atoms present in each element. 

A Perkin Elmer Phi 5600 ESCA system from CMSC, MSU was used for XPS analysis 

with magnesium Kα X‒ray source at a take‒off angle of 45
0
. Dr. Per Askeland helped us in 

performing XPS analysis for our samples. 

2.3.5 Photoluminescence Spectra and Quantum Yield (PL & QY) 

PL is the light emission from a sample after it absorbs photons (electromagnetic 

radiation). This process is initiated by the photoexcitation (excitation by photons) and is one of 

the many forms of luminescence. After the excitation process, several relaxation processes 

occurs where other photons are re-radiated. Time gap between the absorption and emission 

process may vary depending on the type of material. PL contains useful information that can 

assist in sample analysis. The color and intensity of PL give information about nanocrystal size, 

surface states, and several other information regarding the nanocrystal. 

PL can be useful to study crystal defects, like atomic vacancies and substitutions and the 

nanocrystal size can also be calculated based on the emission peak wavelength. PL Quantum 

Yield (QY) is the measurement of sample efficiency in terms of light emission. It is calculated 
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by dividing the number of photons emitted by the sample with the number of photons absorbed 

by it. PL measurements were performed using an Ocean Optics, Inc. USB spectrometer and 

optical fiber. The PL was excited using three different LED (peak at 265 nm, 325 nm and 395 

nm respectively). An Ocean Optics integrating sphere was used for QY measurements. 

2.3.6 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is a kind of surface measurement technique. Molecular vibrational frequencies for 

many compounds lie in the IR region of the electromagnetic spectrum and therefore can be 

measured by this technique. In FTIR, a polychromatic infrared light is passed through a sample 

and these transmitted light intensities are measured corresponding to each frequency. Due to IR 

absorption by surface species, a transition occurs from the ground vibrational state to the excited 

vibrational state inside the molecules. The IR light is collected after interacting with the sample, 

and the absorbed frequencies indicate which surface bonds are present in the sample. 

 A Bruker Alpha Fourier Transform Infrared (FTIR) spectrometer has been used for our 

samples in diffuse reflectance mode. 

2.3.7 Raman Spectroscopy 

Raman is a spectroscopic technique that can be used to measure mainly vibrational and 

rotational modes in a sample, but it is also useful for other low-frequency modes. In this type of 

spectroscopy, the sample is irradiated with photons of known energy (laser light). This laser light 

then interacts with the sample and the presence of molecular vibrations or phonons in the sample 

makes it more interesting. Due to these interactions, the energy of the photons from laser light 

can increase or decrease and based on this energy change, we can get useful information 

regarding different modes in the sample. This information can be used to identify the species in 
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the bulk of a sample and is useful for classifying the crystal structure and identity of nanoparticle 

samples. 

We have used a HORIBA Jobin-Yvon LabRAM ARAMIS Raman confocal 

microscope/spectrometer from CMSC, MSU, to perform spectroscopic analysis and a 532 nm 

laser was used to excite the sample. 

2.3.8 Electron Paramagnetic Resonance (EPR) 

EPR is a technique used for the detection of species with unpaired electrons. It is also 

known as Electron Spin Resonance (ESR). Interestingly, a lot of materials have paramagnetic 

defects and therefore can be detected by EPR. We have used this technique to figure out whether 

our synthesized nanoparticles have any defects. 

EPR is a magnetic resonance technique and we are trying to detect the unpaired electrons 

with the help of magnetic field
82

. Due to the applied magnetic field, the orientation of these 

paramagnetic electrons would be either parallel or antiparallel with the direction of magnetic 

field. Due to this, two different energy levels will be formed: lower energy level and upper 

energy level. To excite the electrons from the lower energy level to the upper energy level, a 

specific microwave frequency is required. This microwave frequency should be matched by the 

energy gap (energy difference between the lower and upper level) of the external magnetic field 

in order for transition to occur. This is known as EPR resonance (or absorption). 

A Bruker ELEXSYS‒II E580 EPR model from Department of Chemistry, MSU was used 

to perform the spectroscopic measurement. A 5 mm medium wall suprasil EPR sample tube was 

used to prepare the sample. Prof. John McCracken helped us in performing EPR analysis for our 

samples.  
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CHAPTER 3 

Stretchable Luminescent films of Silicon Nanocrystals 

Note: reproduced in part with author permission from R. Mandal and R. Anthony, 2016 

(Submitted). 

3.1 Introduction 

SiNCs and Si-based nanostructures have a special place in the broader nanotechnology 

field. Silicon plays a major role in the semiconductor industry and offers some great advantages. 

New properties and functionalities arise for nanoscale Si, which exhibits efficient and tunable 

luminescence
31,50,58,83

. Additionally, emerging applications involving stretchable and flexible 

electronics for optoelectronic applications such as in-situ health monitoring, display technology, 

and inexpensive, versatile LEDs and solar cells are not feasible using bulk semiconductors. 

Therefore, nano‒Si could be a great alternative for these applications. 

In any NC-based application, incorporating the NCs into the device architectures presents 

a novel challenge, particularly when deformable substrates for flexible/stretchable devices are 

required. Many deposition schemes involve solvent processing (spin- or drop-casting) or high 

temperatures, precluding deposition directly onto elastomeric substrates like PDMS. Gas-phase 

inertial impaction, however, can sidestep many of these issues by allowing NCs to directly 

impinge upon substrates from the vapor phase, eliminating solvents and high temperatures
60,71,84

. 

This inertial impaction opens the door to creating next-generation stretchable and flexible 

devices using the exciting tunable properties of NCs. 

Here, we present results on inertial impaction of plasma-produced Si NCs onto elastomer 

substrates. The resulting SiNC films formed surface instabilities / wrinkles when the substrates 
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were relaxed. Our initial measurements also indicated that the PL peak wavelength depended on 

the stretch state of the elastomer during deposition. Further investigations led us to the 

hypothesis that the PL shift is in fact due to enhanced oxidation of the SiNCs on PDMS 

substrates. These results point towards an enhanced understanding of SiNC film formation on 

stretchable substrates, and can be expanded to other vapor-phase-deposited NCs. In turn, these 

results will be used to design and engineer novel device applications such as 

stretchable/bendable LEDs, displays, and others. 

3.2 Experimental Details 

We have used a nonthermal low pressure plasma reactor for the synthesis of Si NCs, as 

discussed previously
50

. The flow-through reactor consists of a pyrex tube with an Outer Diameter 

(O.D.) of 1.27cm in the top portion and 2.54cm in the bottom portion. The tube is 30.5cm long 

and the expansion area is 17.8cm from the top. Argon (Ar) and silane (SiH4, 1% in Ar) were 

flown through the Pyrex tube, and 13.56 MHz radiofrequency (rf) power was supplied via dual 

ring electrodes encircling the upper portion of the tube. The gas flowrates for Ar and SiH4/Ar 

were 5-30 sccm and 50-80 sccm respectively. The pressure in the reactor was kept at 1.85-2.6 

Torr using a slit-shaped nozzle orifice, and was 160-300 mTorr downstream of the orifice. The 

described conditions led to synthesis of crystalline Si NCs of diameter 4-5nm, as confirmed 

using TEM, x-ray diffraction (XRD), and Raman spectroscopy. The slit-shaped orifice at the 

reactor base accelerated the Si NCs and they inertially impacted onto the substrates 

underneath
60,71,84

. For most of the experiments, Si NCs were deposited onto 

polydimethylsiloxane (PDMS) films and bulk silicon wafers. The deposition was performed by 

rastering the substrates beneath the orifice at a standoff distance of ~3mm.  Following synthesis, 

the samples were stored in air. 
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 PDMS was prepared in the lab using Sylgard 184 (Dow Corning Corp.). The prepolymer 

base (PDMS monomer) and the cross linking agent were vigorously mixed in a 10:1 weight ratio, 

then degassed in a vacuum desiccator for 20-25 minutes until all the air bubbles were removed 

from the mixture. Pre-measured amounts of the mixture were cast into plastic petri dishes, 

leading to film thicknesses of ~ 0.5 mm. The PDMS was then heat-cured using a hot plate at 

60ºC for 2-3 hrs. The PDMS was cooled at room temperature and cut into small substrates of 

dimensions 28mm × 12mm. SEM image of this PDMS film shows (Figure 3.1) random micro 

ridges at the film surface. For PDMS films, which are not conductive, we had to coat it with 

tungsten (W) for better SEM imaging. 

 

Figure 3.1: SEM image of a typical PDMS surface. 

With the aim of making stretchable film of Si NCs, a stretching stage has been designed and 

manufactured based on our reactor geometry (see Figure 3.2). This stretching stage can easily be 

coupled with the push rod. One end of this stage is fixed and the other end can move on a 

1 μm 
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threaded screw and is controlled by a knob attached with the screw. Based on the dimension of 

our PDMS films, this stage can stretch the film to more than 100% of its actual length. 

 

Figure 3.2: Stretching stage coupled with the push rod. 

PL measurements were performed using an Ocean Optics, Inc. USB spectrometer and 

optical fiber. The PL was excited using a UV/blue LED (peak at 395nm). The measurements 

were performed in air. FTIR study has been performed using a Bruker Alpha-FTIR instrument 

with a diffuse-reflectance (DRIFTS) module to understand the surface properties of the Si NCs. 

Scanning Electron Microscopy (SEM) has been performed using a Carl Zeiss Auriga Dual 

Column FIB SEM at The Composite Materials and Structures Center (CMSC) and for TEM, we 

have used JEOL 2200FS ultra-high resolution transmission electron microscope at the MSU 

Center For Advanced Microscopy. A Kaiser Optical Systems Holoprobe Raman Spectrograph 

setup from W. M. Keck Microfabrication Facility, MSU has been used to perform Raman 

analysis of Si NCs. XRD of our Si NCs was performed in the Center for Crystallographic 

Research, MSU using a Bruker Davinci Diffractometer. 

 

 

Moving part Static part 

Knob 



29 
 

3.3 Results and Discussions 

This research is the first investigation to our knowledge of inertial impaction of 

nanomaterials onto elastomeric substrates, and our first experiment was to deposit a thin layer of 

Si NCs onto a relaxed PDMS substrate as well as a silicon wafer substrate to compare the 

appearance and PL of the resulting films. In addition, the house-built stretching stage allowed us 

to prestretch the PDMS before deposition, and then allow it to relax. Henceforth, we refer to 

samples produced on prestretched PDMS according to their “stretching ratio”, meaning the ratio 

of the length of the PDMS during the stretching/deposition to its length when relaxed. We 

produced SiNCs on silicon wafer, relaxed PDMS, and PDMS at stretching ratios of 10%, 20%, 

and 40%. 

Before going into the experiment of stretchable film, we have performed the nanoparticle 

characterization using a variety of instruments. To verify the crystallinity of Si nanoparticles (Si 

NPs), XRD measurement has been performed. XRD patterns clearly shows peaks from the [111], 

[220] and [311] crystallographic planes at 28.46
0
, 47.51

0
 and 55.91

0
 respectively as shown in 

Fig. 3.3. 

 

Figure 3.3: X-ray diffraction patterns from Si nanoparticles. 

20 25 30 35 40 45 50 55 60

X
R

D
 I

n
te

n
s
it

y
 (

a
.u

.)
 

2θ (degrees) 

(220) (311) 

Input Power: 25W 
(111) 



30 
 

Raman vibrational spectroscopy was also performed to validate the XRD results and the 

emergence of a peak at 514.81 cm
-1

 (see Fig. 3.4), corresponding to nanocrystalline Si, 

strengthens our conviction that we have crystalline nanoparticles. Our results from XRD and 

Raman spectroscopy were found to be in good agreement with the published literature
85–87

. TEM 

analysis has also been performed to characterize the nanoparticle size and its microstructure (see 

Fig. 3.5). 

 

Figure 3.4: Raman vibrational spectroscopy from Si nanoparticles. 

 

Figure 3.5: High resolution TEM images showing Si NCs. 

TEM analysis validated the crystallinity of Si nanoparticles. Microscopy was performed 
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microscope. We used graphene-coated copper grids and deposited Si NCs using drop-casting 

from ethanol. The size of these NCs is ~ 5nm which is important for light emission purposes. In 

these images, the lattice fringes from crystalline silicon are clearly visible-indicating the fact that 

the crystallinity of these nanoparticles is high. 

In order to get an idea of the surface bonding of the nanoparticles, we have studied the 

FTIR spectra (see Fig. 3.6). Sample for this study is prepared by using 50 sccm of SiH4, 5 sccm 

of Ar and 25W of electrical input power. 

 

Figure 3.6: FTIR spectra from Si NCs. 

FTIR analysis was performed right after the deposition of nanoparticles. A Bruker Alpha 

FTIR spectrometer was used for this purpose in diffuse reflectance mode. The absorption bands 

can be assorted into three groups.  The bands located at wavenumber k= 3420 cm
-1

 can be 

attributed to Si-OH vibrations in surface bound hydroxyl groups. The absorption bands at wave 

numbers, k = 2105 cm
-1

, k = 2139 cm
-1 

represents Si-H stretching vibration and k= 908 cm
-1

, k = 

860 cm
-1

 represents Si-H bending/wagging vibrations at the Si surface. This showed that the 

particles are primarily covered with hydrogen and confirmed the presence of chemically bound 
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H atoms on the surface of the SiNCs
88

. The peak at wavenumber k = 1052 cm
-1

 is very small and 

it represents a partial surface oxidation of the silicon nanoparticles. The fact behind this partial 

oxidation is the time taken to transfer the sample from the reactor to the FTIR, when it was 

exposed to air. 

