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Abstract

Silicon, the cornerstone semiconductor of microelectronics, has seen growing interest
as a low-cost material in photonics. Nanoscience has employed various strategies to
overcome its fundamentally inefficient visible light emission such as developing new
silicon-based nanostructures and materials. Each of the proposed materials has its
own advantages and disadvantages in attempting to reach commercialization. Silicon
carbonitride (SiC;N,) is a less-studied and multi-functional material with tunable
optical features. Despite reports on promising mechanical properties of SiC,N, thin
films, they have not yet been well explored optically.

This thesis presents the first in-depth analysis of the luminescent properties of
SiC, Ny thin films at a broad range of compositions and temperatures. To better un-
derstand this ternary structure, the reported data of the two fairly well studied binary
structures was used as a reference. Therefore, three classes of silicon-based materials
were produced and explored; SiC,N,, SiN,, and SiC,. Samples were fabricated using
one of the common methods in the semiconductor industry; electron cyclotron reso-
nance plasma enhanced chemical vapour deposition (ECR, PECVD). A multitude of
characterization techniques were utilized including; optical methods (ultravioletvisible
spectroscopy (UVVIS), variable angle spectroscopic ellipsometry (VASE), photolumi-

nescence (PL)) and structural techniques (elastic recoil detection (ERD), Rutherford
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backscattering spectrometry (RBS), X-ray photoelectron spectroscopy (XPS), Fourier
transform infrared spectroscopy (FTIR), high-resolution transmission electron mi-
croscopy (HR-TEM)).

In view of the exploring of emission properties of SiC,N, materials, our approach
was towards the enhancement of the visible emission by adjusting the film composition
and subsequent thermal treatment. First, a systematic study of the influence of
carbon on the optical, compositional, and structural properties of SiC,N, thin films
was carried out. This investigation was followed by an exploration of influence of
growth conditions on the visible emission and its connection with the other film
properties including hydrogen concentration, microstructure, and composition. In
addition, hydrogen diffusion was explored and associated with two featured annealing
temperatures.

The key element of this thesis is the comprehensive report on the interdependency
of the visible light emission and all optical, structural, and compositional features of
SiC, Ny structures. Unlocking the potential of this ternary and less studied material
can appeal to the silicon photonics community to implement it in anti reflection,
solar cell, and sensing applications, and in particular as a substitution of SiN, used

in existing microelectronic devices.
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Chapter 1

Introduction

The topic of this thesis is focused on the optical and structural properties of a rela-
tively less studied silicon nanostructure, silicon carbonitride (SiC,N,) thin film. The
following discussion is on the importance of silicon nanostructures and the motivation

for this work. The chapter also contains the outline of the thesis.

1.1 Statement of the Problem

Photonics is one of today’s emerging technologies with wide range of applications in
our daily life that deals with the generation, guidance, modulation, and detection of
light. The particular interest of photonics is in the communication technology where
the exponential growth in the information industry and sustained Internet traffic
demand higher transmission bandwidth (data rate) [1]. Among all semiconductors,
optical interconnections via silicon photonics so far have provided the best solution

for the high performance computing and data processing at low-cost due to its well
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established and mature technology in microelectronics; the well-known complemen-
tary metal—oxide—semiconductor (CMOS) platform. CMOS technology compatible
with silicon, over the last forty years, has been widely developed and enabled low cost
mass production since silicon is the leading material for nearly all microelectronics.
Although the first transistors were designed on germanium [2], the focus turned to
silicon due to its high technological advantages including the availability in nature,
conductivity manipulation, mechanical robustness, low cost, purity, and in particular,
easy manufacturability [3].

The interest in the integration of CMOS technology and photonic components
comes from the bottleneck of electronics. Electronic circuits integrated on a chip,
normally a silicon chip, mostly consist of transistors (switches and amplifiers made of
semiconductor materials) and interconnects (copper wires) [4]. The ongoing demands
in switching technology (e.g., computers) and high-speed electronics (e.g., wireless
telecommunications) were accompanied by a dramatical increase in the number of
transistors as well as their miniaturization. The speed of the electronic circuits suf-
fered from the increased delay time due to the larger resistive-capacitive (RC) delay
in the shorter interconnects established based on copper wiring. Microelectronic and
telecommunication industries overcame the bottleneck of RC delay by replacing elec-
trical signals with the optical signals (photons) [2] [5]. The utilization of photons in
integrated electronic circuits can be achieved through the marriage of electronic and
photonic components on a single platform [6].

The demand of the integration of electronics and photonics (opteoelectronics) for
one-chip platforms sets a benchmark for silicon on-a-chip production using existing
mature semiconductor fabrication techniques. The integration of photonic devices

with the electronic components on a CMOS platform is the main challenging part
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since silicon fundamentally does not have suitable optical properties required for
photonics [1] [6].

Diverse IT1I-V materials have been employed in photonics in contrast to traditional
electronics, where silicon is the primary material and only transistors and intercon-
nects are required to be integrated on a chip. Hybrid techniques combine other
semiconductors with silicon to realize optical functions such as hybrid light emitting
diodes, vertical-cavity surface-emitting lasers, photodetectors, optical micro-electro-
mechanical systems, sensors, etc [7]. However, the manufacturing process of hybrid
integration is not very cost effective as it is accompanied by a more complex archi-
tecture and limitations in the material designs.

Over the past two decades, silicon optical interconnects have been seen as the best
technology in terms of communications [1]. Low cost silicon photonics have been the
cornerstone of optical fiber in long-distance telecommunication industry at 1.5 um,
but in the short-distance systems within the chip and on circuit boards, we still require
copper wiring due to the fundamental silicon deficiency [8]. Beside the use of copper
wiring in the short-range distance, the other difficulty arose from huge amount of
data carried in a very small volume, which led to more complexity [9]. Using silicon
photonics, today a few hundred optoelectronic components are integrated into a single
chip, which limits the broadband and high-speed data interconnections. However,
some researchers believe that only all-silicon active devices offer a practical path for
the advancement of data-communications [10].

Silicon photonics’ perspective is to tackle challenges for an electro-optical scheme
entirely integrated in a CMOS platform to meet the demands of sustained exponential
performance growth in the information industry [11], which would benefit from their

inexpensive cost, faster data transferring, and relatively small size. More details on
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the history and progress of silicon photonics in the communication technology can be
found in an all-inclusive review [12]. In the following subsection, various strategies
employed to solve the issue concerning entirely integrated opteoelectronic platform

compatible with CMOS are briefly explained.

1.1.1 Silicon-Based Light Sources

Although various optical components, including waveguides, light amplifiers, modula-
tors, photodetectors, and multiplexers have been already developed to a decent level
of functionality within silicon photonics technology, a true light emitter monolithi-
cally integrated on the silicon chip is still the missing piece. Silicon fundamentally
suffers from inefficient light emission properties that cause difficulties in the develop-
ment of a suitable silicon-based light source [13] [14]. A few approaches have already
been demonstrated to enhance the properties of silicon light emission enabling a low-
cost CMOS platform for monolithic optoelectronic integrated circuits. These various
approaches include silicon Raman lasers, erbium-related light sources, germanium-on-
silicon lasers, porous silicon, and silicon nanocrystals [11]. For the first time, in 2004,
Boyraz and Jalali [15] developed a pulsed Raman laser in silicon, and one year later,
Intel demonstrated the continuous-wave Raman silicon laser [16]. However, these Ra-
man lasers required an external source to be excited making them not fully compatible
with on-chip light sources. In a germanium-on-silicon laser, the main barrier comes
from a serious mismatch of the operational wavelength with the telecommunication
wavelength at 1.5 um due to the red-shift of germanium emission once it serves as a
direct band gap material through the tensile strain process or germanium-tin (GeSn)

alloying [11].
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The other development is the hybrid integration of gallium arsenide and /or indium
phosphide, as two front-runners of I1I-V semiconductors, onto the silicon substrates.
This approach is encountering practical challenges such as bonding process and mech-
anism, bonding strength, uniformity, wafer surface treatment such as O, plasma treat-
ment, and stress distribution, all of each put into question a cost-effective production
of hybrid integration [7].

Another approach, involving silicon nanostructures, showed the most ability to
solve the major issues, which impede practical implementation of an efficient sili-
con light source. Bulk silicon is an indirect band gap semiconductor and once the
dimensions are shrunk to the nano scale quantum confinement effects significantly en-
hance the light emission efficiency. In addition, silicon nanocrystals act as sensitizers
in both rare earth-doped insulating (silicon dioxide) and amorphous semi-insulating
(silicon oxide and nitride) matrices [3] [13]. However, the light emission properties
of silicon nanostructures are a challenging perspective since they strongly depend on
the composition of the dielectric matrix. The focus of the present thesis is to ex-
plore less studied aspects of one of the silicon-based materials, silicon carbonitride
(SiC;N, ), more comprehensively. This study can also be employed to broaden the
silicon applications to sectors other than cost-effective high-speed telecommunications
and computing.

The market in solar cell technology, to the most part, benefits from the use of
silicon-based materials [17]. Silicon has been seeing attention for optical-based sen-
sors, communicating with the sensing target via light, where the focus recently is shift-
ing from electrochemical sensors in the sensing community [18]. The light emission
from semiconductor nanoparticles, so-called quantum dots (QDs), has been substi-

tuting the conventional laser due to its lower power and prevention of undesired heat.
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Two limiting factors of the existing QDs are the low stability of their photoemission
and being toxic. Silicon nanostructures, as non-toxic and biodegradable materials ap-
peared to have a more stable emission [19]. Unlocking the potential of silicon through
the use of rare earth (RE) elements for biosensors enables the low-cost mass produc-
tion of disposable lab-on-a-chip devices. As an example, “for ligand-passivated silicon
nanocrystals, an internal quantum efficiency reaching 100 %” has been reported [20].

