
 

 

 

 

 

 

 

 

 

 

 

ENGINEERING THE SURFACES OF GROUP IV MATERIALS FOR ENERGY 

APPLICATIONS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

by 

Rohan P. Chaukulkar 



ii 

 

 A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of 

Mines in partial fulfillment of the requirements for the degree of Doctor of Philosophy 

(Chemical and Biological Engineering). 

 

Golden, Colorado 

Date ___________________ 

 

Signed ______________________ 

Rohan P. Chaukulkar 

 

 

Signed ______________________ 

Dr. Sumit Agarwal 

Thesis Advisor 

Signed ______________________ 

Dr. Pauls Stradins 

Thesis Advisor 

 

 

Golden, Colorado 

Date ___________________ 

 

 

 

Signed ______________________ 

Dr. David W.M. Marr 

Professor and Head 

Department of Chemical and Biological Engineering 



iii 

 

 

ABSTRACT 

 A majority of our energy needs today is met by fossil fuels. The combustion of fossil 

fuels leads to the release of greenhouse gases which adversely affect our environment. This has 

prompted significant efforts to harness the various sources of renewable energy available to us. 

Solar energy is the only source of renewable energy capable of meeting our ever-increasing 

energy demands. Of the various solar technologies, photovoltaic (PV) technology promises to be 

an attractive option for the generation of electricity due to no emissions of greenhouse gases and 

various additional socio-economic benefits. A major obstacle in the implementation of PV 

technology on a large scale is the cost. This has led to an increased interest in research directed 

towards reducing the cost of electricity generated through PV. Si based PV holds majority of the 

market share. Therefore, a major challenge in the field of PV is the reduction of cost of 

electricity generated via Si based PV technologies. This goal can be achieved by the 

development of high-efficiency solar cells based on Si. Surface passivation is one of the reasons 

often cited for low efficiencies observed in solar cells. Hence, as a part of the work completed in 

this dissertation, we have studied the surface passivation in c-Si solar cells. 

 Specifically, we have used infrared spectroscopy techniques and minority carrier lifetime 

measurements to study the mechanism of surface passivation of c-Si by Al2O3. The passivation 

of the Si surface via Al2O3, deposited by atomic layer deposition (ALD), is achieved by a 

reduction in the defect density at the interface (Dit) (chemical passivation) and an increase in the 

fixed negative charge (Qf) associated with the Al2O3 films (field effect passivation). A post-

deposition annealing step is required to achieve this high level of passivation. We have 



iv 

 

investigated the effect of the annealing step in order to understand the mechanism of chemical 

passivation. Specifically, we have studied the role of H and O in the chemical passivation of c-Si 

by Al2O3. Our results indicate that it is the restructuring at the interface, and not the migration of 

H from Al2O3 to the c-Si interface, that contributes to the reduction in the interface defect 

density. 

 In addition to Al2O3, TiO2 has also been proposed as a surface passivant for c-Si. TiO2, 

due to its optical properties, has the added advantage of acting as an anti-reflection coating in 

addition to the surface passivation. Atomic layer deposition (ALD) technique is often used to 

deposit these TiO2 thin films. However, the low growth per cycle observed for typical ALD 

processes makes it unfeasible to be used on a large scale. Therefore, we have developed a novel 

ALD chemistry for the deposition of TiO2 with a high growth per cycle. We use a metal-alkoxide 

metal-chloride precursor combination to deposit the TiO2 thin films wherein the metal-alkoxide 

acts as the oxygen source. We have used in situ IR spectroscopy to study the surface reaction 

mechanism during the deposition process. We found that the reaction follows a alkyl-tranfer 

mechanism over the range of 150-250 °C. The use of metal-alkoxide as the oxygen source would 

also potentially mitigate the problem of interfacial oxide formation and hence, enable deposition 

of TiO2 on oxygen sensitive substrates. 

 Renewable energy sources such as solar energy, have an intermittent nature which 

increases the importance of an efficient energy storage system. Due to their high energy and 

power density, low self-discharge and maintenance, lithium-ion batteries (LIBs) are attractive 

candidates to meet this challenge. However, the LIB technology needs significant improvements 

before it can be implemented as an effective storage system. One of the factors which would 

improve the capacity of the LIB is the anode material. Group IV materials such as Si, Ge and Sn, 
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all have higher capacities than the current conventional anode material, graphite. The use of 

these materials as anodes in LIBs is however unfeasible due to the significant volume expansion 

these materials undergo upon lithiation. The volume expansion leads to electrode pulverization 

and a loss in battery capacity after just the first few charging and discharging cycles. A way to 

circumvent this issue is the use of nanomaterials. Specifically, carbon-coated Group IV 

nanomaterials have shown enhanced capacities as compared to graphite. To this end, we have 

developed a single-step technique to synthesize carbon-coated Si, Ge, and Sn nanoparticles. In 

this technique, we use two non-thermal plasmas in series to first synthesize the nanoparticles, 

and then coat them with carbon. We have studied the effects of varying the plasma parameters on 

the nature of the coating we employ on these nanoparticles. We have shown that the use of two 

plasmas allow us to independently control the synthesis and coating of these nanoparticles. 

 Efficient use of energy also contributes to the reduction of fossil fuel emissions. Artificial 

lighting consumes a significant portion of the electricity we generate. Hence the use of LEDs, 

which have been shown to be more efficient that traditional lighting sources, can greatly impact 

the fossil fuel emissions. Silicon carbide, due to its high band-gap has been proposed as a 

material for the manufacture of blue LEDs. The use of nanomaterials has been shown to enhance 

the luminescence properties of silicon carbide. Therefore, as a part of the work completed in this 

dissertation we propose a low-temperature technique to synthesize silicon carbide nanoparticles. 

We use a dual-plasma setup similar to the one used to synthesize the carbon-coated Group IV 

nanoparticles. The Si nanoparticles are synthesized in the upstream plasma and then carburized 

in the downstream plasma to form crystalline silicon carbide nanoparticles. 
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CHAPTER 1 

INTRODUCTION 

 This chapter outlines the motivation and scope of the research completed in this Ph.D. 

dissertation related to the generation, storage, and efficient use of renewable energy. In 

particular, we focus on Group IV semiconductors in various energy-related applications.  

1.1 Why is solar energy important? 

As mankind continues to make significant progress in the fields of science and 

technology, there is an ever-increasing demand for a stable, reliable supply of energy.
1
 Indeed, 

the International Energy Outlook 2013 (IEO2013) projects a 56% increase in world 

energy-consumption between 2010 and 2040. Currently, combustion of fossil fuels remains the 

primary source for generation of energy around the world.
2
 Combustion of fossil fuels leads to 

the release of greenhouse gases such as CO2, which adversely affect the climate system.
1,3,4

 The 

growth rate for emissions from combustion of fossil fuels increased from 1.5%/year over 1980-

2000 to 3%/year over 2000-2012.
5
 With continued efforts towards expanding fossil fuel 

extractions, the fossil fuel emissions will continue to rise leading to global warming and adverse 

effects on sea levels and weather patterns.
2,5

 Therefore, the United Nations Framework 

Convention on Climate Change has called for the terawatt challenge, an effort to supply 30 TW 

of carbon-free power by 2050.
2,4

 Solar energy is the most abundant source of energy, and the 

only renewable energy source amongst wind, hydroelectric, biomass, and geothermal, to be 

capable of meeting the estimated energy requirements.
2,6

 Of the various solar technologies, 
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photovoltaics (PV) is of particular interest for the generation of electricity due to no emission of 

greenhouse gases, and scalability.
6–8

 Additionally, PV also has some socio-economic benefits 

like reclamation of degraded land, increase in regional energy independence, and acceleration of 

rural electrification in developing countries.
6,8

 Currently, one of the major drawbacks of the PV 

technology is the high cost of electricity generation. The price for electricity generated by PV is 

about 2-5 times higher than the conventional grid supplied electricity.
2,7–10

 Continued research in 

the field targets the price of electricity generated by PV to be reduced to ~US $ 1/watt by 

2020.
2,7

 Increasing the conversion efficiency, reducing the material consumption, application of 

cheaper materials etc, are some of the ways this goal can be achieved. 

1.1.1 Crystalline-Si PV for electricity generation 

 Si is nontoxic and one of the most abundant elements on Earth. Therefore, inspite of the 

recent advances in thin-film PV technologies, such as CdTe or CuInGeSe, crystalline Si based 

PV technologies still hold the majority of market share in the PV industry. 
2,8,11

 Si based PVs are 

manufactured from either single-crystal or polycrystalline Si substrates. Due to the low quality of 

the substrate wafers owing to the high dislocation and impurity densities, polycrystalline Si solar 

cells generally demonstrate lower efficiencies as compared to their single-crystal counterparts.
11

 

Single-crystal Si PVs are manufactured using either n- or p-type substrate wafers. High-lifetime 

substrate wafers are cut from high purity ingots grown either by the Czochralski (CZ) or the 

float-zone (FZ) technique. p-type Si grown by the CZ method, which has been commonly used 

in the industry, may suffer from light-induced degradation in bulk-lifetime by the formation of 

boron-oxygen complexes.
11

 Although the mechanism for this degradation in bulk-lifetime is well 

understood, industrial scale processes to mitigate the issue have not yet been developed. On the 
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other hand, p-type Si grown by the FZ method is not susceptible to this degradation in bulk-

lifetime, but the high cost of the FZ technique makes it unfeasible to use on an industrial scale. 

Therefore, n-type CZ wafers are preferred for high-efficiency solar cells.
9,11

 The price of the Si 

substrate still remains one of the biggest factors which influences the cost of electricity 

generation. Therefore, it is imperative to manufacture high-efficiency solar cells to reach the goal 

of low-cost electricity via PV. William Shockley and Hans Queisser calculated that the 

maximum theoretical efficiency a single-juntion Si solar cell can achieve is ~29%.
12

 This limit in 

efficiency is due to the inherent bandgap observed in semiconductors. Absorption of photons in 

the solar spectrum with energies higher than the bandgap leads to thermalization losses while the 

photons with energy less than the bandgap are not absorbed. Radiative and Auger recombination 

losses further limit the cell efficiency. While laboratory-based Si solar cells have demonstrated 

efficiencies close to 25%, industrially manufactured cell efficiencies lag considerably, and are 

usually over the range of 16-18%.
11,13,14

 Therefore, the current challenge is to reduce this 

difference in solar cell efficiencies. This can be achieved by improving light trapping, emitter 

profile, metallization process or the surface passivation quality.
14

 As part of the work completed 

in this dissertation, we have studied the surface passivation with an aim to improve the solar cell 

efficiency.  

1.1.2 Surface Passivation in c-Si PVs 

 Figure 1.1 shows a schematic representation of a proposed high-efficiency solar cell 

architecture known as passivated emitter, rear totally diffused (PERT) solar cell based on a 

n-type Si substrate.
15

 The efficiency of light-trapping is increased by applying an antireflection 

coating on the front side. The front side is a p
+
 emitter which requires surface passivation. This 
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surface passivation layer is important since recombination losses at defects on the p
+
 emitter 

surface significantly impacts the cell efficiency. The most common passivants for Si solar cells 

are SiO2 and SiNx.
14,16

 Recently, Al2O3 deposited by atomic layer deposition (ALD) has been 

shown to be an excellent alternative. The effectiveness of this passivation layer is attributed to a 

combination of chemical and field-effect passivation.
17–19

 A key difference is that while most 

other dielectrics like SiO2 and SiNx store positive charge at the interface with Si, Al2O3 forms 

fixed negative charges with a density of ~10
12
–10

13
 cm

-2
.
17

 Si surfaces passivated with Al2O3 

show low surface recombination velocities, (Seff < 5 cm/s),
17

 but this effect is only observed after 

a post-deposition annealing step carried out at ~400 ºC.
17

 It has been shown that annealing 

reduces the interface defect density, Dit (chemical passivation), and increases the fixed negative 

charge Qf (field-effect passivation).
20

 

 

Figure 1.1. Schematic representation of PERT architecture based on n-type Si 
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 The specific focus of this part of the dissertation was the study of the chemical 

passivation of c-Si by Al2O3 deposited by ALD. There have been numerous reports on the 

mechanism for chemical passivaiton of c-Si by Al2O3.
21–23

 The post-deposition annealing step 

has been shown to lead to the formation of an interfacial SiOx layer.
18,24

 One theory suggests, 

that during the annealing step, the restructuring at the interface to form the interfacial SiOx is 

accompanied by the migration of H from the Al2O3 to the c-Si interface. The H atoms passivate 

Si dangling bonds at the interface thereby reducing the Dit.
17,21,22

 On the other hand some reports 

in literature suggest that since the as-deposited c-Si/Al2O3 interface resembles a low-temperature 

c-Si/SiO2 interface, an oxygen environment is needed during the annealing step to improve the 

interface quality.
23,25

 This suggests that the mechanism of chemical passivation of c-Si by Al2O3 

may not be completely understood. This motivated us to study the chemical passivation 

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

spectroscopy. Studies were carried out on high-lifetime Si internal reflection crystals (IRCs). The 

use of these Si IRCs provided us with a unique opportunity to correlate the observed changes in 

the passivation quality with the corresponding changes observed in the chemical composition of 

c-Si/Al2O3 interface as the IRC undergoes different processing steps. The ATR-FTIR 

spectroscopy setup provides us with a sub-monolayer sensitivity and enabled us to study the 

chemical composition of the bulk of the Al2O3 films in addition to the c-Si/Al2O3 interface. The 

detailed results of the study are presented in Chapter 2. 

 As mentioned above, efficient light management is essential for high efficiency solar 

cells. The refractive index of Al2O3 thin films (~1.6) makes it unsuitable for efficient light 

trapping.
26

 Therefore, it requires an additional anti-reflection coating (Fig. 1), usually SiNx which 

adds additional steps in the manufacturing process. TiO2 due to its high refractive index (~2.3) 



6 

 

has been proposed as an anti-reflection coating. TiO2 has also been shown to provide decent 

surface passivation for c-Si.
27–29

 Thus, the use of TiO2 thin films may simultaneously enable 

surface passivation and light trapping. Additionally, Al2O3/TiO2 stacks have also been 

investigated for the passivation of c-Si.
26

 ALD is increasingly being used to deposit these thin 

films since it provides the ability to deposit excellent quality pin-hole-free films with high 

conformality.
30,31

 One of the drawbacks of the ALD process is the low growth per cycle (GPC) 

of the films which makes it unfeasible to grow thick films needed for antireflection coatings. 

TiO2 films grown by thermal ALD processes typically result in a GPC of ~0.2-0.4 Å.
32,33

 

Although plasma-based processes have a higher GPC, ~0.7 Å/cycle,
34

 surface damage due to 

high-energy ion/photon bombardment may be an issue.
18,35

 To this end, as part of the work in 

this dissertation, we have developed a novel thermal ALD process to deposit TiO2 films with a 

GPC comparable to the plasma-based processes. ALD processes of metal-oxides typically 

involve the use of a metal-precursor and an oxidizing agent like H2O,
33

 O3
36

 or O2-plasma.
34

 We 

use a unique metal-alkoxide metal-chloride precursor combination to deposit the TiO2 thin films 

wherein the metal-alkoxide acts as the oxygen source. The use of metal-alkoxide as the oxygen 

source can potentially mitigate the formation of interfacial oxide observed in typical ALD 

processes.
37

 Thus, this process can also be extended to deposit TiO2 on oxygen sensitive 

substrates for other applications such as Ge-based semiconductor devices. We have studied the 

surface reaction mechanism for the ALD process using in situ ATR-FTIR spectroscopy and the 

quality of the films has been determined by various ex situ characterization techniques. The 

experimental techniques and results are described in detail in Chapter 3 of this dissertation. 
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1.2 Storage and Efficient use of Electrical Energy 

 The inherent intermittent nature of renewable energy sources like solar and wind makes it 

imperative to have an efficient storage system to ensure a stable and reliable supply of energy.
38–

41
 The function of the energy storage system would entail storage of energy from the grid during 

peak generation and supply of energy to the grid during fluctuations. A large portion of the 

harmful emissions is from burning of fossil fuels in transportation vehicles. Therefore, the use of 

electric vehicles can significantly help reduce emissions.
42–44

 However, this requires batteries 

with enough capacity to power the vehicles over long distances. 

1.2.1 Li-ion batteries  

 Amongst the various rechargeable battery technologies, Li-ion batteries (LIBs) are 

attractive candidates for energy storage. LIBs have a very high energy and power density, high 

operating voltage, and low self-discharge and maintenance.
40,41,45–47

 As a result, LIBs are 

extensively used in portable and handheld electronics. However, LIB technology needs 

significant improvements in areas like capacity, cost and durability before it can be used in 

energy intensive applications such as electric vehicles.
40

 The answer to improving the LIB 

 

Figure 1.2. Schematic representation of Li-ion battery 
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technology lies in the materials used in the battery.  Figure 1.2 shows a schematic representation 

of the LIB architecture. The charging and discharging of the battery involves shuttling of Li-ions 

across the two electrodes. 

The total capacity of a LIB, expressed in mAh/g is given by,
48

 































MCA

T

QCC

C
111

1
                                                                                                    (1.1) 

 where, CT is the total cell capacity, CA and CC are the theoretical specific capacities of the anode 

and cathode materials respectively, and QM is dependent on the electrolyte, separator, current 

collectors etc. 
48

 Thus, the total battery capacity is dependent on all the components, but the 

scope of this work is limited to the anode. 

1.2.2 Group IV nanostructures in LIBs 

 Currently, graphite is used as the anode material in LIBs which has a theoretical specific 

capacity of ~372 mAh/g.
48–50

 Other group IV elements like Si, Ge, and Sn, all have theoretical 

specific capacities significantly higher than graphite.
48–54

 However, Si, Ge, and Sn undergo a 

~300% volume expansion upon lithiation.
48–54

 As a result, the electrode pulverizes due to the 

resulting mechanical stress leading to a loss in battery capacity in the first few cycles. The 

electrode pulverization can be avoided by the use of nanostructures. In nanoscale materials, the 

increase in surface energy due to the formation of new surfaces upon cracking is more than the 

energy released due to the relieving of mechanical stress. Thus, cracking becomes energetically 

unfavorable.
55–58

 Additionally, it has been shown that to sustain battery capacity over large 

number of cycles, it is required to disperse these nanostructures in a conducting matrix, such as 
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graphite. Thus, carbon-coated Group IV nanostructures have been proposed as anode materials 

for high-capacity LIBs.
51,54,59,60

 The synthesis of these nanostructures is often complex and 

involves multiple steps.
51,60,61

 Therefore, a simple technique is required to synthesize carbon-

coated Group IV nanostructures. This motivated us to develop a single-step technique based on 

non-thermal plasmas for the synthesis of carbon-coated Group IV nanoparticles (NPs). 

Non-thermal plasma synthesis has been shown to be a scalable technique that provides high 

yields of NPs with a narrow size distributions.
62–65

 In this technique, we use two non-thermal 

plasmas in series to first synthesize the group IV NPs, and then coat them in-flight with carbon. 

We have used this technique to synthesize carbon-coated Si NPs. The Si NPs were synthesized 

using SiH4 as the precursor gas and were coated with carbon using a C2H2 plasma. The setup is 

designed such that the two plasmas operate practically independent of each other and, thus 

enable us to independently control the core size and coating structure. The detailed results for 

synthesis of carbon-coated Si NPs using this technique are described in Chapter 4. We have 

extended this technique to synthesize carbon-coated Ge and Sn NPs. The Ge and Sn NPs were 

synthesized from chloride-based precursors, which emphasizes the versatility of this setup. The 

detailed results for the synthesis of carbon-coated Ge and Sn NPs using this setup are described 

in Chapter 5. To our knowledge, this is also the first report on the synthesis of Sn NPs using a 

non-thermal plasma setup. 