The Si NCs were produced without hydrogen injection into the plasma, causing them to 

have a nontrivial surface defect density and thus PL QY of only several percent immediately 

after deposition
61

. Thus, to measure their PL, we have waited 1-2 days after their deposition on 

substrates to allow ambient-air oxidation to begin to cap the defects and increase the samples’ PL 

intensities. The results of these PL measurements were surprising: Despite using exactly the 

same recipe for synthesis, the PL from SiNCs on PDMS was significantly blueshifted in 

comparison to the PL from SiNCs on silicon wafer (up to 80nm) (Fig. 3.7 (a)). The PL peak 

should, in principle, depend on the Si NCs themselves and not their substrate, and so we found 

this result to be puzzling. Even more intriguing, we found that the PL peak for the Si NCs on 

prestretched PDMS actually shifted back towards the peak position for Si NCs on silicon wafer 

(see Fig. 3.7(b)). 

As the Si NC recipe was the same, we expected the PL peak to remain constant 

regardless of substrate – and so we began to consider possibilities to cause the PL to shift. Our 

first hypothesis regarded possible changes to the film microstructure. The Bohr exciton radius for 

silicon is near 5nm
89,90

, which is very close to the size of these Si NCs. We realized that the PL 

peak of the Si NCs would possibly be dictated by the Si NCs’ proximity to one another, as the 

effective grain size (and thus spatial confinement of the exciton) will depend on the packing of 

the NCs in the films. More densely packed NCs would thus have a redshifted PL peak compared 

to loosely packed NCs. 
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Figure 3.7: Photoluminescence spectra (a) different substrate (b) different stretching ratio of 

PDMS (c) different thickness of PDMS films 
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To be consistent with this hypothesis, the NCs on PDMS would have to be more loosely 

packed than the NCs on silicon wafer. However, both top-down and cross-sectional SEM images 

(Fig. 3.8) confirmed instead that the Si NC layers on PDMS were more densely packed 

compared to layers on silicon wafer. 

 

Figure 3.8: SEM images of Si NC films: (a) & (c) on Si wafer, (b) & (d) on PDMS. 

To perform SEM, SiNC films on both Si Wafer and PDMS were coated with 3nm of Tungsten 

(W) to have better contrast. For 10 min deposition time, thickness of the film was ~ 1 μm. The 

SiNC film deposited on PDMS has significantly different morphology as compared to the film 

deposited on Si wafer. Films on PDMS are denser, and the nanoparticles form more articulated 

grains. In contrast, the films on Si wafers are fluffier. The reason behind this morphological 

difference might be attributed to the difference in elastic properties of the PDMS as compared to 

Si wafer. Also, the top-down SEM analysis has been performed for PDMS films with different 
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stretching ratio and the results are shown in Figure 3.9. It is clearly visible that, for non-stretched 

film, there is no large-scale cracking (there was no strain) in the film and the nanoparticles 

formed articulated grains. 

 

Figure 3.9: SEM images (Top-down view) of Si NC films on PDMS with different stretching 

ratio. 
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But, as we increase the stretching ratio, cracks started to develop and become bigger with 

increasing stretching ratio. Another important point to be noted is that “wavy” structures started 

to form with stretching. 

As a next step, we deposited films of varying thickness on PDMS. Our initial 

measurements had been made on fairly thick layers of ~ 1μm, which required 100 rastering 

cycles (deposition time 10 mins). We deposited Si NCs on relaxed PDMS with 10 cycles, 50 

cycles, and 100 cycles (corresponding to ~100nm, 500nm, and 1μm). We then measured the PL 

from these layers, revealing that the thin films have PL that is blueshifted even more 

dramatically than the thick films (see Fig. 3.7(c)). The thickness dependence of the peak PL 

wavelength seeded the idea that oxidation of the films may be responsible for the changes in 

peak PL wavelength. Oxidation of Si NCs causes a SiOx layer to grow at the NC surface, 

corresponding to a core size shrinkage and blueshifting PL 
91,92

. An increased rate of oxidation of 

Si NCs on PDMS compared to on silicon wafer would explain the difference in peak PL 

wavelength, and would also explain the thickness dependence (thinner films oxidize more 

rapidly). 

We then remade our samples on relaxed and prestretched PDMS as well as on Si wafer, 

and stored them in a nitrogen-purged glove bag, keeping a set of films in air as well. We 

measured their PL immediately after synthesis and for several days after synthesis to observe 

whether the oxygen-free environment affected the PL peaks. The results are shown in Figure 

3.10. For samples stored in the glove bag, the PL peaks overlap on the first day and on 

subsequent days. For samples stored in air, the peaks began to shift from one another 

(blueshifting for the samples on PDMS) within a day of synthesis. This confirmed the hypothesis 

that oxidation is enhanced on PDMS. The air-permeability of PDMS has been demonstrated by 
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previous groups
93,94

, and thus the Si NC films on PDMS were oxidizing not only from the top but 

also through the bottom of the films. The PL measurements are ensemble measurements, 

collecting light from the entirety of the film thickness – thus, additional oxidation at the back of 

the films would lead to blueshifting compared to the films on silicon wafer, which were only 

oxidizing from the top. 

 

Figure 3.10: Photoluminescence spectra from oxidation dependence experiment. 
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copper has been used as a substrate material and data has been recorded right after deposition as 

well as after 2 days. The results are shown in Figure 3.11. There is minimal surface oxidation 

present (Si-O-Si vibration ~1050 cm
-1

) for both the samples right after the deposition and this is 

likely due to performing the measurements in air. 

 

Figure 3.11: Comparison of FTIR spectra analysis (a) sample from glove bag (b) sample from 

open air. Oxidation peak (Si-O-Si) is located at ~1050 cm
-1

. 

After the measurement, all the samples were stored in their respective environment. The next 

measurement was performed after two days. For the samples stored in open air, the NC surface 

has been oxidized heavily (a dominant peak is visible for Si-O-Si vibration at ~1050 cm
-1

). 
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Whereas, for samples stored inside glove bag, no such dominant peak is visible for Si-O-Si 

vibration. 

The dependence on stretching ratio can be explained by examining the surface of a Si NC 

film on pre-stretched PDMS before and after relaxing the substrate. To do this, we deposited Si 

NCs on a PDMS substrate pre-stretched to 40% of its initial length, and left the substrate and Si 

NC film in place on the stretching stage while imaging in the scanning electron microscope 

(SEM). The SEM image shows a fairly flat layer of NCs. Then, we removed the stage and 

relaxed the film of Si NCs, then re-imaged the film. After relaxing the substrate, the Si NC film 

developed wrinkles across its surface (see Fig. 3.12(a)). 

 

Figure 3.12: (a) SEM images of a Si NC film on PDMS in different conditions, (b) a cartoon 

showing wrinkling formation in PDMS films. 

 

This wrinkling causes the Si NC film to be thicker in some places compared to the same 

thickness Si NC film on relaxed PDMS or on silicon wafer. The increased thickness would result 

in reduced fraction of Si NCs that are oxidized, compared to the entirety of the film. This 
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explains why increasing stretching ratio causes reduced blueshifting of the PL peak. Figure 3.13 

shows a cartoon of this process. 

 

Figure 3.13: Oxidation dependence experiment with cartoon. 
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oxidation as discussed before. These findings have been thoroughly investigated with different 

combination of flow rates of SiH4 and Ar, and the results found were consistent. A summary of 

this project is shown in Figure 3.14. 

 

Figure 3.14: Flowchart showing different steps of this experiment. 

3.4 Conclusions 

In conclusion, we have demonstrated the first all-gas-phase deposition of luminescent 

NCs onto elastomeric substrates. The films show wrinkling in response to pre-stretch of the 

PDMS substrates, as well as structural changes compared to Si NCs deposited on Si wafers. We 

hypothesize that these changes are a result of the elastic response of the substrate, and plan future 

studies to describe and model these observations. The Si NCs on relaxed PDMS exhibited 

blueshifted luminescence compared to Si NCs on Si wafer, with decreased blueshifting observed 

for the wrinkled Si NC films which had been deposited on prestretched PDMS. Our experiments 

confirm that the blueshifting effect is due to enhanced oxidation on PDMS, caused by the air-

permeability of PDMS and thus oxidation of the Si NC films from all sides as opposed to the 

top-down-only oxidation that occurs for Si NCs on Si wafers. These results will aid ongoing and 
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future development of stretchable and flexible luminescent NC layers for next-generation 

displays, LEDs, and other devices. 
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CHAPTER 4 

Gas-Phase Synthesis of Gallium Nitride (GaN) Nanocrystals using Non-

Thermal Plasma Reactor 

 

 

2.4 Introduction 

Bulk GaN is a standard light-emitting material, very efficient for Light Emitting Diodes 

(LEDs) and has been in use for many years. This material is very attractive due to its high-

brightness emission and thermal stability. GaN is a direct band gap semiconductor and is widely 

used in the ultraviolet/blue light emission technologies due to its band gap energy of 3.4 eV. The 

major advantage of GaN over other popular semiconductors like cadmium selenide (CdSe) is its 

relative non-toxicity. Although, GaN is mostly used in blue/ultraviolet high-brightness solid-state 

lighting devices
95–97

, nanoscale form of GaN offers tunable emissions
98

  and doping of GaN and 

alloying with other semiconductor materials (for example, Indium Gallium Nitride, InGaN) will 

enable these devices to be applicable in the visible spectrum as well
99–102

. Besides, emerging 

applications involving stretchable and flexible electronics for optoelectronic applications are not 

feasible using bulk semiconductors. 

NCs are normally inexpensive to produce  and easy to deposit via a number of solvent-

based techniques such as spin casting and drop casting; therefore, the idea of using a GaN NC 

based LED for white light emission is an attractive solution to improve the ubiquity and 

versatility of solid-state lighting (SSL). But, working with these colloidal NCs requires solution-

phase processes and there are a few problems associated with it. A large fraction of NCs could 
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go waste as this process uses a number of steps with different solvents. Besides, these solvents 

could be environmentally toxic and can create limitations in the device structure due to 

incompatibility with other solvents or materials. Therefore, there is a need to develop a technique 

for incorporating NCs into GaN-based LEDs without involving these solution processes. 

The scarcity of defect-free GaN crystal lattice poses the major roadblock in achieving 

high-efficiency devices. This mostly happens due to the lattice mismatching between the 

substrate material and GaN as there are very few substrate material available that has same 

lattice structure and thermal compatibility with GaN and it most cases, these substrate materials 

are very expensive. It is also well known fact that the substrate material and its orientation 

mostly affect the crystal structure of epitaxially grown GaN. From the viewpoints of lattice 

mismatch and crystal symmetry, sapphire is the most suitable substrate for GaN growth. The 

problem is that epitaxial growth of high-quality GaN requires costly substrates (e.g. sapphire), 

high temperatures, and long processing times. These processing challenges prohibit some of the 

most innovative applications of electronic devices, including stretchable/flexible displays and 

wearable sensors/electronics. Synthesizing freestanding NCs of GaN, on the other hand, could 

enable these novel device morphologies, as the NCs could be incorporated into devices without 

the requirements imposed by epitaxial GaN growth. 

There are several recent studies which show effort into synthesis of GaN NCs
69,95–97,99,103–

107
. Prior works on GaN nanocrystal synthesis have involved a range of methods, such as: 

thermal reactions of ammonia (NH3) with gallium compounds
96

, reactive laser ablation
108

, metal-

organic chemical vapor deposition
109

, solution phase methods using gallium organometallic 

compounds
110

, mechanical grinding of powders
102,111

, microwave resonant cavity
112

, arc 

plasma
103

, molecular beam epitaxy
99

, spray pyrolysis
106

 and some other techniques as well. Many 



45 
 

of these above mentioned processes are time and energy consuming and either require pre-

chosen substrate for GaN NCs deposition or require liquid-phase processing techniques. GaN 

NC synthesis using a flow-through plasma could be an exciting option as it has all the 

ingredients for stoichiometric synthesis and it is a low-temperature process unlike other existing 

processes which requires high temperature
112

. This flow-through plasma process has already 

been used extensively not only for the synthesis of group IV NCs like silicon and germanium, 

but also for some compound materials like indium phosphide (InP), Si-Ge alloys and Zinc Oxide 

(ZnO)
50,67,68,70,113

. Motivated by these advantages, we have used this non-thermal plasma 

processing technique for the synthesis of GaN NCs, which is a fully gas-phase-only deposition 

scheme. 

2.5 Experimental Details 

We used a nonthermal plasma reactor for the synthesis of GaN NCs directly from 

gaseous precursors and deposited onto glass substrates without any additional steps. The plasma 

reactor has some advantages over other available methods, namely size monodispersity, easy 

tuning of NC properties such as size and surface, and the ability to deposit the NCs directly from 

the gas phase without removal from the reactor. The plasma route is also inexpensive and GaN 

NCs can be processed rapidly. Some studies have already been performed with microwave 

plasmas
69,112

, but microwave plasmas require higher power and frequencies. Therefore, 

radiofrequency (RF) plasmas are an attractive alternative. An RF nonthermal plasma reactor is 

comprised of a borosilicate glass tube with three ring electrodes encircling the tube externally as 

shown in Figure 4.1. 

Vapor-phase precursors and carrier gases were flown through the glass tube at relatively 

low pressure (typically 5-15 Torr). Power was supplied from a RF power source through a 
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matching network to the electrodes. Our Ga source was TMGa, our nitrogen source was NH3, 

and Ar was the background gas. TMGa was flown to the reactor without a carrier gas but via a 

pressure based mass flow controller (MFC) which operates based on the vapor pressure of TMGa 

at room temperature. The total TMGa vapor flowrate was varied from 1-2 sccm, NH3 at a 

flowrate from 50-90 sccm and the Ar flowrate was varied from 50-100 sccm. The total gas 

flowrate was varied from 100-200 sccm and the pressure in the reactor was kept between 5-15 

Torr using a slit-shaped orifice. Pressure can be easily tuned by changing the orifice width. 

Supplied power was varied from 60-150W. 