Besides the detection ability of nanostructured silicon for bioimaging, silicon
nanocrystals have been reported [21] as ideal candidates in cryptography where data
transferring is secured by random and non-readable numbers by a third party. The
spontaneous emission in LEDs is statistically a random process that can be used
as the source generator of quantum random numbers [21]. In addition to the light
emission features for solid-state lighting, displays, and light emitting diodes, imaging,
and sensing [22], other optical properties of silicon nanostructures such as refractive
index and dielectric function can be employed to guide the light (waveguides) and are

widely used in microfluidics and resonators [23].

1.2 Thesis Objectives

Interest in nanostructured silicon oxide, silicon nitride, and silicon carbide has been
growing for the development of a silicon-based light source. Each of the proposed
silicon-based materials has its own advantages and disadvantages in attempting to
reach commercialization, such as those related to the dielectric and/or mechanical
properties. SiC,;N,, thin films exhibit a wide and tunable band gap by being combined
from the binaries silicon carbide, silicon nitride, and carbonitride (a choice after

diamond as a hard material [24]). The significance of SiC,N, structures, on one
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hand, follows from the fact that their optical, mechanical, and electrical features
can be controlled through the adjustments of the relative concentrations of silicon,
nitrogen, carbon, and hydrogen in the film layer. On the other hand, establishing a
suitable deposition process window for the growth of such a ternary structures with
the desired properties requires extra work compared to binary structures.

In contrast to the numerous reports on promising mechanical properties of SiC,;N,,
materials in the last 25 years [25], they have not yet been well explored optically [26].
In effect, therefore, the understanding of the optical and luminescence properties of
SiC, Ny structures is lacking. The realization of light emission applications strongly
depends on the understanding and control of the film composition. Existing literature
on luminescent SiC,;N, thin films mainly describes samples containing oxygen, i.e.,
SiC,O.N, structures, wherein oxygen-related bonds are suggested as the sources of
the luminescence [27]. In addition, no comparative study has been reported for all
three structures, SiC;N,, silicon nitride, and silicon carbide thin films.

In this contribution, the first in-depth analysis of the luminescent properties of
SiC; N, thin films over a broad range of compositions and deposition temperatures
is presented. To better understand this ternary structure, the study was extended
to the fabrication and investigation of the two fairly well studied binary structures.
Therefore, three classes of silicon-based materials were produced and a comparison
of stoichiometric N- and C-free, SiC,N, thin films is presented as well as an in-
depth analysis of structural, optical, and compositional properties. To the author’s
best knowledge, there exists no comparative study of the visible light emission of
silicon carbide, silicon nitride, and SiC,N, structures over a wide range of annealing
temperatures (400-1200 °C). In view of exploring the emission properties of SiC,N,

thin films, our approach was towards the enhancement of the visible emission by
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adjusting the film composition and subsequent thermal treatment. This study led to
the identification of a growth parameters space for the fabrication of SiC,N, thin films
with intense enough emission to be seen with the naked eye. In parallel, a wide range
of experiments were carried out to explain different light emission features observed
for different compositions and post-deposition thermal treatments.

In addition, the electron cyclotron resonance plasma enhanced chemical vapor
deposition (ECR PECVD) method, similar to other plasma-assisted thin film depo-
sition techniques, allows for the formation of hydrogen-terminated bonds to produce
amorphous materials. We showed that hydrogen, incorporated using ECR PECVD,
plays a significant role in practical applications and can be controlled via the growth
conditions and post-deposition thermal treatment. Little research has been also con-
ducted on the release of hydrogen and the microstructural changes resulting from the
thermal treatment of hydrogenated SiC,N,H, thin films [28] [29]. In this thesis we
show that the PL, refractive index, and optical band gap of the investigated SiC,N,
samples strongly varied with the hydrogen content, both in terms of its concentra-
tion and dynamics (diffusion). The hydrogen diffusion mechanism was explored and
associated with two featured annealing temperatures.

The key element of this thesis is a comprehensive report on the interdependency
of the visible light emission and all optical, structural, and compositional features of
SiC, N, compounds. Unlocking the potential of this ternary and less studied material
can appeal to the silicon photonics community to implement it in anti-reflection
coating, solar cell, and sensing applications, and in particular as a substitution of

silicon nitride used in existing microelectronic devices.
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1.3 Academic Achievements

Overall, the results of this thesis have been published in four journal articles and
three conference proceedings. The results of side projects have been published in
one journal articles and two conference proceedings. They were as well presented
at various international, national, and regional conferences that are listed in the fol-
lowing subsections. I had the leading role in all of the accepted and under review
contributions except #3 and #6. In addition, I carried out all aspects of the study,
including hypothesis development, design of experiments, calibration, sample prepa-
ration, measurements, and contributed to drafting and structuring of all manuscripts
in this category. Other co-authors assisted with a number of experiments but did con-
tribute to the interpretation of the data and drafting or editing of the manuscripts
as they had left academia by the time the articles were developed. This excludes my
supervisor, Prof. Mascher, who conceived the project and contributed to both scien-
tific and stylistic edits of these manuscripts as well as significant edits of the present
thesis. More details with respect to the content of each individual contribution are
as follows:

Although the idea of luminescent SiC,N, structure was initiated in a previous
masters project [30], where the ICP-CVD system was employed, the parameters to
fabricate luminescent SiC,N, thin films were not established by the time of the ini-
tiation of this thesis. Therefore, first, it was required to calibrate the deposition
parameters to find the composition of the SiC,N, films that exhibited luminescence.
This involves a significant number of film depositions, systematic calibration, main-

tenance, and troubleshooting of the ECR PECVD system, as well as a multitude of
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characterization techniques. We published the first in-depth analysis of the lumines-
cent properties of carbon varying SiC,N, thin films in “Thin Solid Films” (#4), and
a subsets of the results were presented at numerous meetings and published in two
subsequent conference proceedings.

This work then was extended to further material characterization for annealed
SiC;N,, thin films explored in an article in the “Journal of Materials Science” (#2),
where the interdependency of hydrogen diffusion and film properties was reported.

Our novel approach to analyze the PL of the SiC,N, thin films, which was asso-
ciated with the PL of silicon carbide and silicon nitride layers was submitted to the
“Journal of Luminescence” (#1), which is currently Article In Press.

Contribution #5 is a continuation of our work on the characteristics of SICN:H
layers, where the focus was on the influence of deposition temperatures on the film
structure and PL properties. The response to reviewers has been submitted to the
“Electrochemical Society Journal of Solid State Science and Technology”.

In addition to the aforementioned results presented in this thesis, the role of nitro-
gen in SiC,N, thin films has been also investigated and published in ECS conference
proceedings (#8) but has not been included in this thesis because of page limita-
tions. Besides all employed characterization techniques for the present thesis, X-ray
absorption spectroscopy was used to analyze the nitrogen varying samples (#8) and
carbon varying SiC,N, samples doped with rare earth elements (#10). This work
involved developing scientific proposals for highly requested beamlines at Canada’s
national synchrotron facility, Canadian Light Source (CLS), as well as modification
of computer codes to handle and analyze data from X-ray absorption spectroscopy.

These codes were originally developed by our former group researchers, Dr. Tyler

10
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Rochuk [31] and Dr. Patrick Wilson [32]. Another article will include a compre-
hensive study of the mechanical and electrical aspects of SiC,N, thin films, which is
currently under preparation.

The described projects provided me with great expertise in thin film design and
material characterization that has been used in a number of other parallel projects
over the last years of my Ph.D studies. One project involved a fruitful interna-
tional collaboration with Unicamp in Campinas, Brazil, where my knowledge of ECR
PECVD process parameters to fabricate luminescent SiC,N, thin films helped me to
quickly fabricate luminescent SiC,N, films grown using the reactive radio frequency
(RF) sputtering system located at Unicamp. The sputtered SiC,N,, thin films showed
very strong luminescence related to crystalline silicon carbide structures and the re-
sults have been presented at EMRS2014 and CCST2015 conferences. A comprehen-
sive set of measurements has been performed on the sputtered SiC,N, samples and
the results will be drafted in the near future for a journal publication. Besides the
sputtered SiC,N, thin films, I contributed to the data collection and analysis for the
project on terbium doped silicon nitride (Th-SiN) conducted by this research at Mc-
Master University. The results of this project have been drafted in #6 submitted to
“Journal of Luminescence”.

The second relevant project is a newly developed unique and highly controllable
technique, integrating ECR-PECVD and magnetron sputtering for in-situ doping of
RE elements. Through the fabrication of a wide range of compositions of terbium
doped silicon-rich silicon oxide (Th-SRSO) and oxygen rich silicon oxide (Th-ORSO),
we’ve demonstrated high concentrations of optically active rare earth species in silicon
nanostructures offering intense and tunable emission for white light applications and

the results of this work are being prepared for the publication in the near future.

11
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This project was a continuation of the a preliminary study of terbium doped silicon
dioxide (Th-SiO2) thin films grown using this novel technique. The results of this
work have been published in the journal of “Surface and Coatings Technology” (#3),
where I performed two out of four experiments, contributed to data analysis and
interpretation of all four experiments, structured the manuscript and contributed to
the analysis and drafting of the discussion sections of the manuscript. The system
calibration and sample preparation were carried out by the other internal researchers
at the Center for Emerging Device Technologies (CEDT), as well as drafting of the
technical aspects of this work.