1.2.3 Efficient use of electrical energy 

 In addition to generation of electricity via renewable sources, an additional aspect 

contributing to the reduction of fossil fuel emissions is the efficient use of electrical energy, 

specifically, for lighting. In the US, one-fifth of the electrical power is used for artificial 
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lighting.
66

 Hence, improving the energy efficiency in artificial lighting would greatly impact 

fossil fuel emissions.
67

 Historically, artificial lighting started with the invention of Edison's 

incandescent lamp. The efficiency of incandescent lamp is limited due to the upper limit of the 

filament temperature which results in emission dominated by the infrared.
68

 The introduction of 

fluorescent lamps improved lighting efficiency, but the presence of Hg is undersirable. In 

addition, the efficiency of fluorescent lamps too is limited due to conversion of UV-photon to a 

photon in the visible range.
68

 Light emitting diodes (LEDs) on the other hand, do not use toxic 

elements and have higher efficiencies compared to the incandescent and fluorescent lamps.
68,69

 

Silicon carbide (SiC), due to its high bandgap has been proposed as a potential material for blue 

LEDs.
70–72

 Moreover, quantum confinement effects have been observed experimentally in SiC 

NPs.
73

 Quantum confinement effects, observed when the dimensions of the NP become 

comparable to the Bohr exciton radius of the material, would enable tuning the bandgap of the 

NPs. In addition to LEDs, luminescent properties combined with the excellent chemical 

resistance of SiC make these NPs ideally suited for various biological labeling applications.
74,75

  

 Synthesis techniques for SiC NPs either use energy-intensive high-temperature processes, 

or complex, multi-step solution-based methods. Hence, we have developed a low-temperature 

synthesis technique based on non-thermal plasmas to synthesize crystalline 3C-SiC NPs. The 

synthesis setup is very similar to the one used to synthesize the carbon-coated Group IV NPs. 

The 3C-SiC NPs are synthesized via the complete carburization of Si NPs using a non-thermal 

C2H2 plasma. The synthesis technique is described in detail in Chapter 6 of this dissertation. 
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Abstract 

Al2O3 has been shown to provide excellent surface passivation for c-Si. Here, we have studied 

the mechanism of chemical passivation of c-Si by Al2O3 using attenuated total reflection Fourier 

transform infrared (ATR-FTIR) spectroscopy. Al2O3 was deposited on high lifetime c-Si 

substrates via atomic layer deposition, using a precursor combination of trimethyl aluminum 

(TMA) and H2O. This was followed by the annealing step which activates the passivation. 

ATR-FTIR spectroscopy allows us to monitor the c-Si/Al2O3 interface, as well as the bulk of the 

Al2O3 thin films during the entire process. Our results indicate that surface Si-H bonds are not 

completely consumed during the deposition of Al2O3 on H-terminated Si. Additionally, during 

the annealing step, it is the restructuring at the interface, to form the interfacial SiOx that 

contributes to the decrease in interface defect density. We have used deuterated precursors to 

differentiate between the various sources of atomic H present in the process. Within the 

sensitivity of our IR setup, we do not observe any migration of atomic H from Al2O3 to the 

c-Si/Al2O3 interface. We have used Al2O3/SiO2/Si stacks to isolate the effects of chemical and 
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field-effect passivation of Al2O3 thin films. We anneal these stacks in different atmospheres to 

test the influence of annealing atmospheres on the chemical passivation of c-Si by Al2O3. 

2.1 Introduction 

Si-based single-junction solar cells, under 1 Sun illumination, have a maximum 

theoretical efficiency of ~29%.
1
 While laboratory-based solar cells have demonstrated 

efficiencies ~25%, industrial solar cells lag considerably behind.
2
 Inefficient surface passivation 

leading to recombination losses, is one of the main reasons attributed for this difference in 

efficiencies.
3
 Al2O3 has been shown to be an excellent surface passivant for c-Si with surface 

recombination velocities (Seff) <5 cm/s reported.
4,5

 This reduction in recombination losses, 

activated after a post-deposition annealing step, is achieved by a combination of chemical and 

field effect passivation.
6
 The recombination losses at the semiconductor interface are 

proportional to the interface defect density (Dit). Thus a reduction in Dit, known as chemical 

passivation, leads to a reduction in the recombination losses. Dit values as low as ~3×10
10

 have 

been reported for c-Si surfaces passivated by Al2O3.
4,7

 Additionally, Al2O3 thin films form a 

fixed negative charge with density ~10
12

-10
13

 cm
-2

, which reduces the negative carrier 

concentration at the interface leading to a further reduction in recombination losses. Although the 

exact origin of the fixed negative charge in Al2O3 thin films has not been accurately 

determined,
4,8

 there have been numerous studies which propose a mechanism for the chemical 

passivation.
5,6,9–11

 It has been shown via transmission electron microscopy (TEM) studies
8,9

 that 

the annealing step leads to the formation of an interfacial SiOx layer through restructuring at the 

c-Si/Al2O3 interface. To explain the chemical passivation some reports suggest that, in addition 

to restructuring at the interface, H from Al2O3 migrates to the c-Si interface during the annealing 
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step, which passivates the Si dangling bonds leading to a reduction in Dit.
6,10

 Since Al2O3 acts as 

the reservoir of H, annealing in N2 or H2 atmospheres leads to a similar level of passivation. On 

the other hand, Stesmans and coworkers studied the c-Si/Al2O3 interface and concluded that the 

as-deposited c-Si/Al2O3 interface resembles a low-temperature c-Si/SiO2 interface in an 

enhanced stress state and needs a O2 atmosphere anneal to attain a relaxed state.
12,13

 Kersten and 

coworkers studied the role of annealing conditions of the passivation of c-Si by Al2O3 and 

reported that annealing in an O2 atmosphere leads to a lower Dit.
5
 This suggests that the exact 

mechanism of chemical passivation of c-Si by Al2O3 may not be fully understood.  

Here, we have studied the chemical passivation of c-Si by Al2O3 using attenuated total 

reflection Fourier transform infrared (ATR-FTIR) spectroscopy. Al2O3 is deposited on high-

lifetime Si internal reflection crystals (IRCs) using precursor combinations of trimethylaluminum 

(TMA) and H2O. Then the substrates are annealed in various atmospheres at 400 °C for 15 

minutes. The IR measurements are complemented by minority carrier lifetime measurements 

which enable us to determine the quality of passivation. We have carried out the IR studies on H- 

as well as D-terminated Si surfaces. The use of D-terminated Si surfaces allow us to differentiate 

between the various sources of H in the process thus enabling us to track the migration of H 

during the annealing step. Within the sensitivity of our IR setup of ~10
12

 cm
-2

 we do not observe 

any migration of H from Al2O3 to the c-Si/Al2O3 interface during the annealing step. Our IR data 

also indicates that H is preserved at the interface upon deposition of Al2O3 on H-terminated Si 

surface. Upon annealing restructuring to form interfacial SiOx was observed. Annealing 

c-Si/SiO2/Al2O3 stacks in different atmospheres indicated that annealing in an oxidizing 

environment leads to a better passivation quality. 
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2.2 Experimental Setup 

The ATR-FTIR setup used in this study is explained in detailed elsewhere.
14

 The studies 

are carried out on trapezoidal Si IRCs (50 × 10 × 1 mm) machined out of 1 mm thick 

high-lifetime Si wafers (bulk lifetime > 2 ms). These substrates allow us to correlate the changes 

in chemical composition, studied using IR spectroscopy, with the passivation quality determined 

using minority carrier lifetime measurements. Figure 2.1(a) is a schematic representation of the 

cross section of the IRC showing the multiple internal reflections. Due to the difference in 

refractive indices of Si and Al2O3, the total internal reflection occurs at the Si/Al2O3 interface. 

 

Figure 2.1. (a) Cross section schematic representation of the multiple internal reflections of the 

IR beam in the IRC and the decay of the electric field associated with IR beam. (b) IR difference 

spectrum of the SiHx region for a H-terminated Si IRC. The spectrum is deconvoluted to show 

the various silicon hydrides present on the surface. The deconvolution was performed using 

Gaussian line shapes. 
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However, the evanescent electric field, which decays exponentially, extends into the bulk of the 

Al2O3 film. The penetration depth of the evanescent field is related to the refractive indices of Si 

and Al2O3, and can be calculated from the expression,
15
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                                                                                  (2.1) 

where, dp is the penetration depth, nSi and nAl2O3 are the refractive indices of Si and Al2O3 

respectively, θ is the angle of incidence and λ is the wavelength. The penetration depth 

calculated at a wavelength of 2000 cm
-1

 and an angle of incidence of 45 ° for the Si/Al2O3 

system using the above expression is ~450 nm. Therefore, the setup allows us to probe not only 

the Si/Al2O3 interface but also the bulk of the Al2O3 films. In addition, the multiple internal 

reflections (50 in total), provide us with sub-monolayer sensitivity.
14,15

 Figure 2.1(b) shows the 

IR spectrum for a H-terminated Si IRC. The surface is predominantly terminated with SiH2 as 

expected for a Si (100) substrate.
16,17

 Based on the signal-to-noise ratio calculated using this 

spectrum the sensitivity of the ATR-FTIR setup was determined to be ~10
12

 cm
-2

 for Si-H bonds. 

 H-terminated Si surface was obtained by etching the native oxide covered IRC in a 2% 

HF solution. Al2O3 was then deposited on the H-terminated IRC at a temperature of 200 °C, 

using a precursor combination of trimethyl aluminum (TMA) and H2O in a commercial Beneq 

reactor. The IRC was annealed at 400 °C for 15 minutes in a N2 atmosphere. An IR reference 

spectrum was collected before and after each of the processing steps. This allowed us to monitor 

the effect of the processing step on the chemical composition of the interface. The IR data was 

collected over the range of 1700-4000 cm
-1

 with a resolution of 4 cm
-1

 using 1000 averages. 

Si/SiO2/Al2O3 test structures were used to study the role of H in the chemical passivation of c-Si 
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by Al2O3. To differentiate between the various sources of H present in the system, the studies 

were carried out on a D-terminated Si IRC. The D-termination was achieved by etching the  

native oxide covered substrate in a solution of ~5g KF (Sigma Aldrich, >99%) in ~30 mL D2O 

(Sigma Aldrich, 99.9 atom% D).
18,19

 0.5 mL of 35 wt% DCl in D2O was added to manipulate the 

D-concentration of the etching solution.
18,19

 ~50 nm of SiO2 was then grown on the D-terminated 

substrate via dry thermal oxidation at ~850 °C. This was followed by the deposition of ~30 nm 

of Al2O3 using the TMA-H2O process. The sample was then annealed at 400 °C in a N2 

atmosphere for 15 minutes. IR reference spectra were collected before and after each processing 

step to track the H content at the interface. The test structures were also used to study the effect 

 

Figure 2.2. (a) IR difference spectrum collected after the deposition of Al2O3 on H-terminated Si 

IRC (b) IR difference spectrum collected after annealing the Al2O3 covered IRC at 400 °C in a 

N2 atmosphere for 15 minutes. Inset is the zoomed in view of the SiHx region which shows the 

increase in absorbance in the region assigned to the OSiHx species 
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of the annealing atmosphere on the chemical passivation of c-Si by Al2O3. The structures were 

annealed in N2, ambient and O2 atmospheres and the passivation quality was evaluated using 

WCT-120 Sinton lifetime tester. 

2.3 Results and Discussion 

 Figure 2.2(a) shows the IR difference spectrum collected after the deposition of Al2O3 on 

H-terminated Si IRC. We observe changes in absorbance in the 2000-2200, 2700-3000 and 

3200-3700 cm
-1

 regions which have been assigned to the SiHx, CHx and OH stretching modes 

respectively.
16,20

 The decrease in absorbance in the SiHx stretching region indicates consumption 

of the surface hydrides during Al2O3 deposition. The increase in absorbance in the CHx and OH 

stretching regions indicate the present of impurities in the Al2O3 film in the form of 

hydrocarbons and hydroxyls. The spectrum in Fig. 2.2 (b) is collected after annealing the 

Al2O3-coated-Si IRC at 400 °C, in an N2 atmosphere for 15 minutes. Upon annealing, a decrease 

in absorbance in the region assigned to the SiHx stretching mode is observed. This suggests that 

the initial surface hydrides are not completely consumed during Al2O3 deposition. This 

observation is similar to the one reported previously in literature,
21

 where Si-H bonds were found 

to be preserved at the interface upon deposition of Al2O3 on H-terminated Si substrates. We also 

observe a decrease in absorbance in the CHx and OH stretching regions which indicates that 

some of the impurities in the Al2O3 film are lost during thermal annealing. Previously, CO2, 

H2O, CO and H2 have been reported as effusion products during thermal annealing of Al2O3 

films.
6,22

 The inset in Figure 2.2 shows the zoomed in view of the 2000-2400 cm
-1

 region. In 

addition to the decrease in absorbance in the SiHx stretching region, we also observe an increase 

in the 2250-2350 cm
-1

 region which has been assigned to the OySiHx stretching modes.
23

 This 
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indicates restructuring at the interface leading to the formation of interfacial SiOx, which has 

been previously observed during the thermal annealing of Al2O3 films on c-Si.
8,9

 Although these 

results conclusively prove restructuring at the interface during the annealing step, they do not 

elucidate the role of H from Al2O3, in the chemical passivation. For example, the thermal 

desorption of interfacial H and restructuring could be accompanied by the migration of H from 

Al2O3 resulting in a net decrease in the interfacial H content. Therefore, to differentiate between 

the various sources of H present in the system, we use D-terminated Si substrates which allow us 

to differentiate between interfacial H and the H originating from Al2O3. The migration of H from 

Al2O3 to the c-Si interface would also lead to an increase in the H content of the interfacial SiOx 

layer,
10

 which would lead to the formation of OySiHx species. Therefore, we grow ~50 nm of 

SiO2 on D-terminated Si IRC. The thicker SiO2 gives us increased sensitivity in detecting the 

migration of H from Al2O3 to the c-Si interface via the detection of OySiHx species.
15

 

 

Figure 2.3. IR difference spectra collected before and after anneal for Si/SiO2/Al2O3 test 

structures.  
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 Figure 2.3 shows the IR difference spectra collected for the Si/SiO2/Al2O3 test structures 

before and after annealing. The annealing was carried out at 400 °C in a N2 atmosphere for 15 

minutes. As observed in the previous experiment, impurities in the form of hydrocarbons and 

hydroxyls are present in the Al2O3 film, and after annealing we see a decrease in the impurity 

content of the film. But more importantly, we do not observe any increase in absorbance in the 

SiHx or OySiHx stretching region. Thus, we do not observe any migration of H from Al2O3 to the 

c-Si interface during the thermal annealing step. We can therefore conclude that the restructuring 

at the interface to form the interfacial SiOx layer is the dominant factor which contributes to the 

chemical passivation of c-Si by Al2O3. 

 Our conclusion was further supported by additional annealing studies carried out on the 

Si/SiO2/Al2O3 test structures. The structures were annealed in different atmospheres and minority 

carrier lifetime measurements were used to determine the passivation quality. We found that 

annealing in ambient/O2 atmospheres leads to a better level of passivation as compared to 

annealing in a N2 atmosphere. We obtained implied open circuit voltage (iVoc) values of 

~635-650 mV for ambient and O2 atmospheres while the annealing in a N2 atmosphere lead to 

iVoc values of ~615 mV. Our previous studies on Al2O3 coated Si, as well as various reports in 

literature
4,6

 have indicated a similar level of passivation for annealing performed in a N2 or a 

forming gas environment. Therefore, the Si/SiO2/Al2O3 test structures were annealed only in a 

N2 atmosphere. These annealing studies thus indicate that an oxidizing environment leads to a 

better passivation level as compared to a N2 environment further emphasizing the importance of 

the interfacial SiOx layer. 
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2.4 Conclusions 

We have studied the mechanism of chemical passivation of c-Si by Al2O3 using ATR-FTIR 

spectroscopy and minority carrier lifetime studies. Our IR data indicates that H is preserved at 

the interface after deposition of Al2O3 on H-terminated Si. The H is then lost during the thermal 

annealing via thermal desorption and restructuring. Thermal annealing also leads to the 

formation of an interfacial SiOx layer through restructuring. We have used deuterated precursors 

to study the role of H in the chemical passivation. The IR studies indicate we do not observe 

migration of H from Al2O3 to the c-Si interface during the annealing step. We have used 

Si/SiO2/Al2O3 test structures to study the effect of the annealing atmosphere on the passivation 

quality and our studies suggest a better passivation quality is observed under oxidizing 

environments further emphasizing the importance of the interfacial SiOx layer. 
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Abstract 

Most atomic layer deposition (ALD) processes for metal oxides involve the use of a metal 

precursor and an oxygen source, such as H2O, O3, or an O2 plasma. These ALD processes lead to 

the formation of an undesirable interfacial oxide during deposition on semiconductor surfaces. 

As an alternative, some metal oxides other than TiO2 have been deposited using metal alkoxides 

as the oxygen source. In this article, we report on the ALD of TiO2 using TiCl4 and titanium 

tetraisopropoxide (TTIP) as precursors. Our surface infrared spectroscopy data shows that over 

the temperature range of 150-250 °C and the duration of a typical ALD cycle (~1-10 s), in both 

half-reaction cycles, the surface reaction mechanism is dominated by alkyl-transfer from the 

TTIP ligands to Ti-Cl species. At 250 °C, which is the onset for TTIP thermal decomposition, 

the contribution of the direct decomposition reaction to film growth is negligible. The growth per 

cycle, ~0.7 Å at 200 °C, is higher than H2O-based ALD of TiO2 from either TiCl4 or TTIP, but 

similar to O2-plasma-based processes. X-ray photoelectron spectroscopy data show TiO2 films 
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with only the +4 oxidation state of Ti, and the Cl content is estimated to be 2.5-3.5%. UV-Vis 

spectroscopy shows a band gap of ~3.0 eV, which is comparable to the values reported in the 

literature for amorphous TiO2 thin films. 

3.1 Introduction 

The continued scaling of microelectronic devices has led to an increased interest in high-

κ dielectric materials, and the development of techniques to deposit thin layers of these materials 

onto semiconductor substrates.
1,2

 In particular, TiO2, due to its high dielectric constant (~80), has 

been proposed as the gate dielectric material for Ge-based electronic devices.
3,4

 Amongst the 

various thin-film deposition methods, atomic layer deposition (ALD) has been widely used to 

deposit ultra-thin, highly-conformal films of metal oxides on high-aspect-ratio structures with 

digital control over the film thickness.
5-8

 The ALD of metal oxides typically involves two self-

saturating half-reaction cycles, one consisting of a metal precursor such as a halide, metal-

organic, or an organometallic, which is followed by exposure of the surface to an oxygen source, 

such as H2O, O3, H2O2, or an O2-plasma.
9–13

 The growth per cycle in most ALD processes is 

typically a fraction of a monolayer, which causes the underlying substrate to be exposed to the 

oxygen source for several half-reaction cycles: in the case of semiconductor substrates, this can 

lead to the formation on an undesirable interfacial oxide. Specifically, during deposition of TiO2 

on Ge, an interfacial GeO2 layer can form, which is known to lead to a high-defect-density 

interface with Ge. Due to the small conduction band offset between Ge and TiO2, a ~1 nm-thick 

interlayer of another dielectric material is desired.
3,14

 However, this thin interlayer would still not 

be sufficient to prevent the diffusion of oxygen precursors such as H2O or atomic O to the Ge 

surface in the ALD process, and would lead to the formation of a poorly controlled GeO2 

interfacial layer. Ritala and coworkers proposed a method for ALD of metal oxides, which 
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involves a metal halide and a metal alkoxide as the oxygen source.
15

 In fact, the authors reported 

a native oxide-free interface between Si and Al2O3 during ALD using aluminum isopropoxide 

 

Figure 3.1. Schematic representation of the reactions during TiO2 ALD using TTIP and TiCl4. 