 

Figure 4.1: The Plasma Reactor (a) Schematic (b) Photo of Experimental setup. 
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For most part of the experiments, GaN nanoparticles were deposited via inertial impaction 

technique onto glass substrate. A slit-shaped orifice at the reactor base accelerated the 

nanoparticles and they inertially impacted onto the substrates underneath
60,71,84

. The deposition 

was performed by rastering the substrates beneath the orifice at a standoff distance of ~ 3mm.  

Following synthesis, the samples were stored in air. 

 

Figure 4.2: Glass tubes with different dimensions used for the plasma reactor. 
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agglomeration of nanoparticles. Only the free electrons are heated by the supplied power. The 

electron-ion recombination happens at the nanoparticle surface that results in the heating of the 
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50

. 
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combinations to get different residence time and therefore different NCs size. Increased 

residence time gives longer time for the nanoparticles to grow and thus increase its size. 

2.6 Results and Discussions 

Several characterization techniques have been used to find out the nanoparticle 

properties, its crystallinity and size distribution. 

2.6.1 Transmission Electron Microscopy (TEM) Analysis 

TEM studies have been performed to characterize the nanoparticle size and its 

microstructure. Microscopy was performed by Dr. Fan at the Center for Advanced Microscopy, 

using a JEOL 2200 FS ultra-high resolution microscope. We used graphene-coated copper grids 

and deposited GaN NCs using drop-casting from ethanol. We started off with lower power 

(around 60W) and with tube B. The main reason to start with the small tube was to have 

increased power density with same supplied power as compared to bigger tubes. 

The flow conditions were same for both cases and were Ar = 60 sccm, NH3 = 65 sccm 

and TMGa = 1 sccm respectively. Fig. 4.3(a) and (b) indicates amorphous material for 110W 

supplied power, as does the SAED pattern (bright rings in the SAED pattern indicates a 

crystalline sample). In contrast, for 130W supplied power, both the bright-field imaging (Fig. 

4.3(c)) and the selected-area electron diffraction (Fig. 4.3 (d)) indicate crystalline material. This 

is the same phenomenon we observed for SiNCs: with increased power, crystallinity of 

nanoparticles improves. The described conditions led to synthesis of crystalline GaN NCs of 

diameter ~ 3-4 nm, as confirmed from bright-field TEM images. 

GaN is known to exist in at least two crystalline polymorphs: the equilibrium wurtzite 

structure (hexagonal) and the metastable zinc blende structure (cubic). A third polymorph, rock 
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salt, is only formed under high pressure. Wurtzite phase of GaN crystal is thermodynamically 

stable at ambient conditions, while the zinc blende form of GaN crystal structure is metastable 

and is only achieved in extreme conditions. 

 

Figure 4.3: TEM images of a cluster of GaN nanoparticles at different supplied powers. (a) and 

(b) show low level of crystallinity at 110W. (c) and (d) show high level of crystallinity at 130W. 

The inset in (b) and (d) shows the SAED pattern. 

(c) 

(a) (b) 

(d) 
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To confirm the crystal structure of the GaN NCs, we have analyzed these high resolution 

bright field TEM images using ImageJ software
114,115

. To measure the spacing of the atomic 

planes from GaN single crystals, we used profile plots as well as Fast Fourier Transform (FFT) 

and the results are shown in Figure 4.4. 

 

Figure 4.4: (b) FFT and (c) Profile plot of a Single crystal GaN from TEM image (a). 

From the profile plot (Fig. 4.4(c)), we calculated the lattice spacing as the total number of 

cycles divided by the total distance. To get more accurate data, averaging has been performed for 

 

 

  

(a) (b) 

(c) 
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around 20-30 single GaN NCs and the average value of lattice spacing has been found to be ~ 

3.16 Å (± 0.04 Å), which is very close to the hexagonal lattice constant (3.189 Å). FFT 

measurements were performed to verify the profile plot results and were found out to be in good 

agreement with it. Our data indicates that we have synthesized hexagonal (wurtzite) GaN NCs. 

Table 4.1 Physical properties of different crystal structure of GaN 

Physical Properties (300K) 
Hexagonal 

GaN 
Cubic GaN Reference 

Energy band gap (eV) 3.39 3.2 Levinshtein, et al. 2001
116

 

Density (g/cm
3
) 6.15 6.15 Levinshtein, et al. 2001

116
 

Melting point (
0
C) 2500 2500 Porowski, 1997

117
 

Lattice constant (Å) 
a=3.189, 

c=5.186 
a=4.52 Levinshtein, et al. 2001

116
 

Thermal conductivity 

(W/cm⋅K) 
2.1 2.1 Florescu, et al. 2000

118
 

Heat capacity (J/mol·K) 35.3 35.3 Krukowski, et al., 1999
119

 

Bulk modulus (GPa) 210 210 Kucheyev, et al. 2000
120

 

 

2.6.2 X-ray Diffraction (XRD) Analysis 

To strengthen our conviction that we have crystalline GaN nanoparticles and to double 

check with the TEM results, we performed XRD measurements. The results are shown in Fig. 

4.5. As seen from the pattern, the GaN NCs display broad peaks centered at 2θ values of 35
0
 and 
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60
0
 respectively. These broad diffraction bands could point towards the metastable cubic phase 

of GaN NCs 
121–123

. But, we already have verified that we have hexagonal (wurtzite) structure 

GaN NCs from ImageJ analysis of the TEM images. Moreover, it is also mentioned in literature 

that the broad diffraction peaks could also be due to their very small size (~2-4 nm)
97

 as the XRD 

peaks are broadened due to small crystallite size. For wurtzite GaN, diffraction peaks should be 

at 2θ = 32.4
0
, 34.6

0
, 36.9

0
, 48.3

0
, 57.9

0
, 63.6

0
 and 69.2

0
. Some of these peaks are shown in Figure 

4.5 with bar. 

 
Figure 4.5: XRD pattern from GaN NCs (with inset (A) from ref. 121,123 showing XRD pattern 

for zinc blende GaN NCs with similar range of nanoparticle size and inset (B) from ref. 124 

showing XRD pattern of hexagonal GaN NCs with bigger size). 

2.6.3 Raman Vibrational Spectroscopy 

To verify the crystallinity (as observed from TEM and XRD analysis) and to validate the 

hexagonal crystal structure (wurtzite) of GaN, Raman vibrational spectroscopy has been 

performed. We have used a HORIBA Jobin-Yvon LabRAM ARAMIS Raman confocal 
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microscope/spectrometer from CMSC, MSU to perform spectroscopic analysis. A 532 nm laser 

was used to excite the sample. 

The spectra were taken at ambient temperature through a microscope, and the substrate 

used for these samples were glass microscope slides. Figure 4.6 shows the Raman spectrum of 

the as-produced sample in the range of 200-800 cm
-1

. One dominant broad peak with Raman 

shift of 568 cm
-1

 appears in the high frequency range. In the low frequency range, two broad 

peaks at 306 cm
-1

 and 446 cm
-1

 and a small peak at 366 cm
-1

 are visible. 

 

Figure 4.6: Raman vibrational spectra of as-synthesized nanocrystalline GaN 

By comparing our results with the experimental data and phonon frequencies of GaN crystal 

available in literature 
103,125,126

, the strongest peak centered at 568 cm
-1

 can be assigned to the E2 

(high) mode as observed for bulk GaN. There seems to be another peak at 560 cm
-1

, which can 

be assigned to the optical modes of E1 (Transverse Optical, TO). The peaks found at 306 cm
-1

 , 

366 cm
-1

 and 446 cm
-1

 could be from the borosilicate glass used as a substrate
127,128

. Also, there 

0

500

1000

1500

2000

2500

3000

3500

4000

200 250 300 350 400 450 500 550 600 650 700 750 800

In
te

n
s
it

y
 (

a
.u

.)
 

Raman Shift (cm-1) 

E1 (TO) 

E2 (high) 



54 
 

could be some extra peaks which are unexpected to occur in an ideal bulk crystal. New Raman 

peaks appearing in a nonideal GaN crystal are most likely from “disorder-activated” Raman 

scattering (DARS). The appearance of the DARS spectra could either be due to damaged GaN 

films or due to high density of defects or amorphous films 
129–131

. Presence of any defects or 

impurities in our samples can be detected by the XPS and PL spectra analysis and will be 

discussed later. 

This spectroscopic analysis validated the findings from TEM and XRD analysis that we 

synthesized nanocrystalline GaN. It also states that the crystal structure of our GaN NCs is not 

metastable cubic phase (zinc blende) as the TO phonon frequencies for cubic GaN
132,133

 is in the 

range of 552-555 cm
-1

. 

2.6.4 X-Ray Photoelectron Spectroscopy (XPS) Analysis 

The stoichiometry of the as-prepared GaN NCs was checked by XPS. XPS spectra 

showed the presence of Ga, N, C and O in the as-produced sample. Source of carbon signal is 

most likely surface contamination, the carbon tape holder, and hydrocarbon contamination from 

instrument, reactor (pump oil) and from air. The oxygen contamination is likely attributed to 

little air exposure (transferring sample from the reactor to the glove bag). XPS spectra of Ga-

2p3/2 and N-1s are shown in Fig. 4.7 (a) and (b) respectively. Ga-2p3/2 signal was detected at 

1117.2 eV confirming the presence of GaN 
134

 as Gallium oxide (Ga2O3) is normally found at 

higher binding energies as mentioned in literature
134,135

 (see inset of Fig. 4.7 (a), Ga-2p3/2 : 

1119.5 eV). So, we do not believe that the NCs are oxidized. Furthermore, N-1s spectra has one 

major and one minor contributions: major signal is centered at 397.4 eV (ν1 in Fig. 4.7(b)) which 

is in agreement with nitride bonding formation
134

, the minor signal at 399.5 eV (ν2 in Fig. 
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4.7(b)) relates  to the nitrogen binding with a sp
3
 carbon

123
. Carbon presence was confirmed by 

C-1s spectrum centered at 284.8 eV (see Fig. 4.8) and might be from the C-H groups present at 

the sample surface. This can be verified by FTIR analysis (see Fig. 4.9). 

 

Figure 4.7: X-ray photoelectron spectroscopy signals of (a) Ga-2p3/2 (with inset from ref. 134 

showing difference in Ga-2p peak position for GaN and Ga2O3 in terms of binding energy) and 

(b) N-1s from the as produced GaN nanocrystals (with inset showing deconvolution of N-1s 

spectra using two Gaussian lineshapes, N-1s spectra is shown in orange and overall fit is shown 

in blue).  
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Figure 4.8: X-ray photoelectron spectroscopy signals of Carbon (C-1s) and oxygen (O-1s) 

The presence of C-H groups could either be attributed to the incomplete reaction of precursor 

((CH3)3Ga) or hydrocarbon contamination in the reactor or XPS instrument. The ideal reaction of 

GaN formation using TMGa and NH3 is as follows: 

(CH3)3Ga + NH3 → GaN + 3CH4 
 

The O-1s signal at 531 eV represents the contribution from C-O bonding. The XPS 

analysis evidently shows that we have synthesized GaN NCs successfully. We can also say that 

our sample was metallic gallium-free 
123

 as no signals were found below the binding energy of 

1116 eV for Ga-2p. 

Compositional analysis has also been performed with XPS. It shows Ga and N with 25.35 

and 17.56 at % i.e. Ga:N ratio of 1.4:1.0. As discussed earlier, the presence of carbon (50.34%, 

due to interference from Ga Auger) is likely due to some contamination and oxygen content 

(6.75%) is due to little exposure to air while transferring the sample from the reactor to glove 

bag. Our ultimate goal is to achieve 1:1 ratio for Ga and N and therefore some future studies 

need to be performed to improve the measured stoichiometry. 

512 517 522 527 532 537 542

C
o

u
n

ts
 

binding energy (eV) 

O-1s 

280 282 284 286 288 290 292

C
o

u
n

ts
 

binding energy (eV) 

C-1s 



57 
 

Table 4.2 Composition analysis of GaN nanocrystals 

Atomic Concentration Table 

C1s N1s O1s Ga2p3 Comments 

50.34 17.56 6.75 25.35 Atomic 
Concentration 

± 5 ± 2 ± 1 ± 1 Error 

2.6.5 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

In order to get an idea of the surface bonding of the nanoparticles, we performed FTIR 

(see Fig. 4.9). We obtained the FTIR spectra right after the deposition of nanoparticles, although 

they were exposed to air during measurement. The quick measurement and near-immediate 

spectra acquisition mean that any O-related peaks are from the sample and not from air exposure. 

A Bruker Alpha FTIR spectrometer has been used for this purpose in diffuse reflectance mode. 

The measured absorption bands can be assorted into several groups. The strongest 

absorption is observed at 600 cm
-1

 and is hypothesized to be the lattice vibration of crystalline 

GaN
121,136

. We also observe vibrational modes related to N-H (ν, ω, τ and δ) from surface 

nitrogen bound to hydrogen. Small C-Hx peaks (~ 2900 cm
-1

) are present agreeing with the XPS 

analysis that showed slight C contamination. 

Absorption band at 1680 cm
-1

 represents bending vibrations which can be assigned to N‒

H2 scissoring whereas absorption band at 1000 cm
-1

 represents stretching vibrations for N‒H2. 

C‒H bending vibrations can be seen at 1360 cm
-1

 which can be assigned to C‒Hx (x = 2,3) 

deformation modes. We are unsure about the sharp absorption peak at 2100 cm
-1

, but it is 

presumably a byproduct from the precursors and could be assigned to C‒O stretching vibrations. 

After the FTIR measurement, we have heated the sample at 200
0
C under nitrogen environment 

for 2 hours and measured the FTIR spectra again (see Fig. 4.10). As the sharp absorption peak at 



58 
 

2100 cm
-1

 is almost gone after heating; we could infer that the peak was not part of actual 

sample. The absorption bands show the dominant presence of N‒H group at the nanoparticle 

surface. 