Finally, by the time of the submission of this thesis, I have been asked to review
manuscripts for the journal of “Applied Surface Science”, “International Journal of

Surface Review and Letters”, and “International Conference on Silicon Carbide of

Material Research Society (MRS)”.

1.3.1 Journal Publications

1. ' Z. Khatami®, P. R. J. Wilson, J. Wojcik, P. Mascher (2017) On the origin
of white light emission from nanostructured silicon carbonitride thin films, J.

Lumin, In Press. https://doi.org/10.1016/j.jlumin.2017.12.011

2. Z. Khatami®, C. Nowikow, J. Wojcik, P. Mascher (2018) Annealing of sili-
con carbonitride nanostructured thin films: Interdependency of hydrogen con-
tent, optical, and structural properties. J. Mater. Sci., 53(2): 1497-1513.

https://doi.org/10.100 7/s10853-017-1576-6

3. *Equal contributing first author.

1@ indicated the corresponding author
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J. Miller*, Z. Khatami*®, J. Wojcik, J. Bradley, P. Mascher (2017) Integrated
ECR-PECVD and magnetron sputtering for rare earth-doped Si-based materi-
als, Surf. Coat. Technol., In Press. doi.org/10.1016/j.surfcoat.2017.08.051

4. Z. Khatami®, P. R. J. Wilson, J. Wojcik, P. Mascher (2017) The influence of
carbon on the structure and photoluminescence of amorphous silicon carboni-
tride thin films, Thin Solid Films, 622: 110. https://doi.org/10.1016/j.tsf.2016.
12.014

Articles submitted to peer-reviewed journals:

5. Z. Khatami®, G. B. F. Bosco, J. Wojcik, L. R. Tessler, P. Mascher (2017)
Influence of deposition conditions on the characteristics of luminescent silicon
carbonitride thin films, ECS J. Solid State Sci. Technol., The response to

reviews has been submitted.

6. G. B. F. Bosco®, Z. Khatami, J. Wojcik, L. R. Tessler, P. Mascher (2017) Ex-
citation mechanism of Th3* in a-SizN,:H under sub-gap excitation, Submitted

to J. Lumin (LUMIN-2017-1905) 1 December 2017.

1.3.2 Conference Proceedings

7. J. Miller®, Z. Khatami, J. Wojcik, J. Bradley, P. Mascher (2017) Integrated
ECR-PECVD and magnetron sputtering for rare earth-doped Si-based materi-
als, 60th Annual Technical SVC.

8. Z. Khatami®, P. R. J. Wilson, J. Wojcik, P. Mascher (2014) Structural and
optical properties of luminescent silicon carbonitride thin films, ECS Trans.,

61(5), 97-103. http://ecst.ecsdl.org/cgi/doi/10.1149/06105.0097ecst
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9.

10.

11.

12.

13.

14.

15.

16.

17.

Z. Khatami®, P. R. J. Wilson, J. Wojcik, P. Mascher (2013) Photolumines-
cence evolution of silicon carbonitride thin films grown by electron cyclotron

resonance plasma enhanced chemical vapour deposition, 56th Annual Technical

SVC, 505/856. http://dx.doi.org/10.14332/svcl3.proc.1110

Z. Khatami®, P. R. J. Wilson, J. Wojcik, P. Mascher (2013) XANES and XES
studies of luminescent silicon carbonitride thin film, FCS Trans., 50(41): 4956.

http://ecst.ecsdl.org/cgi/doi/10.1149/05041.0049ecst

P. R. J. Wilson®, Z. Khatami, R. Dabkowski, K. Dunn, E. Chelomentsev
(2012) XANES and XEOL investigation of cerium and terbium co-doped silicon
oxide films, ECS Trans., 45(5), 43-48. http://ecst.ecsdl.org/cgi/doi/10.1149/1.37
00408

Z. Khatami®, P. R. J. Wilson, K. Dunn, J. Wojcik, and P. Mascher (2012) The
Influence of carbon on the structure and photoluminescence of amorphous sili-
con carbonitride thin films, ECS Trans., 45(5), 153-160. http://ecst.ecsdl.org/cgi
/doi/10.1149/1.3700422

1.3.3 Conference Oral Presentations

FCSE (2017) Montreal, QC, CA (International).
ETCMOS (2016) Montreal, QC, CA (International).
ICMCTF (2016) San Diego, CA, US (International).
CCST (2015) Sherbrook, SK, CA (National).

IFGW Lecture Series (2014) Campinas, SP, BR (Institutional).
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18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

FCSE (2014) Montreal, QC, CA (International).

225th ECS Meeting, 2014, Orlando, FL, US (International).
SV(C-2013, Providence, RI, US (International).

CS3 (2012) University of Saskatchewan, SK, CA (Institutional).
221th ECS Meeting, Seattle, WA, US (International).

Crest Meeting for Women in NES 2012, Hamilton, ON, CA (Institutional).

1.3.4 Posters Presentations

27. Khatami**, G. B. F. Bosco, A. Shah, J. Wojcik, L. R. Tessler, P. Mascher
(2014) EMRS, Lille, France (International).

Z. Khatami**, P. R. J. Wilson, J. Wojcik, and P. Mascher (2012) Nano Ontario

Conference and Workshop, Waterloo Hamilton, ON (Provincial).

P. R. J. Wilson**, Z. Khatami, J. P. Goguen, A. Brown, J. Wojcik, and P.
Mascher (2012) Nano Ontario Conference and Workshop, Waterloo Hamilton,
ON (Provincial).

Z. Khatami**, P. R. J. Wilson, J. Wojcik, and P. Mascher (2011) Nano Ontario

Conference and Workshop, Hamilton, ON (Provincial).

P. R. J. Wilson**, Z. Khatami, J. P. Goguen, A. Brown, J. Wojcik, and P.
Mascher (2011) Nano Ontario Conference and Workshop, McMaster Hamilton,
ON (Provincial).

2**Indicated the presenter.
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1.4 Thesis Outline

Chapter 2 contains background on silicon nanostructures as well as an extensive lit-
erature survey of the luminescence properties of SiC,;N,, thin films and some practical
applications of these materials.

Chapter 3 provides an overview of the characterization techniques employed to
evaluate the material behavior of SiC;N, thin films. A brief note on the basics of
each technique is given. This chapter mainly concerns the specific parameters and
conditions required to be optimized to investigate SiC,N, thin film properties.

Chapter 4 gives a description of the ECR PECVD system used to prepare the
materials discussed in this thesis. The influence of carbon on SiC,N, thin films is
developed using the characterization techniques discussed in chapter 3.

Chapter 5 is a continuation of the previous chapter findings on the optimized
parameters of the most luminescent sample (a-SiC; 2Ng 7:H; 4) in the post deposition
thermal treatment. In addition, the hydrogen dynamics as a function of different
annealing temperatures were investigated.

Chapter 6 is devoted a discussion to the underlying PL mechanism of the most
luminescent SiC,;N, thin films; a-SiC; 9Ng.7:H;4. In general, the samples exhibited
a broad luminescence band, covering the visible range with two dominant peaks at
~470 and 550 nm, which appeared “white” to the naked eye.

Chapter 7 provides a summary of the findings on optical, structural, and lumines-
cent characteristics of SiC,;N, thin films and presents the conclusion of this thesis. It
is then finalized with an outlook and suggestions for future research on SiC,N, thin

films.
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Chapter 2

Light Emission from Silicon

Nanostructures

Silicon nanostructures so far are the best solution for the implementation of silicon
in “all-silicon” photonic devices. In this chapter, the light emission from bulk silicon,
efficient emission from quantum-sized silicon structures and its luminescence model,
and fairly well-studied silicon-based dielectrics are treated. This chapter concludes
with an extended literature review of the light emission from SiC,N, thin films and

some of their practical applications.

2.1 Electronic Structure of Bulk Silicon

The fundamental drawback regarding the optical functionality of bulk silicon is related
to the fact that silicon does not emit efficiently at room temperature. Here, the
essential information about indirect band gap structures of silicon and the reason for

its inefficient emission are provided and addressed by fundamental topics in quantum
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and solid state physics.

In a non-metallic solid, the band gap (E,) separates the energy band filled with
electrons (valence band) from the empty band of electrons (conduction band). This
defines a minimum energy required for an electron to move from the top of the valence
band to the bottom of the conduction band [33]. The available thermal energy at
room temperature is only 25 meV (F = kT, where E, k, and T are the energy,
Boltzmann constant, and temperature), which is much smaller than the band gap of
commonly used semiconductors, e.g. silicon with E; of 1.1 eV or gallium arsenide
with E, of 1.4 eV. Although, the energy at room temperature is not sufficient to
excite an electron from the valence band to the conduction band, still, some electrons
are thermally promoted across the band gap at room temperature. The excitation
rate is a function of temperature and given by the Boltzmann distribution:

_ Energy Gap)

Excitation Rate = const. x el KT (2.1)