(a) The alkyl-transfer process, which involves a simple ligand-exchange reaction of the surface 

isopropoxy ligands with TiCl4 to produce isopropyl chloride as the reaction product. (b) The -

hydride elimination process, which proceeds via decomposition of the surface isopropoxy 

ligands to create a hydroxyl-terminated surface followed by reaction of TiCl4 to produce HCl as 

the reaction product. In both cases, the Cl-terminated surface obtained after the TiCl4 cycle reacts 

with TTIP to produce isopropyl chloride, thus restoring the initial isopropoxy-ligand-terminated 

surface. Reaction (b) is more likely to occur at ≥ 250 °C, which is reported to be the temperature 

for the onset of TTIP thermal decomposition. 
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and aluminum chloride.
15

 Surface reaction mechanisms during the ALD with metal alkoxides as 

the oxygen source has been previously studied experimentally and computationally by Ritala,
16

 

and Musgrave
17

 respectively. The ALD process has been reported to proceed through two 

possible surface reaction pathways – the alkyl-  a sf   a       β-hydride elimination mechanism, 

shown schematically in Fig. 3.1. Several metal oxides including Ta2O5, and other mixed-metal 

oxides have been deposited by this technique; however, deposition of TiO2 using this method has 

not been reported in the literature.
15,18–21

 Herein, we have used in situ attenuated total reflection 

Fourier transform infrared (ATR-FTIR) spectroscopy to study the surface reaction mechanism 

during the ALD of TiO2 using TiCl4 and titanium tetraisopropoxide [Ti(OCH(CH3)2)4, TTIP] as 

the precursors. Further, ex situ analysis using X-ray photoelectron spectroscopy (XPS), UV-Vis 

spectroscopy, and spectroscopic ellipsometry (SE) shows that film deposition occurs over a 

temperature range of 150-250 °C with a growth per cycle of ~0.7 Å at 200 °C. 

3.2 Experimental Details 

The surface reactions were studied in an in-house-built, cold-wall reactor maintained at a 

base pressure of ~5 mTorr and equipped with an in situ ATR-FTIR spectroscopy setup, 

described previously.
22

 TTIP (S g a A    c   ≥97%) was     v     using N2 as the carrier gas 

via a bubbler maintained at 70-75 °C, while  TiCl4 (Sigma Aldrich, 99.95%) was delivered 

without a carrier gas through a bubbler maintained at ~30 °C. The vapor delivery lines were 

heated to ~40-50 °C to avoid precursor condensation. The precursors were pulsed into the reactor 

through solenoid valves. Ar was used as the purge gas: a constant flow of 80 standard cm
3
/min 

(sccm) was maintained throughout the ALD process, which provided a background pressure of 

~35 mTorr. TTIP and TiCl4 were pulsed for 5 and 10 s, respectively, to ensure complete surface 
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reactions. The chamber pressure during the TTIP and TiCl4 cycles was ~360 and ~100 mTorr, 

respectively. The precursor delivery cycles were separated by a 30-s Ar purge step. 

 The IR studies were performed on 50  10  1 mm ZnSe trapezoidal internal reflection 

crystals (IRCs) with the short faces beveled at 45°. To ensure that we were studying surface 

reactions directly relevant to TiO2 ALD from TTIP and TiCl4 on a TiO2 surface, and not the 

initial nucleation phase on a foreign substrate, the surface of the IRC was carefully coated with a 

thin layer of TiO2 using a two-step procedure.  First, a ~15-nm-thick layer of TiO2 was deposited 

onto the ZnSe IRC using O2-plasma-assisted ALD of TiO2 from TTIP at a substrate temperature 

of 150 °C.
23

 Second, to obtain an initial starting surface that was representative of the TTIP/TiCl4 

ALD process, for 10-15 ALD cycles, prior to collection of the IR data, we switched to TTIP and 

TiCl4 as precursors while the IRC was maintained at the temperature of the experiment. The IR 

spectra were recorded as difference spectra, where a fresh reference spectrum was collected 

before each half-cycle. Thus, an IR spectrum collected with respect to this reference, enabled us 

to directly probe the changes in the surface composition in a given half-reaction cycle. The IR 

spectra were recorded with a 4 cm
-1

 resolution and averaged over 1000 scans.  

The surface analysis chamber described above was not suitable for conducting ALD 

experiments over several 100s of cycles. Therefore, to deposit ~20-30-nm-thick  films for ex situ 

characterization, we also deposited TiO2 films in a small tubular, hot-wall (75 °C), ALD reactor, 

also described previously.
22

 These set of experiments were also carried out with a constant 120 

sccm Ar purge. TTIP and TiCl4 were pulsed for 1 s, with the cycles separated by a 20-s Ar purge. 

The TiO2 film growth was studied for these ALD conditions on three different surfaces: (a) 

Native-oxide-free, HF-treated Si wafers with an H-terminated surface; (b) Si wafers coated with 
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~20-30 nm of TiO2 grown using TTIP-O2 plasma ALD,
23

 followed by UV exposure at 253.7 nm 

for ~5 min under ambient conditions to provide an –OH-terminated TiO2 surface;
24

 and (c) glass 

slides (VWR soda-lime glass) treated with a Piranha solution (3:1 mixture by volume of 98% 

H2SO4 and 30% H2O2), which provided an –OH-terminated surface.
25

 We were not able to 

characterize the films grown on HF-treated Si wafers, due to the poor nucleation of TiO2 on H-

terminated Si, which led to films that were <5 nm thick. TiO2 films deposited on TiO2-pre-coated 

Si wafers were characterized using spectroscopic ellipsometry (SE, Woollam M-44). We 

modeled the dielectric function of TiO2 using a Cauchy model over the range of 450-1300 nm, 

where TiO2 has negligible absorption.
26

  To separate the contribution of the TiO2 film deposited 

by TTIP-O2 plasma ALD from the TTIP-TiCl4 ALD films, first, we recorded SE data for the 
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Figure 3.2. IR difference spectra showing the absorbance due to the various surface species 

involved in the ligand exchange reactions during TTIP (black) and TiCl4 (red) half-reaction 

cycles at a substrate temperature of (a) 150, (b) 175 and (c) 200 °C. The almost identical change 

in absorbance during the two half-reaction cycles suggests a one-to-one ligand-exchange 

characteristic of an ALD process. 
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TiO2-pre-coated Si substrates. Second, we fixed the optical constants and thickness for this 

underlayer and fit the TiO2 overlayer with the Cauchy model to obtain the film thickness and 

refractive index. The band gap of the TiO2 films was determined by UV-Vis spectroscopy (Cary 

5G) using films deposited on the piranha-treated glass slides. The absorbance for the films, A, 

was then calculated using the relation, )log(%2 TA  , where %T is the measured percent 

transmittance referenced to the substrate. The elemental composition of the films grown on 

TiO2-pre-coated Si and piranha-treated glass slides was determined using XPS (Kratos 

Analytical, Al Kα X-ray source). Specifically, we conducted high-resolution scans (0.1 eV) for 

the C 1s, O 1s, Cl 2p, and Ti 2p regions. To obtain the elemental composition of the film, we 

used the relative sensitivity factors incorporated in the software, Casa XPS. The XPS scans were 

sensitive to only the ~20-30-nm-thick TiO2 overlayer. 

3.3 Results and Discussion 

 Figure 3.2 shows the IR difference spectra collected after the TTIP and TiCl4 

half-reaction cycles at a substrate temperature of (a) 150, (b) 175 and (c) 200 °C. In these 

difference spectra, an increase in absorbance is due to the chemisorption of the incoming 

precursor or the creation of new species due to surface reactions, while a decrease in absorbance 

is due to the consumption of the chemisorbed species in surface reactions during a half-reaction 

cycle. Specifically, for the TTIP half-reaction cycle, at each substrate temperature, we observed 

an increase in absorbance over 975-1200, 1300-1500, and 2800-3000 cm
-1

 regions, which have 

been assigned to the CO symmetric and anti-symmetric stretching modes, CHx (x = 1,3) bending 

modes, and CHx (x = 1,3) stretching modes, respectively, in the isopropoxy ligands of TTIP.
6,23

 

This indicates that over the temperature range of 150-200 °C, TTIP chemisorbs onto a Cl-

terminated TiO2 surface created during the previous TiCl4 cycle. However, we were not able to 
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observe a corresponding decrease in the Ti-Cl stretching region at ~400 cm
-1

 [Ref. 
27

], which was 

below the cutoff frequency for the MCT-A detector and the ZnSe IRC (~700 cm
-1

). Thus, our IR 

data is consistent with a surface reaction that produces isopropyl chloride ((CH3)2CH-Cl) as the 

primary product. Using a quadrupole mass spectrometer, Rahtu and Ritala also identified 

isopropyl chloride as a surface reaction product during the ALD of ZrxTiyOz using ZrCl4 and 

TTIP as precursors.
16

 In the following TiCl4 half-reaction cycle (see Fig. 3.2) we observed a 

decrease in absorbance in the regions assigned to surface-chemisorbed TTIP and, as expected, 

there was no increase in absorbance in any other region of the IR spectrum. Therefore, we infer 

  a      f   ’s s  fac  was aga         a    w    Ti-Cl, with isopropyl chloride being the surface 
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Figure 3.3. IR difference spectra showing the absorbance due to the various surface species 

involved in the ligand exchange reactions during TTIP (black) and TiCl4 (red) half-reaction 

cycles at a substrate temperature of (a) 150, (b) 175 and (c) 200 °C. The almost identical change 

in absorbance during the two half-reaction cycles suggests a one-to-one ligand-exchange 

characteristic of an ALD process. 
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reaction product. The almost identical change in absorbance in both half-reaction cycles suggests 

a one-to-one ligand exchange, typical of an ALD process.  

The onset of TTIP thermal decomposition is at 250 °C,
28

 and therefore, direct 

decomposition of the isopropxy ligands can occur during ALD at the highest surface temperature 

studied (250 °C), especially during the purge period prior to the TiCl4 cycle. Thermal 

decomposition of TTIP has been extensively studied on various surfaces: propene, acetone, 

isoprpopyl alcohol, water, and hydrogen have been reported as the major decomposition 
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Figure 3.4. High-resolution XPS scans of TiO2 films deposited via ALD. (a) Ti 2p, O 1s, and (b) 

Cl 2p regions for a film grown at 200 °C. (c) The Cl 2p region for a film grown at 225 °C. The O 

1s peak was deconvoluted using Gaussian-Lorentzian (GL) peaks at 530.0 (red) and 531.4 (blue) 

eV corresponding to O boned to Ti and C, respectively. The Cl 2p region was fitted with four GL 

peaks corresponding to Cl bonded to Ti at 198.6 and 200.2 eV (red) and Cl bonded to C at 200.4 

and 202.0 eV (blue). The energy scale in all the spectra was calibrated with respect to the 

adventitious C 1s peak at 285.0 eV. 
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products.
28

 Furthermore, these studies conclude that TTIP decomposition depends on the carrier 

gas,
29

 type of surface,
30–33

 surface ligand coverage, and dose.
28,34

 These factors influence the 

decomposition products as well as the decomposition temperature. To study the effect of TTIP 

decomposition on the reaction mechanism of the ALD process, we recorded IR difference 

spectra at regular intervals over a 10-min period after the completion of a TTIP cycle at 225 and 

250 °C. While the surface was thermally stable at 225 °C, at 250 °C we observed a decrease in 

absorbance in the IR spectra in Fig. 3.3 in the CHx (x = 1,3) and CO stretching regions indicating 

the thermal decomposition of the chemisorbed isopropoxy ligands. After 10 min, the surface 

isopropoxy ligands were not completely decomposed as can be seen by the IR absorbance in Fig. 

3.3(d): if the isopropoxy ligands were indeed completely decomposed, absorbance in the CHx 

and CO stretching regions in Fig. 3.3(d) would decrease down to the baseline. Thus, while 

thermal decomposition occurs at 250 °C, it is a slow process, and should not have a significant 

effect on the overall reaction over the time-scale of ALD half-reaction cycles. One of the 

  co pos   o  pa  ways fo  TTIP  s v a     β-hydride elimination mechanism, which is expected 

to lead to the formation of surface –OH groups (see Fig. 3.1) and release of propene as a gas-

phase product. However, in Fig. 3.3, we do not observe any surface -OH groups (3200-3800 cm
-

1
), which are known to be stable on a TiO2 surface at 250 °C in H2O-based ALD processes. 

28,35
 

Thus, we further conclude that under our experimental conditions, the surface –OH groups could 

be eliminated via a reaction with undecomposed isopropoxy ligands to form isopropanol. 

Therefore, in our experiments propene and isopropanol should be the primary surface reaction 

products during the thermal decomposition of TTIP at 250 °C. Finally, based on our IR data, we 

conclude that over the temperature range of 150-250 °C, the ALD of TiO2 from TTIP and TiCl4 
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proceeds via a simple alkyl-transfer ligand-exchange mechanism (see Fig 3.1(a)) with isopropyl 

chloride as the surface reaction product during both ALD cycles.  

To determine the film composition, growth rate, and optical properties, films deposited 

on piranha-treated glass slides and TiO2-pre-coated Si wafers were characterized ex situ. Using 

SE, we determined a growth per cycle of 0.7 Å at 200 °C for ALD on –OH terminated TiO2 

surfaces. Our data showed no significant nucleation period and a refractive index of 2.3 at 580 

nm, which is comparable to TiO2 ALD from other precursors. The growth per cycle for TTIP-

TiCl4 ALD was higher than what has been reported for TTIP-H2O
36

 and TiCl4-H2O
10

 ALD, but 

comparable to TTIP-O2 plasma ALD.
23

 This is consistent with previous observation of Ritala and 

coworkers who also reported a higher growth per cycle when metal alkoxides were used at the 
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Figure 3.5. UV-Vis transmission spectra for TiO2 films deposited at a substrate temperature of 

200 (red) and 225 °C (black) plotted as (a) (Ahν)
1/2

 and (b)
 
(Ahν)

2
 versus hν to obtain the indirect 

and direct band gaps, respectively. At both temperatures, the indirect and direct band gaps were 

~3.0 and ~3.8 eV, respectively, which are close to the values for amorphous TiO2 reported in the 

literature. 
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oxygen source during ALD of other metal oxides: A higher growth per cycle is expected for the 

TTIP-TiCl4 ALD process as Ti is incorporated into the film during both half-reaction cycles.
19

   

Figure 3.4 shows the XPS data for films deposited at 200 and 225 °C on piranha-treated 

glass slides. The energy scale in each spectrum was calibrated with respect to the adventitious C 

peak at 285.0 eV. Prior to data collection, the films were not sputtered with an Ar
+
-ion beam to 

remove this adventitious surface C since preferential sputtering of O atoms over Ti results in a 

surface suboxide, which precludes accurate determination of the oxidation state of Ti in the 

film.
37

 The Ti 2p, O 1s and Cl 2p peaks in Figure 3.4 were deconvoluted using Gaussian-

Lozentian curves with a Shirley baseline.
37

 Figure 3.4(a) shows the Ti 2p and O 1s region for a 

TiO2 film deposited at 200 °C. The deconvolution of the Ti 2p region yielded two peaks centered 

at 458.7 and 464.4 eV assigned to Ti 2p3/2 and Ti 2p1/2, respectively,
38,39

 for Ti atoms in the +4 

oxidation state, indicating that there is no detectable suboxide. Deconvolution of the O 1s region 

also yielded two peaks centered at 530.0 and 531.4 eV, which were assigned to O atoms bonded 

to Ti and C, respectively.
38,40

 We attribute the O 1s peak at 531.4 eV to primarily adventitious 

surface C as the IR data in Fig. 3.2 show complete removal of the TTIP ligands. Deconvolution 

of the Cl 2p region yielded four peaks consisting of two doublets (2p3/2 and 2p1/2) separated by 

1.6 eV [Fig. 3.4(b) and 3.4(c)]. The peaks centered at 198.6 and 200.4 eV were assigned to Cl 

bonded to Ti and C, respectively: 
39

 The Cl 2p3/2 peak at 200.4 eV can be attributed to surface 

hydrocarbons that react with a Cl-terminated surface, since the last ALD cycle in the growth 

process was a TiCl4 dose. The Cl 2p3/2 peak at 198.6 eV was attributed primarily to the residual 

Cl in the bulk since it is expected that most surface Ti-Cl bonds would react with ambient 

species such as water and hydrocarbons. Therefore, a good estimate for the Cl content in the bulk 

film can be obtained based on the Cl 2p3/2 peak at 198.6 eV. The Cl content in the bulk film was 



41 

 

estimated to be 2.5 – 3.5% for films deposited over the range of 200 [Fig. 3.4(b)] to 225 °C [Fig. 

3.4(c)]. The estimated percent Cl content in our TiO2 films was within the range of 1-11% Cl 

reported by Ritala and coworkers for ALD of Al2O3 from AlCl3 and Al(OCH(CH3)2)3 over the 

temperature range of 225 – 275 °C.
19

  

Finally, Figure 3.5 shows UV-Vis spectra for TiO2 films deposited at 200 and 225 °C on 

piranha-treated glass slides. At both deposition temperatures, the indirect and direct band gaps of 

the films were determined to be ~3.0 and ~3.8 eV, respectively, which are very similar to the 

values previously reported in literature for amorphous TiO2 films.
41

   

3.4 Conclusions 

 We have demonstrated the ALD of TiO2 using a combination of a metal halide and metal 

alkoxide as precursors without the use of an oxygen source such as H2O, O3, or an O2 plasma. 

The surface reactions during the ALD process follow the alkyl-transfer mechanism over the 

temperature range of 150-250 °C. At 250 °C, TTIP starts to decompose thermally on the TiO2 

surface; however, this decomposition process is much slower than the alkyl-transfer reactions. 

The growth per cycle of 0.7 Å was higher than H2O-based thermal ALD processes for TiO2, 

since Ti atoms are incorporated into the film during both ALD cycles. The optical properties, 

such as the band gap and refractive index, of the deposited TiO2 films were comparable to the 

values reported in the literature for amorphous TiO2. This method of using a metal alkoxide as 

the oxygen source in ALD has been shown to mitigate the problem of interfacial oxide
15

 and, 

hence, this ALD chemistry can enable deposition of TiO2 on semiconductor substrates such as 

Ge that are susceptible to surface oxidation. 
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Abstract 

We have developed a novel single-step technique based on non-thermal, radio-frequency (rf) 

plasmas to synthesize sub-10-nm, core-shell, carbon-coated crystalline Si (c-Si) nanoparticles 

(NPs) for potential application in Li
+
 batteries. Hydrogen-terminated c-Si NPs nucleate and grow 

in a SiH4-containing, low-temperature plasma in the upstream section of a tubular quartz reactor. 

The c-Si NPs are then transported downstream by gas flow, and are coated with amorphous 

carbon (a-C) in a second C2H2-containing plasma.  X-ray diffraction, X-ray photoelectron 

spectroscopy, and in situ attenuated total reflection Fourier transform infrared spectroscopy show 

that a thin, < 1 nm, 3C-SiC layer forms at the c-Si/a-C interface. By varying the downstream 

C2H2 plasma rf power, we can alter the nature of the a-C coating as well as the thickness of the 

interfacial 3C-SiC layer. The TEM analysis is in agreement with the Si NP core size determined 

by Raman spectroscopy, photoluminescence spectroscopy, and XRD analysis.  