 
Figure 4.9: FTIR spectra from as-prepared GaN NCs (the inset image shows a possible 

configuration of GaN NCs) 

 

Figure 4.10: FTIR spectra from as-prepared GaN NCs (before and after heating). 
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2.6.6 Photoluminescence Spectra and Quantum Yield ( PL & QY) 

We have performed PL measurements using an Ocean Optics, Inc. USB spectrometer and 

optical fiber. The PL was excited using a UV LED (peak at 325nm). The measurements were 

performed in air. 

We did not observe any PL immediately after synthesis and waited few days after 

deposition. Based on the band gap of GaN (3.4 eV), the emission spectra should have been at ~ 

365nm. However, for our sample, we couldn’t find any emission spectra even after several days 

of deposition. This could be due to the presence of several defects or impurities in the sample 

surface as defects in GaN are very common. Also, it could be due to the fact that the intensity of 

the excitation source was not strong enough or the wavelength of excitation source was not 

suitable to excite the sample to get any PL. Another possible reason could be due to the presence 

of N‒H as we know that N‒H could quench the PL. 

Defect emission from GaN is very common as it is very difficult to make stoichiometric 

GaN and could be attributed to surface states, impurities, and nitrogen vacancies
137–140

. For 

nitrogen deficient GaN (like our sample as confirmed by XPS results), researchers have observed 

broad peak at visible spectrum due to some trap states
107,121

. The Bohr radius of GaN is 

approximately 3nm
141

 and as our TEM analysis showed, we have synthesized GaN NCs in the 

range of 2‒4 nm; we expected to see quantum confinement from these NCs with PL being 

shifted to higher energies (i.e., lower wavelength). Also, the emission wavelength of amorphous 

GaN was reported to be longer than 400nm, both experimentally
142

 and theoretically
143

. But, we 

have already showed that we synthesized crystalline GaN nanoparticles.  

This is still under investigation and we are planning to use a laser with relatively higher 

intensity compared to LEDs and also with variable wavelength from 250 nm – 340 nm. 
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The absorption spectra (see Fig. 4.11) demonstrate that our as-prepared GaN NCs absorbs 

light below 400nm, but beyond that there is very little absorption. This is in good agreement for 

a material (GaN) which has a band gap in the UV range. 

 

Figure 4.11: Absorption spectra from GaN NCs 

2.6.7 Size-Tuning of GaN NCs using Plasma Reactor 

GaN is one of the most popular semiconductor materials due to its band gap properties 

and has application in diverse areas. For white light emission technologies, GaN along with some 

color converting materials (phosphor) have been used widely
144,145

. But, group III‒Nitride NCs 

itself has the prospect of high quality phosphors. Thus, there is a huge interest growing in 

controlling the PL peak of the GaN NCs during or after synthesis. This can be done either by 

doping/alloying
145–147

 with other materials or tuning its size
138

. The objective of this work is to 

tune the GaN nanocrystal size and to investigate the effect of size tuning in PL spectra. In this 

way, we will be able to prove the versatility of our process. 
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To vary their size, GaN NCs were synthesized using different reactor geometries and 

different flowrates. The objective was to create different residence times for NCs inside the 

reactor. Residence time inside the plasma reactor can be calculated using the following equation. 

tres =  
πr2 × L × P

Q
                                                                   (4.1) 

Here, r is the tube radius, L represents plasma length, P is the ratio of reactor pressure (Pr) to 

atmospheric pressure (Patm) and Q is the total gas flowrate. Particle residence time is inversely 

proportional to the total gas flow rates. However, increasing the pressure increases the particle 

residence time. The glass tube diameter used in our reactor has similar effect on residence time 

as the pressure. For this part, two cases have been studied and the functional parameters are 

listed below. 

Table 4.3 Residence Time Calculation 

Cases 

Pressure 

(Torr) 

Tube 

Radius 

(inch) 

Plasma 

Length 

(inch) 

Flowrate         

(sccm) 

Residence 

Time(sec) 

Case 1 10 0.375 7 126 0.004235 

Case 2 15 0.5 7 182 0.010504 

 

The total flowrate for the first case was 126 sccm (Ar = 60 sccm, NH3 = 65 sccm and TMGa = 1 

sccm) with 114W (130W) RF power. Whereas for the second case, the total flowrate was 182 

sccm (Ar = 85 sccm, NH3 = 95 sccm and TMGa = 2 sccm) with 125W (150W) RF power. 
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The microstructural properties of GaN NCs were analyzed using TEM and XRD. For the 

first case, microstructural and optical properties have already been discussed which lead us to 

GaN NCs of size ~ 3-4 nm in diameter. For the second case, as the residence time is almost 

double compared to the first case, we expected NCs with bigger size. TEM results are shown in 

Figure 4.12. 

 

Figure 4.12: TEM images of a cluster of GaN nanoparticles with Ar = 85 sccm, NH3 = 95 sccm, 

TMGa = 2 sccm and 125W (150W) RF power (for Case 2). The inset is showing the selected-

area electron diffraction (SAED) pattern. 

Both the bright-field imaging and the selected-area electron diffraction indicate crystalline 

material as the lattice fringes from GaN NCs are clearly visible. A statistical study has been 

performed from these TEM images using Image J software
114,115

. We have measured the 

individual nanocrystal size for maximum possible number of NCs from these TEM images and 

plotted a distribution (see Fig. 4.13). 
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Figure 4.13: Nanoparticle size distribution for (a) Case 1: Ar = 60 sccm, NH3 = 65 sccm, TMGa 

= 1 sccm and 114W (130W) RF power; (b) Case 2: Ar = 85 sccm, NH3 = 95 sccm, TMGa = 2 

sccm and 125W (150W) RF power. 
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Table 4.4 Nanoparticle size distribution for different cases 

Case 1 Case 2 

Nanoparticle 

Index 

Nanoparticle 

diameter (nm) 

Error Nanoparticle 

Index 

Nanoparticle 

diameter (nm) 

Error 

1 3.6 ±0.2 1 4.7 ±0.2 

2 3.0 ±0.2 2 4.4 ±0.2 

3 3.1 ±0.2 3 5.7 ±0.2 

4 3.7 ±0.2 4 5.2 ±0.2 

5 3.8 ±0.2 5 4.1 ±0.2 

6 3.4 ±0.2 6 4.8 ±0.2 

7 3.6 ±0.2 7 4.3 ±0.2 

8 3.8 ±0.2 8 4.9 ±0.2 

9 3.4 ±0.2 9 5.0 ±0.2 

10 3.2 ±0.2 10 5.6 ±0.2 

11 3.7 ±0.2 11 5.0 ±0.2 

12 3.5 ±0.2 12 4.5 ±0.2 

13 3.4 ±0.2 13 4.6 ±0.2 

14 3.2 ±0.2 14 4.2 ±0.2 

15 3.3 ±0.2 15 5.6 ±0.2 

16 4.0 ±0.2 16 5.4 ±0.2 

17 3.7 ±0.2 17 5.8 ±0.2 

18 3.8 ±0.2    

19 3.9 ±0.2    

20 3.3 ±0.2    

Mean 3.5  Mean 4.9  

SD 0.28  SD 0.55  

Min 3.0  Min 4.0  

Max 4.0  Max 5.8  
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From this distribution, we have compared the crystal size for both the cases. For the first 

case, the nanoparticle size distribution range is from 3-4 nm (Average size = 3.513 nm), whereas 

for the second case, the nanoparticle size distribution has a broader range from 4-6 nm (Average 

size = 4.932 nm) (see Table 4.4). This shows we can tune the nanoparticle size easily by 

changing certain parameters. 

We attempted to verify the GaN nanoparticle size using XRD. The plots are shown in 

Figure 4.14. The substrate used for these samples was glass and the background has been 

subtracted from these signals. As it can be seen from the Fig. 4.14(a), we got two broad peaks 

centered at the 2θ value of 35
0
 and 60

0
 respectively for smaller nanoparticles (~ 3‒4 nm). But, 

for bigger size GaN NCs (~ 4‒6 nm), four broad peaks were observed at the 2θ value of 35
0
, 58

0
, 

63.5
0
, and 69

0
. The lattice spacing (d) as measured in TEM along with the diffraction pattern 

indicated that we synthesized wurtzite GaN NCs. It is very clear from these plots that as the 

nanocrystal size increases, a higher number of peaks become visible and the peaks become 

narrower which are what we expected based on reduced Scherrer broadening. These broad peaks 

yielded from XRD measurements are characteristic of nanosized crystalline GaN domains as 

discussed earlier. Some of the peaks are shown in Fig. 4.14 with bar. 

Size‒tuning of these GaN NCs is a very interesting phenomenon for optical applications. 

We can tune the emission wavelength by tuning the NC size. We tried to measure the PL from 

these bigger size GaN NCs but were unable to detect any signal from our setup. Future work will 

include synthesis of GaN NCs with even larger size. Although, we were able to show that by 

changing certain experimental parameters and reactor configurations, we can easily control/tune 

the GaN nanoparticle size. 
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Figure 4.14: XRD pattern from GaN NCs for (a) Case 1 and (b) Case 2 (with inset (A) from ref. 

121,123 showing XRD pattern for zinc blende GaN NCs with similar range of nanoparticle size 

and inset (B) from ref. 124 showing XRD pattern of hexagonal GaN NCs with bigger size). 

2.7 Dual Plasma Synthesis 

A dual plasma system has been designed (primary and secondary RF plasma) specifically 

to garner some advantages, such as, high reactive species density (due to the supply of more 

energy), heterogeneous nucleation, more control over the crystallinity of nanoparticles and its 
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surface properties. This concept has already been used for the gas‒phase surface 

functionalization of Si NCs
148

 in two step RF plasma process to attach hydrocarbons. Here, we 

have used this design for GaN NCs synthesis with the aim to improve its surface properties. The 

schematic of our dual plasma reactor is shown in Figure 4.15. 

 

Figure 4.15: Schematic of the dual plasma reactor for the synthesis of GaN NCs. 

The role of primary plasma (top) is to dissociate all the precursor gases and is responsible for 

initial growth of GaN nanoparticles. This growth of nanoparticles would continue to the 
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secondary plasma (bottom) and would help us in getting better surface coverage due to complete 

reaction of the gases. Nitrogen (N2) was flown through the side arm in between the two plasmas 

to get better nitride formation and surface coverage. This flow‒through plasma reactor consists 

of a quartz tube with an outer diameter (O.D.) of 12.7 mm in the top portion and 25.4 mm in the 

bottom portion. The tube is 381 mm long and the expansion area is 177.8 mm from the top. Ar, 

NH3 and TMGa were flown through the quartz tube (entered through the contraction part with 

O.D. 12.7 mm, primary plasma) around which five ring copper electrodes were situated. 

Three ring electrodes were used for the primary plasma, whereas, the secondary plasma 

had two ring electrodes. All the electrodes had same thickness of 10 mm. For primary plasma, 

the distance between the inside edges of the electrodes was 3.8 cm with the electrodes positioned 

in such a way that the upper edge of the top ground electrode would be 76 mm from the top of 

the quartz tube. The side arm has an O.D. of 6.35 cm and is located 2.5 cm below the junction 

point of contraction and expansion region. Another pair of electrodes was used for the secondary 

plasma and the gap between the inside edges of the electrodes was 2.5 cm with the top electrode 

being located 3.8 cm below the sidearm. 

Two plasmas can be distinguished based on the emission color, where Ar/NH3/TMGa 

plasma looks purple, N2 plasma is pink. GaN NCs were nucleated, grew in primary plasma and 

were transported to the downstream region (secondary plasma) by gas flow. The purpose of 

using secondary plasma was to provide enough energy for the dissociation of nitrogen atoms (N 

radicals) so that they can react and form bonds with the remaining precursors (if any) and also 

continue the nanoparticle growth process. This way GaN NCs were expected to form with better 

stoichiometric ratio, especially since nitrogen vacancy is a common defect in GaN. 
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The flowrates for the primary plasma was fixed with 60 sccm, 65 sccm and 1 sccm for 

Ar, NH3 and TMGa respectively. N2 flowrate was varied from 0 ‒ 100 sccm. Therefore, pressure 

also varied from 7.5 ‒ 15 Torr. The RF power used for the primary plasma was 150W (same as 

the single plasma synthesis) with secondary plasma power varied from 10W ‒ 40W. The 

generated GaN NCs were collected on different substrates using impaction technique and kept in 

open air. 

 

Figure 4.16: XPS signals of Ga-2p3/2 and N1s from as produced GaN NCs synthesized using 

straight tube dual (a) & (b) without N2 through the side arm, (c) & (d) with 50 sccm N2 through 

the side arm. 

These NCs were characterized using XPS and TEM. Figure 4.16 shows the XPS spectra of GaN 

NCs, specifically Ga-2p3/2 and N-1s signals from two different samples. Ga-2p3/2 peak at 1116.8 
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eV and 1116.9 eV for samples synthesized without N2 and with 50 sccm N2 respectively 

indicated the formation of GaN
134

. Also, both the samples had N-1s signals centered at 397.8 eV, 

which represents nitride bonding formation
134

. Although, we had signals from C and O apart 

from Ga and N, we do not believe the NCs were oxidized as Ga-2p3/2 peak for Ga2O3 occurs at 

higher binding energies as compared to GaN (~ 1119.5 eV)
134,135

. 

The presence of oxygen could be attributed to the little exposure of sample to air while 

transferring and the source of carbon is likely due to hydrocarbon contamination from air and 

instrument. Furthermore, the absence of significant contribution at binding energy lower than 

1116 eV gave indication of metallic gallium-free material synthesis
123

. Composition analysis has 

also been performed using XPS data for both the samples. 

For the sample synthesized without N2, Ga:N was found out to be approximately 1:1. 