Although the Boltzmann distribution identifies a low excitation rate for an in-
trinsic (non-doped) semiconductor at room temperature, a small number of electrons
occupy the conduction band [34,35]. To this end, if an intense light with sufficient
energy (hv> E,) is incident on an intrinsic semiconductor, it can provide the required
energy to excite more electrons to the conduction band. The pair of the missing elec-
tron in the valence band and the excited electron in the conduction band creates an
electron-hole pair. After a certain time (life time) the electron returns back to the
valence band to occupy the missing valence-band electron (hole), via light emission,

a process called radiative recombination process.
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The incidence of light and its subsequent absorption are controlled by two conser-
vation laws; energy and momentum conservation. This means that the energy of the
photon should be equal or larger than the band gap energy and the momentum of the
photon should be equal to the difference of the quasi-momentum of the initial and final
electron states, respectively. The momentum of a photon is generally much smaller in
comparison with the dimensions of the crystalline structure (Brillouin zone) and the
quasi-momentum of the electron state, i.e. kphoton of visible light = 27” = 107" ml=
0.001 of the value of the wave vector corresponding to the Brillouin zone edge. Ignor-
ing the photon’s momentum approximates the momentum conservation law giving no
change in momentum of electron state. This implies a direct optical transition occur-
ring vertically in momentum space (k-space) [13]. In a direct bandgap semiconductor
such as indium phosphide, the minimum of the conduction band and the maximum
of the valence band lie in the same position in k-space, which allows a direct optical
transition [34,36] as shown in Fig. 2.1. In an indirect band structure such as silicon,
there is an offset between the minimum of the conduction band and the maximum
of the valence band in k-space, which prevents a direct electron-hole recombination.
Fig. 2.1 shows the energy-momentum diagram of the silicon band structure. The top
of the valence band is located at the Brillouin-zone center, I' and by E; of 1.1 eV is
separated from the bottom of conduction band, which appears 85% on the way to
the zone boundary at the X point in the (100) direction [36]. The momentum offset
between the initial and final electron states preventing a direct electron-hole recom-
bination is required to be compensated during the electron transition process by a
third quasiparticle, typically a phonon. Before discussing the effect of the phonon,
it is worth mentioning that in Fig. 2.1 another band gap of silicon is also shown; a

direct band gap of silicon at the center of the Brillouin zone. As will be discussed
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further, this band gap was discovered owing to the observations of (quantum dot)
emissions related to the energy states of this band gap, which are higher than the

states at the absolute minimum of the conduction band of silicon by ~ 2 eV [37].
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Figure 2.1: Direct and indirect band gap semiconductors. A comparison of
direct band gap (indium phosphide) and indirect band gap materials (silicon). Some
holes occupy the valence band at the Brillouin zone center (the I' point) and electrons
are at the bottom of the conduction band. In silicon, the conduction band is located
at 85% of the way toward the X point (the <100> direction). In indium phosphide,
the conduction band is positioned at the I" point so that the electrons and holes have
the same momentum and can recombine with no change in the momentum. The direct
recombination is very favorable compared to the silicon structure, where a phonon is
required to supply the large momentum difference between the holes and electrons.
Reprinted (adapted) with permission from [38].

A three-particle process (electron, photon, and phonon) is much less probable than

a two-body process (electron and photon) [34]. In an indirect band gap material, the
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required assistance of a phonon in the photo-generation process leads to a low radia-
tive recombination rates at room temperature. The lifetime of a radiative transition
(7,) lies in the range of ms, which is less probable by a factor of 107¢ than that of a
direct band structure with a lifetime in the range of us [39] [40]. The drawback of the
indirect band gap materials is not the long lifetime for a radiative recombination since
lasers using long lifetime recombinations have been already developed [10]. The main
issue arises from the occurrence of competing recombination pathways, non-radiative
recombinations. Fast nonradiative recombinations with a lifetime of ns limit the ra-
diative recombinations with a lifetime of a few ms [10,41]. This results in a very
low internal quantum efficiency 7;,; on the order of 107, Internal quantum efficiency
describes the efficiency of a semiconductor to emit light and is given as:
Wgr 1/7 T

. _ T 2.2
Mint Wr+Wyr  1/n+1/10m 7 (22)

where Wx and Wiy are the radiative and nonradiative probabilities, respectively,
and 7 is the total lifetime of recombinations [12].

Two other limiting processes become predominant under high-injection conditions
desired in a lasing environment. Auger recombination, a three-body transition where
more than one carrier is excited as shown by the green arrows in Fig. 2.2. The
excess energy of the electron-hole recombination, instead of producing a photon, is
transferred to another electron (in either band). The newly excited electron then

absorbs the excess energy with a lifetime given by [10,42]:

1

= FAn (2.3)

TA

where C is a constant, which depends on the doping level and An is the density
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of excess free excited carriers [43]. A higher density of carriers or smaller band gap
energy makes the Auger lifetime shorter; e.g. 74 = 10 ns with An = 10" cm™ [42].
In addition to Auger recombination, free carrier absorption also decreases the lifetime
of nonradiative recombinations. In Fig. 2.2, the orange arrows show the free carrier
pathway where the incoming photon is absorbed by an already-excited carrier and

intraband transition occurs within a given band [12].
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Figure 2.2: Energy diagram of silicon. The various arrows indicate the recombi-
nation paths for an excited electron; black arrows: indirect absorption; red arrows:
indirect radiative recombination with the assistance of a phonon; purple arrow: non-
radiative recombination; green arrows: Auger re-combination; orange arrows: free-
carrier absorption. Reprinted (adapted) with permission from [12].

Several approaches have been proposed to either increase the probability of ra-

diative recombination or minimize other competing nonradiative recombinations [44].
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One strategy aims to suppress nonradiative recombinations by applying thin contacts
to high-quality bulk silicon where high doping were localized close to the contact ar-
eas [45]; however, the long lifetime of radiative recombination as well as the require-
ment of surface texturing limit the functionality to serve as an efficient light emitting
source [14]. Some methods utilize alloying such as silicon-germanium quantum cas-
cade structures and silicon tin (SiSn) alloys [46], or strain and dislocation-engineering
in boron implanted silicon [47]. Another approach is impurity-mediated luminescence
achieved by erbium doped silicon nanocrystals [44,48|. Mostly, the promising strate-
gies to develop a practical silicon light source so far rely on nanostructuring. As an
example, experimentally it is evidenced that the maximum contribution of direct op-
tical emission of bulk silicon can be enhanced by a factor of 10% in a quantum-confined
structure [13]. In the next section, after a brief history of the silicon nanocrystal topic,
the most widely accepted hypotheses on the luminescence mechanism, the changes
induced by the formation of nanoclusters as well as their influence on the band gap

of silicon are explained.

2.2 Low Dimensional Silicon

Historically, the research on silicon nanostructures was actively motivated in 1990 by
L. T. Canham at the UK Defense Research Establishment Agency. Canham and co-
workers [49] observed visible photoluminescence (PL) from porous silicon associated
with the nanostructure and suggested six models describing the origin of the light
emission. Although Furukawa and Miyasato [50] for the first time, tuned the light
emission from silicon nanocrystals by changing the crystals’ size in the range of 2 to

5 nm, they never performed work on the formalization of quantum confinement in
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silicon. Nine years after Canham, one of the ideas explaining the luminescence process
was developed by P. Fauchet and colleagues who associated the origin of light emission
with the surface states in oxidized porous silicon [51,52]. For the first time, light
amplification in silicon nanocrystals embedded in silicon dioxide was demonstrated
by an Italian research group led by L. Pavesi [53]. Afterwards, the research on this
discovery excessively was followed by numerous researchers and so far the quantum
confinement model is the most widely accepted hypothesis explaining the origin of
the luminescence from radiative recombination of electrons and holes confined at the
nanoscale [44]. In the following subsections, the energy band adjustment induced
by quantum confinement effects is discussed, with the focus on indirect band gap

materials.

2.2.1 Quantum Confinement

Nanoscience has suggested that scaling down to nano dimensions heavily affects the
physical and chemical properties of the bulk materials. To understand the changes
in the light emission properties of semiconductors on nanometer scales, one requires
knowing the specific character of an exciton [54]. Excitons are quasi-particles forming
when an (optically induced) electron leaves a hole in the valence band but remains
bound in a pair state by Coulomb’s electrostatic attraction. The exciton can dissociate
into free carriers, where the radiative recombination of electrons and holes emits
light. [54,55]. The electron and hole of an exciton are bound within a characteristic
length called the Bohr exciton radius (ap) identifying the spatial extent of the exciton
in the semiconductor. In addition to this characteristic length, another characteristic

of a carrier is its de Broglie wavelength given by the division of Plancks constant
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by the momentum of the carrier (I, = h/p). Bohr exciton radius and de Broglie
wavelength both are referenced as the exciton size in the bulk.

Quantum confinement is essentially observed once at least one dimension of the
crystal approaches (or even reduces to less than) the value of the de Broglie wave-
length or Bohr radius of the bulk exciton [56]. In 1981, Van Kampen ascribed this
dimension as a limit for the mesoscopic structure, an intermediate scale between
micro- and macrostructure. In the mesoscopic regime, according to the directions
that the carrier motion is restricted, the structure is classified into three different
types including two-dimensional quantum wells/superlattices, one-dimensional quan-
tum wires and zero-dimensional quantum dots (QDs) where the electrons and holes
are restricted in one, two, and three dimensions, respectively. Under confinement con-
ditions the spatial overlap of the exciton wave function with each other increases in
the constrained direction, which leads to quantized energy levels in that direction [57].
As shown schematically in the top panel of Fig. 2.3, the energy levels become more
discrete with further spatial confinement of electron-hole pairs (excitons). In fact,
the separation of energy levels results in a higher density of electronic states near the
band edges manifested in band gap widening, and subsequently, the photoemission
enegy is shifted to the higher energy range of the visible spectrum [58]. The bot-
tom panel of Fig. 2.3 shows the dependence of the luminescence color on the size
of QDs embedded in cadmium selenide. Another change induced by the quantum
confinement concerns the decrease of the probability of non-radiative recombinations.
The spatial confinement of excitons leads to the extension of the wavefunctions, and
subsequently, results in the overlap of wavefunctions in momentum space. That can
be explained by Heisenberg’s uncertainty principle correlating the relationship of the

spatial position and momentum of the exciton as follows [58]:

25



Ph.D. Thesis - Z. Khatami McMaster University - Engineering Physics

CB

Figure 2.3: The influence of quantum confinement on energy levels and the
associated size-dependent PL emission. The top panel represents a schematic of
discrete energy levels under quantum confinement conditions. The lower panel shows
the luminescent color with respect to the size of QDs embedded in colloidal cadmium
selenide under UV excitation. Reprinted (adapted) with permission from [59].