4.1. Introduction 

 Recent advances in portable electronics, mobile communication, and electric vehicles 

have increased the need for efficient energy storage and conversion devices.
1,2 

Lithium-ion 

batteries (LIBs) due to their high energy and power density, high operating voltage, and low 

self-discharge and maintenance, are attractive candidates for energy storage.
1–8

 To further 

improve the existing LIB technology, it is necessary to develop new materials that enable 

significantly higher charge capacities.
9,10

 Silicon is considered one of the most promising anode 

materials for LIBs due to its high theoretical charge capacity (~4200 mAh/g), which is nearly ten 

times that for the conventional anode material, graphite (~372 mAh/g).
6–12

 However, there are 

several challenges associated with the use of bulk Si as the anode material. Upon lithiation, Si 
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undergoes a significant volume expansion , ~300%,
6–15

 and the resulting stress leads to electrode 

pulverization and a subsequent loss of electrical contact between the Si fragments.
6–15

 

Additionally, fresh electrode surfaces, created due to pulverization of Si during continuous 

expansion and contraction cycles, are exposed to the electrolyte resulting in electrolyte 

decomposition on the Si surface, and the formation of a thick solid electrolyte interface (SEI) 

layer.
7,8,11–14

 These factors lead to a rapid decrease in battery capacity after the first few charging 

and discharging cycles. In addition, since the conductivity of Li
+
 in Si is low, use of bulk Si leads 

to increased cycle duration.
16,17

 Silicon nanostructures coated with carbon, have been proposed 

as a possible solution to circumvent these challenges, and numerous recent reports indicate 

promising results for carbon-coated Si nanostructures.
12,13,17–19

 However, these nanostructures 

often require a complex synthesis route involving multiple steps.
12,13,18–20

 Additionally, the 

critical size of the nanostructures under which crack initiation and propagation would become 

energetically unfavorable has not yet been accurately determined.
21–25

 Recent reports suggest that 

sub-10-nm Si nanoparticles (NPs) may demonstrate better capacity retention.
25–27

  

 In this article, we describe a single-step, non-thermal, radio-frequency (rf) plasma 

synthesis technique for the growth of sub-10-nm, carbon-coated Si NPs. Previously, non-thermal 

plasma synthesis has been shown to be a scalable method for the synthesis of monodisperse, 

H-terminated, crystalline Si (c-Si) NPs with excellent control over their size.
28–31

 To synthesize 

carbon-coated c-Si NPs, we employed two capacitively-coupled plasma sources in series in a 

tubular reactor. The c-Si NPs nucleate and grow in the upstream SiH4-containing plasma with 

>90% feed gas depletion. These c-Si NPs were coated with amorphous carbon (a-C) downstream 

in flight in a C2H2-containing plasma. Optical emission spectroscopy (OES) data showed that the 

two plasma sources could be operated nearly independent of each other, which in turn enables 
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independent control over the composition of the a-C coating. The size and size distribution of the 

H-terminated and carbon-coated c-Si NPs was determined using ex situ photoluminescence (PL) 

spectroscopy and transmission electron microscopy (TEM). Raman and in situ attenuated total 

reflection Fourier transform infrared (ATR-FTIR) spectroscopy show that the graphitic content 

of the a-C layer increased as rf power to the C2H2 plasma was increased. X-ray diffraction 

(XRD) and X-ray photoelectron spectroscopy (XPS) show that a 3C-SiC interlayer formed at the 

c-Si NP and a-C interface, and the thickness of this interlayer increased with increasing rf power 

to the downstream plasma source.   

Figure 4.2. Schematic of the tubular reactor equipped with two radio-frequency, capacitively-

coupled plasma sources used to synthesize carbon-coated c-Si NPs. The c-Si NPs were 

synthesized in the upstream plasma using SiH4 heavily diluted in Ar. C2H2 was injected into the 

tube beyond the afterglow region of the SiH4/Ar plasma. The as-synthesized c-Si NPs were 

transported by gas flow to the downstream C2H2 plasma, where they were coated in flight with 

amorphous carbon and collected onto a ZnSe internal reflection crystal for characterization using 

surface infrared spectroscopy. 
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4.2. Experimental Details 

4.2.1 Plasma synthesis setup  

 A schematic of the tubular quartz reactor used to synthesize the carbon-coated c-Si NPs is 

shown in Fig 4.1. The total length of the quartz tube between the two vacuum flanges, the 

external tube diameter, and the tube wall thickness were 340, 9.5, and 1 mm, respectively. The 

reactor was evacuated with a mechanical pump (Edwards E2M28) with a base pressure of ~6 

mTorr. The two non-thermal, capacitively-coupled plasma sources were rf-powered at 13.56 

MHz via -type impedance matching networks. The c-Si NP synthesis technique was similar to 

the one reported previously by Kortshagen and coworkers.
28

 The upstream plasma consisted of 

two Cu ring electrodes with an internal diameter and width of 9.5 and 10 mm, respectively. The 

rf-powered electrode was 50 mm from the upstream flange with the grounded electrode 30 mm 

further downstream from the rf-powered electrode. SiH4 (1.4 standard cm
3
/min (sccm)), heavily 

diluted in Ar (275 sccm), was injected upstream via mass flow controllers (see Fig. 4.1).
30–32

 

Previously, we have shown that at an rf power of 50 W in the upstream plasma, the depletion of 

SiH4 was ~90%.
30 

C2H2 (300 sccms) was injected through a MFC into the quartz tube beyond the 

afterglow region of the upstream SiH4/Ar plasma, 18 cm from the upstream vacuum flange (see 

Fig. 4.1). The rf-powered Cu ring electrode for the second plasma source was placed 3 cm from 

the downstream vacuum flange, which was also used as the grounded electrode.  The rf power to 

the C2H2 plasma was over the range of 40 - 135 W. The pressure was measured upstream using a 

capacitance manometer. 
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4.2.2 Plasma and surface diagnostics 

 OES data was recorded by sampling light through a quartz window placed upstream from 

the plasma (see Fig. 4.1). The emission intensities for the Ar (2p1→1s2, 750.4 nm)
33

 and C2 

radical (A
3
Πg→X3

Πu, 516.5 nm)
34

 lines were monitored with and without downstream C2H2 

injection. The Si NPs were transported by gas flow into to an in-house-built surface analysis 

chamber equipped with an in situ ATR-FTIR spectroscopy setup.
35

 The Si NPs were collected at 

room temperature onto a 50  10  1 mm trapezoidal ZnSe internal reflection crystal (IRC) with 

their short edges beveled at 45º. In the ATR mode, at room temperature, ZnSe is transparent in 

the infrared up to ~700 cm
-1

. Infrared data was recorded over the spectral range of 700-4000 cm
-1

 

 

Figure 4.2. Optical emission spectra showing the effect of C2H2 injection on the upstream c-Si 

NP synthesis plasma. The emission intensities for the Ar and C2 radical lines at 750.4 and 516.5 

nm, respectively, were monitored in the upstream plasma prior to and after downstream C2H2 

injection. 
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at a resolution of 4 cm
-1

 using 500 averages. All infrared spectra were recorded as difference 

spectra, where a reference spectrum was collected before the NPs were deposited onto the IRC. 

For ex situ characterization, the Si NPs were collected on to a c-Si(100) wafer placed adjacent to 

the ZnSe IRC. Photoluminescence studies were performed with excitation from a 365 nm laser 

diode (ThorLabs). PL from these Si NCs was collected through a 4.5" quartz viewport, and 

focused with a quartz lens into an Ocean Optics (QP1000-2-VIS-NIR) optical fiber that directed 

the light to a spectrometer (Si charge-coupled device, Ocean Optics) with a resolution of 0.36 

nm. The PL spectra were corrected for the system response by calibrating with a tungsten lamp, 

which was at a temperature of 3100 K. The crystallinity of the carbon-coated Si NPs was 

characterized using XRD (Philips X’Pert Pro Diffractometer, Cu Kα source), the data was 

recorded with a resolution of 0.05º over 2 = 20 – 60º. Raman spectroscopy (Jasco NRS-3100, 

532 nm laser) and TEM (Philips (FEI) CM200) analysis were used to determine the size of the 

core of the Si NPs and the structure of the a-C coating.  XPS analysis of the carbon-coated c-Si 

NPs was performed (Kratos Nova) with a monochromatic Al K source operated at 300 W. The 

c-Si NPs were pressed onto a non-conductive adhesive tape, and during acquisition of the spectra 

were subject to charge compensation using low energy electrons. Survey and high-resolution 

spectra of C 1s, O 1s, and Si 2p regions were acquired at pass energies of 160 and 20 eV, 

respectively. Data analysis was performed using the CasaXPS software, and included linear 

background subtraction, smoothing, charge referencing, and curve-fitting. The spectra were 

calibrated by setting the Au 4f to 84 eV. High-resolution Si 2p spectra were fitted with a series of 

Gaussian-Lorentzian functions. Each Si peak contains 2p3/2 and 2p1/2 components constrained to 

have ratio of 0.67 in area under the peak with a separation of 0.6 eV. Elemental concentrations 
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and distribution of species in the Si 2p spectra are reported as average values, based on analysis 

of three different areas on a sample.  

4.3. Results and Discussion 

 The OES data in Fig. 4.2 shows that injection of C2H2 downstream did not perturb the 

upstream SiH4/Ar plasma significantly. The emission intensity of the C2 line in the upstream 

plasma at 516.5 nm remained essentially unchanged suggesting minimal back diffusion of C2H2 

or its radical fragments to the upstream c-Si NP synthesis plasma. Emission from the Ar line in 

the upstream plasma at 750.4 nm decreased in intensity by ~10%, most likely due to the change 

in the upstream pressure from 5.3 to 7.3 Torr upon injection of C2H2 downstream. Thus, the OES 

data in Fig. 4.2 confirms that the two plasma sources were operated nearly independent of each 

 

Figure 4.3. In situ infrared difference spectra for carbon-coated c-Si NPs grown at (a) 40 and (b) 

90 W rf power to the downstream C2H2 plasma. 
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other: H-terminated c-Si NPs were synthesized in the upstream plasma where SiH4 was almost 

completely depleted, and these NPs were coated with a-C in the downstream C2H2 plasma. The 

size of the Si NPs synthesized using the non-thermal plasma technique has been shown to 

depend on the gas pressure.
29,36

 To isolate the effects of the downstream C2H2 plasma, all the 

experiments in this work were performed at constant gas flow rates while varying only the C2H2 

plasma rf power. Figure 4.3 shows in situ infrared spectra for carbon-coated c-Si NPs 

synthesized at 40 and 90 W rf power to the downstream C2H2 plasma. As reported previously, 

the surface of SiH4-plasma-synthesized c-Si NPs is terminated with SiHx (x = 1, 2, 3) groups.
30,37

 

As OES indicates no back diffusion of C2H2 to the upstream plasma, the c-Si NPs synthesized in 

the upstream plasma are also expected to be H-terminated. These H-terminated NPs are then 

carbon-coated in flight when exposed to reactive hydrocarbon radicals in the downstream C2H2 

rf plasma. In addition to C2H2 gas, the downstream plasma contained Ar and a small fraction of 

SiH4, which was injected upstream. When the C2H2 plasma was operated at 40 W rf power, the 

infrared spectrum (see Fig. 4.3, spectrum “a”) shows a strong absorption band centered at 

~2100 cm
-1

, which was assigned to the SiHx (x = 1, 2, 3) stretching mode.
30

 This indicates that 

the surface of the c-Si NPs after carbon coating was still predominantly H-terminated. In 

addition, we also observed an increase in absorbance in the 750-950, 950-1400, 1400-1700, and 

2800-3400 cm
-1

 regions, which have been assigned to the SiC stretching mode, CHx deformation 

modes, C=C stretching modes, and CHx stretching modes, respectively.
31,32,38–53

 The presence of 

various C-containing species detected by infrared spectroscopy clearly suggests the formation of 

an a-C coating around the c-Si NPs in the downstream C2H2 plasma.
53–57

  The CHx stretching 

modes in the 2800-3400 cm
-1

 region were further categorized based on the hybridization of the C 

atom. The vibrational modes in the 2800-2980 and 2980-3100 cm
-1

 region were assigned to the 
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sp
3
-and sp

2
-hybridized CHx species, respectively.

31,32,46–53,56
 The CHx stretching modes in the 

3000-3100 cm
-1

 region were assigned to the aromatic sp
2
-hybridized species. which indicates the 

formation of aromatic ring structures in the a-C coating around c-Si NPs.
32,46–48,50,53

 The peak 

 

Figure 4.4. Infrared difference spectra showing the CHx stretching region for carbon-coated c-Si 

NPs synthesized at (a) 40 W, (b) 60 W, and (c) 90 W rf power to the downstream C2H2 plasma. 
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The spectra were deconvoluted with four Gaussian line shapes. The ratio of the integrated 

absorbance of the sp
2
-hybridized carbon to that of the sp

3
-hybridized carbon increased with 

increasing downstream plasma rf power.  

centered at ~3300 cm
-1

 was assigned to the CH stretching mode for sp-hybridized species 

indicating alkenyl termination of the surface of c-Si NPs, in addition to the SiHx groups.
49,52

 In 

addition, the SiC stretching vibration in the 750-950 cm
-1 

region was attributed to the transverse    

optical (TO) phonon mode of SiC.
38,39,41,42

 Thus, the infrared spectrum in Figure 4.3 (spectrum 

“a”) suggests that SiC is formed at the c-Si/a-C interface due to the reaction of hydrocarbon 

radicals with the H-terminated c-Si surface. 

 When the downstream C2H2 plasma was operated at higher rf power, 90 W, (see Fig 4.2, 

spectrum “b”), we observed almost no absorption in SiHx stretching region at ~2100 cm
-1

 as 

compared to a strong absorption band in the 750-950 cm
-1

 region corresponding to the Si-C 

stretching mode in SiC. At higher rf power to the C2H2 plasma, the hydrocarbon radical density 

and the NP temperature are expected to be higher.
28,58 

The reaction of these hydrocarbon radicals 

with the surface of c-Si NPs resulted in the formation of a significant amount of SiC on the NP 

surface at the c-Si/a-C interface, and almost complete consumption of surface SiHx (x = 1, 2, 3) 

species. In addition, in spectrum “b” in Fig. 4.3, we also observed a change in the shape and 

relative intensities of the different CHx and C=C stretching regions as compared to spectrum “a” 

in Fig. 4.3: this clearly indicates that changing the downstream plasma rf power from 40 to 90 W 

also affected the H-content and the sp
2
/sp

3
 hybridization ratio of the C atoms in the a-C coating. 

To study this effect of plasma power on the type of a-C layer deposited, we deconvoluted the 

CHx stretching region for carbon-coated c-Si NPs synthesized at three different downstream 
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plasma rf powers – 40, 60, and 90 W (see Fig. 4.4). Deconvolution of the infrared spectra based 

on peak assignments in the literature enabled us to determine the relative changes in the 

concentration of the various hybridization states of the C atoms present in the a-C network. The 

infrared spectra were deconvoluted using four Gaussian line-shapes with peaks centered at 

~2880, ~2930, ~2970, and ~3050 cm
-1

. The peaks centered at ~2880 and ~2970 cm
-1

 were 

assigned to symmetric and antisymmetric stretching modes of CH3, while the peak at  ~2930 

cm
-1

 was assigned to the symmetric stretching mode of sp
3
-hybridized CH2.

31,32,46–53,56
 The peak 

at  ~3050 cm
-1

 was assigned to the stretching mode for sp
2
-hybridized CH.

32,46–48,50,53
 The 

integrated absorbance for each of the deconvoluted vibrational modes (see Fig. 4.4) is directly 

proportional to corresponding bond density and its infrared absorption cross section.
31,32

 Since 

the infrared absorption cross section of various CH stretching vibrations in a-C are not reported  

 

Figure 4.5. Normalized PL spectra for uncoated (black) and carbon-coated (red) c-Si NPs. The 

carbon coating was accompanied with the formation of a 3C-SiC at the c-Si/a-C interface, which 
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led to the consumption of surface Si, and a reduction in the size of the NP core. In the quantum 

confinement regime, this causes a blue-shift in the PL peak position. 

in the literature, we estimated the sp
2
-to-sp

3
 hybridized C ratio in the a-C network by taking the 

ratio of total integrated absorbances of the sp
2
 and sp

3
 hybridized CHx species. This ratio was 

0.27, 0.43, and 0.60 at 40, 60, and 90 W, respectively, clearly indicating that the fraction of 

graphitic or aromatic sp
2 

hybridized C content increased with the downstream plasma power, 

regardless of the infrared absorption cross section of the individual bands. According to previous 

reports in literature, the sp
2
 content of a-C films was shown to increase upon thermal annealing 

due to the atomic H desorption from the sp
3
-hybridized C atoms, and subsequent local 

restructuring to sp
2
-hybridized

 
C.

47,54,59–65
 In our experiments, this observation can be explained 

based on the plasma-induced heating of the carbon-coated c-Si NPs due to the exothermic ion-

electron and neutral-neutral recombination reactions that occur on the NP surface in a plasma 

environment.
28,30,58

 Previous reports suggest that these exothermic reactions result in Si NP 

heating to temperatures that are sufficiently high for crystallization. The maximum temperature 

of the NPs in the plasma depends on the applied rf power.
28,30,58

 Previously, we showed that 

heating of Si NPs in the plasma not only affects their crystallinity, but also affects the surface 

SiHx (x = 1,2,3) composition, as the population of higher hydrides decreases due to their lower 

thermal stability.
30

 Similarly, as the downstream C2H2 plasma rf power is increased, the 

core-shell NPs reach higher temperatures,
28,30,58

 which leads to H-desorption from sp
3
 C and thus   

a higher sp
2
 C content in the a-C network. Our previous studies show that the PL emission 

energy from these c-Si NPs is consistent with quantum confinement effects, which results in a 

NP-size-dependent band gap.
30 

Thus the emission energy can be used to estimate the average size 

of the c-Si NPs.
66–68

 Figure 4.5 shows normalized PL spectra for c-Si NPs synthesized with the 
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downstream C2H2 plasma turned off, and carbon-coated c-Si NPs synthesized with the 

downstream C2H2 plasma operated at 90 W rf power. Since in both experiments the upstream NP  

 

Figure 4.6. XRD patterns for the c-Si NPs grown at (a) 0, (b) 105, and (c) 135 W rf power to the 

downstream C2H2 plasma, but identical upstream plasma conditions. As the C2H2 plasma rf 

power was increased, the amount of 3C-SiC formed at the c-Si/a-C interface increased, which is 

indicated by the increase in the relative intensity of the 3C-SiC (111) diffraction peak compared 

to the Si (111) diffraction peak. 

synthesis conditions were identical, we attribute the blueshift from 930 nm for the primarily H-

terminated c-Si NPs to 655 nm for carbon-coated c-Si NPs to the consumption of the Si core due 

to reaction with a-C to form SiC: this is also consistent with the infrared data in Fig. 4.3, which 

shows infrared absorption due to the Si-C stretching vibrations.  

 Using accepted quantum confinement models for c-Si, this blueshift in emission 

corresponds to a reduction in the Si core size from ~5.8 to ~3.2 nm.
66 

Additionally, when the 
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downstream C2H2 plasma was operated at the lowest rf power (40 W), we observed an 

absorbance band due to stretching vibrations of surface SiHx (x = 1,2,3) (Fig 4.3, spectrum (a)) 

species suggesting all surface Si atoms in the core are not bonded to C atoms in the coating. 

However, when the C2H2 plasma power was increased to 90 W, almost all the surface SiHx (x = 

1,2,3) species were consumed indicating a denser shell structure (Fig 4.3, spectrum (a)). This 

suggests the C2H2 plasma has to be operated at high powers to ensure a dense coating. Hence, to 

determine the effect of the C2H2 plasma rf power on the carbon-coated Si NPs, all further 

characterization results presented below are for C2H2 plasma rf powers between 90-135 W. 