Whereas, the sample synthesized with 50 sccm N2, Ga:N was found to be 1: 1.4, which is in 

agreement with added N2 flowrate. As discussed earlier in this chapter, with single plasma 

synthesis, Ga:N was 1.4:1 and the goal was to improve the ratio with dual plasma synthesis. By 

comparing all the data, we can definitely say that dual plasma has helped in getting 

stoichiometric GaN NCs. 

TEM analysis has been performed to characterize the size and microstructure of these 

NCs and is shown in Figure 4.17. We have tried to show the effect of secondary plasma power 

by comparing two different powers. As it can be seen from the Figure 4.17, higher secondary 

power helps in getting better crystallinity. With 40W secondary power, crystal lattice planes are 

more prominent and bright rings in the SAED pattern also indicates better crystallinity as 

compared to the 20W secondary power. As the nanoparticle would have more time to grow 
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during dual plasma synthesis (due to extended plasma length), we expected the size of the NCs 

to be bigger than the single plasma synthesis. By quantifying the TEM images, the average size 

of the NCs was found out to be ~ 5.3 nm, which is bigger than the NCs synthesized with single 

plasma under the same conditions (~ 3.5 nm). 

 

Figure 4.17: TEM images of GaN NCs synthesized from dual plasma reactor with varying 

secondary plasma power: (a) & (b) 20W and (c) & (d) 40W. The inset in (b) and (d) shows the 

corresponding SAED pattern. 
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Figure 4.18: EPR spectra from GaN NCs synthesized using Single Plasma and Dual Plasma 

EPR measurement was performed to identify and quantify any defects present in the as‒

produced GaN NCs. We have used a Bruker ELEXSYS-II E580 spectrometer to perform the 

EPR measurement and the results are shown in Figure 4.18 and Figure 4.19. In Figure 4.18, we 

have compared the EPR spectra from GaN NCs synthesized using single plasma and dual 

plasma. Both the samples were prepared using 60 sccm Ar, 65 sccm NH3, 1 sccm TMGa and 

150W power (secondary plasma power was 40W for dual plasma setup). After deposition, 
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samples were kept in glove box until the EPR measurement and the measurement was performed 

under room conditions. Corresponding g‒values are also displayed in Figure 4.18 (g‒value 

represents a specific type of dangling bonds in EPR study). 

 

Figure 4.19: EPR spectra of Single Plasma synthesized GaN NCs at different temperatures 

GaN usually contains several defects due to its high cohesive energy and these defects can 

influence its electronic and optical properties
149

. The problem is that most of the these defects in 

GaN are unknown until now except few like Ga interstitial
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, Ga monovacancy
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, nitrogen 

split interstitial
149

 etc. Based on the g‒value of single plasma synthesized GaN NCs, defects 

could be attributed to VGaVN divacancy (g~2.0059)
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. Isolated VGa (g~2.0051) and VGaON pairs 

(g~2.0049) also has g‒values close to VGaVN divacancy
149

.  

But for the dual plasma synthesized GaN NCs, which has g = 2.0079, we could not assign 

the type of defects and it is still under investigation. But, we can presumably say that the defects 

have decreased with dual plasma synthesis as the EPR amplitude (signal) has decreased. 
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Additionally, there is a change of line shape for dual plasma sample and the EPR spectrum is not 

symmetric. 

We have also studied the effect of heating on GaN NCs using the EPR spectra. NCs were 

synthesized using single plasma and the sample was heated from room temp to 400K under room 

conditions. EPR spectra were recorded at four different temperatures and are presented in Figure 

4.19. We observed that with heating, the line shape of EPR spectra has changed and became 

more symmetric. We also found out that the g‒values have increased with increasing 

temperature. This is very interesting phenomena and might indicate to the defects with 

metastable configurations
153,154

. 

2.8 Conclusions 

In this chapter, we have demonstrated the all-gas-phase synthesis of GaN NCs. This 

process allowed us to deposit the GaN NCs directly from gas-phase onto the substrates giving us 

more freedom in choosing substrates. These nanoparticles were thoroughly characterized using 

TEM, X‒Ray diffraction, Raman spectroscopy, XPS, FTIR, PL measurement and found out to be 

hexagonal GaN NCs with stoichiometric ratio of 1.4:1 (Ga:N). We have discussed the role of 

dual plasma synthesis in achieving proper stoichiometric (1:1) GaN NCs. To prove the versatility 

of this gas-phase process, different sizes of NCs were produced just by changing the reactor 

geometry and gas flow rates. This gas-phase process will definitely provide us with more options 

for substrates which can be used for GaN nanocrystal growth. 
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CHAPTER 5 

Surface Nitridation of Silicon Nanoparticles using a Non-Thermal Plasma 

 

 

5.1 Introduction 

Nano silicon acts as a direct bandgap material in contradiction to bulk silicon and can 

emit light. Due to its light emission capabilities and non-toxicity nature, silicon nanostructures 

has become a very hot topic from past decades as it has huge potential for application in 

optoelectronic technologies
155–157

. Several studies have been performed in the past decade on Si 

QD based light-emitting diodes (LEDs) 
20,21,60,158–161

 as the production cost is very low compared 

to other semiconductor material and it has complementary metal-oxide-semiconductor (CMOS) 

compatibility. Properties of Si QDs embedded in different matrix material like silicon oxide 

matrix
162,163

 as well as silicon nitride matrix
159,164–169

, has also been studied extensively. Based 

on the recent theoretical and experimental studies, it is found out that Si QDs embedded in 

silicon nitride matrix has better optical characteristics than in silicon oxide matrix in terms of 

quantum size effect and emission efficiency 
159,164,165

. Thus, silicon nitride matrix could be a 

great matrix material for application in silicon based LEDs. 

Also, silicon nitride has lower tunneling barrier compared to silicon oxide
170–172

 and 

therefore it will allow the transfer of electrons and holes to the Si QDs easily. It is also found out 

that the Si QDs embedded in nitride matrix emits in lower wavelengths as compared to in oxide 

matrix and the band gap can be tuned from 1.5 to 3.0 eV
166,169

. Silicon Carbide (SiC) has also 

been used in few studies
173,174

 as a matrix material for Si QDs but it has similar characteristics of 
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an oxide matrix
173,175

 in terms of energy levels. These insulating matrix materials make quantum 

structures more stable, but as it contain radiative defects or interface states, it may contribute to 

PL in terms of peak shift. Such states do not have any size dependency and therefore it is 

possible to distinguish the radiative mechanisms
176–180

. Additionally, hydrogenated Si3N4 

embedded QD structures are often amorphous
164,165,181,182

, whereas Si QDs in SiO2 are usually 

crystalline. A wide range of luminescence has been observed in Si3NX by various 

researchers
183,184

 which opens up the possibility of using silicon in fabricating full-color devices. 

Besides optoelectronics, these Si QDs embedded in a dielectric matrix also has huge potential for 

application in photovoltaics/solar cells
25,175,185

. 

Some recent studies have also been performed on surface nitridation
186

 or 

encapsulation
187

 of silicon nanoparticles (Si NPs) using a plasma process. Encapsulated Si NPs 

with silicon nitride is a very promising anode material for lithium-ion batteries (LIBs) as silicon 

is abundant, inexpensive, has higher theoretical capacity and better stability in typical 

electrolytes as compared to the conventional anode material i.e. graphite
188–192

. Although Si has 

some drawbacks, nano silicon came out to be the alternative of bulk Si for using as an anode 

material for LIBs
191,193–195

. Although, carbon and SiO2-coated Si nanostructures are great anode 

material for LIBs, production of these nanostructures are mostly complex and multi-step 

process
195–198

. Silicon nitride (SiNx) is stable in atmospheric conditions and very useful as a 

surface barrier layer. So, it would be really useful to develop a simplified process to make 

surface-nitrided Si nanostructures for various applications. The main purpose of this work is 

about in-flight nitridation of Si NCs in a fully gas-phase flow-through plasma reactor and thereby 

to enhance its optical properties. 
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5.2 Experimental Details 

Nitridation of bulk and nano Si surfaces have been done previously using N2 plasma and 

found out to be self-limiting at reasonable temperatures(300
0
C‒800

0
C) 

199–202
. Temperature-

dependent saturated thickness is also reported for nitridation of bulk Si surfaces with the thickest 

films being 3nm, at 900
0
C 

203
. It is also demonstrated that SiNX morphology is temperature 

dependent and amorphous SiNX was detected for surface temperatures lower than 500
0
C with 

better distribution of nitride layer at higher temperatures
202

. Thus, plasma synthesis could be a 

great option for surface nitridation of Si nanoparticles while keeping the Si NC core intact. Here 

we are combining a plasma-based nitridation with an earlier-stage synthesis plasma in a flow-

through process. 

Here, production of Si nanoparticles and their surface nitridation were performed using a 

flow-through plasma reactor in a fully gas phase mode. The schematic diagrams of the plasma 

reactors are shown in Figure 5.1. As discussed earlier, same flow-through reactor is used here 

with few modifications. The tube is 304.8 mm long and the expansion region starts at 177.8 mm 

from the top for case 1 (see Fig. 5.1(a)), whereas for case 2 (see Fig. 5.1(b)), the expansion 

region starts at 127 mm from the top. Ar and SiH4 (1% in Ar) are flown through the quartz tube 

and a pair of ring copper electrode is wrapped around that tube. Nitrogen gas is flown through 

the sidearm which is situated 1cm below the junction point of the reaction zone and the 

expansion region. The position of these electrodes is different for different cases. For case 1 (see 

Fig. 5.1(a)), the ring electrodes are above the side arm and positioned in such a way that the 

bottom edge of the ground electrode will be 2 cm above the junction point of the reaction zone 

and the expansion region. The gap between the electrodes was kept at 2.54 cm. However, for 

case 2 (see Fig. 5.1(b)), the powered electrode was placed at the end of the reaction zone and the 
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grounded electrode was below the side arm with variable distance from the side arm. The 

thickness (width) of all the electrodes was around 1cm. 

 

Figure 5.1: Schematics of the Plasma Reactor with (a) case 1 and (b) case 2. 

The pressure was kept constant at 2.75 Torr (with the flowrates, Ar = 30 sccm, SiH4 (1% bal. Ar) 

= 80 sccm) using an orifice plate. For surface nitridation of Si nanoparticles, we have flown N2 

through the side arm into the afterglow part of the plasma. Nitrogen and Argon flow rates was 

varied from 30 – 120 sccm and 30 – 60 sccm whereas silane flow rate was kept same. Pressure in 

the reactor also changed due to different combination of flowrates and was in the range of 2.7-

3.4 Torr. The supplied power was 25W as discussed in the second chapter. These samples were 

mostly collected on glass via inertial impaction technique and were kept in open air environment. 
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5.3 Results and Discussions 

The focus of this research is surface nitridation of Si nanoparticles in a single-step 

process. Si NCs synthesized using the same plasma reactor with the continuous flow of SiH4 and 

Ar as described in the first chapter, without any nitrogen injection, are known to be crystalline 

and are H-terminated
61

. Our research hypothesis is that as we have added N2 in the afterglow part 

of the plasma, the nanoparticle surface are expected to be covered with nitride layer. 

In order to get an idea of the surface bonding of the nanoparticles, we have studied the 

FTIR (see Fig. 5.2). We performed right after the deposition of nanoparticles. A Bruker Alpha 

FTIR spectrometer was used for this purpose in diffuse reflectance mode. These Si nanoparticles 

were synthesized using 80 sccm of SiH4, 50 sccm of Ar and 25W of input power. The reactor 

design was same as shown in Figure 5.1(b) except the expansion region was shorter (127 mm) 

with total length remained same. We have compared three different cases of nitridation with 

different reactor configuration. 

The FTIR spectra from Si NCs synthesized with and without H2 flowing through the side 

arm look similar in terms of Si-Hx (x = 1, 2, 3) peaks. For the no hydrogen injection case, the 

presence of H2 could be attributed to SiH4 precursor. For Si NCs, the absorption peak found 

around ~ 2100 cm
-1

 is the combination of three different silicon hydride peaks: SiH (~ 2086 cm
-

1
), SiH2 (~ 2112 cm

-1
), and SiH3 (~ 2136 cm

-1
)
204

. But, flowing hydrogen through the side arm 

would increase the concentration of SiH3 species and lower the amount of SiH group’s presence 

at the sample surface as can be seen from the plot
61

. The absorption bands at ~ 908 cm
-1

 and ~ 

865 cm
-1

 represents Si-Hx bending/wagging vibrations at the Si surface. The shoulder at ~ 1052 

cm
-1

 is due to very small partial surface oxidation of Si NCs as the samples were exposed to air 

while transferring from the reactor to the FTIR instrument. 
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Figure 5.2: Comparison of FTIR spectra from Si nanoparticles (a) without any gas injection 

through the side arm, (b) 100 sccm H2 through the side arm and (c) 100sccm N2 through the side 

arm. 

For Si NCs with N2 injection, intense absorption band was observed in the range 700-

1200 cm
-1

 and is attributed to the transverse optical mode of Si-N-Si antisymmetric stretching 

vibration 
187,205–209

. This peak position can change depending on the N2 content of the film. There 

is a shoulder associated with the Si-N-Si broad peak centered at ~ 1150 cm
-1

 and could be the 

combined effect of N-H bending vibration and the Si-N-Si longitudinal optical asymmetric 

stretch
187,210–212

. The presence of absorbance peak in the range 2000 – 2300 cm
-1

 indicated the 

presence of H2 at the sample surface as this peak could be assigned to Si-N-Si-Hx (x = 1,2) 

stretching vibrations. But, there is a shift of ~ 86 cm
-1

 for this peak towards higher wavenumbers 

as compared to SiHx peak from Si NCs without any gas injection and this happened as H atoms 

were replaced by N atoms in the surface Si back-bonds
187

. Hydrogen was also found to be bound 

with N atoms in Si NC surface and absorption bands at ~ 1550 cm
-1

, ~ 1635 cm
-1

 represents NH2 

(secondary and primary) bending vibrations
213

 whereas absorbance band at ~ 3356 cm
-1
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Figure 5.3: Evolution of FTIR spectra for three different cases. 
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represents NHx (x = 1,2) stretching vibrations
213,214

. The evolution of the samples discussed 

above is shown in Figure 5.3 using FTIR spectra. We have compared FTIR spectra from all the 

samples three times: just after deposition, after 3 days and after 10 days. The shoulder at ~ 1052 

cm
-1

 was due to partial surface oxidation of Si NCs and over the time it has increased indicating 

all the samples were oxidized. 