AxAp, = % (2.4)

Therefore, the localization of excitons can break down the momentum conservation
law and relaxes the phonon bottleneck in indirect optical transitions. In fact, not
needing phonons makes the band structure of indirect band gap semiconductors more
direct-like, thereby enhancing the efficiency of the light emission [56]. In the next
subsection, the correlation of the energy of confined states with the size of QDs

formed within silicon-based compounds is discussed with more theoretical details.
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2.2.2 Light Emission from QDs

In the 1980s, QDs were predicted to have a rich structure of various separated energy
levels, which was confirmed by a series of experimental works [60]. In the theoretical
study of QDs to calculate the band gap energy, Bloch’s theory may no longer hold.
Bloch’s theory describes the propagation of the electrons and holes as Bloch waves
under the periodic boundary conditions of a crystal [54]. The confinement of QDs can
be viewed as the “particle in a box” model and violates the Bloch theory developed
based on an infinite extension of the lattice [61]. For the first time, Bruce applied
the effective mass approximation (EMA) to cadmium selenide QDs [62]. He took
into account two potentials; the potential corresponding to the attractive Coulomb
interaction in the exciton and the spherical potential of confinement due to the pres-
ence of QDs. In a quantum confinement situation the exciton cannot be viewed as
the quasiparticle, instead, electrons and holes are regarded as single particles in their
ground state [56]. Therefore, the confined states are discrete energy states where their
dependence on the size of QDs is defined by the so-called Bruce Model as follows [62]:
B2 2 2

e
F=———1786— 2.5
21 R? eR (25)

where 1/p=1/m!+1/m;

h is the Dirac constant, € is the semiconductor dielectric constant, e is the elec-
tronic charge, p is the reduced exciton mass, and m; and m; are the effective masses
of the electron and hole, respectively. The first (additive) term corresponds to the
sum of the energies of each carrier in the ground state. The next (subtractive) term
represents the attractive Coulomb interaction and generally is negligible due to the

large value of the dielectric constant in the denominator. In fact, the impact of the
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surrounding dielectric is to reduce the exciton energy by shielding the electron—hole
interactions.

Bruce model (Equ. 2.5) did not take into account the effects of the spatial overlap
of the electron and hole, which is more predominant under the strong confinement
conditions (R/ap < 1) [56]. Kayanuma modified the Bruce model with the addition
of an extra term describing the carrier overlap. The spatial correlation of the carriers
is mathematically described using a hydrogen-like energy level scheme independent of
QD radius. However, instead of the Rydberg energy of atomic hydrogen (Eg,=13.6
eV), the effective pair—state binding energy is given in the exciton form of the Rydberg

energy. The effective exciton Rydberg energy is described by [63]:

I

Efy, = 13605.8

(2.6)

It can be observed that the equation 2.6 gives an effective Rydberg energy on
the order of 1 to 100 meV, which is much smaller than the Rydberg energy of a
hydrogen atom. This can be explained by the linear proportionality to the exciton
reduced mass, which is much smaller than the masses of unconfined carriers. Another
factor making the effective Rydberg energy small is the dielectric constant, which is
inversely proportional [55,64]. The addition of the effective exciton Rydberg energy

modifies Equ. 2.5 for the energies of the confined states as follows:

h? 72 e?
= —— —1.786— — 0.248F; 2.7
21 R? €R Ry (27)
ArhZege,
ap = 7 (28)

28



Ph.D. Thesis - Z. Khatami McMaster University - Engineering Physics

So that, the lowest gap energy of a QD is given by the so-called modified EMA
equation:
h2 7T2 2

e
E = E,u —— — 1.786— — 0.248F;. 2.9
9(@D) g(bulk) + 2:““ R2 eR Ry ( )

Equ. 2.9, the so-called modified EMA theory or Bruce model, identifies the band
gap energy of the QDs. The inverse relation between the energy gap and the QD
size explains the reason of band gap widening which leads to shifting of the emission
energy to the higher energy range of the visible spectrum (blue shift) [65], shown in
Fig. 2.3. The research presented in this thesis is concerned with the light emission
from silicon-based dielectrics. In the following subsections, the subject of the size-
dependent band gap energy of silicon nanocrystals is extended. With respect to the
terminology used for nanocrystals in the remainder of this thesis, it is noted that
QDs and nanocrystals are similar concepts. QDs have been used for both direct and
indirect band gap semiconductors while the nanocrystal term commonly has been

used to refer to Ds in indirect band gap materials [66].

2.2.3 Silicon Nanocrystals

Mostly, the theoretical calculations have been developed based on the modified EMA
theory and semi-empirical tight binding approximations [67]. Delerue calculated the
energy gap for silicon nanocrystals embedded in silicon dioxide using a tight-binding
model [68]. Delerue’s model is plotted in Fig. 2.4 along with a number of other models.
He anticipated that a decrease in the size (d) from 7 to 2 nm widens the band gap
(Ey) from 1.4 to 2.5 eV corresponding to a blue shift of the PL emission from 900 to
500 nm. Provided the exciton Bohr radius for silicon is 4.9 A, the suggested EMA

model explaining the luminescent mechanism from silicon nanocrystals embedded in
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silicon dioxide was derived the so-called Delerue’s model as follows:

E,(d) = Ey + 3.73/d"* (2.10)
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Figure 2.4: Example of the dependence of PL emission energy on the size of
nanocrystals. The correlation of the average size of the silicon nanocrystals and the
PL emission is shown as an inverse power law by Delerue. The correlation of the PL
peak energy and silicon nanocrystals passivated with hydrogen and oxygen are shown
in red and blue color, respectively. Reprinted (adapted) with permission from [69].

The energy gap of nanocrystals was believed to be directly estimated using the
PL measurements. Fig. 2.4 shows that the experimental trends, in general, follow

the theoretical calculation performed in Delerue’s quantum confinement framework.
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However, some discrepancies are observed between the experiment and Delerue’s
model that impose complementary considerations, in particular, for small sizes of
the nanocrystals. One missing factor is found to be associated with the interface
states located at the nanocrystal surface [70]. Furthermore, defects at the interface
acting as nonradiative centers are detrimental to achieving efficient luminescence from
nanocrystals [71]. Another difficulty to predicting the behavior of silicon nanocrystals
by EMA theory is related to the properties of the host material. Different composi-
tions of silicon based compounds have different finite potential barriers and polarities
greatly affecting the light emission coming from electron—hole pair recombination. In
this case, the PL measurement, as one of the well-established and powerful tech-
niques, does not necessarily represent the actual band gap energy. These factors are
briefly discussed in the following three paragraphs. Despite numerous studies in this
field, still, some questions on the luminescence mechanisms from silicon nanocrystals
remain unclear and there is no agreement on a universal model. Later in this chapter,
the proposed EMA model for other choices of silicon based materials such as silicon

nitride and silicon carbide are explained.

Interface States Fig. 2.4 shows various theoretical calculations of the PL en-
ergy as a function of the passivated nanocrystal size. Wolkin reduced the inconsistency
from the quantum confinement predictions, due to the surface states, by proposing
that the PL of the hydrogen-passivated nanocrystal is independent of the crystal
size [72]. The general trend of the calculated PL emission from the quantum con-
finement model is in good agreement with the experimental PL energy of hydrogen-
passivated nanocrystal since hydrogen passivation suppresses the surface defects and

improves the PL emission of silicon nanocrystals without changing their size. The
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unfilled circles in Fig. 2.4 show the experimental PL data measured for nanocrystals
with sizes ranging from 2 and 8 nm where they are in a good agreement with Delerue’s
model as well as Wolkin’s proposed model [67]. In contrast, the effect of oxidation
highly depends on the diameter of the crystal since oxygen atoms may form bonds on
the surface of small nanocrystals. It is shown that the substitution of the hydrogen
atoms by oxygen atoms decreases the PL energy, in particular, for crystal sizes below
3 nm. In Fig. 2.4, the effect of oxidation of already hydrogen passivated crystals is
shown in blue circles showing discrepancies from the predictions made by the EMA
model. The Si=0 covalent bonds form stable states positioned within the mid gap of
the nanocrystal where the recombinations occur between the trapped electrons with
free holes in the crystals with sizes between 2 and 3 nm, and through trapped excitons
for crystals smaller than 2 nm. As a result, approximately, only 30% of nanocrystals

embedded in a silicon dioxide matrix are optically active [73].

Passivation In silicon nanocrystals with a size smaller than 3 nm the light
emission does not only depend on the nanocrystal size according to the confinement
model, due to the increased surface area to volume ratio. Such nanocrystals can be
viewed as an interface rather than volume where the surface atoms at the interface
between the nanocrystals and host dielectric likely have partially bonded atoms (un-
saturated bonds). In general, the unsaturated bonds have higher energy states and
create localized states within the band gap acting as trap states for the electron—hole
recombination at the interface. They may serve as non-radiative recombination cen-
ters to quench the light emission coming from the silicon nanocrystal. The smaller
size of the crystals results in a larger surface area to volume ratio, and consequently,

a higher non-radiative recombination rate. Although larger nanocrystals have the
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advantage of a relatively smaller of surface states, they approach the properties of
bulk silicon and hence provide a lower probability to emit. As a solution, the sur-
face passivation either by hydrogen or oxygen was found to enhance the radiative
recombination rates for small nanocrystals. The passivation decreases the dangling
bond defects serving as the killer centers for the efficient PL from silicon nanocrys-
tals [74]. Surface passivation necessitates alternative explanations taking into account
the significant contribution from localized surface states. In addition, the type of the
material employed for the surface passivation plays a role, as will be discussed in the

following [75].