 To determine the structure of the interfacial SiC layer, we performed XRD analysis on Si 

NPs that were synthesized at different rf powers for downstream plasma, but otherwise identical 

process conditions. The diffractograms in Fig. 4.6 show that when the rf power to the 

downstream plasma was turned off, diffraction peaks appeared corresponding to the (111), (220), 

and (311) crystallographic planes of Si indicating the presence of c-Si NPs.
30

 At 105 W rf power 

to the downstream C2H2 plasma (pattern (b)), we also observed an additional diffraction peak at 

2  36°, which corresponds to the (111) crystallographic plane of 3C-SiC.
44,69

 Diffraction peaks 

corresponding to other crystallographic planes of 3C-SiC lie outside the range of measurements 

in Fig. 4.6. The presence of the 3C-SiC (111) peak in pattern “b” in Fig. 4.6 clearly suggests that 

a crystalline SiC layer forms at the c-Si/a-C interface in the downstream C2H2 plasma due to 

carburization of surface Si atoms in the Si NPs. When the downstream C2H2 plasma rf power 

was further increased to 135 W (see pattern (c)), we observes an increase in intensity for the 3C-

SiC (111) peak as compared to the Si (111) peak showing that the extent of carburization of 

surface Si atoms increases at higher rf power to the C2H2 plasma: we attribute this increase in 
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surface carburization to a higher NP temperature
28,58 

combined with a higher flux of hydrocarbon 

radicals to the NP surface. In multi-component mixtures, the integrated intensity of an XRD peak 

for a particular component depends upon its volume fraction in the mixture, the crystal structure 

parameters of the phase such as the structure and the multiplicity factors, and the linear 

absorption coefficient of the phase.
69

 Therefore, by comparing the integrated intensities of the 

(111) peaks for Si and 3C-SiC we can quantitatively estimate the volume fractions of the two 

phases in the mixture using the expression in Eqn. 1. 
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In Eqn. 4.1 above, I is the integrated intensity of the diffraction peak, F is the structure factor, L 

is the Lorentz polarization factor, v is the volume of the unit cell, V is the volume fraction, and µ 

is the linear absorption coefficient. The subscripts in Eq. (1) indicate the crystalline material, and 

the parentheses contain the Miller indices for the crystallographic plane. The linear absorption 

coefficient for 3C-SiC, SiC, was calculated based on the linear absorption coefficients of Si and 

C and their respective weight fractions in 3C-SiC according to Eq. (2) below,
69
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,                                                                                                (4.2) 

where, w is the weight fraction of Si or C in SiC, and ρ is the density. Thus, the expressions in 

Eq. (4.1) and (4.2), with Si/Si = 65.32 cm
2
/g and C/C = 4.219 cm

2
/g for Cu K radiation,

69
 

can be used to determine the volume ratio of Si and 3C-SiC. 
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 When the downstream C2H2 plasma rf power was turned off, using PL measurements (see 

Fig. 4.5), the average size of the c-Si NPs was estimated to be ~5.8 nm. As the two plasmas 

operate practically independent of each other, changing the downstream C2H2 plasma rf power 

would not affect the size of the c-Si NPs synthesized in the upstream plasma. Hence, the change 

in size of the c-Si NPs is almost entirely due to formation of the 3C-SiC shell in the downstream 

C2H2 plasma. Therefore, by calculating the volume fractions of the c-Si and 3C-SiC from the 

XRD patterns (see Eqns. (1) and (2)), we can estimate the size of the c-Si core and the thickness 

of the 3C-SiC shell. The quantitative XRD analysis shows that as the downstream C2H2 plasma 

rf power increased, the volume fraction of 3C-SiC also increased, which led to a decrease in the 

size of the c-Si core of the NPs. For the c-Si NPs synthesized at a C2H2 plasma rf powers of 105 

and 135 W, we estimated the ~5.8-nm-diameter c-Si core was reduced to ~4.6 and 3.5 nm, 

respectively, due to carburization which results in a 3C-SiC layer of ~0.5 and 0.7 nm, 

respectively.  

 The c-Si NPs synthesized at 135 W C2H2 plasma rf power were further characterized via 

Raman spectroscopy (see Fig. 4.7 (a)). The Raman-active transverse optical phonon mode for 

bulk c-Si is at 521 cm
-1

, which red-shifts in c-Si nanostructures due to phonon confinement.
70–72

 

Therefore, the position of the Raman band in nanostructured c-Si provides an estimate of the 

average size of the nanocrystals. The Raman spectrum in Figure 4.7(a) was deconvoluted over 

the 300-600 cm
-1

 region using a Lorentzian line shape for c-Si centered at ~510 cm
-1

 and
 
a 

Gaussian line shape centered at ~450 cm
-1

 (see Fig. 4.7(b)). The red-shift in the c-Si phonon 

band from 521 to 510 cm
-1

 corresponds to c-Si NPs with an average core size of ~3.5 nm.
71,72

 

The peak at ~450 cm
-1

 was attributed to the bending modes of the sp-hybridized C present in the 

outermost a-C coating around the c-Si NPs.
73

 Additionally, the Raman spectrum also contains a 



63 

 

distinct band over the 1100-2000 cm
-1

 region (see Fig. 4.7 (a)), which was deconvoluted using 

two Gaussian line shapes centered at ~1576 and ~1345 cm
-1

 assigned to the G and D bands of a-

C (see Fig. 4.7(b)).
74–76

  

  

Figure 4.7. (a) Raman spectrum showing the presence of c-Si NPs, a-C, and 3C-SiC for carbon-

coated c-Si NPs grown at 135 W rf power to the C2H2 plasma. (b) The c-Si region was fit using a 

Lorentzian line shape centered at 510 cm
-1

, while the shoulder attributed to a-C, was fit with a 

Gaussian line shape centered at ~450 cm
-1

. The a-C region was fit with a Lorentzian centered at 

~1345 cm
-1

 (D band), and a Breit-Wigner-Fano line shape centered at ~1576 cm
-1

 (G band).  
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 The G peak in the Raman spectrum for a-C is observed due to the sp
2
 stretching 

vibrations of the aromatic or olefinic chain structures, while the D peak arises due to structural 

disorder, and requires the presence of six-membered aromatic rings.
74

 Thus, the presence of the 

D band in the Raman spectrum confirms the presence of a graphitic fraction in the a-C coating.  

 

Figure 4.8. TEM images of carbon-coated c-Si NPs grown at 135 W rf power to the downstream 

C2H2 plasma. Image (b), which is a zoomed-in view of a particle that was observed in image (a), 

clearly shows a c-Si core of ~3.7 nm with a ~1.5-nm-thick coating. 

Finally, in the Raman spectrum in Fig. 4.7(a), we also observed a band at ~940 cm
-1

, which was 

assigned to the longitudinal optical phonon mode of 3C-SiC.
44

 Thus, for the case of c-Si/a-C 
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core-shell NPs synthesized at 135 W rf power to the C2H2 plasma, the c-Si core size determined 

from the Raman analysis (~3.5 nm) agrees well with the size obtained from the PL (~3.2 nm) and 

XRD (~3.5 nm) analysis. Figure 4.8 (a) shows a TEM image of the c-Si NPs synthesized at C2H2 

plasma power of 135 W. A zoomed-in view of image (a) is shown in image (b), which clearly 

shows a c-Si NP with a ~3.7 nm core with a ~1.5 nm coating. Thus, TEM analysis further  

 

Figure 4.9. High resolution XPS scan of the Si 2p region for carbon-coated c-Si NPs synthesized 

at 135 W rf power to the C2H2 plasma. 

confirms the size of the NPs as determined by Raman spectroscopy and XRD analysis. The 

quantitative XRD analysis combined with the TEM image analysis further allows us to estimate 

the composition of the coating around the c-Si core. In this particular experiment, from the XRD 

analysis we estimated that the thickness of the interfacial 3C-SiC layer was ~0.7 nm, which 

implies that the rest of the ~0.8 nm thick coating is the a-C film.  
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 The elemental and chemical composition of the c-Si NPs was also obtained using XPS 

analysis. Since the size of the carbon-coated c-Si NPs is comparable to the escape depth of 

photoelectrons (~2-5 nm),
77

 XPS analysis is not limited to just the surface of the NPs, but 

provides an estimate of the bulk composition. Given that the XPS analysis was performed ex 

situ, the surface of the c-Si NPs undergoes some degree of oxidation along with physisorption of 

hydrocarbons. Therefore, the carbon-coated c-Si NPs synthesized at 135 W rf power to the 

downstream C2H2 plasma show ~45 at.% C, 35 at.% Si, and 20 at.% O. A corresponding 

representative high-resolution Si 2p spectrum is shown in Figure 4.9, which was fitted with 4 

sets of Gaussian-Lorentzian peaks, each consisting of two components, 2p3/2 and 2p1/2, separated 

by 0.6 eV. The 2p3/2 component of the first doublet is centered at 99.2±0.1 eV and attributed to 

elemental Si.
78,79

 The second 2p3/2 component centered at 100.5±0.1 eV, and is due to SiC.
80,81

 

Doublets with 2p3/2 components located at 101.9 eV and 102.8 eV are due to various SiOx 

species.
82–85

 Based on these peak assignments, Si is present in these carbon-coated c-Si NPs 

primarily as elemental Si and SiC, with their respective concentrations of 45±5 % and 38.5 ±7 

%, while the rest of the Si (~16.5±2 %) is bound to oxygen.  

4.4.Conclusions 

 We have developed a single-step process to synthesize a-C-coated Si NPs < 10 nm in size 

using a dual-plasma setup. We have demonstrated that the sp
2
-to-sp

3
 hybridization ratio of the a-

C coating as well as the thickness of the interfacial 3C-SiC layer can be manipulated through the 

downstream C2H2 plasma rf power, which in turn controls the hydrocarbon radical flux and 

plasma-induced heating of the NPs. The 3C-SiC layer has direct implications for the use of these 

NPs in LIBs. While 3C-SiC conducts Li ions, it does not undergo lithiation. Therefore, this 
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interfacial layer does not contribute to the lithiation capacity of the a-C-coated Si NPs thereby 

reducing the effective charge capacity of LIBs.
4
 Hence, the downstream C2H2 plasma should be 

operated under conditions which results in a high graphitic content in the a-C coating while 

minimizing the amount of 3C-SiC formed.  
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Abstract 

We have developed a non-thermal plasma based technique to synthesize carbon-coated Ge and 

Sn nanoparticles (NPs) for potential application as high capacity anode materials in Li
+
 batteries. 

We use two capacitively-coupled, radio frequency (rf) plasmas in series to synthesize these core-

shell nanostructures. The use of two plasmas, which operate practically independent of each 

other, allows us separate control over the synthesis of the Ge or Sn NPs in the upstream plasma, 

and the structure and composition of the amorphous carbon coating in the downstream plasma. 

For the case of Ge, the a-C:H coating provides a conductive layer. While Sn NPs are conductive, 

the in-flight a-C:H coating was essential to prevent agglomeration of molten Sn NPs on the 
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substrate since the melting temperature of Sn is much lower than Ge. The reactor setup can be 

used to synthesize various core-shell nanostructures using different kinds of precursor sources.  

5.1 Introduction 

 The combustion of fossil fuels leads to the emission of greenhouse gases which adversely 

affect the environment.
1,2

 A large portion of these emissions is through the burning of fossil fuels 

in transportation vehicles which can be reduced by the use of electric vehicles.
3,4

 However, this 

requires batteries with high capacities to power the vehicles over long distances. Of the various 

rechargable battery technologies, Li-ion batteries (LIBs) have some of the highest energy and 

power densities.
5–8

 But before LIBs can be used in electric vehicles they need significant 

improvement in capacity, cost as well as durability. One way to improve the charge capacity of 

LIB is the use of novel anode materials with capacities significantly higher than the conventional 

anode material, graphite.
9–11

 Theoretically, one atom of Si/Ge/Sn can react with 4.4 atoms of Li 

to form alloys of the stoichiometry Li4.4X (X - Si/Ge/Sn).
10,12

 Thus, Si/Ge/Sn have significantly 

higher charge capacities than graphite. However, upon lithiation, these materials undergo a 

significant volume expansion, upto ~300%, which results in electrode pulverization due to the 

mechanical stress and a subsequent loss of battery capacity.
9–13

 Compared to Si, Ge has ~15 

times higher diffusivity of Li, and a lower specific volume change during the lithiation and 

delithiation cycles.
11,13

 In addition, due to the minimal native oxide formation on Ge, Li-Ge is a 

model system to study group IV elements in LIB environments.
13

 To prevent the loss in capacity 

in Ge/Sn based anodes, it has been proposed to use nanometer sized particles.
10,11,14

 Additionally, 

to avoid local pulverization by generating uniform stress/strain over the entire electrode, the 

particles need to have a narrow size distribution.
10

 Dispersing the particles in a conducting 
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matrix like carbon would lead to an efficient electrical contact thus sustaining battery capacity 

over a large number of cycles. Therefore, carbon-coated Ge/Sn nanoparticles are attractive 

candidates for anode materials in LIBs.
10,11,15

  

 Here, we describe a versatile, single-step, non-thermal plasma based technique to 

synthesize carbon-coated Ge (Ge@C) as well as carbon-coated Sn (Sn@C) nanoparticles (NPs) 

using the same reactor setup. Non-thermal plasma synthesis has been previously shown to be a 

 

Figure 5.1. Schematic of the tubular quartz reactor used to synthesize a-C:H coated Ge and Sn 

NPs. The Ge and Sn NPs were synthesized in the upstream plasma using GeCl4 and SnCl4, 

respectively, diluted in a H2-Ar gas mixture. The NPs are coated with a-C:H in the downstream 

C2H2-Ar plasma. 
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scalable technique to synthesize monodisperse crystalline semiconductor NPs.
16,17

 To synthesize 

carbon-coated Ge/Sn NPs, we employ two capacitively-coupled plasma sources in series in a 

tubular reactor. Previously, we have used a similar reactor setup to synthesize carbon-coated Si 

NPs using SiH4 and C2H2 as precursors. Here, we have extended the technique to synthesize 

carbon-coated Ge/Sn NPs using chloride-based precursors. Ge/Sn NPs are first synthesized in the 

upstream plasma using GeCl4/SnCl4 as precursors. The as-synthesized Ge/Sn NPs are then 

transported by gas flow to the downstream C2H2 plasma where they are coated with a-C. The 

two plasmas operate practically independent of each other thus enabling us to control the nature 

of the carbon coating without affecting the core of the nanostructures. We have used infrared 

spectroscopy, X-ray diffraction (XRD) and Raman spectroscopy to study the core-shell 

structures. XRD analysis was used to characterize the morphology of the core of the 

nanostructures while infrared and Raman spectroscopy techniques were used to characterize the 

nature of the a-C coating. Our studies indicate that the graphitic nature of the a-C coating can be 

controlled by the applied rf plasma power to the downstream plasma, similar to our previous 

observation. 

5.2 Experimental Setup 

5.2.1 Nanoparticle synthesis setup  

 Schematic in Fig. 5.1 shows the tubular quartz reactor used to synthesize the Ge@C as 

well as the Sn@C NPs. The setup was similar to the one reported previously by Mangolini, 

Kortshagen, and coworkers for the synthesis of c-semiconductor NPs.
16,18

 The reactor is 

equipped with two non-thermal, capacitively-coupled plasmas generated using rf power supplied 

via Cu ring electrodes. The quartz tube had an outer diameter and tube wall thickness of 9.5 mm 
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and 1 mm respectively, while the Cu ring electrodes had an inner diameter and width of 9.5 mm 

and 10 mm, respectively. The upstream plasma, generated by placing the rf-powered and 

grounded electrodes 60 and 90 mm, respectively, from the upstream vacuum flange, was 

primarily a NP synthesis plasma where pure Ge and Sn NPs were synthesized using GeCl4 and 

SnCl4 as precursors. C2H2 and Ar were injected into the tubular reactor beyond the afterglow 

region of the upstream plasma (90 mm downstream of the grounded electrode). The NPs 

synthesized in the upstream plasma were coated with a-C in the downstream plasma, which was 

generated by placing the rf-powered electrode 30 mm from the downstream flange. The 

downstream flange was used as the grounded electrode.  The tube pressure was monitored using 

a capacitance manometer placed just upstream of the quartz tube. 

5.2.2 Synthesis of Ge@C NPs  

 Pure Ge NPs were synthesized in the upstream plasma using a gas mixture of GeCl4 (~1 

sccm), H2 (30 sccms), and Ar (200 sccms). The GeCl4 (vapor pressure ~75 torr @ 20 °C) was 

delivered using a pressure-based mass flow controller (MKS 1640, Fig. 5.1) while the rest of the 

gases were delivered using thermal mass flow controllers (MKS 1640). The upstream plasma 

was operated at an applied rf power of 125 W. C2H2 (30 sccms) and Ar (300 sccms) were 

injected beyond the afterglow region of the upstream plasma. The NPs were transported by gas 

flow to the downstream plasma (operated at 60-90 W) where they were coated with a-C. The 

tube operating pressure was maintained at ~6.5 torr.  

5.2.3 Synthesis of Sn@C NPs  

 The Sn NPs were synthesized in the upstream plasma using a gas mixture of SnCl4 (~1 

sccm), H2 (15 sccms) and Ar (100 sccms). SnCl4 (vapor pressure ~ 18 torr @ 20 °C) too was 
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delivered using a pressure-based mass flow controller. The upstream plasma was operated at an 

applied rf power of 25 W. C2H2 (30 sccms) and Ar (350 sccms) were injected beyond the 

afterglow region of the upstream plasma. The downstream plasma was operated at an applied rf 

power of 90 W and the tube was maintained at a pressure of ~7 torr. 

5.2.3 NP characterization 

 The a-C coated NPs were collected on a Si (111) wafer for further ex situ 

characterization. Infrared data (Nicolet 6700) was recorded over the spectral range of 

650-4000 cm
-1

 at a resolution of 4 cm
-1

 using 1000 averages. All infrared spectra were recorded 

as difference spectra, where a reference spectrum was collected using a bare Si wafer. The NPs 

were also characterized using X- ay   ff ac  o  (P    ps X’P    P o   ff ac o       C   α 

source), with the data recorded over 2θ = 20 - 65° with a resolution of 0.05°. Scherrer analysis 

was used to estimate the size of the NPs, with the full width at half maximum (FWHM) of the 

 

Figure 5.2. Infrared difference spectra of a-C coated Ge NPs synthesized at a downstream rf 

plasma power of (a) 60 W, and (b) 90 W.  



81 

 

diffraction peaks determined by fitting Gaussian line shapes. Raman spectroscopy (Jasco 

NRS-3100, 532 nm laser) was used to characterize the a-C coating deposited on the surface of 

the NPs. 

5.3 Results and Discussion 

 Figure 5.2 shows the infrared difference spectra for a-C coated Ge NPs synthesized for 

different downstream rf plasma powers. Tube pressure and residence time in the reactor have 

been shown to affect the size of the as-synthesized NPs.
16–18

 Therefore, to test the effect of the 

downstream C2H2 plasma on the surface of the as-synthesized NPs, the downstream rf plasma 

power was the only parameter varied in this work. C2H2 was injected downstream of the 

synthesis plasma at a position which ensured minimal back diffusion to the upstream synthesis 

plasma. This enabled the synthesis of pure Ge/Sn NPs in the upstream plasma which were then 

coated with a-C in the downstream C2H2 plasma.  Infrared spectroscopy allows us to study the 

surface of these carbon-coated NPs. In Fig. 5.2 we see an increase in absorbance in the 950-

1400, 1400-1700, 2000-2300, and 2800-3400 cm
-1

 regions which have been assigned to the  CHx 

deformation modes, C=C stretching modes, C≡C stretching modes, and the CHx stretching 

modes, respectively.
19–24

 This indicates the formation of a-C coating in the downstream C2H2 

plasma. To further characterize the structure of the a-C coating we deconvoluted the CHx 

stretching region based on the hybridization of the C atom. Figure 5.3 shows the deconvolution 

of the CHx stretching regions, performed using Gaussian line-shapes, for carbon-coated Ge NPs 

synthesized at different downstream rf plasma powers.  Based on the deconvolution, the 

vibrational modes in the 2800-2980 cm
-1

 region were assigned to sp
3
-hybridized CHx (x = 1,2,3) 

species while the modes in the 2980-3100 cm
-1

 region were assigned to the  sp
2
-hybridized CHx 
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(x = 1,2) bonds. The integrated absorbance of an infrared peak is directly proportional to the 

bond density and the infrared absorption cross-section.
25,26

 Therefore, we can compare the 

percent sp
2
 content of the a-C coating synthesized at different downstream rf plasma powers by 

comparing the ratios of the total integrated absorbance of the sp
2
 and sp

3
 hybridized CHx species. 

We found that the ratio of the integrated absorbance of the sp
2
 modes to that of the sp

3
 modes 

increased from 0.23 to 0.6 when the downstream rf plasma power was increased from 60 to 90 

W. This indicates that the sp
2
 (graphitic) content of the a-C coating increases with increasing 

downstream rf plasma power. Thermal annealing has been previously shown to increase the sp
2
 

content of a-C thin films.
19,23,27–30

 The increase in sp
2
 content of the films has been attributed to 

the thermal desorption of atomic H from sp
3
 hybridized C in the a-C network and the subsequent 

rearrangement to sp
2
 hybridization.

19,23,27–30
 Therefore we propose that the increase in applied rf 

plasma power may lead to the NPs reaching a higher temperature in the plasma due to 

plasma-induced heating,
16,31

 thus leading to a more graphitic content in the a-C coating. Similar 

observations were made by our group during the synthesis of carbon-coated Si NPs using a 

similar dual-plasma setup.  