 

Figure 5.4: Deconvolution of the FTIR spectra for Si-N-Si-HX stretching vibrations region using 

five Gaussian lineshapes for Si NCs synthesized using 120 sccm N2 flown through the side arm 

for the plasma reactor shown in Figure 4.1 (b). 

To get a more detailed idea about the quality of nitride coating around Si NCs, we have carefully 

analyzed the Si-N-Si-Hx (x = 1,2,3) and Si‒N‒Si absorbance bands. Considering the information 

available in the literature
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, we have deconvoluted the Si-N-Si-Hx peak using five Gaussian 

lineshapes and is shown in Figure 5.4. The absorbance peak at ~ 2115 cm
-1

 (ν2) could be 

assigned to the binding configurations of (Si2)SiH2 and (Si2N)SiH 
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. Whereas, the biggest 
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a Si3N4 matrix whose actual configuration is N3Si:H 
187,213

. The absorbance bands at ~ 2030 cm
-1

 

(ν1) and at ~ 2205 cm
-1

 (ν4) are unidentified. The smallest absorbance band at ~ 2230 cm
-1

 (ν5) 

might be from SiH in the N3SiH binding configuration
187

. Based on the Si-N bonding 

configurations, there exists four different types of Si-H bonding sites
208

. Si-H absorption band 

could shift from 2090 to 2170 cm
-1

when an N atom replaces an H atom.  As we are not able to 

resolve these closely separated peaks due to (N3)Si‒H, SiN2Si‒H, and Si2NSi‒H, we lumped all 

the absorption representing N3Si-H vibration at 2170 cm
-1

. 

The Si‒N‒Si antisymmetric stretching band from FTIR spectra (see Fig. 5.2) for SiNx 

coated Si NCs synthesized with 100 sccm N2 injected through the side arm into the SiH4/Ar 

plasma is shown in Figure 5.5. This stretching band is broad in nature with center at ~ 1030 cm
-1

 

and the position of this band can change  based on the ratio of  N and H content for a particular 

SiNx film 
187,205–207,209

. It is a known fact that for  N‒rich films, this absorbance band should 

appear beyond 970 cm
-1

 towards higher wavenumber 
187,205

. For our sample, the absorbance band 

appeared with center at ~ 1030 cm
-1

, which is an indicative of synthesis of N‒rich films. A 

similar trend was reported by Sénémaud et al.
217

, who observed a shoulder in the Si‒N‒Si 

stretching band centered at ~ 1020 cm
-1

 for SiNx films (1.27<x<1.61) due to Si‒N‒Si stretching 

vibration in N3SiH. 

Additionally, a shoulder was also found in lower wavenumbers (~ 830 cm
-1

) which is 

also an indicative of a more stoichiometric nitride film and can be assigned to the Si‒N‒Si 

antisymmetric stretching vibration
209

. A small shoulder of the absorbance band at ~ 1190 cm
-1

 

could be attributed to N‒H bending vibrations. 
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Figure 5.5: FTIR spectra showing Si‒N‒Si stretching band for SiNx coated Si NCs. 

 

Figure 5.6: PL spectra from SiNx coated Si NCs synthesized with 100sccm of N2 through the 

sidearm into the SiH4/Ar plasma. 

It is well-known that the deciding factors of PL from quantum confined (bohr radius ~ 5 nm) Si 

NCs are nanocrystal size and its surface composition
19,32,41,187,218,219

. No PL was observed from 

these SiNx coated Si NCs immediately after the deposition within the sensitivity of our setup, and 
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defects and enhanced the sample’s PL intensity. We have compared the PL spectra of SiNx 

coated Si NCs synthesized with 100sccm N2 for two instances: 3 days after deposition and 31 

days after deposition. The sample was exposed to open air after deposition and the evolution of 

its PL spectra is shown in Figure 5.6. The PL peak was at ~ 776 nm after 3 days and was blue-

shifted a bit compared to Si NCs synthesized with 50 sccm of N2 ( PL peak centered at ~ 780 nm 

but not shown here). 

We have used the model developed by Ledoux et al.
19

 for the calculation of nanocrystal 

core size and was found out to be ~ 4.4 nm (PL peak ~ 776 nm). We have studied two different 

flow rates of N2 : 50 sccm and 100 sccm, but the PL spectra from both the cases were almost 

similar indicating self-limiting characteristics of our nitridation process
187

. Simulations 

performed by Kramer et al.
56

 gave us an idea about the temperature fluctuations in Si NCs and 

from that study we know that the temperature of 5 nm Si NCs should be in the range of ~ 375
0
C 

‒ 575
0
C at 40W input rf power, the least power required for nanoparticle crystallization. Now, 

our PL results, which we measured 3 days after deposition, indicated the Si NC core size of ~ 4.4 

nm in diameter. Considering the fact that the overall NC core size shrinks due to oxidation even 

though the NC becomes bigger as a whole
187

, we assume 4.4 nm was the minimum size of our Si 

NCs when it interacted with the N species inside the plasma. Based on this consideration, we are 

predicting the NC surface temperature to be close to 500
0
C, which is good enough to get 

structured nitride layer
202

. But, the nitride layer might not be thick enough and therefore 

susceptible to oxidation as can be seen from the PL spectra. 

The stability of our nitride coating with respect to atmospheric conditions was studied 

using PL spectra. With increasing number of days of exposure, (i.e. with increasing surface 

oxidation), emission from NCs blue-shifts (see Fig. 5.6) which is in good agreement with 
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theoretical analysis. Another plot showing the oxidation rate comparison of five different 

samples, are shown in Figure 5.7. 

 

Figure 5.7: Evolution of PL peaks for different samples 

Here, we have compared five different cases: Si NCs without any additional gas injection, SiNCs 

with H2 injection (two different flow rates) and SiNCs with N2 gas injection (two different flow 

rates). Data has been recorded for a month and during that period all the samples were stored in 

atmospheric conditions. Both the nitride samples exhibited a more rapid blueshift as compared to 

other three samples for first few days, but then stayed almost flat. From the plot, we found out 

that SiNCs synthesized with 100 sccm N2 was the sample with least oxidation and more stable 

amongst all. 

650

700

750

800

850

900

0 5 10 15 20 25 30 35

P
L

 P
e
a
k
 W

a
v

e
le

n
g

th
  

(n
m

) 

Days since deposition 

Si NCs Si NCs with 50sccm H2

Si NCs with 50sccm N2 Si NCs with 100sccm N2

Si NCs with 100sccm H2



87 
 

The NC diameter was also calculated after oxidation of 31 days using the same model 

introduced by Ledoux et al
19

 based on the emission peak position and is estimated to be ~ 3.8 

nm. So, after 31 days of oxidation, there was ~ 0.6 nm decrease in NC diameter, indicating that 

part of the SiNx layer was converted into a SiOxNy layer. For the complete prevention of 

oxidation and to keep the properties of the core intact, one must achieve the critical thickness of 

nitride layer
220–222

. It is also reported in the literature that only an ordered Si3N4 coating 

suppressed oxidation under atmospheric conditions
220

. Thus, we surmise that the above 

mentioned nitride layer is less than the critical thickness to completely suppress the oxidation. 

In order to get an idea about the nitride film quality and any possible surface 

contamination or impurities, XPS measurements were performed. Figure 5.8 shows a comparison 

of SiNC surface synthesized with and without N2. SiNx coated SiNCs were synthesized by 

flowing 120 sccm of N2 through the sidearm into the SiH4/Ar plasma with reactor design shown 

in Figure 5.1(b). Figure 5.8 (b) and (d) with binding energy ranging from 392 ‒ 412 eV shows 

the N(1s) spectra whereas Si(2p) spectra from 92 ‒ 112 eV are displayed in Figure 5.8 (a) and 

(c). 

The Si 2p spectra clearly indicate the presence of the Si NCs (~ 99.5 eV), as well as a Si‒

N feature (~ 101.9 eV)
220

. We can get an idea about how many N atoms are bound to Si atoms 

from the shifting of Si 2p peak position and based on the literature, the values are 2.7, 1.5, 0.8 

and 0.3 eV for four, three, two and one N atom respectively
199,223

. Thus, we can assume that for 

our film Si atom is bound to four N atoms based on a shift of 2.4 eV. For stoichiometric Si3N4, 

each Si atoms is bound to four N atoms and they are arranged in a tetrahedron arrangement
223

. 

For intermediate nitrides of Si, one, two or three N atoms are replaced by Si atoms. The 

associated N 1s region also confirms the formation of a nitride at the surface with a binding 
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energy at ~ 397.8 eV
224

. This binding energy is close to the measured value for Si≡N bonds in 

Si3N4
202

. The atomic ratio of Si and N for this nitride film was calculated from the XPS analysis 

and was found to be 1:1.22, which is very close to the stoichiometric ratio of 1:1.33. Si 2p peak 

at 99.5 eV is not included in this estimation. This difference between these two ratios is likely 

due to the presence of some nonstoichiometric nitride species
199

. We still see the Si 2p peak, 

meaning either the nitride is thin enough for the XPS to penetrate to the core, or that some 

surface atoms are unaffected by our process. 

 

Figure 5.8: XPS measurements of (a) & (b) SiNCs synthesized with 120 sccm of N2, (c) & (d) 

SiNCs without any additional gas injection. 

For SiNCs without any additional gas injection, with Si 2p peak (~ 99.5 eV), there was a 
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225
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XPS spectra was taken at the film surface and the measured oxygen impurity was due to the 

surface oxidation as the sample was exposed to air while transferring from the reactor to XPS 

instrument. Probable bonding configurations for our SiNx film could be represented by the 

Figure 5.9
207

. 

 

Figure 5.9: Schematic showing possible bonding configurations near a Si‒N bond. (a) without 

hydrogen (SiNx group), and (b) with SiH and NH bonds (SiNx (H) group). (Adapted from 

Hasegawa et al.
207

) 

 

Figure 5.10: TEM images of SiNx coated SiNCs synthesized with 120 sccm N2 using reactor 

design shown in Figure 5.1(b). The inset shows the SAED pattern. 
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TEM and SAED analysis were performed using a JEOL 2200 FS ultra-high resolution 

microscope. Bright-field TEM images are shown in Figure 5.10 alongthwith SAED pattern. 

These TEM images confirmed the formation of Si NCs in the nitride film and the corresponding 

SAED pattern showed the silicon (111), (220), and (311) diffraction rings, consistent with other 

results. 

The formations of defect states at the passivation layer or at the interface can be 

examined by electron paramagnetic resonance (EPR) spectroscopy given the defects are 

paramagnetic. This condition is mainly applicable for silicon dangling bonds present  at the SiNx 

surfaces
226

. As discussed earlier, EPR technique works under the principle of free electron 

energy level splitting in an given magnetic field and subsequent resonance under applied 

microwave frequency. Dangling bonds can be detected using this technique as they have a 

particular resonance at a given magnetic field and microwave frequency. The governing equation 

for resonance can be written as
49

: 

∆𝐸 = ℎ𝜈 = 𝑔 × 𝜇𝐵  × 𝐵 

where ∆E represents energy splitting of the electrons based on its spin direction, hν stands for the 

microwave radiation energy; μB indicates the Bohr magnetron, applied magnetic field is 

represented by B and the g is a dangling bond specific value. 

The EPR spectra from our samples are shown in Figure 5.11 and the magnetic field used 

for these two cases were different: 9862.382 MHz and 9815.484 MHz for SiNCs and SiNx 

coated SiNCs respectively. But, the g-value for both the cases is very close. It is known that the 

defects related to disorder in silicon is represented by D-defect with a corresponding g-value of 

2.0052
57,227

. Whereas the defects found at the interfaces of Si‒SiO2 is known as Pb defects and 
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has two g-values: 2.0019 and 2.0086 for parallel and anti-parallel cases respectively
57,227

. Si and 

N dangling bonds can also be found in N-rich SiNx thin films
228

. In contrast to Si dangling bond, 

N dangling bond is metastable and were only observed at extreme conditions
228

. The defects that 

we found for our sample was mainly Pb-defects: for SiNCs with g = 2.0076 correlates to Pb1 

(100), whereas, g = 2.0081 represents Pb (110) for SiNx coated SiNCs. 

 

Figure 5.11: Comparison of EPR signals from SiNCs with SiNx coated SiNCs. (Note: the signals 

were acquired under different microwave frequency, accounting for the large offset in magnetic 

field.) 

5.4 Dual Plasma Synthesis 

As discussed in the previous chapter, similar dual plasma system has been designed for 

the synthesis of SiNCs with a goal to grow a silicon nitride (SiNx) shell around those NCs. Main 

purposes of using dual plasma system was to take advantage of heterogeneous nucleation 

(growth of SiNx on SiNCs) and to have control on the crystallinity of nanoparticles and its 

surface properties. Two different reactor configurations have been used and the schematics are 

shown in Figure 5.12. 
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To grow a SiNx shell around SiNCs, dual RF plasma setup was used with N2 flowing 

through the sidearm for both the cases as shown in Figure 5.12. For first case, both plasmas were 

in the main tube simultaneously, whereas, case 2 had primary plasma in the main tube and 

secondary plasma in the sidearm. The Primary plasma (Top) was used for the production of Si 

NCs and the secondary plasma (Bottom) for nitridation of those produced SiNCs. 

 

Figure 5.12: Schematics of the dual plasma reactor for (a) Case 1 and (b) Case 2. 