Potential Barriers The typical surrounding medium of silicon nanocrystals
is a dielectric such as silicon dioxide, silicon nitride, and silicon carbide with band
gaps of about 8.8 eV [77], 5 eV [78], and 2.4 to 3.2 eV [79], respectively. These
band gaps are large enough to support the approximation of an infinite potential
barrier required for the particle in a box model. In fact, the potential barrier is
the band gap energy difference between the host with relatively large band gap and
the silicon nanocrystals with a lower band gap since the confined QDs created by
small band gap silicon nanocrystals are sandwiched between two larger band gap
host matrix. In reality, the true barrier potentials are not infinite and hence the
potential is no longer periodic at the edge of the crystal. The carrier wavefunction
can leak and the subsequent wavefunction overlapping with the edge of the crystal
brings deviations from the infinite barrier assumption, particularly for sufficiently
small nanocrystals. Fig. 2.5 shows that silicon nitride follows the predictions made
by the EMA theory better than silicon oxide due to the lower molecular polarity of

silicon nitride. The energy levels of silicon nanocrystal in silicon oxide and nitride
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Figure 2.5: The calculated and measured PL energy of silicon nanocrystals.
The theoretical PL data obtained using EMA theory are compared with the experi-
mental PL data of nanocrystals embedded in silicon (sub)dioxide and silicon nitride
host matrices reported by various researchers. Reprinted (adapted) with permission
from [76].

are terminated with —OH, —H, and N H, groups, which simulate the oxide matrix,
vacuum, and nitride matrix, respectively, in the ab initio modeling. The ab initio
calculations using density functional theory (DFT) indicated that the higher polarity
between the surrounding matrix and nanocrystal band structure makes the impact
of the interface strain stronger than the quantum confinement [80]. Fig. 2.5 reflects
how in a 2-nm diameter and OH—-terminated nanocrystal, the interface strain reduces

the band gap of the nanocrystal. In a less polar matrix such as silicon nitride (and

as can be expected for a non-polar one like silicon carbide), the strain effect is not
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dominant [76].

Dangling Bonds We discussed that the defects at the interfaces serve as the
quenching centers for radiative recombinations in silicon nanocrystals. However, the
dangling bonds also can act as the radiative defects and therefore contribute to the
visible PL. emission, which makes the interpretation of the luminescence from sili-
con nanocrystals more difficult. Godefroo et al. [81] applied electron spin resonance
(ESR) [82] in an attempt to distinguish the origin of the PL emission in the silicon
nanocrystals embedded in a silicon oxide matrix. They evaluated the absence or pres-
ence of defects through a repetitive process of adding and then removing hydrogen.
They verified that defect-related radiative emissions were observed when hydrogen
was removed by UV illumination and dangling bonds were no longer passivated. The
silicon nanocrystals were small enough so that the effect of the passivation largely in-
fluenced the absence or presence of defect-related emission in the system. Fig. 2.6.a
shows small nanocrystals (<3 nm) formed within the silicon dioxide matrix and the
right panel, Fig. 2.6.b is the schematic of the energy levels of the surface states and
highly-localized defects at the interface of silicon and host matrix (SiO,) [81].

Overall, clearly, the origin of the PL emission of nanocrystals depends on the
choice of the host materials. It is also an over-simplification to attribute all of the
PL emission to silicon-ncs as explained by Canhams quantum confinement effect and
dangling bonds at the interface. In fact, the radiative emission from the defects
of the amorphous matrix itself can contribute to the PL spectrum. Now, the very
important task is to understand the contributors to the emission process resulting
from a combination of the nanocrystals, the interface of nanocrystals and matrix,

and the matrix itself. Different silicon-based host structures are further discussed in
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Figure 2.6: Schematic of defects at the interface of silicon nanocrystals and
the host matrix. (a) TEM image of small nanocrystals (<3 nm) formed within the
silicon dioxide matrix and one of them is highlighted by a blue circle; (b) schematic
of the energy levels of the surface states and highly-localized defects at the interface
of silicon nanocrystals and host matrix (SiO3). Reprinted (adapted) with permission
from [81].

the rest of this chapter.

2.3 Light Emission from Amorphous Dielectrics

It should be noted that in the present thesis, the crystalline structure of the host
matrix is not a matter of concern. The goal is to form silicon nanostructures either in
the form of crystalline or amorphous nanoclusters (ncs) inside a silicon-based material.
The growth of silicon-ncs in a host dielectric is possible in any amorphous host matrix
containing excess silicon relative to the stoichiometric requirements (so-called silicon-

rich thin films). Before continuing the discussion of the light emission process from
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different host materials, some aspects of amorphous materials associated with the

light emission properties are introduced in the following subsections.

Valence Conduction
band band

Extended state
Extended state

Defect
states

Energy

Figure 2.7: Schematic representation of the density of states in amorphous
silicon. The localized states and defect states within the mobility gap in amorphous
silicon are shown. The band tails create the exponential shape of the Urbach energy.
Reprinted (adapted) with permission from [83].

2.3.1 Electronic Structure

Amorphous solids are known to have a disordered atomic arrangement. They are
better described by a combination of long range disorders and short range orders
preserving some characteristics of the crystalline counterparts in the short distance
of a few nearest neighbors [84]. A random network model introduced by Zachari-
asen [85] is used to describe the electronic structure of an amorphous solid as well as
its combined short and long range scales. The random network does allow atoms to

coordinate with the neighbors in different configurations. Consequently, atoms with
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more or fewer bonds than the ideal configuration give a metastable state, which is
the specific feature of amorphous silicon-based materials, providing the opportunity
to form silicon ncs embedded in silicon rich host matrices. The alternative bonding
configurations in a metastable structure are characterized by the angle and length
deviations from the ideal bond angles and/or by a different coordination number. In
the case of deviations from the ideal angle, the charge distribution in the covalent
bonds is strained making the electron and holes localized (bound states). The in-
trinsic structural defects generated by non-stoichiometric bonding configurations are
different from the defects in crystalline solids such as point defects and impurities [86].

Although the number of localized states is large in amorphous materials, some de-
localized states are found in a moderately disordered structure forming energy bands
similar to crystalline counterparts. In this case, the energy levels of the localized
states are positioned near the delocalized states at the band edges (conduction and
valence bands). The main difference between the amorphous and crystalline struc-
tures is at the band edges where the energy tail of the localized states extends to
the delocalized states. The mobility edge is then defined as the energy level that
separates the localized states from the extended (non-localized) states [87]. Fig. 2.7
shows a schematic of the localized states as well as the interband gap energy levels
of defects for an amorphous structure with a relatively small disorder. It can be
observed that the energy states of defects are situated within the band gap showing
a more well-defined character in compare to the localized states. Nevertheless, the
density of the defect states and in particular the distribution of the band tail states
mediate the optical absorption and luminescence. In the following subsections, the

mobility gap and its calculations are discussed.
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2.3.2 Optical Band Gap

The mobility gap of a disordered amorphous structure is populated by localized states
that originate from disordered (strained) bonds and also defects (mainly dangling
bonds). Although it is very difficult to precisely measure the mobility gap, it is be-
lieved to be associated with the optical gap. The optical gap is a consequence of
the fact that the probability of optical transitions between the extended states and
localized states is very similar to the direct band-to-band transitions between two
extended states. This owes to the less probable and weak optical transitions between
the localized states or between one localized and one extended state, which are hard
to be observed. The optical transitions are described by the complex dielectric func-
tion (e1+iey given by transition matrix elements). The imaginary part is associated
with the absorption coefficient, which can be measured directly using absorption mea-
surements such as the UV-VIS method and indirectly by variable angle spectroscopic
ellipsometry (VASE) [88].

Fig. 2.8 shows a typical transmission spectrum obtained by UV-VIS measurements
for one of the amorphous SiC;N, samples presented in this thesis as well as the
reference corning glass. The noticeable oscillations at longer wavelengths originate
from interference due to the internal reflections, depending on the refractive index
and the film thickness [89]. The sharp absorption edge just below the band gap of
the glass is related to the exciton transitions at the extended states (conduction and
valence bands), indicated by dashed lines. The optical absorption spectrum of the
amorphous SiC,;N, (solid lines) shows an exponential curve reflecting the tail of the
localized states; a smaller slope indicates a larger degree of structural (compositional)

disorders. The bandwidth of the localized states is given by the Urbach energy (E,),
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Figure 2.8: Example of transmittance of amorphous materials. The slope of
the transmission spectra of amorphous SiC,N, (solid line) indicates the Urbach tail.
The reference corning glass (dotted lines) shows a sharp absorption edge.

which is generally between 100 to 500 meV depending on the level of disorder [90].
Experimentally, the band gap of amorphous semiconductors is quantified using
the absorption coefficient («) given by the transmission measurements followed by
employing a proper model. Various models exist to estimate the optical band gap
energy from the optical absorption coefficient [91]. The optical band gap (Eo4) is

the energy, where (a) is equal to a standard value of 10* cm™!.

An alternative
definition of the band gap is the Tauc energy gap (E,), which is typically calculated
by extrapolation of the linear Tauc plot showing \/ahv vs the photon energy (hv) [92]

according to Tauc relation as follows:
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aFE = B(E — E,)™ (2.11)

where m is equal to 2 in amorphous silicon based nanostructures with indirect
band gaps and B is the constant determined experimentally. Nevertheless, Eq, was
found to be much closer to the effective mobility gap of silicon based compounds given
by theoretical suggestions [93]. In this contribution, Eg, was calculated using both
UV-VIS transmission spectroscopy and/or ellipsometry measurements in reflection

and transmission modes.