 Figure 5.4 shows the XRD pattern for Ge NPs synthesized at a downstream rf plasma 

power of 90 W. The crystalline nature of the NPs is evident from the finite but narrow shape of 

the diffraction peaks at ~27.3, ~45.4 and ~53.8 °, which correspond to the (111), (220) and (311) 

crystallographic planes of Ge. Scherrer analysis was used to estimate the size of the NPs using 

the formula,
32

 

BB

k
d





cos
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where, d is the diameter of the particle, k is the correction factor assumed to be 0.9 for spherical 

particles,  is the wavelength of the Cu Kα X-ray source, B is the FWHM of the diffraction peak, 

and θB is the Bragg angle for the diffraction peak. Using the above formula, the size of the Ge 

NPs was estimated to be ~4 nm. 

 

Figure 5.3. Infrared difference spectra of the CHx stretching region for a-C coated Ge NPs 

synthesized at a downstream rf plasma power of (a) 60 W, and (b) 90 W. The peaks were fit 

using a Gaussian line shape. The ratio of the integrated absorbance of the sp
2
 region to that of the 

sp
3
 region was found to increase with an increase in downstream plasma power. 
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 The a-C coated Sn NPs were synthesized using the same reactor setup but with SnCl4 as 

the precursor. The detailed procedure is explained above. Plasma-induced heating of the NPs has 

been shown to occur in the non-thermal plasma environment.
31,33

 The maximum temperature 

attained by the NPs in the plasma is dependent on the applied rf plasma power.
31,33

 Since, 

metallic Sn has a relatively low melting point (~232 °C)
34

 which is further reduced to <220 °C 

for 10 nm Sn NPs,
35

 the upstream plasma had to be operated at low rf plasma powers (25 W) for 

the synthesis of Sn NPs. Operating the plasma at high powers lead to melting and subsequent 

agglomeration of the Sn NPs. 

 The XRD pattern for carbon-coated Sn NPs synthesized at a downstream rf plasma power 

of 90 W is shown in Fig. 5.5. The crystalline nature of the Sn NPs is evidenced from the 

 

Figure 5.4: X-ray diffraction pattern of a-C coated c-Ge NPs synthesized at a downstream 

plasma power of 90 W. The position of the peaks corresponding to the (111), (220) and (311) 

crystallographic planes is similar to that in bulk c-Ge. The size of the NPs was estimated using 

Scherrer analysis.  
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diffractions peaks at 30.6, 31.8, 43.7 and 44.6 °, corresponding to the (200), (101), (220) and 

(221) crystallographic peaks of metallic Sn with a tetragonal crystal structure.
32

 The size of the 

Sn NPs was estimated to be ~10 nm using Scherrer analysis. 

 Figure 5.6 shows the Raman spectrum for carbon-coated Sn NPs synthesized at a 

downstream rf plasma power of 90 W. The Raman peak over the 1200-1700 cm-1 region was 

deconvoluted using a Lorentzian line shape centered at ~1390 cm
-1

, and a Breit-Wigner-Fano 

line shape centered at ~1585 cm
-1

 which were assigned to the D and G band of a-C 

respectively.
36,37

 The graphitic nature of the a-C is confirmed by the presence of the D band, 

which arises due to structural disorder and requires the presence of six-membered aromatic rings. 

The G peak in the Raman spectrum for a-C is observed due to the sp
2
 stretching vibrations of the 

aromatic or olefinic chain structures. We observed similar peaks during the Raman 

 

Figure 5.5. X-ray diffraction pattern of a-C coated 10 nm c-Sn NPs. Scherrer analysis was used 

to estimate the size of the NPs. 
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characterization of the a-C coating when carbon-coated Si NPs were synthesized using a similar 

dual-plasma setup. 

5.4 Conclusions 

 We have demonstrated a dual-non-thermal plasma technique to synthesize carbon-coated 

Ge and Sn NPs from chloride precursors. The single-step technique was previously used to 

synthesize carbon-coated Si NPs using SiH4 as the precursor. This demonstrates the versatility of 

the setup to synthesize various core-shell nanostructures from different kinds of precursor 

sources. The use of two plasmas in series allows us to control the nature of the a-C coating 

independently of the synthesis of the NPs. Our results indicate that the graphitic content of the a-

C coating increases on increasing the downstream rf plasma power. Thus, this technique allows 

 

Figure 5.6. Raman spectrum of the a-C coating around the Sn NPs, synthesized at a downstream 

rf plasma power of 90 W. The two peaks were fit using the Lorentzian line shape centered at 

~1390 cm
-1

 (D band), and a Breit-Wigner-Fano line shape centered at ~1585 cm
-1

 (G band). 
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us to synthesize carbon-coated core-shell nanostructures which may be used in high capacity 

LIBs. 
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Abstract 

We present a scalable, single-step, non-thermal plasmas synthesis technique for the growth of 

sub-5-nm, amorphous carbon (a-C) coated 3C-SiC nanoparticles (NPs). We first nucleate and 

grow c-Si NPs in an upstream SiH4/Ar plasma. These c-Si NPs are then transported by gas flow 

to a downstream C2H2/Ar plasma, and carburized in-flight by carbon-containing radicals and 

ions to 3C-SiC NPs. X-ray diffraction and transmission electron microscopy indicate a NP size 
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of ~4.2 nm. X-ray photoelectron spectroscopy analysis confirms that the c-Si NPs are completely 

carburized to 3C-SiC. Fourier transform infrared spectroscopy shows that the surface of the 3C-

SiC NPs is coated with a-C with some alkenyl termination, which can facilitate further solution-

based surface functionalization for biomedical applications.  

6.1 Introduction 

 Silicon carbide (SiC) is a wide band gap semiconductor with excellent thermal, 

mechanical, and chemical properties including high thermal conductivity, mechanical strength, 

wear resistance, and corrosion stability.
1–3

 As a result, SiC has applications in various fields such 

as high-power electonics,
4–6

 light emitting diodes,
7,8 

gas sensors,
6,9

 and quantum-computing.
10,11

 

Quantum-confined SiC nanostructures with dimensions comparable to  the Bohr exciton radius 

in SiC, ~2.7 nm,
12

  show improved properties compared to the bulk form.
9,13

 In particular, 

quantum-confined SiC nanoparticles (NPs) or quantum dots (QDs) show enhanced optical 

properties including a size-tunable band gap, and enhanced light absorption and emission 

compared to the bulk form.
14

 Quantum confinement effects in 3C-SiC NPs have previously been 

observed over the size range of 1-6 nm.
15

  

More recently, 3C-SiC QDs have been proposed as fluorescent probes in biomedical 

applications,
16–22

 such as labeling and diagnostics.
17,23–25

 Compared to the traditional organic 

flurophores, semiconductor quantum dots are highly photostable, i.e., they do not undergo 

photobleaching, have high absorption coefficients over a wide spectral range, and have size-

tunable narrow emission spectra.
22,25–27

 Compared to other semiconductor materials such as 

CdSe, which have also been proposed as candidates for biological labeling,
22,28,29

 SiC is 

considered highly biocompatible and nontoxic. In previous studies, the biocompatibility of SiC 
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has been carefully demonstrated in orthopedic and dental implants.
1,27,30,31

 In addition, is has 

been shown that SiC is chemically inert, and does not corrode in a biological environment.
1
 

Luminescence from 3C- as well as 6H-SiC QDs has also been reported previously within the 

context of numerous potential biomedical applications,
15,24,32–34

 however, the controlled synthesis 

of SiC QDs that are <10 nm in diameter remains challenging. 

Traditionally, SiC nanostructures have been synthesized via high-temperature,  >1500 °C, 

carburization of SiO2 nanostructures, which is an energy-intensive process.
35,36

 The use of metal 

reducing agents, such as Mg or Na, has enabled the synthesis of SiC nanostructures from SiO2 

nanostructures via the carbothermal reduction process at temperatures as low as 600-700 °C.
37,38

  

However, these are multistep processes, which require nanostructured SiO2 precursors as well as 

additional purification/separation steps to obtain the desired SiC nanostructures. The most 

common low-temperature method for the preparation of SiC NPs is the electrochemical etching 

of bulk SiC
15,23,32,39

 followed by either sonication or milling to break down the porous layers 

formed after the etching step.
24,27

 Using this method, 3C- or 6H-SiC NPs have been synthesized 

based on the polytype of the bulk SiC substrate. This synthesis technique, in addition to being a 

multistep process, also results in a wide size distribution, which in turn requires additional steps 

such as centrifugation to remove the larger particles and obtain a narrow size distribution (1-8 

nm).
40

 Besides electrochemical etching, there are only a few reports in the literature on the 

synthesis of SiC NPs that use low-temperature techniques, each with its own drawbacks. For 

example, electroless wet chemical etching
34

 is a solution based technique with similar drawbacks 

as the electrochemical etching process. A low-temperature microwave plasma approach has been 

reported using tetramethylsilane as the single-source precursor. However, the authors reported 

amorphous SiC NPs,
9
 which were non-stoichiometric. Another low-temperature synthesis 
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technique studied is laser-assisted chemical vapor deposition, where the agglomeration of the 

SiC NPs may be an issue.
41,42

 Thus, a low-temperature single-step process is required to enable 

the synthesis of SiC QDs with the desired size and a narrow size distribution.  

To this end, we report a commercially-scalable, single-step, non-thermal plasma 

synthesis technique to synthesize hydrogenated amorphous carbon (a-C:H) coated 3C-SiC NPs. 

In this synthesis method, we have used a tubular reactor with two plasma sources in series to 

synthesize a-C coated 3C-SiC NPs that are ~4.2 nm in size, using SiH4 and C2H2 diluted in Ar as 

the growth precursors. In the first upstream plasma source, crystalline Si (c-Si) NPs were 

synthesized using a SiH4/Ar mixture. These c-Si NPs were transported by gas flow into a second 

downstream C2H2/Ar plasma where they were completely carburized by hydrocarbon radicals to 

3C-SiC NPs. We have characterized the NPs using Fourier transform infrared (FTIR) 

spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and 

transmission electron microscopy (TEM). The infrared data indicated that the surface of the 3C-

SiC NPs was partially alkenyl terminated, which can facilitate further functionalization or 

solvation of these NPs for biomedical applications. XRD patterns show SiC NPs with only the 

3C-SiC phase with a diameter of ~4.2    bas   o      Sc      ’s a a ys s  T   XPS  a a 

confirms that the SiC NPs were stoichiometric. TEM analysis showed that the NPs size is 

co s s     w        Sc      ’s a a ys s w    a ~1-nm-thick a-C:H coating around the 3C-SiC 

core. 

6.2 Experimental Setup 

Figure 6.1 shows a schematic of the tubular plasma reactor used to synthesize the 3C-SiC 

NPs. The setup was similar to the one reported previously by Mangolini, Kortshagen, and 
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coworkers for the synthesis of c-Si NPs.
43,44

 The reactor consists of a quartz tube with an outer 

diameter and tube wall thickness of 9.5 and 1 mm, respectively. The two non-thermal, 

capacitively-coupled plasmas were generated using radio-frequency (rf) power at 13.56 MHz 

supplied via Cu ring electrodes wrapped around the quartz tube. The Cu ring electrodes had an 

internal diameter and width of 9.5 and 10 mm, respectively. For the upstream plasma (denoted 

by Plasma 1 in Fig. 6.1), which was operated at an rf power of 50W, the rf-powered and 

grounded electrodes were placed 60 and 90 mm, respectively, from the upstream vacuum flange. 

A gas mixture containing SiH4 (1.4 standard cm
3
/min (sccm)) heavily diluted is Ar (275 sccm) 

was injected into the quartz tube via the upstream vacuum flange as shown in Fig. 6.1. C2H2 (150 

sccm) was injected into the quartz tube, ~180 mm from the upstream vacuum flange, which was 

beyond the afterglow region of Plasma 1, and there was no back-diffusion of C2H2 or its radical 

fragments to the upstream SiH4/Ar plasma.
45

 For the downstream plasma (denoted by Plasma 2 

 

Figure 6.3. Schematic of the quartz tube plasma reactor used for the synthesis of 3C-SiC NPs 

using SiH4 and C2H2 as precursors. The reactor is equipped with two capacitively-coupled rf 

plasma sources. c-Si NPs grow in the upstream SiH4/Ar plasma, and are carburized in the 

downstream C2H2/Ar plasma to 3C-SiC NPs.  
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in Fig. 6.1), which was operated at an rf power of 150 W, the rf-powered electrode was place 30 

mm from the downstream vacuum flange, which acted as the grounded electrode. 3C-SiC NPs 

were synthesized at an operating upstream tube pressure of ~6.5 Torr. The 3C-SiC NPs were 

collected on a Si(100) wafer for further characterization.  

The infrared spectra (Nicolet 6700) were recorded over the range of 650-4000 cm
-1

 at a 

resolution of 4 cm
-1

 using 1000 averages. All infrared spectra were recorded as difference 

spectra, where a reference spectrum was collected before the NPs were deposited onto the Si 

wafer. The NPs were additionally characterized using X- ay   ff ac  o  (P    ps X’P    P o 

Diffractometer  C   α so  c ), with the data recorded over 2θ = 20 - 65° with a resolution of 

0.05°. The full width at half maximum (FWHM) of the diffraction peaks was calculated by 

fitting Gaussian line shapes.  X-ray photoelectron spectroscopy (XPS) analysis of the NPs was 

p  fo      s  g a  o oc  o a  c A   α so  c  (  a os Nova) op  a    a  300    T   NPs 

were pressed onto a non-conductive adhesive tape, and during data acquisition     NPs’ s  fac  

was subject to charge compensation using low-energy electrons. A high-resolution scan of the Si 

2p region was performed at a pass energy of 20 eV, and the data was analyzed using the 

CasaXPS software. The energy scale in the spectrum was calibrated by setting the Au 4f peak to 

84.0 eV. The Si 2p region was fit with Gaussian-Lorentzian line shapes to include the 2p3/2 and 

2p1/2 components. The 2p3/2 and 2p1/2 peaks were constrained to have an area ratio of 0.67, and a 

separation of 0.6 eV. TEM images were obtained on a Philips CM200 microscope.  The TEM 

samples were prepared by dispersing the sample in ethanol (Pharmco-AAPER, ACS reagent 

from Fisher) using sonication, dropping that solution onto an Ultrathin carbon-coated copper grid 

(Ted Pella 01824), and then drying it in a vacuum desiccator. 



97 

 

6.3 Results  

 Figure 6.2 shows the infrared spectrum for the a-C:H coated 3C-SiC NPs. The spectrum 

shows an absorption band in the 750-950 cm
-1

 region, which was assigned to the Si-C transverse 

optical (TO) phonon stretching mode in SiC.
46–49

 In addition, the presence of a-C:H was 

confirmed by the increase in absorbance over the 950-1400, 1400-1700, 2130-2250, and 

2800-3400 cm
-1

 regions, which have been assigned to the CHx deformation modes, C=C 

s    c   g  o  s  C≡C s    c   g  o  s  a   CHx (x = 1,2,3) stretching modes, respectively.
50–55

 

The structure of the a-C:H coating was  further characterized by carefully analyzing the different 

absorption bands in the CHx (x = 1,2,3) stretching region (see inset in Fig. 6.2). Specifically, the 

 

Figure 6.2. Infrared difference spectrum for 3C-SiC NPs. The formation of SiC is indicated by 

the transverse optical phonon mode of SiC in the 750-950 cm
-1

 region. Various vibrational 

modes assigned to the C-C and CHx bonds show that an a-C:H coating exists around the NPs 

with a partial alkenyl termination. The structure of the a-C:H coating can be further 

characterized based on the hybridization of the C atoms as shown in the inset. 
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vibrational modes in the 2800-2980 cm
-1

 region were assigned to sp
3
-hybridized CHx (x = 1,2,3) 

species while the modes in the 2980-3100 cm
-1

 region indicate the presence of sp
2
-hybridized 

CHx (x = 1,2) bonds. The peak centered at ~3300 cm
-1

 was assigned to the stretching mode of sp-

hybridized CH bonds.
52,53

 Thus, the infrared data shows that the surface of the 3C-SiC NPs is 

coated with a-C:H with some alkenyl termination. Depending on the application, the alkenyl 

termination can facilitate further surface functionalization via solution-based processing.
17

  

 Figure 6.3 shows the X-ray diffraction pattern for the SiC NPs. The cubic phase of SiC is 

confirmed by the diffraction peaks observed at ~36° and ~60°, which correspond to the (111) and 

(220) crystallographic planes of 3C-SiC. The finite but narrow shape of the diffraction peaks 

indicates small NPs. The FWHM of the diffraction peaks was used to estimate the size of the 

 

Figure 6.3. XRD pattern for a-C:H-coated 3C-SiC NPs. The (111) and (220) crystallographic 

planes of 3C-SiC indicate that the NPs are crystalline. The size of the NPs was estimated to be 

~4.2 nm using Scherrer analysis. Inset shows the peak fit for the (111) peak using Gaussian line 

shapes. The sharp peak is due to the (200) reflection for the Si(100)  wafer used as the substrate. 
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NPs using the Scherrer equation,
56,57

 
BBkd  cos , where d is the particle diameter, k is the 

correction factor assumed to be 0.9 for spherical particles,  is the wavelength of the X-ray 

source, B is the FWHM of the diffraction peak, and θB is the Bragg angle for the diffraction peak. 

Using the Scherrer formula, the average size of the 3C-SiC NPs was estimated to be ~4.2 nm. 

 Figure 6.4 shows high-resolution XPS scans for the as-synthesized 3C-SiC NPs for the Si 

2p region. Since the size of the NPs was comparable to the escape depth of the photoelectrons 

(~2-5 nm),
58

 XPS analysis allowed us to directly probe the bulk composition of the NPs. The 

spectrum in Fig. 6.4 was deconvoluted with just two Gaussian-Lorentzian peaks with the 

constraints for the peak area ratio and separation stated in the previous section. Specifically, the 

peaks centered at 100.5±0.1 and 101.1±0.1 eV were assigned to Si 2p3/2 and Si 2p1/2 in SiC.
59,60

 

The results from XRD and XPS analysis were confirmed by TEM. Figure 6.5 (a) shows a TEM 

micrograph of the 3C-SiC NPs. Image (b) is a zoomed in view of the image (a), which shows a 

~4.4 nm NP with a ~1.3 nm coating, which is in good agreement with the size of the 3C-SiC NPs 

estimated using the Scherrer equation. 

6.4 Discussion 

To our knowledge, this is the first report on the synthesis of 3C-SiC NPs using a low-

temperature gas-phase technique. Interestingly, 3C-SiC NPs were only obtained in experiments 

with two plasma sources where c-Si NPs grown in the upstream SiH4/Ar plasma were carburized 

to 3C-SiC in the downstream C2H2/Ar. In contrast, in experiments where SiH4 and C2H2 were 

co-introduced into the upstream plasma with no downstream plasma, over a wide range of flow 

rates and rf power settings, no 3C-SiC powder was synthesized. Similarly, when rf power to the 

upstream plasma source (Plasma 1 in Fig. 6.1) was turned off, and only the downstream plasma 
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was operated at the same conditions and flow rates for all the gases as those described in the 

Experimental section, there was no growth of 3C-SiC NPs. Therefore, nucleation and growth of 

c-Si NPs indeed occurs first, which is followed by carburization to 3C-SiC NPs. Based on our 

experimental observations and previous studies on the synthesis of c-Si NPs, we propose the 

following growth mechanism for 3C-SiC NPs.  

 Using optical emission spectroscopy, we have previously shown with that there was 

minimal back-diffusion of C2H2 or its radical fragments to the upstream SiH4/Ar plasma.
45

  At 

very similar conditions in the upstream plasma, our previous measurements show that ~90% of 

the SiH4 was consumed during the formation of the c-Si NPs or due to deposition of 

hydrogenated amorphous Si on the tube walls.
61

 Since the second C2H2/Ar plasma contained 

only a small volume fraction of the undissociated SiH4, the operating parameters for the two 

plasma sources could be set almost independent of each other. This suggests that the c-Si NPs, 

 

Figure 6.4. High-resolution XPS scan of the Si 2p region for a-C:H-coated 3C-SiC NPs 

synthesized using the dual-plasma setup.  
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which nucleate and grow in upstream plasma (see Fig. 6.1), are transported by gas flow into the 

downstream C2H2/Ar plasma where they are completely carburized by C-containing radicals and 

ionic species to form 3C-SiC NPs. Complete carburization of Si is confirmed by absence of any 

diffraction peaks corresponding to c-Si in the XRD pattern in Fig.6.3, and by the XPS data in 

Fig.6. 4, which shows no Si 2p peaks for Si
0
. The size reported previously by our group for c-Si 

NPs grown at almost identical operating tube pressures was ~ 5 nm,
61

 which translates to a 3C-

SiC NP of ~4 nm upon carburization taking into account the difference in density and assuming 

the number of Si atoms in the NPs remains constant during carburization.  This size estimate for 

the 3C-SiC NPs is very close to the size of ~4.2 nm obtained from the Scherrer analysis of the 

XRD pattern in Fig. 6.3 and the TEM image in Fig. 6.5.  