The flow-through reactor consists of a pyrex tube with an outer diameter (O.D.) of 12.7 mm in 

the top portion and 25.4mm in the bottom portion. For case 1, the tube is 381 mm long and the 

expansion region is 177.8mm from the top. While for case 2, the tube is 304.8 mm long and the 

expansion region is also 177.8 mm from the top. Ar and SiH4 (1% in Ar) are flown through the 

(a) 

N2 

Ar + SiH4 

Primary 

Plasma 

Secondary 

Plasma 

Vacuum Pump 

N2 

Vacuum Pump 

Ar + SiH4 

Primary 

Plasma 

Secondary 

Plasma 

(b) 



93 
 

pyrex tube (entered through the reaction zone with O.D. 12.7 mm, primary plasma) and a pair of 

ring copper electrodes is wrapped around that tube. The ring electrodes are positioned in such a 

way that the bottom edge of the ground electrode will be 5 cm and 2.54 cm above from the 

starting point of the expansion region for case 1 and case 2 respectively. 

The thickness of the electrodes is around 1cm and the distance between the inside edges 

of the electrodes are 2.54 cm. The side arm has an O.D. of 6.35 cm and is located 2.5 cm below 

the junction point of the reaction zone and the expansion region. For case 1, side arm has 2.54 

cm length, whereas, for case 2, it is 15.24 cm long. Another pair of electrodes with same 

thickness was used for the secondary plasma and the gap between the inside edges of the 

electrodes is 2.54 cm for case 1 and 4.2 cm for case 2. For case 1, the top electrode is located 3.8 

cm below the sidearm, whereas, for case 2, the electrode closer to the main tube is located 5.1 cm 

away from it. 

Two plasmas can be distinguished based on the emission color, where Ar/SiH4 plasma 

looks purple, N2 plasma is pink. Si NCs were nucleated, grew in Ar/SiH4 plasma (primary) and 

were transported to the downstream region by the gas flow. The purpose of using secondary 

plasma was to provide enough energy for the dissociation of nitrogen atoms (N radicals) so that 

they can react and form bonds with silicon to create a shell of SiNx around SiNCs. N radicals for 

nitridation, which were produced by the secondary plasma, were irradiated to surface of Si NCs 

during their transportation to the downstream region. Case 1 was straightforward as both the 

plasmas were in the main tube. For case 2, we had to make sure that the N radicals coming out of 

secondary plasma should enter the main tube at the afterglow part of the primary plasma for the 

reaction to occur. 
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Ar and SiH4 flow rate was fixed with 30 sccm and 80 sccm respectively, whereas N2 

flowrate was varied from 0 ‒ 100 sccm. The pressure therefore, varied from 2.7 ‒ 4.5 Torr. The 

supplied power was 25 W and 20W for primary and secondary plasma respectively. We 

performed a power study analysis to get this optimum power. For some experiments, we have 

flown 10 sccm SiH4 along with N2 through the sidearm in addition to flowing through the main 

tube. The purpose of using extra silane was to get better nitridation through more SiNx 

formation. The generated Si nanoparticles were collected on different substrates using impaction 

technique and then stored in air or in N2 purged glove box depending on characterization 

requirement. 

These synthesized NCs were characterized with FTIR, XPS, PL and EPR measurements. 

We started with comparing two different reactor configurations (case 1: straight tube dual plasma 

and case 2: side arm dual plasma). FTIR measurements were performed just after deposition to 

figure out the better nitridation amongst them and the results are shown in Figure 5.13. 

  

Figure 5.13: Comparison of FTIR spectra for two different reactor configurations 
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Samples were prepared with N2 = 50 sccm for both the cases with extra 10 sccm SiH4 for case 2. 

For both the cases, the Si‒N‒Si stretching band is prominent, broad and is centered at ~ 950 cm
-1 

and 930 cm
-1

 for case 1 and case 2 respectively (see Fig. 5.13). Usually, absorbance features 

close to 970 cm
-1

 is observed for N‒rich films
205

 and therefore straight tube dual plasma looks 

better in terms of nitridation. Also, there is a shift of Si‒N‒Si‒Hx peak towards higher 

wavenumber (~ 30 cm
-1

) for the straight tube dual plasma compared to side arm dual plasma. 

Considering this result, we performed a parametric study on N2 flow rates for straight tube dual 

plasma. FTIR measurement for this study is shown in Figure 5.14. Three different flowrates were 

used: 25 sccm, 50 sccm, 100 sccm and out of these 25 sccm and 50 sccm sample looked 

promising in terms of nitridation. Both had the highest peak shift towards higher wavenumber 

for Si‒N‒Si‒Hx (~ 60 cm
-1

) compared to plain SiNCs (no N2). Also, the Si‒N‒Si stretching band 

is found to be centered at 962 cm
-1

 and 950 cm
-1

 for 100 sccm and 50 sccm sample respectively 

indicating N-rich films. But, as 100 sccm N2 flowrate created instability in the secondary plasma, 

we opted for 50 sccm N2 flowrates. 

 

Figure 5.14: Comparison of FTIR spectra with different flow rates for case 1 
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To determine the qualities of our nitride films, we have performed the XPS measurement. 

Figure 5.15 shows a comparison of nitride film synthesized from straight tube dual plasma with 

and without extra 10 sccm SiH4 flown through the side arm along with 50 sccm of N2. 

 

Figure 5.15: XPS measurements of SiNx coated SiNCs from straight tube dual plasma (a) & (b) 

50 sccm N2 through the side arm, (c) & (d) 50 sccm N2 with 10 sccm SiH4 through the side arm. 

The Si 2p spectra clearly indicate the presence of SiNCs (~ 99.3 eV and ~ 99.1 eV for two 

cases), along with a Si‒N feature (~ 102 eV and ~ 101.9 eV for two cases)
220

. Also, based on the 

shift of Si 2p peak (~ 2.7 eV and ~ 2.8 eV respectively), we can assume that Si atom is bound to 

four N atoms
199,223

. N1s region also confirms the presence of a nitride at the surface
224

. The 

atomic ratios of Si and N for these two nitride films were calculated and were found out to be ~ 
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1: 1.28 and ~ 1: 1.27 for without 10 sccm SiH4 and with 10 sccm SiH4 sample respectively (Si 2p 

peak was not considered for this calculation). These atomic ratios for both the cases has 

improved compared to single plasma nitridation process (see Fig. 5.8) and is closer to the 

stoichiometric ratio i.e. 1: 1.33
199

. As we can still see the Si 2p peak along with Si3N4 peak, we 

can assume that either the nitride shell is very thin for XPS to penetrate or some surface Si atoms 

are still unaffected by this process. Comparing the Si 2p and Si3N4 peak amplitude and atomic 

ratios of Si and N for both the cases, SiNx coated SiNCs without 10 sccm extra SiH4 looks better 

in terms effective nitridation. 

  

Figure 5.16: Evolution of PL peak for samples with varying N2 flow rates 
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compared to plain SiNCs from single plasma (without N2). 100 sccm N2 sample looked better as 

compared to 50 sccm or 25 sccm sample in terms of total PL peak shift and could indicate better 

SiNx shell growth. To give a better idea about our nitridation process, we have measured the PL 

from samples produced with different reactor configurations and the data were recorded for 39 

days. The results are shown in Figure 5.17. 

 

Figure 5.17: Evolution of PL peak for samples with different reactor configurations 
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Table 5.1: PL peak shifting data along with nanoparticle size for different samples 

Sample Specification PL Peak 

shift 

(nm) 

Initial 

Nanoparticle Size 

(nm)
19

 

Final 

Nanoparticle Size 

(nm)
19

 

Change in 

Size (nm) 

SiNCs single plasma 109 5.128 3.94 1.188 

SiNCs single plasma 

with 50sccm H2 97 5.128 4.06 1.068 

SiN coated SiNCs 

from straight tube dual 

plasma 

66 4.51 3.85 0.66 

SiN coated SiNCs 

from side arm dual 

plasma 

27 5.462 5.11 0.352 

SiN coated SiNCs 

from side arm dual 

plasma 2 

43 5.126 4.59 0.5360 

We have performed EPR study using a Bruker ELEXSYS‒II E580 EPR spectrometer. 

Three different samples were tested: SiNx coated SiNCs using straight tube dual plasma, SiNx 

coated SiNCs using side arm dual plasma, and SiNCs from single plasma without N2. Dual 

plasma samples were prepared using 30 sccm Ar, 80 sccm SiH4, 50 sccm N2 along with extra 10 

sccm SiH4 through the side arm. Single plasma sample was prepared by using only 30 sccm Ar 

and 80 sccm SiH4. First phase of EPR study was performed just after deposition and the samples 

were kept air free until the measurement. After the first phase of measurement, all three samples 

were kept in open air condition for 7 days and then the second EPR measurement was 

performed. All the measurement was performed under room conditions. The EPR spectra are 

shown in Figure 5.18 and the corresponding g values of each sample were also displayed. All the 

EPR signals were normalized by their respective nanoparticle weight. 
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Figure 5.18: Comparison of EPR spectra for three different samples 
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dual plasma sample had D-defects, whereas, the single plasma sample had Pb defects indicating 

the presence of SiO2. In terms of EPR signals or amplitude, straight tube dual plasma sample and 

single plasma SiNCs had similar range of amplitude and is much lower than the side arm dual 

plasma sample indicating less defects content. 

After 7 days of atmospheric exposure, all three samples’ g‒values verified that all the 

samples got oxidized. Also, the change in line shape for single plasma SiNC sample indicated 

that it was the most affected sample by oxidation. Comparing the EPR signals, we can say that 

the straight tube dual plasma had least oxidation, which in turn justifies our hypothesis that 

coating a SiNx layer around SiNCs can prevent its oxidation and can make it more stable. 

5.5 Conclusions 

In this chapter, we have demonstrated surface nitridation of Si NCs in a single step 

process using non‒thermal plasma. In an attempt to prevent the oxidation of Si NCs and to 

enhance its luminescence properties, we have successfully grown a shell of SiNx around Si NCs. 

Two different plasma reactor configurations were tested: single plasma and dual plasma (primary 

plasma for the synthesis of Si NCs and secondary plasma for the growth of silicon nitride around 

Si NCs). With the help of a parametric study involving different reactor configurations, RF 

power, location of N2 injection, electrode positioning, N2 flowrate, we found out that maximum 

PL, better nitride shell growth and minimum oxidation occurs when these NCs are synthesized 

using a dual plasma process with N2 gas being injected in between two plasmas. These 

nanocrystals were characterized thoroughly using FTIR, XPS, TEM, PL measurement and found 

out to be oxidized when exposed to open air conditions thereby decreasing the SiNC core size (~ 

1.2 nm decrease in NC core diameter for Si NCs over a period of 40 days, whereas, for SiNx 
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coated Si NCs, it was ~ 0.6 nm over the same period). In order to prevent the oxidation, a critical 

thickness of SiNx layer is to be achieved. We have discussed some on-going work in order to 

achieve this critical thickness. Upon successful synthesis, these NCs can be used in different 

applications like lithium-ion batteries, solar cells, LEDs etc. 
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APPENDICES 
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APPENDIX A 

Collaborative Projects 

 

Part 1: Femtosecond Dephasing of Silicon Nanoparticles using a Total Internal Reflection 

(TIR) Microscope: This project is in collaboration with Prof. Marcos Dantus and his research 

group from the Department of Chemistry, MSU. Major portion of this project is done and is 

currently in progress for publication. 

Nano-sized silicon has been one of the most interesting research topics after the 

discovery of its luminescence by Canham et al.
155

. Due to the “quasi-direct” electron-hole 

recombination process
229

, nano-sized silicon behaves like a direct band gap material, whereas 

bulk silicon is an indirect band gap material. The present study is about the dephasing of silicon 

nanoparticles (both oxidized and non-oxidized) and its coherence using a femtosecond laser, a 

pulse shaper, and a total internal reflection microscope (TIR)
230

. 

We were responsible for preparing all the samples for this project. The dephasing 

analysis was done by Prof. Dantus’s Group, MSU. The silicon nanoparticles studied were 

synthesized in our lab using a flow-through plasma reactor in a fully gas‒phase process
50

. Silane 

(1% in Argon) was used as a precursor gas and argon as a background gas. The flowrates were 

80 sccm and 30 sccm respectively. The pressure was kept constant at 2.75 Torr using an orifice 

plate. The supplied power was 25W from a 13.56 MHz radiofrequency (rf) power supply via a 

matching network. The detailed description of Si NC synthesis was already discussed in Chapter 

2. Three different types of Si NC films were studied in this case: Hydrogenated, Oxidized and 

surface functionalized Si NCs. 
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Hydrogenated films were synthesized by flowing 50 sccm of H2 through the sidearm into 

the afterglow part of the plasma in addition to Ar and SiH4 as discussed in the earlier chapters. 

There films were characterized just after the deposition and were kept air‒free until the 

characterization. For oxidized sample, SiNCs were synthesized without any hydrogen injection 

and were left in open air for a week. For functionalized SiNC film, SiNCs were produced using 

the same recipe of hydrogenated samples. These SiNCs were then functionalized in a liquid-

phase thermal hydrosilylation reaction
77

 using 1-decene. Detailed functionalization procedure is 

already discussed in Chapter 2. PL QYs of the functionalized SiNCs was measured and found 

out to be ~ 50%, whereas for hydrogenated and oxidized Si NC film, it was ~ 2% and ~ 4% 

respectively. 

The substrates used for this purpose was microscope glass cover slides. Before 

deposition, these glass slides were cleaned thoroughly using spectrometric grade methanol. For 

hydrogenated and oxidized samples, SiNCs were directly deposited from gas-phase onto glass 

slides using impaction techniques. The deposition time was 30 sec for both cases. As surface 

functionalization involved liquid‒phase, those functionalized SiNCs were drop‒casted onto glass 

cover slides. After deposition, all the cover slides were then covered with cleaned cover slides 

for image processing using microscope. 