2.3.3 Photoluminescence

The PL spectra of amorphous materials are rather broad compared to the relatively
sharp PL peaks observed in crystalline materials. The broadening of the PL spectra
originates from the distribution of the band tail and defect states serving as the two
sources of radiative recombination in amorphous materials. In the known binary
materials such as silicon (sub)dioxides the energy of the PL emission associated with
the defects is well established. Fig. 2.9 shows the possible recombination pathways
with the corresponding relaxation times in a confined silicon oxide nanostructure. As
discussed in subsection 2.1, in the photoabsorption process after a certain time the
excited electron recombines with a hole. The exciton-related emission from ncs on
silicon (sub)oxide is red and in the timesclae of microseconds (slow), while the defect-
related emission from the matrix itself or/and defects at the interface is blue and
fast, on the order of nanoseconds [94]. The blue emission is expected not to change
with the size of the nanocrystals while the red emission is found to be shifted to the

higher energy side of the visible range with smaller size of nanocrystals according to
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the discussed EMA model. Fig. 2.9 shows the red and blue photoemission and their
corresponding lifetimes along with an extra ultrafast emission related to the quantum
confinement in relation to the direct band gap of silicon (the second minimum of the
conduction band after the absolute minimum (see Fig. 2.1). It is suggested that the
quantum confinement influences the direct band gap in an opposite manner compared
to the indirect band gap. Super fast transitions (picoseconds) are generated, where the
band gap of silicon ncs narrows, but the associated PL peak of such “hot” transitions
is intensified with decreasing ncs size [37]. However, Luo et al. [95] have recently
published a correspondence, where the relation between the size of the crystals and
the energy band gap of direct transitions was argued using a new method to measure
the PL emission of one single silicon nanocrystal. Among all dielectric matrices to
embed the silicon ncs, the interface between the ncs and silicon (sub)oxide is one of
the most studied interfaces worldwide. The interested reader can find more widely
available reference sources to study the defect contribution to the luminescence models
of silicon oxide nanostructures [37].

The PL emission observed in the material presented in this thesis indicated that
the presence of carbon in the silicon nitride or nitrogen in the silicon carbide structures
formed a different chemical structure than that of nitride and carbide submatrices
accompanied with different band-tail states and defects. In the next sections, three
different common host dielectrics are briefly compared, where the focus is given to
the light emission mechanism of the two non-oxidized silicon based matrices (silicon

nitride and carbide) to be used for the investigations of SiC,N,, thin films.
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Figure 2.9: Three luminescence centers in a silicon oxide matrix. Three types
PL emission of nanostructured silicon oxide have been observed so far: Red and slow
emission on the order of nanoseconds associated with the indirect transition of silicon
ncs; the fast and blue emission originating from the defects at the interface or matrix
itself; the “hot” ncs-related emission from the direct band gap of silicon ncs on the
timescale of picoseconds shown by green color. Reprinted (adapted) with permission
from [94].

2.4 Host Dielectrics for Silicon Nanocrystals

Intensive research has been conducted on the introduction of new materials as the
luminescent active layers in silicon-based light sources. The three major candidates
to embed the silicon nanocrystals are silicon oxide, silicon nitride [96], and silicon
carbide [97]. Silicon dioxide itself is easy to grow thermally and the oxide interface
states of silicon ncs are found to be stable and protective to further oxidation in expo-
sure to air. However, other than efficient extraction of light from silicon nanocrystals,
the carrier transport needs to be taken into account in the application of silicon in
electroluminescenct devices and light emitting sourcesSilicon dioxide itself is easy to

grow thermally and the oxide interface states of silicon ncs are found to be stable and
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protective to further oxidation in exposure to air. However, other than efficient ex-
traction of light from silicon nanocrystals, the carrier transport needs to be taken into
account in the application of silicon in electroluminescent devices and light emitting
sources. Fig. 2.10 illustrates the barrier height between the silicon ncs and different
host dielectrics. Silicon (sub)dioxide is a good insulator and hence it has the largest
barrier height among all typical host dielectrics to form nanocrystals. On the other
hand, silicon (sub)dioxide shows low electrical conductivity due to its wide band gap
(E; =~ 8.8 €V [77]), which is the major obstacle for this candidate. Alternative can-
didates such as silicon nitride and silicon carbide have been proposed offering better
electrical properties with the advantages of relatively lower band gap compared to sil-
icon oxide. The band gap of silicon nitride (E, ~ 5 eV [78]) and silicon carbide (E, ~
2.4-3.2 eV [79]), provides potentially higher conductivity compared to that of silicon
dioxide. In the electrical device applications, the carrier requires traveling through
dielectrics and the smaller band gap increases the carrier mobility. This means a
larger probability for tunneling, and therefore, an increase of the carrier transport.
On the other hand, quantum confinement is effectively obtained by a sufficient
height of the potential barrier between the ncs and the host matrix. A lower barrier
limits the minimum size of the silicon ncs since the energy levels of smaller silicon
ncs likely exceed the lower barriers. This makes the quantum confinement, in prin-
ciple, not as strong as in silicon oxide materials. In addition, silicon nitride with a
lower band gap inherently exhibits high defect densities affecting both the optical and
electrical properties [99]. The main issue of silicon carbide with the lowest potential
barrier and hence the greatest conductance is the crystallization of the host matrix
before the formation of ncs. The complex surface states and defects [100] form a crys-

talline structure with characteristic length of about 30 nm that makes the quantum
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Figure 2.10: Illustration of silicon ncs in different matrices. A schematic band
diagram and the barrier height for silicon nanocrystlas embedded in silicon dioxide,
silicon nitride, and silicon carbide materials. Reprinted (adapted) with permission
from [98].

confinement unlikely [101]. By far, the density of interface defects is the lowest in ncs
embedded in a high-quality thermal oxide structure [73]; hence, they show the best
properties in a studied matrix with the highest quantum yield of 10% [73]. Never-
theless, the efficient extraction of carriers from silicon ncs remains a challenging task
to be accomplished and the ultimate solution seems to be the use of a conductive
silicon compound [3]. Silicon nitride and silicon carbide can be regarded as better

candidates for fabricating devices. In the following, the two non-oxide candidates are

compared.
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2.4.1 Silicon Nitride

Silicon nitride is an indirect band gap material that has two hexagonal (o« and (3)
and one cubic (¢) phases with an indirect band gap reported from 4.5 to 5.3 eV
depending on the film composition. In contrast to the discovery of silicon ncs formed
within silicon oxide dating back to 1990s, Park et al. [96] in 2000 demonstrated
evidence for amorphous ncs formed in a silicon nitride film using PL and optical
absorption measurements. One different characteristic of these ncs from the ones
formed in silicon oxide was that PL emission could be obtained for untreated samples
without the requirement of high-temperature annealing. They attempted to fit the
Bruce model using the measured PL data to describe the luminescence of silicon ncs

embedded in a silicon nitride matrix and suggested:

E(eV) = 1.56 + 2.24/a* (2.12)

Following this suggestion, they continued to describe the light emission from the
crystals or amorphous silicon nanoclusters by modifying the parameters of the pro-
posed model, e.g. Ey,, was modified from 1.56 to 1.16 eV in [102] [103]. Later on,
Kistner et al. [104] argued that even if the measured PL emission was fitted to the
quantum confinement model, it did not necessarily mean that the observed lumines-
cence was related to silicon ncs. They conducted a study on silicon nitride films, where
their results could be nicely fitted and interpreted using the EMA theory and Park’s
modified model. However, transmission electron microscopy (TEM) measurements
showed no evidence of silicon ncs. Instead, they could model the luminescence by
the band tail emission interpreting the position of the PL. band and the correspond-

ing full-width half-maximum. Consequently, the remaining question was whether the
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light emission was coming from the embedded silicon ncs or the silicon nitride host

matrix itself.

1153 eV

Figure 2.11: A schematic band diagram of a silicon nc with no dangling
bonds in SizN,. Ilustration of a silicon nc with no dangling bonds embedded in
SizNy. The dotted arrows show the tail states approach where the extended states of
silicon provides the opportunity for the exciton of ncs to lose its hole. If the remaining
electron contributes to the Auger recombination, silicon ncs do not contribute to the
radiative recombination regardless of the absence of non-radiative defects acting as
the quenching center. Reprinted (adapted) with permission from [99].

Later on, Hiller in a collaboration with a large number of researchers [99] studied
stoichiometric SigNy films as a reference sample where the formation of silicon ncs was

unlikely. They fabricated alternating layers of SigN, and silicon rich silicon nitride
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layers (superlattices of Si/SizNy) providing a size control of silicon ncs in a range of
2.6 to 5.2 nm [105] [99]. They used the superlattice design since it is not an easy task
to predict accurately the size distribution, morphology, surface states, and density of
defects for the established process parameters. In a superlattice approach, alternating
thin layers of the stoichiometric matrix and silicon-rich matrix are deposited to control
the size of silicon ncs [106]. By controlling the size of ncs, the decay time of the
PL emission was investigated using measurements concerning various temperatures,
times, and excitation sources. Fig. 2.11 shows the suggested tail states approach,
where the extended states of silicon provide the opportunity for an exciton of ncs to
lose its hole. If the remaining electron contributes to the Auger recombination, silicon
ncs do not emit radiatively regardless of the absence of non-radiative surface states
and dangling bonds acting as quenching centers. This research group continued to
attempt other complementary techniques such as positron annihilation spectroscopy
(PAS) to identify the traps between the ncs and multilayers of silicon nitride and
silicon oxide annealed at elevated temperatures. The increase of both PL and PAS
intensity suggested that the positron trap at the interface does not contribute to the
radiative recombination in ncs [107]. In general, this research group recommended
to consider the contribution of the host matrix itself to the light emission in the
application of particle in the box model to interpret the PL emission from silicon ncs.