 Carburization of c-Si to SiC has been previously reported. Li and Ishigaki
62

 performed in-

flight carburization of micron-sized c-Si powder using a Ar-H2-CH4 high-temperature thermal 

plasma in an aerosol reactor. These authors reported incomplete carburization of the Si 

microstructures, which resulted in the formation of a uniform distribution of nano-sized SiC 

grains on the surface of c-Si core to form Si-SiC composites. Complete carburization of the Si 

nanostructures did not occur most likely due to the large c-Si particle size. Using a 

thermodynamic model, these authors predicted carburization proceeded via the reaction of liquid 

Si with carbon-containing species generated in the plasma, with the surrounding gas temperature 

between ~700-2700 ºC. Recently, Latu-Romain et al.
63

 reported the conversion of c-Si nanowires 

(NWs) to 3C-SiC nanotubes through carburization at 1100 °C in a CH4/Ar/H2 environment. 

Tsakalakos et al.
64

 performed thermal carburization of c-Si NWs using a C3H8/H2 or CH4/H2 

environment to synthesize SiC nanowires. They observed that higher temperatures and longer 

treatment times were needed to achieve complete carburization. The efficiency of carburization 
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of the Si NPs in our setup, even at the low residence times expected in the flow reactor, can be 

attributed to the highly reactive plasma environment as well as the small size (~5 nm) of the Si 

NPs synthesized in Plasma 1. It has previously been shown, that during the non-thermal plasma 

synthesis of Si NPs, the size of the NPs can be controlled via the gas flow rates and pressure in 

the quartz tube reactor.
44

 Therefore, by varying the upstream pressure in the reactor, the size of 

the Si NPs synthesized in Plasma 1 can be varied, and thus provides control over the size of the 

 

Figure 6.5. TEM images of a-C:H coated 3C-SiC nanoparticles. Image (b), which is a zoomed in 

view of a particle in image (a), shows a ~4.4 nm 3C-SiC core with a ~1.3 nm thick a-C:H 

coating. 
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resulting 3C-SiC NPs. Therefore, the ability to control the size of the NPs synthesized in Plasma 

1 is a critical advantage of our synthesis technique.
44

 

Crystallization of Si NPs synthesized in a non-thermal plasma environment has been 

investigated previously.
43,61,65,66

  It has been proposed that exothermic ion-electron and 

neutral-neutral recombination reactions that occur on the Si NP surface in the plasma 

environment leads to heating of the NPs to temperatures high enough for crystallization.
65

 On the 

other hand, Lopez and Mangolini recently studied the kinetics of the amorphous to crystalline 

transition in Si NPs, and concluded that plasma-induced heating alone would not explain the 

crystallization of these NPs in a low-temperature plasma environment.
66

 Given this study, it is 

even more surprising that we obtained 3C-SiC NPs since the melting point of bulk 3C-SiC is 

almost twice that of bulk Si (melting point of Si = 1687 K, melting point of 3C-SiC = 3103 K). 

Irrespective of the crystallization mechanism, the formation of stoichiometric 3C-SiC NPs in a 

low-temperature process is a unique advantage of our synthesis technique. As a comparison, Lin 

and coworkers
9
 previously synthesized SiC NPs using tertramethylsilicon as a single-source 

precursor in a non-thermal microwave plasma. These authors however reported amorphous SiC 

NPs that needed a further thermal annealing step for crystallization, which resulted in sub-

stoichiometric carbon-rich SiC. Therefore, we speculate that it may be difficult to directly 

nucleate 3C-SiC NPs in a non-thermal plasma compared to growth of c-Si NPs, which can be 

readily carburized to 3C-SiC.  

6.5 Summary 

 We have developed a scalable technique for the synthesis of a-C:H coated 3C-SiC NPs 

using a quartz tube reactor equipped with two non-thermal rf plasma sources. c-Si NPs nucleate 
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and grow in an upstream plasma, which uses a SiH4/Ar gas mixture. These c-Si NPs are 

transported by gas flow to the downstream C2H2/Ar rf plasma source where C-containing 

radicals and ions carburize c-Si to 3C-SiC. When the rf power to the upstream plasma was turned 

off, no NP growth was observed in the downstream plasma at otherwise identical gas flow rates 

and pressure (6.5 Torr). The size of the 3C-SiC NPs, ~4.2 nm, was estimated using XRD and 

TEM analysis. This size is comparable to the Bohr exciton radius of SiC (2.7 nm), and thus 

within the size range where quantum confinement effects have been observed in SiC.
12

 

Therefore, this plasma synthesis technique can be used to synthesize 3C-SiC QDs for potential 

biomedical applications, such as fluorescent markers. The surface of the 3C-SiC NPs was 

partially alkenyl terminated, which can also facilitate further surface functionalization for 

biomedical applications. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

 This chapter summarizes the key conclusions drawn from the work performed in this 

dissertation. As described in the previous chapters, we have used metal-oxide thin films, and 

non-thermal plasma treatments, to engineer the surfaces of Group IV materials. We have used in 

situ ATR-FTIR spectroscopy combined with various ex situ characterization techniques to gain a 

comprehensive understanding of the process as well as the interface. Based on the results 

obtained in this work we also propose some future pathways for investigations which will 

enhance our understanding gained from this work. 

7.1 Chemical passivation of c-Si by Al2O3 

 We have studied the mechanism of chemical passivation of c-Si by Al2O3 using ATR-

FTIR spectroscopy combined with minority carrier lifetime measurements. Our results indicate, 

H is preserved at the interface after deposition of Al2O3 on H-terminated Si. The H is then lost 

during the thermal annealing via thermal desorption and restructuring. Restructuring at the 

interface also leads to the formation of an interfacial SiOx layer. The use of dueterated precursors 

allows us to study the role of H in the mechanism of chemical passivation. Within the sensitivity 

of our setup we do not observe any migration of H from Al2O3 to the c-Si interface during the 

annealing step. This leads us to conclude that the restructuring at the interface is what leads to 

the reduction of the interface defect density upon thermal annealing. We have also observed 

better passivation quality upon annealing under oxidizing environments which further 
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emphasizes the importance of the interfacial SiOx layer. The use of Si IRCs for these studies 

would greatly enhance our understanding of the effect of the annealing environments on the 

chemical composition of the interface and should be considered for future studies. 

7.2 ALD of TiO2 using metal-alkoxide as the oxygen source 

 We have demonstrated the ALD of TiO2 using a combination of a metal halide and metal 

alkoxide as precursors without the use of an oxygen source such as H2O, O3, or an O2 plasma. 

The growth per cycle of 0.7 Å was higher than the values reported for other thermal ALD 

processes at similar temperatures. This suggests that the process is more suited for high volume 

processing than other thermal processes. The surface reactions during the ALD process follow 

the alkyl-transfer mechanism over the temperature range of 150-250 °C. At 250 °C, TTIP starts 

to decompose thermally on the TiO2 surface; however, this decomposition process is much 

slower than the alkyl-transfer reactions and is not expected to affect the self-saturation nature of 

the ALD process. The surface passivation of c-Si by TiO2 deposited using this process should be 

considered for future studies. The process can also be used to deposit mixed metal oxides and 

hence, the use of this process to deposit doped TiO2 should be considered for future 

investigations. 

7.3 Single-step synthesis of carbon-coated Group IV nanoparticles 

 We have developed a single-step process to synthesize a-C-coated Si NPs < 10 nm in size 

using a dual-plasma setup. We have demonstrated that the sp
2
-to-sp

3
 hybridization ratio of the a-

C coating as well as the thickness of the interfacial 3C-SiC layer can be manipulated through the 

downstream C2H2 plasma rf power, which in turn controls the hydrocarbon radical flux and 
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plasma-induced heating of the NPs. The 3C-SiC layer has direct implications for the use of these 

NPs in LIBs. While 3C-SiC conducts Li ions, it does not undergo lithiation. Therefore, this 

interfacial layer does not contribute to the lithiation capacity of the a-C-coated Si NPs thereby 

reducing the effective charge capacity of LIBs. Therefore, we have extended this technique to 

synthesize carbide-free a-C coated Ge and Sn NPs. We synthesize the a-C coated Ge and Sn NPs 

from chloride precursors which demonstrates the versatility of the process. The process can be 

used to synthesize various a-C coated Group IV NPs using different precursor combinations. The 

synthesis of Sn NPs suggests this process can potentially be extended to synthesize other 

low-melting metal NPs. The use of this technique to form shells/coatings other than a-C, like 

oxide or nitride, can be explored. 

 We have also used this technique to synthesize a-C:H coated 3C-SiC NPs. The size of the 

3C-SiC NPs, ~4.2 nm, was estimated using XRD and TEM analysis. This size is comparable to 

the Bohr exciton radius of SiC (2.7 nm), and thus within the size range where quantum 

confinement effects have been observed in SiC. Therefore, this plasma synthesis technique can 

be used to synthesize 3C-SiC QDs for potential biomedical applications, such as fluorescent 

markers. The surface of the 3C-SiC NPs was partially alkenyl terminated, which can also 

facilitate further surface functionalization for biomedical applications. For future investigations, 

the effect of the tube pressure on the size of the as-synthesized 3C-SiC NPs should be 

considered.  
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APPENDIX A 

QUANTITATIVE XRD ANALYSIS 

 The relative intensity of diffraction peaks in a diffraction pattern of a multicomponent mixture 

depends on the relative concentrations of the components. Therefore, by comparing the ratio of 

integrated diffraction intensities for a particular hkl plane for each component in an XRD pattern 

for a binary mixture, the concentration of the two components can be calculated. 

The intensity of the diffracted beam for component α in a binary mixture can be expressed as, 
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where, Iα(hkl) is the integrated intensity for the (hkl) reflection of phase α; 
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 contains the instrumentation parameters and physical constants; 

2
)(hklF  is the structure factor calculated from the atomic scattering factor, f; p is the 

multiplicity factor for reflection (hkl); 




cossin

2cos1
2


 is the Lorentz-polarization factor, Lα, 

calculated from the 2θ position of the diffraction peak; μα is the linear absorption coefficient for 

component α; Vα is the volume fraction of the component α, and vα is the volume of unit cell for 

component α. 



115 

 

 Thus, based on Eq. A.1.1, for a binary mixture containing Si and SiC, the ratio of the 

integrated intensities for the (111) reflection for the two phases is given by, 
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Since SiSiC VV 1 , the volume fractions of the two components can be calculated from Eq. 

A.1.2. The linear absorption coefficient for SiC, SiC , is calculated using the expression, 
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where, wSi and wC are the weight fractions of Si and C in SiC, and ρ is the density. 

Calculation of c-Si Core Size and 3C-SiC Coating Thickness: The initial size of the H-terminated 

c-Si NP is denoted by d1, the final size of the c-Si core of the carbon-coated NP is denoted by d2, 

and the thickness of the SiC layer is denoted by t. Therefore, the volume fraction of the c-Si core, 

VSi, is given by 

  SiV
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Initial moles of Si in the H-terminated c-Si NP,    
 , is given by 
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where, mSi is the atomic weight of Si. The final moles of Si,    
 

, which are conserved in the core-

shell structure are given by, 
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where, mSiC is the molecular weight of SiC. Given that the moles of Si are conserved, we can 

write, 
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Thus, using equations A.1.4 and A.1.7, combined with the values of the various parameters 

reported in literature, the final diameter of the c-Si NP, d2, and the thickness of the 3C-SiC layer, 

t, were calculated.       
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APPENDIX B 

LOW TEMPERATURE HYDROGEN PLASMA-ASSISTED ATOMIC LAYER 

DEPOSITION OF COPPER STUDIED USING IN SITU INFRARED REFLECTION 

ABSORPTION SPECTROSCOPY 
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Abstract 

Atomic layer deposition (ALD) is an ideal technique to deposit ultrathin, conformal, and 

continuous metal thin films. However, compared to the ALD of binary materials such as metal 

oxides and metal nitrides, the surface reaction mechanisms during metal ALD are not well 

understood. In this study, we have designed and implemented an in situ reflection-absorption 

infrared spectroscopy (IRAS) setup to study the surface reactions during the ALD of Cu on 

Al2O3 using Cu hexafluoroacetylacetonate [Cu(hfac)2] and a remote H2 plasma. Our infrared data 

show that complete ligand-exchange reactions occur at a substrate temperature of 80 °C in the 

absence of surface hydroxyl groups. Based on our infrared data and previous studies, we propose 

that Cu(hfac)2 dissociatively chemisorbs on the Al2O3 surface, where the Al-O-Al bridge acts as 



118 

 

the surface reactive site, leading to surface O-Cu-hfac and O-Al-hfac species. Surface saturation 

during the Cu(hfac)2 half-cycle occurs through blocking of the available chemisorption sites. In 

the next half-reaction cycle, H radicals from an H2 plasma completely remove these surface hfac 

ligands. Through this study, we have demonstrated the capability of in situ IRAS as a tool to 

study surface reactions during ALD of metals. While transmission and internal reflection 

infrared spectroscopy are limited to the first few ALD cycles, IRAS can be used to probe all 

stages of metal ALD starting from initial nucleation to the formation of a continuous film. 

B.1 Introduction 

Copper is the preferred interconnect material in integrated circuits because of its low bulk 

resistivity, and high resistance to electromigration and stress migration.
1–7

 Additionally, Cu also 

has a low temperature coefficient of resistance and good thermal stability.
2
 Current processes to 

fabricate interconnects include electroplating Cu, which typically requires a thin continuous seed 

layer.
3–6,8–10

 A Cu seed layer not only provides a conducting substrate for the electroplating 

process, but also improves adhesion and nucleation of the electroplated Cu.
3,6,8,10

 A 

discontinuous or non-conformal seed layer can lead to the formation of voids during the 

electroplating process, which hampers the performance of the interconnects by increasing the 

resistance.
3,4,6,8

 Physical vapor deposition (PVD) processes have conventionally been used to 

deposit such Cu seeds layers.
4,8–10

 With the continuous scaling of microelectronic devices, these 

seed layers have to be conformally deposited over high-aspect-ratio structures, which is 

increasingly difficult with PVD.
2,4,6,8–10

  

Atomic layer deposition (ALD) is a thin-film deposition technique with the ability to 

deposit excellent quality pin-hole-free films with high conformality on high-aspect-ratio 
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structures with digital control over the film thickness.
11–13

 ALD has been used to deposit a 

variety of materials, including metals.
10,14–19

 The ALD process involves sequential, self-limiting  

 

Figure B.1. (a) Schematic showing the s and p components of the electric field associated with 

the incident and reflected light. (b) A plot of the reflectance, R, as a function of the angle of 

incidence, ɸ, using the expression in Eqns. 3 and 4 with n = 3 and k = 30. The plot in (b) shows 

that Rs ≈ 1 for all angles of incidence, while Rp shows a minimum for near-grazing values of . 
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(c) The graph shows phase shift, d, upon reflection for the s and p polarized light plotted as a 

function of the angle of incidence, ɸ, using Eqns. 5 and 6. The s component of the electric field 

undergoes an almost constant phase shift of ~180° resulting in a negligible electric field parallel 

to the surface for all angles of incidence. 

 

surface reactions during both half-reaction cycles, which play a crucial role in determining the 

properties of the deposited film. Therefore, it is essential to study these surface reactions to better 

control film growth during ALD, and to develop novel ALD chemistries.
13

 Various techniques 

including transmission Fourier transform infrared (FTIR) spectroscopy,
20–23

 attenuated total 

reflection (ATR) FTIR spectroscopy,
13,24–28

 X-ray photoelectron spectroscopy,
28,29

 spectroscopic 

ellipsometry,
30,31

 quartz crystal microbalance,
32,33

 and quadrupole mass spectrometry
33,34

 have 

been used to study these surface reactions. Various reports in the literature,
20–23

 including  

previous work by our group
24–28

 has shown surface infrared spectroscopy is particularly valuable 

for obtaining insight into the surface reaction mechanisms during ALD. However, the use of 

transmission and internal reflection infrared spectroscopy to study the ALD of metals is 

restricted to the nucleation phase
23

 due to free-electron absorption in metals, which makes the 

deposition substrate opaque in the infrared radiation even for ultrathin metal films. Herein, we 

report on the surface reactions during H2 plasma assisted ALD of Cu using copper 

hexafluroacetylacetonate hydrate [Cu(hfac)2∙xH2O] (IUPAC name - 1,1,1,5,5,5-hexafluro-2,4-

pentanedione copper) studied using in situ infrared reflection-absorption spectroscopy (IRAS). 

We report on the initial nucleation and growth of Cu on an Al2O3 surface, and identify the 

surface reactive sites for Cu(hfac)2 chemisorption. IRAS has been previously used to study the 
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ALD of metal oxides
35,36

, but to our knowledge there are no reports on the use of in situ IRAS to 

study the ALD of metals.  

B.2. Experimental Details 

B.2.1 Infrared reflection-absorption spectroscopy 

Figure B.1a shows a schematic for the reflection of an infrared beam from a metal surface. The 

electric field of the infrared radiation incident on metal surfaces interacts with both  

 

Figure B.2. (a) A plot of the ratio of the perpendicular component of the electric field to the total 

incident electric field for the p component of light ( ipp EE ) as a function of the angle of 

incidence, ɸ. The quantity ( ipp EE )
2
sec ɸ, which is proportional to the experimentally-observed 
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infrared absorbance, is also plotted as a function of ɸ. (b) Absorbance or change in reflectance, 

ΔR/R plotted as a function of the angle of incidence, ɸ, for an Al (n = 6.8, k = 32) film coated 

with ~10 nm of Al2O3 (n = 1.3, k = 0.1). 

 

the dipole of the adsorbed molecule and the free electrons of the metal. However, under most 

conditions, infrared absorption is dominated by the dielectric behavior of the metal,
37

 except at 

grazing angles of incidence used in IRAS. Below, we briefly describe the principle for IRAS and 

its implementation in our ALD reactor, which was originally designed for ATR-FTIR 

spectroscopy.
13

 We demonstrate that implementation of IRAS in deposition chambers is not 

limited by the availability of access ports for grazing incidence. We also address additional 

important considerations, such as multiple external reflections and the use of a polarizer, to 

improve the signal-to-noise ratio.   

In the reflection geometry in Fig. B.1a, the electric field associated with the incident 

beam (Ei) has two components: Eis is the s component parallel to the reflecting surface, and Eip is 

the p component parallel to the plane of incidence. Similarly, the electric field associated with 

the reflected beam (Er) from the metal surface has two components Ers and Erp, which are 

parallel to the reflecting surface and the plane of incidence, respectively. This metallic reflecting 

surface can be described with a two-phase model consisting of vacuum and the metal substrate 

with a complex index of refraction, kin  , where n is the refractive index and k is the 

 x   c  o  co ff c      Us  g    s   ’s  q a  o s      co   spo    g   f  c  o  co ff c    s fo  s 

and p polarized light can be expressed as 
37–39
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respectively, where ϕ is the angle of incidence. The corresponding reflectance for each 

component, Rs and Rp, are given by 
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Finally, the phase shifts, ds and dp, upon reflection for the s and p components are given by 
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respectively. 

 Figure B.1b shows Rs and Rp as a function of  (Eqns. B.3 and B.4) for n = 3 and k = 30, 

which are representative values for a typical metal.  The corresponding phase shifts upon 

reflection, ds and dp as a function of  are plotted in Fig. 1c (Eqns. B.5 and B.6). The resultant 

electric field at the surface for the s component, sE , remains parallel to the reflecting surface for 

all  , and is given by 

)]sin([sin ssiss drEE   .
  