PL spectra were collected from all three Si NC films right after the deposition (Fig. A.1(a)). PL 

peak for both hydrogenated and oxidized sample were close, whereas functionalized SiNCs had 

PL beak blue shifted due to functionalization scheme. Absorption spectra were also collected and 

are shown in Figure A.1(b). The functionalized SiNC film demonstrated absorption of light 

below 600nm, beyond which there was little absorption. However, for hydrogenated and 

oxidized SiNC films, they absorbed light below 800nm. 
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Figure A.1: (a) Photoluminescence spectra and (b) absorption spectra from three different types 

of SiNC films. 

 

Figure A.2: FTIR spectra from three different types of Si NC films. 
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FTIR spectra from all the samples are displayed in Figure A.2. The oxidation peak is 

prominent for the oxidized sample at 1050 cm
-1

 for the oxidized sample. However, for 

hydrogenated sample, there is a little shoulder of oxidation peak as the sample was exposed to 

open air while transferring the sample from the reactor to instrument. For functionalized SiNC 

film, there was no such oxidation peak as well as SiHx peak was almost gone as compared to 

non‒functionalized Si NC film. 

Part 2: Fabrication of Photonic Crystal Structures by coupling Silicon Nanocrystals with 

Polymer Nanolattices: This project is in collaboration with Prof. Julia R. Greer and her research 

group from the Department of Materials Science and Mechanics, California Institute of 

Technology. The project is currently in progress and hopefully would be ready for publication 

next year. 

A photonic crystal can be defined as a periodically repeating structure made up of two 

distinct materials having different dielectric constants and was studied by several researchers to 

improve the LED efficiency
231–233

. This project can be divided into two parts: fabrication of 

polymer nanolattices and deposition of Si NCs on polymer nanolattices. Ryan Ng from Prof. 

Greer’s Group is working on the fabrication of nanolattices along with device fabrication. We 

were responsible for the coupling of Si NCs with polymer nanolattices. They have used the 

Direct Laser Writing (DLW) Two-Photon Lithography (TPL) method as reported in Chernow et 

al
234

 to fabricate polymer nanolattices.  Three different structures of nanolattices have been 

considered for this project. 

Octahedron is an open structure, simple cubic analogue and unit cell is of the order of 

microns. Whereas, octet has face-centered cubic (FCC) analogue and unit cell is of the order of 
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microns. In terms of photonic properties, woodpile structure is the best amongst all three 

structures and its unit cell is of the order of nm (scale of visible light). Having diamond cubic 

analogue, woodpile structure exhibits full photonic band gap. Although, it is very difficult to 

deposit onto the woodpile structure as the inter-beam spacing is very small. However, 

octahedron being the simplest structure is the best in terms of ease of fabrication/deposition. 

Therefore, octahedron structure is mostly used for this project. 

 

Figure A.3: SEM images of Octahedron Polymer Nanolattices on Si wafer: (a) and (b) before Si 

NC deposition, (c) and (d) after coated with Si NCs. 

(a) 

10 μm 

(b) 

2 μm 

(c) 

(d) 

2 μm 
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Characterization of these nanolattices was performed using SEM. SEM images of these 

polymer nanolattices are shown in Figure A.3. As explained in detail in Chapter 2, the deposition 

of Si NCs can be done in two ways: impaction and diffusion. When the gap between the orifice 

and substrate is comparatively high, it follows diffusion whereas, impaction of nanoparticle 

happens when the substrate is very close to the orifice. We have studied four different gap 

distances between the orifice and substrate: 3mm, 7.5mm, 12mm and 22mm. Then, we have 

performed SEM analysis of these samples having different gap distances. For the sample with 

gap of 3.5 mm, deposited layer came out to be really dense and thick. Being so close to the 

substrate, the deposition through orifice should follow impaction technique and won’t be able to 

penetrate the nano trusses all the way to the bottom. We observed the same thing for this sample.  

When the gap distance was really high, i.e. 22mm, it looked like there was almost no 

deposition at all. For the two intermediate gap distances, i.e. 7.5 mm and 10 mm, samples looked 

good both in terms of thickness and density. But, with 7.5 mm gap, penetration of SiNCs through 

the nano trusses were better (see Figure 7.3) and therefore, we have maintained the same gap for 

the rest of our study. 

The possible contact fabrication (for Masking) technique to enable these nanolattices for 

photonic applications can be explained using the flow chart diagram as shown in Figure A.4. Out 

of these steps, only the deposition of Si NCs has been performed in our lab and rest of the steps 

are done by Ryan Ng from Prof. Greer’s group. 

This project is underway and involves a lot of future studies. We will mainly focus on 

octahedron nanolattices due to its ease of deposition but will eventually move towards woodpile 

structures. Also, we will try to explore band gap tunability effects. 
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Figure A.4: Flow chart diagram showing different steps of Deposition and Masking. (Figure 

Credit: Ryan Ng, Caltech) 

Part 3: Liquid-Phase Surface Functionalization of Silicon Nanocrystals using different 

Ligands: This project is in collaboration with Prof. Rémi Beaulac and his research group from 

the Department of Chemistry, MSU. The project is currently under progress and hopefully would 

be ready for publication next year. 

The objective of this work is to enhance the luminescence from Si NCs and to get rid of 

defects (achieve better surface coverage) for application in LEDs. We have already discussed the 

liquid-phase surface passivation of Si NCs
58,77

 using 1-decene in chapter 2. A lot of research has 

been done over the past decades on surface functionalization/termination of silicon surfaces 

using alkyl group (methyl, ethyl), chlorination and allyl group
235–241

. Besides 1-decene, Si NCs 
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were also functionalized with several other ligand groups, such as, amine group (10 carbon 

chain), methyl group and chlorine group. We were responsible for the synthesis of Si NCs and 

the functionalization part was performed in Prof. Beaulac’s Lab. This study is about comparing 

the performances of several ligand groups in passivating Si NC surfaces. 

 

Figure A.5: Steps of surface functionalization of Si NCs with 1-decene
49,58

. (Figure Credit: Dr. 

Rebecca Anthony) 
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APPENDIX B 

Plasma-induced Crystallization of Gallium Nitride (GaN) Nanoparticles 

 

The heating mechanism behind the crystallization of silicon nanoparticles in a non-

thermal plasma reactor has already been studied by Kramer et al.
56

 Here, using the same model 

reported by Kramer et al.
56

, we have studied the effects of pressure, electron temperature, ion 

density and hydrogen density on GaN nanoparticle temperature eventually leading to its 

crystallization. 

GaN nanoparticles were synthesized using a flow-through plasma reactor using argon-

ammonia (NH3)-trimethylgallium (TMGa) gas mixture as discussed in detail in Chapter 4. 

Crystallization of these nanoparticles was verified using XRD, TEM and Raman spectroscopy. 

Ion density and electron temperature are the most important factors responsible for the heating 

and cooling mechanism for nanoparticle surface and hydrogen density should not be as important 

for GaN as it is for silicon nanoparticles. We have used the same transient particle energy 

balance
55

 as it was used for Si NCs for the calculation of GaN nanoparticle temperature (Tp), 

4

3
πrP

3ρC
dTP

dt
= G ‒ L,                                  (B. 1) 

where, rp is the particle radius, ρ represents the mass density of GaN and C is its specific heat, G 

and L represents the heating and cooling term respectively. We have assumed that the GaN 

nanoparticles and its bulk counterpart has the same mas density and specific heat and for the 

simplification of calculation we also assumed that the GaN nanoparticles were spherical
55

 in 

shape. Electron-ion recombination process was mainly responsible for the heating of 
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nanoparticles and cooling happened due to the conduction heat transfer by Ar. We have used the 

Monte Carlo approach
242

 and 10
-8

 sec time step for this simulation. Initial conditions used were 

that the nanoparticle temperature was same as gas temperature and the nanoparticles were in 

neutral condition. The input parameters used in this case were calculated from theoretical 

analysis and might not be accurate. Due to experimental limitations, we couldn’t perform the 

plasma diagnostics but we have a future plan of doing the same. 

Nanoparticle characterization was performed with the help of TEM, XRD and Raman 

spectroscopy as discussed in detail in Chapter 4. The input parameters like electron temperature, 

ion density and hydrogen density were calculated (approx.) using the data from Kramer et al.
56

 

for the threshold plasma power required for crystallization of GaN nanoparticles in our case. 

 

Figure B.1: Effect of electron temperature on nanoparticle temperature. 
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Figure B.2: Effect of ion density on nanoparticle temperature. 

 

Figure B.3: Effect of reactor pressure on nanoparticle temperature. 

Figure B.1‒B.3 shows the effects of varying electron temperature, ion density, and pressure on 

nanoparticle temperature (Tp). Initial gas temperature was assumed to be 420K, but the 

nanoparticles have reached much higher temperatures with increasing electron temperature, ion 
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density and reactor pressure. The electron temperature and ion density was 4 eV and 2.1 × 10
19

 

m
-3

 for most of our calculations and is very relevant for our plasma synthesis conditions. Reactor 

pressure is directly related to the total gas flowrate and it was 9 Torr for most of our calculations, 

although, it can be easily controlled by changing the gas flowrates and by keeping the same 

orifice plate. The effect of varying hydrogen density on the nanoparticle temperature is shown 

below (see Fig. B.4). 

 

Figure B.4: Effect of hydrogen density on nanoparticle temperature. 

The nanoparticle temperature did not seem to change much with varying hydrogen density, but 

with increasing hydrogen density, occurrence of number of events (temperature fluctuations) has 

increased. Ion density used for this case was 2.1 × 10
19

 m
-3

. Although, to get a better idea about 

the impact of hydrogen density on the nanoparticle temperature, we have calculated the 

nanoparticle temperature with and without hydrogen density at a fixed ion density (see Fig. B.5). 

Similar trend was observed and the nanoparticle temperature did not change after adding 

hydrogen density for a fixed ion density. Addition of hydrogen atoms has only increased the 
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temperature fluctuations. The nanoparticle temperature calculated based on our plasma reactor 

conditions was as high as 2200 K, which is sufficient for crystallization of GaN nanoparticles. 

 

Figure B.5: Effect of hydrogen density on the nanoparticle temperature. The ion density is the 

most important parameter; changing H2 density did not make large changes in the nanoparticle 

temperature. 

By analyzing all the results, we got the idea about the GaN nanoparticle crystallization 

process and the role of input parameters in achieving crystallization temperature. However, we 

have a future plan to study the real‒time plasma characteristics of GaN synthesis to predict more 

accurate nanoparticle temperature and its crystallization mechanism. 
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APPENDIX C 

Nucleation and Crystal Growth in Gas-Phase Process 

 

A fundamental understanding of the nucleation and growth mechanism of Si NCs and 

GaN NCs is essential to our ability to achieve high-quality films. During synthesis, these 

nanoparticles go through nucleation and growth phases. Usually, nucleation can be categorized 

into two types: homogeneous nucleation and heterogeneous nucleation. Homogeneous nucleation 

occurs in the absence of any foreign nuclei or free surfaces, while, heterogeneous nucleation 

refers to the nucleation process in which the new phase forms on preexisting foreign nuclei or 

free surfaces. Both the homogeneous and heterogeneous nucleation process may be either single-

component (homomolecular) involving a single chemical species, or multicomponent 

(heteromolecular), which involves more than one chemical species. 

Synthesis of Si NCs and GaN NCs using plasma reactor in a fully gas‒phase process was 

single component and multicomponent homogenous nucleation process respectively. However, 

surface nitridation of SiNCs using nitrogen with dual plasma process was a multicomponent 

heterogeneous process as the growth of silicon nitride (in secondary plasma) occurred on the 

pre‒existing Si NCs from the primary plasma. 

From experimental mass spectrometry measurements, it has been suggested that the 

earliest stages of particle formation in this system mainly involve the following sequence of ion-

molecule reactions
243–247

: 

SiH3
− +  SiH4 →  Si2H5

− + H2,                                                                                     (A.1) 

Si2H5
− +  SiH4 →  Si3H7

− + H2,                                                                                              (A. 2) 
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Si3H7
− +  SiH4 →  Si4H9

− + H2,                                                                                              (A. 3) 

Si4H9
− +  SiH4 →  Si5H11

− + H2,                                                                                             (A. 4) 

. 

. 

. 

 

Sin−1H2n−1
− +  SiH4 →  SinH2n+1

− + H2.                                                                              (A. 5) 

It is a known fact that the hydrogen addition would suppress the particle nucleation in silane 

systems 
248,249

. The possible reason could be that the hydrogen appears as a product species in the 

reaction sequence and therefore would suppress the cluster formation if the reactions were 

reversible. 

Nucleation and crystal growth process of GaN nanoparticles in a non-thermal flow-

through plasma reactor has not been investigated till date. Although, several studies has been 

performed on GaN growth process in a gas-phase mode in the past decades. 

 

Figure C.1: Gallium Nitride synthesis route (Adapted from Parikh et al.
250

). 
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TMGa decomposition pathway was studied by Parikh et al
250

 using a kinetic model and 

the reaction pathway is shown below: 

(CH3)3Ga →  (CH3)2Ga + CH3                                                                                   (A. 6)  

(CH3)2Ga → (CH3)Ga + CH3                                                                                      (A. 7)  

(CH3)Ga →  Ga + CH3                                                                                                  (A. 8)  

CH3 +  H2  →  CH4 + H                                                                                                 (A. 9)  

CH3 +  CH3  →  C2H6                                                                                                    (A. 10)  

 CH3 +  H →  CH4                                                                                                          (A. 11)  

They have used Metalorganic Vapor Phase Epitaxy (MOVPE) process for the synthesis 

of GaN nanoparticles for which adduct formation is very common. These adduct formation is 

shown in Figure C.1 and it can degrade the nanoparticle quality. 
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