(B.7) 

Since rs ≈ 1 fo  a   ϕ ranging from 0-90° (see Fig. 1b), with ds  ≈ 180° (s     g    1c)   sE

 ≈ 0.
37,38

 On the other hand, the resultant electric field at the surface for the p polarized light, Ep, 

has two components, which are parallel ( 

pE ) and perpendicular ( 

pE ) to the reflecting surface. 

These resultant electric fields for the p component can be expressed as,  
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)]sin([sincos ppipp drEE     (B.8) 

)]sin([sinsin ppipp drEE   .        (B.9) 

At low angles of incidence, the parallel component of the resulting p polarized electric field, 

pE

≈ 0  s  c  rp ≈ 1 and dp ≈ 0 (see Fig. B.1b, B.1c and Eqn. B.8). On the other hand, the 

perpendicular components of the resulting p-polarized electric field, 

pE , combine 

constructively. The ratio ipp EE increases with the angle of incidence as the sine terms in Eq. 9 

approach unity (see Fig. B.2a).  This has two consequences: 1) only the surface vibrational 

modes with a component of the oscillating dipole oriented perpendicular to the metal surface are 

infrared-active,
37,39–42

 and 2) the total infrared absorption is maximum at near-grazing incidence 

as 

pE is maximized (see Fig. B.2a), and the number of surface adsorbates interacting with the 

electric field, proportional to sec, are also maximized (see Fig. B.2a).
43

  

 To investigate the adsorption of species on non-metallic surfaces, the reflecting metal 

surface can be coated with a thin dielectric layer such as a metal oxide. However, the infrared 

light now interacts with the dielectric function of the oxide layer in addition to that of the metal 

surface. Thus, the optical system is described by a three-component model consisting of vacuum, 

the oxide layer, and the metal surface. The absorbance, A, due to the additional oxide layer is 

calculated based on the reflectance as,
37,38,44
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where R
0
 and R are the reflectances without and with the oxide layer, respectively. McIntyre and 

Aspnes
38

 analyzed this optical model by assuming the three components to be isotropic with 

dielectric functions defined as, εj = nj + i·kj (j = 1, 2 and 3 for vacuum, the oxide layer, and the 

metal surface respectively; ε1 = 1 for vacuum). For infrared wavelengths  = 2.5 – 20 m, and 

film thicknesses d < 100 nm, d/λ << 1, the absorbance for the s and p components is given by, 
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respectively. 

Since for typical metals and metal oxides, such as Al and Al2O3, 23   , the change in 

reflectance for the s component is negligible. Figure 2b shows the absorbance due to a thin 

dielectric layer (30 nm) for the p component as a function of ϕ, which is maximum at a grazing 

angle of incidence. Thus, this demonstrates that even in the presence of thin adsorbate layers, 

absorbance is maximum at high angles of incidence (85°),
37–39

 and only the oscillating dipoles 

with a component perpendicular to the reflecting surface are infrared-active.  

Greenler
41

 studied the possibility of using multiple reflections for enhancing the signal-

to-noise ratio in IRAS. However, loss in signal intensity after each reflection due to absorption 
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by the metal limits the maximum number of reflections the infrared light can undergo. As a 

result, it was shown that for most metals a single reflection is sufficient, and in most cases 

optimum, to obtain IRAS data.  

 

Figure B.3. (a) Schematic top view of the reactor equipped with the in situ IRAS setup. The 

chamber is also equipped with a remote inductively coupled plasma source. The infrared beam 

from the spectrometer is focused onto the first substrate stage at grazing incidence. The reflected 

beam from the first mirror is then collected and focused onto a MCT-A detector after reflection 
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from a second redirecting mirror. (b) A zoomed-in view of the schematic showing the substrate 

stage and the diverting mirror. Both reflecting surfaces can be heated using the cartridge heaters 

mounted inside the stages. 

Since the s component of the electric field does not couple with the oscillating dipole on 

the surface, a polarizer in the infrared beam path can be used to conduct the experiment with 

only the p-component. Song et al. quantitatively analyzed the effect of a polarizer in IRAS 

experiments, and showed that eliminating the s component of the electric field can enhance the 

absorbance by a factor of 2-3.
45

 The infrared detector noise can be minimized by cooling the 

detector to cryogenic temperatures. The noise in the experiment is then background limited, 

which is proportional to the intensity at the detector. The polarizer reduces the intensity by 

roughly half, which in turn reduces the noise level proportionally resulting in a net enhancement 

in the signal-to-noise ratio.
46,47

  

B.2.2. In situ IRAS setup 

The surface analysis vacuum chamber, described previously,
13

 is equipped with an in situ 

ATR-FTIR spectroscopy setup,
13,24,26,28

 which used a 50  10  1 mm trapezoidal internal 

reflection crystal with the short faces beveled at 45°. In this setup, the beam undergoes a 90° 

change in angle as it is internally reflected through the trapezoid. To conduct IRAS in the same 

vacuum chamber using the same external optical setup (see Ref. 13), we obtained a total of 90° 

deflection of the incident beam via two mirrors placed inside the chamber, as shown in Figs. 3a 

and 3b. The infrared beam from the spectrometer was focused onto the first reflecting mirror at 

grazing incidence (80°) and a second mirror at 45°. However, as discussed above (see Fig. 

B.2b), change in absorbance observed in the infrared spectra are primarily sensitive to absorbates 
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on the first mirror due to the grazing angle of incidence (see Fig. 3b). The two reflecting mirrors, 

henceforth referred to as deposition substrates, were clamped onto the large faces of two 38  38 

 12 mm identical stainless-steel blocks, which were heated using cartridge heaters and 

maintained at identical temperatures. Both substrates were prepared using a two-step process: 

first, a ~15-20 nm layer of Al metal was evaporated onto HF-treated c-Si wafers at a rate of ~1 

Å/sec. Second, ~30 nm of Al2O3 was deposited on these Al-coated Si wafers via 

plasma-enhanced chemical vapor deposition using trimethyl aluminum and O2 plasma as 

precursors.
48

 

The IR spectra were recorded as difference spectra, where a fresh reference spectrum was 

collected before each half-reaction cycle. Thus, an infrared difference spectrum collected after 

the completion of the purge step following a certain half-reaction cycle, enabled us to directly 

probe the changes in the surface composition in a given half-reaction cycle. The spectra were 

recorded with an HgCdTe (MCT-A) detector at 4 cm
-1

 resolution and averaged over 500 scans, 

unless otherwise stated. A 25-mm-diameter ZnSe wire grid polarizer (Edmund Optics) was 

placed directly in front of the detector with an orientation that only allowed the p-polarized 

component of the infrared radiation to the detector (see Fig B.3a). It should be noted that 

experiments conducted without a polarizer produced spectra with absorbance features that were 

not discernible from the noise. 

 

B.2.3. Cu atomic layer deposition  

 Copper films were deposited at a substrate temperature of 80 °C using Cu(hfac)2 hydrate 

(Sigma-Aldrich) and a remote H2/Ar inductively-coupled plasma. Cu(hfac)2 was used as-
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received and maintained at ~130 °C in a stainless steel container. Precursor flow, without any 

carrier gas, was controlled with a metering needle valve (Swagelok SS-4L). H2 and Ar were each 

delivered at 50 standard cm
3
/min using mass flow controllers, and the same gas mixture was also 

used to purge the chamber in between each half-reaction cycle. Cu(hfac)2 was pulsed for 10 s, 

followed by a 30-s purge. After the purge step, the H2/Ar-plasma, operated at a radio-frequency 

power of 100 W at 13.56 MHz, was turned on for 30 s followed by a 30-s purge. Isotope 

exchange experiments using D2 plasma were carried out under almost identical conditions. The 
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Figure B.4. Infrared difference spectra showing the absorbance change for the Cu(hfac)2 half-

reaction cycle collected (a) after a 10-s precursor exposure, (b) after an additional 10-s precursor 

exposure and (c) after a 30-s purge-step using a gas mixture of Ar and H2. The identical 

absorbance in the three spectra suggests self-saturating chemisorption of Cu(hfac)2 onto the 

substrate, and the lack of reactivity between surface-chemisorbed Cu(hfac)2 and molecular H2 at 

a substrate temperature of 80 °C. The inset in Fig. 4 shows the CH bending region in detail. 
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chamber was maintained at a base pressure of ~5 mTorr, and the pressure rose to ~30 mTorr 

during the Cu(hfac)2 pulse and to ~200 mTorr during H2/Ar the purge and plasma cycles. 

B.3. Results and Discussion 

 Figure B.4 shows infrared difference spectra collected after Cu(hfac)2 half-reaction 

cycles at a substrate temperature of 80 °C with respect to a background spectrum collected prior 

to Cu(hfac)2 exposure. These spectra were recorded after two complete Cu ALD cycles on the 

Al2O3 surface and, thus, correspond to the very initial nucleation stage in the ALD process. 

Specifically, in Fig. B.4 (spectrum a), we observed an increase in the 1130-1180, 1200-1300, 

1500-1700 cm
-1

 regions, which have been assigned to the CH bending, CF3 stretching, and C=C 

and C=O stretching modes, respectively, in surface chemisorbed hfac ligands.
49–55

 Previously, 

chemisorption of Cu(hfac)2 has been reported to proceed on a variety of metal surfaces via the 

fragmentation of the parent molecule to form surface-bound -Cu(hfac) and -hfac species.
50

 

Further analysis of the infrared spectrum in the 1130-1180 cm
-1

 region (see inset in Fig. B.4) 

reveals two distinct modes at ~1151 and ~1165 cm
-1

. Based on the vibrational frequencies 

reported by Morris et al. for various metal hfac molecules, we have been assigned the modes at 

~1151 and ~1165 cm
-1 

to CH bending in Cu(hfac) and Al(hfac),
51,54,55

 respectively, which is 

consistent with the dissociative chemisorption of Cu(hfac)2. Goldstein and George studied the 

chemisorption of Pd(hfac)2 on hydroxylated Al2O3, and identified two vibrational modes at ~ 

1155 and 1169 cm
-1

, which were assigned to CH bending in surface-chemisorbed Pd(hfac)and 

Al(hfac), respectively. In addition, they observed two modes at ~1607 and ~1659 cm
-1

, which 

were assigned to C=O stretching vibrations in Pd(hfac)and Al(hfac), respectively. On the other 

hand, in our data shown in Fig. B.4, a single peak was observed for the C=O stretching mode at 
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~1650 cm
-1

 for both Cu(hfac) and Al(hfac) species, which is consistent with previously reported 

vibrational frequencies for Cu(hfac)2 and Al(hfac)3.
55

 We also observed a decrease in absorbance 

in the ~920 cm
-1

 region, which has been assigned to the longitudinal optical phonon mode for -

Al2O3.
26,56

 A previous study by Goldstein and George reported the formation of surface Al(hfac) 

upon exposure of a hydroxylated Al2O3 surface to Hhfac molecules with H2O as the reaction 

product.
51

 This may suggest that the surface –OH species are required for Cu(hfac)2 

chemisorption on Al2O3. However, in our experiments, the initial Al2O3 film deposited by 

plasma enhanced chemical vapor deposition had minimal surface –OH groups,
48,57

 due to which 

chemisorption on the Al-O-Al bridges was the dominant mechanism for precursor 

chemisorption. The decrease in absorbance in the ~920 cm
-1

 region in Fig. B.4 may be due to the 
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Figure B.5. Infrared difference spectra showing the change in absorbance due to different 

surface species in the two half-reaction cycles during the ALD of Cu using Cu(hfac)2 and a H2 

plasma. The almost identical change in absorbance during the two half-reaction cycles suggests a 

one-to-one ligand exchange typical of an ALD process. 
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breaking of the Al-O bond upon dissociative chemisorption of Cu(hfac)2 or the chemical 

interaction of the Cu(hfac) and hfac species with surface O and Al atoms, respectively, without 

the cleavage of the Al-O bond.
23,58

 The dielectric screening due to the interaction of these ligands 

with the Al2O3 surface can change the oscillator strength of the Al-O bond, which can manifest 

as an observed decrease in absorbance for the phonon mode.
23,36,58

 Regardless, our infrared 

spectra show surface –OH groups are not required for the chemisorption of Cu(hfac)2 on Al2O3 

s  fac s a  80 °C  T  s obs  va  o   s co s s     w          f a    “sp c     a” in Fig. 4, where 

we did not observe a decrease in absorbance in the –OH stretching region (3200-3800 cm
-1

) 

during the Cu(hfac)2 cycle.
26

   

To co f      a      sp c  a  f a    s obs  v           op os  sp c     “a”      g    4 

were indeed due to chemisorption of Cu(hfac)2 on the Al2O3 surface (and not physisorption), we 

exposed the surface to additional 10-s pulse of Cu(hfac)2. First, a difference spectrum (Fig. B.4, 
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Figure B.6. Infrared difference spectra showing the absorbance change for the Cu(hfac)2 (black) 

and the D2 plasma (red) half-reaction cycles at a substrate temperature of 80 °C. 
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spectrum b) was collected with respect to the reference spectrum recorded prior to the first 

Cu(hfac)2 pulse. Next, the chamber was purged for 30 s, after which another difference spectrum 

was recorded using the same original refer  c  sp c      S  c  sp c  a “b” a   “c”      g    4 

s ow       ca  c a g     abso ba c  co pa     o sp c     “a”  w  co c       a  C ( fac)2 

chemisorption on Al2O3 is self-saturating and produces stable surface species. A mixture of H2 

and Ar was used to purge the chamber (see Experimental section), which further indicates that 

Cu(hfac)2 does not react with molecular H2 at a substrate temperature of 80 °C over the time 

scale of an ALD half-reaction cycle.  

Figure B.5 shows infrared spectra, averaged over 2500 scans, for a complete Cu ALD 

cycle carried out after three complete ALD cycles on the plasma-deposited Al2O3 surface. In the 

H2 plasma half-reaction cycle, following the Cu(hfac)2 half-reaction cycle, we observe a decrease 

in absorbance in the spectral regions assigned above to surface-chemisorbed -Cu(hfac) and 

-Al(hfac). Since the change in absorbance in the two half-reaction cycles was almost identical, 

the spectra in Fig. B.5 indicate complete removal of the surface-chemisorbed hfac ligands by the 

H2 plasma. Goldstein and George have reported that during Pd ALD on Al2O3 (~200 °C) using 

Pd(hfac)2 and formalin, surface -Al(hfac) species formed during the Pd(hfac)2 cycle could not be 

completely removed during the formalin cycle, which led to surface poisoning via site blocking. 

On the other hand, our infrared spectra show that H radicals generated in a H2 are more efficient 

in removing surface -Al(hfac) species at significantly lower temperatures (80 °C).
51

 Based on 

this result, we speculate that a H2 plasma half-reaction cycle would also be effective during ALD 

of o        a s  s  g β-diketonate precursors, where site poisoning may prevent film nucleation.  
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While the chemisorption mechanism for Cu(hfac)2 can be established based on our 

infrared spectra, the question remains how these surface sites are regenerated during the initial 

growth period. In Fig. B.5, for the H2-plasma half reaction cycle, an increase in absorbance in the 

~920 cm
-1

 region, assigned to the Al-O-Al phonon mode, suggests reformation of Al-O-Al bonds 

upon removal of the surface ligands or an increase in the oscillator strength of the Al-O bond 

during the H2 plasma cycle. This effect, coupled with the agglomeration of Cu on the surface 

following the H2 plasma half-reaction cycle,
23

 restores the surface reactive sites for Cu(hfac)2 

chemisorption, restores the surface reactive sites for Cu(hfac)2 chemisorption. This observation 
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Figure B.7. Infrared difference spectra showing the absorbance change for Cu(hfac)2 half-

reaction cycles collected following 80 complete ALD cycles. The spectra (a), (b), (c) and (d) are 

for the 81
st
, 82

nd
, 83

rd
, and 84

th
 Cu(hfac)2 half-reaction cycle, respectively. Similar absorbance in 

all the spectra indicates that IRAS can be used to study the surface reactions during ALD of 

metals well beyond the initial nucleation stage. The corresponding spectra for the H2-plasma 

half-reaction cycle show a one-to-one ligand exchange, and are not shown here for clarity. 
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of Al-O-Al bond regeneration can be explained based on previous studies on adsorption of Cu 

adatoms on the Al2O3 surface. Specifically, it is known that Cu adsorption of Al2O3 depends on 

the presence of surface –OH species.
59–62

 In the absence of –OH groups, Cu is bound very 

weakly to Al2O3 in the Cu(0) oxidation state.
60,62

 On the other hand, in the presence of -OH 

groups, at low coverages, Cu adsorbs on to surface -OH sites in the Cu(I) oxidation state by 

replacing H atoms in -OH groups.
60,62

 In this latter case, further growth results in the Cu(0) 

oxidation state as the Cu atoms bind to each other to form three-dimensional islands.
60,62

 Thus, 

an increase in the Al-O-Al phonon band in our infrared spectra during the H2-plasma half-

reaction cycle (Fig. B.5) suggests that Cu atoms on the surface are in the weakly adsorbed Cu(0) 

oxidation state even prior to island growth. This is consistent with the fact that there is no change 

in absorbance in the –OH stretching region (Fig. B.5). We have also considered an alternative 

explanation for the regeneration of Al-O-Al bonds during the H2/Ar plasma cycle due to etching 

of Cu. However, Cu etching is reported to be ion-assisted,
63

 which is highly unlikely due to the 

remote plasma source used in this study.  

We have also considered the possibility that there may be multiple reactive sites on the 

surface for Cu(hfac)2 chemisorption. For example, it is possible to form surface CuH bonds 

during the H2-plasma half-reaction cycle. Cu(hfac)2 could then chemisorb onto these sites by 

forming surface Cu-Cu-hfac and gas-phase Hhfac, which would be purged. The stretching mode 

for CuH species is reported in the 1700-2300 cm
-1

 region.
23,64,65

 The weak absorbance due to 

CuH species may be masked by the strong decrease in absorbance due to removal of C=O 

species during the H2 plasma cycle. To further examine the possibility of formation of surface 

copper hydrides and their role in the ALD process, we conducted an isotope exchange 

experiment where we replaced H2 with D2 under otherwise identical conditions. Due to the 
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difference in the reduced mass for the oscillators, the stretching vibration for CuD is expected to 

be downshifted with respect to CuH by approximately a factor of 2. However, the infrared 

spectra recorded during both half-reaction cycles for ALD with H2 are identical to the spectra for 

ALD with D2 indicating that it is unlikely that the CuH and CuD species play a significant role in 

the initial ALD process. Another possibility for the lack of distinct infrared absorption features 

corresponding to CuH or CuD vibrations is the formation of H or D bridges due to the bonding 

of the H or D atoms to several Cu atoms. The bridge configuration weakens the absorption band 

intensity of the CuH/CuD mode, which may lie below the detection limit of our setup.
23,65

  

Finally, in Fig. B.7, we demonstrate that IRAS may be used to study surface reactions 

during metal ALD beyond the very initial nucleation stage. As discussed earlier, transmission- 

and ATR-FTIR spectroscopy techniques are not suitable beyond the first few ALD cycles due to 

free-electron absorption in metals.  Figure B.7 shows infrared difference spectra collected after 

the 81
st
, 82

nd
, 83

rd
 and 84

th
 Cu(hfac)2 half-reaction cycles. The similar change in absorbance in 

these spectra compared to those in Fig. B.5 suggests that there is no change in the detection 

sensitivity even after 80 ALD cycles. This clearly demonstrates the advantage of IRAS over 

other surface infrared spectroscopy techniques to study metal ALD, where the signal-to-noise 

ratio starts to decrease after the first few ALD cycles.
23

 

B.4 Conclusions 

 Using in situ IRAS, we have studied the surface reaction mechanism during the ALD of 

Cu on Al2O3 with Cu(hfac)2 and H2 plasma as precursors. In the absence of surface –OH groups, 

at a substrate temperature of 80 °C, Cu(hfac)2 chemisorption on Al2O3 occurred on the Al-O-Al 

bridge to form Cu(hfac) and Al(hfac) species. The surface-chemisorbed Cu(hfac) species were 
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reduced to metallic Cu in the subsequent H2 plasma half-reaction cycle accompanied by the 

reformation of the Al-O-Al bonds. 
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