Last year, Tsai et al. [108] reported the fabrication of a defect-free amorphous sili-
con nitride grown using two atomic beams (silicon evaporated beam and No-plasma),
a method called plasma-assisted atomic beam deposition (PA-ABD). The PA-ABD
is capable of removing Si-H and N-H bonds that are generating defect states serving
as trap centers for the carriers. The goal of this study was to develop a high-quality

defect-free silicon nitride structure for the gate insulators instead of the conventional
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Figure 2.12: Defect-related PL emission of amorphous SisN,. The defect-
related emission from the non-annealed SizN, under illumination by a 325 nm laser
source is shown and compared with the defect-free samples grown using PA-ABD
method. The PL peaks positioned at 2.6, 2.3, 2.1, 1.8, and 1.6 eV are labeled with the
corresponding defect for a thick enough sample. Reprinted (adapted) with permission
from [108].

silicon oxide. As mentioned earlier, one of the issues with the use of silicon nitride
is its large number of defects making moves through the trapping states, while a
defect-free silicon nitride is expected to offer large breakdown field and a low leakage
current.

The defect-related emission from a SizN, with no extra silicon can be applied to the

subject of this thesis. Tsai and co-workers confirmed the defect levels by comparing

the luminescence spectra of SigN, samples grown by conventional PECVD and the
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Figure 2.13: Possible radiative defects in silicon nitride. A schematic of the pos-
sible radiative defect centers is presented for an amorphous SizN, sample. Reprinted
(adapted) with permission from [109].

relatively newly developed method, PA-ABD. Fig. 2.12 shows the defect-related
emission from a non-annealed SigN, sample grown using a PECVD technique and
excited by a 325 nm laser source. The PL peaks positioned at 2.6, 2.3, 2.1, 1.8, and 1.6
eV arising from Si%-Si(o) and Si°=Ns, Si(c*)?, N*T-N2° and Si(c*)-N**, respectively,
were detected for thick enough samples. The observed peaks were consistent with the
calculations performed by Robertson et al. [110]. From a theoretical point of view,
Fig. 2.13 shows these interband gap defects related to Si-Si and N-N bonds, and Si
and N dangling bonds [109], where the so-called K centers (related to silicon dangling
bonds) are the dominant traps for the carriers. Fig. 2.12 shows that a more well-
defined shape develops with increasing film thickness for the PL spectrum due to the
stronger emission from defects. The room temperature PL spectra for the amorphous
SizNy4 grown by PA-ABD on silicon (100)(red) and the silicon wafer (100) (black) are
shown to verify the absence of the defect-related emission from samples grown using
PA-ABS [108].

In summary, the visible emission of amorphous silicon nitride can be explained in

terms of defect-related states serving as the radiative recombination centers. Upon
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thermal annealing, at the lower temperatures, the PL intensity is improved due to
the passivation of non-radiative defects. The PL intensity decreases with annealing at
temperatures higher than 1000 °C due to the thermally induced changes, where reduc-
tion of the density of dangling bonds suppresses the defect-related emissions. In the
silicon-rich silicon nitride, silicon ncs can contribute to the visible luminescence [102],
which is enhanced at higher annealing temperatures. A combined visible PL emission
from both defect-related states and silicon ncs in silicon nitride has been reported
and still, no consensus is achieved to distinguish whether the radiative recombination

occurs via quantum confined ncs or via highly localized defects [104].

Silicon Oxynitride Ternary matrices such as silicon oxynitride were attempted
to take advantage of silicon nitride defects emitting with higher energies compare to
that of silicon oxide in a silicon oxide matrix. Fig. 2.13 shows the energy states
of radiative defects in a silicon nitride matrix. In silicon oxynitride compounds,
the mixture of nitrogen-related defect states and oxygen-related defects results in
extending the PL emission to more of the visible spectrum and an increase in the
PL intensity [112] [111]. Similar to the aforementioned PL origin in silicon nitride
samples, the PL spectra of silicon oxynitride thin films can be associated with the
radiative defect centers related to both silicon oxide and silicon nitride structures as
well as silicon ncs. Jou et al [111] implemented this model to amorphous SiO,N,, thin
films fabricated using reactive sputtering in an Ar+N, plasma with silicon target. Fig.
2.14 shows the decomposition of the PL spectra into five PL sub-bands associated
with nitrogen and oxygen-related defects. The following subsection concentrates on
the light emission of silicon ncs and defects in silicon carbide thin films. In chapter 6,

the approach of deconvolution of the PL spectra and their link to the defects of silicon
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Figure 2.14: Deconvolution of PL spectra of amorphous SiON. PL spectra
of amorphous SiO.;N, layers containing various content of nitrogen are measured
using a 325 nm excitation source. The percentage indicates the flow ratio of Ny
gas for the samples annealed at 900 °C in a vacuum ambient. Each individual PL
peak is deconvoluted into five PL sub-bands and assigned to defect-related emissions.
Reprinted (adapted) with permission from [111].

nitride and silicon carbide is taken to interpret the PL emission of the amorphous

SiC, N, samples presented in this thesis.

2.4.2 Silicon Carbide

Silicon carbide is an indirect band gap material with more than one hundred polytypes
- different crystal structures of a given material with varying stacking sequence. Only

a few polytypes can be used in electronic devices. The most common polytypes
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are listed as 3C-SiC, 4H-SiC, and 6H-SiC with band gaps of 2.3, 3.03, and 3.2 eV,
respectively [113].

Although the first traditional diode LED was made of silicon carbide [114], the
light emission of silicon carbid is less documented compared to silicon oxide and silicon
nitride due to its lower success rate to form ncs. The challenge of silicon carbide
nanostructures is to reduce the size of ncs to a few nm and avoid the agglomeration
of small ncs [100]. Silicon oxide and to some extent silicon nitride act as the large
diffusion barrier, which prevents highly ordered and spherical ncs during the phase
separation process [73]. On one hand, silicon carbide with the lowest potential barrier
forms likely highly spherical ncs; on the other hand, the smaller barrier provides more
coalescence of small ncs so that the large crystals (~ 30 nm) reach the maximum limit
of the quantum confinement.

Wu et al. [115] for the first time demonstrated the experimental evidence for the
small size ncs (3C-SiC nanocrystals) formed within porous silicon carbide on the order
of 2 to 6 nm that enhanced the luminescence efficiency and shifted the emission to
higher energies (2.3 to 2.7 eV). They suggested the following equation as the best

fitted model to EMA model explaining the size-dependent energy:

E* = E, + h*/8ur® — 1.8¢* 4meger (2.13)

where E;=2.2 eV is the band gap of 3C-SiC. These samples were prepared using
electrochemical etching of a polycrystalline 3C-SiC wafer in HF-ethanol (HF: CoH;OH
2:1) solution, where following a number of HF etchings the solution was coated on a
silicon wafer [115]. Although prior to Wu’s work, silicon carbide ncs precipitated in

the amorphous silicon carbide layer grown using PECVD was reported to be formed
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at annealing temperature of 575 °C, a specific quantum confinement model was not
developed [116]. Fig. 2.15.a shows the TEM image of the suspension of porous SiC
dripped on a graphite grid demonstrating relatively small spherical nanocrystals dis-
tributed separately within the porous silicon carbide background [115]. In contrast to
Wu’s sample, Fig. 2.15.b illustrates different polytypes of silicon carbide ncs (a mix-
ture of 3C-SiC, 4H and 6H-SiC) distributed closely spaced and randomly in PECVD

grown samples [116].
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Figure 2.15: TEM images of silicon carbide ncs. TEM images indicate the
existence of silicon carbide ncs in the amorphous host matrix with; (a) separated
distributed ncs obtained using a chemical method [115]; (b) closely packed ncs em-
bedded within the thin films annealed at 575 °C. Reprinted (adapted) with permission
from [116].

Generally, the suspension liquid or SiC-polymer techniques are found to keep the
small silicon carbide ncs separated and avoid the agglomeration of 30 nm crystals

compared to ncs embedded in thin films [117] [118]. Some researchers attempted
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to form small ncs within amorphous silicon carbide thin films. Wen et al. [119]
demonstrated the formation of silicon ncs inside the hydrogenated silicon rich silicon
carbide thin films grown using capacitively coupled (CC)-PECVD in a mixture of
SiH, and CH,. As one of the issues observed in the some works concerned with
the PL emission from the silicon-based materials, no information on the samples’
composition and hydrogen evolution was provided. Nevertheless, the PL spectra of
samples excited by a 4 mW HeCd laser at 325 nm was fitted to six sub-bands using
Gaussian curves (Fig. 2.16). The origin of four sub-bands was associated with the
defects of the amorphous silicon carbide matrix and two PL bands were explained
in terms of silicon ncs. The decomposition of individual PL bands is illustrated in
Fig. 2.16 and agreed with the reported defects in silicon carbide. It was believed that
the intensity of the PL bands related to ncs changed during the annealing process.
The shift of the PL peak position to high energy regions of the visible spectrum was
assigned to ncs using the quantum confinement model and the decrease in the PL
peak intensity was attributed to the defects. Several researchers reported defects
in silicon carbide structures. The PL line positioned in the near infrared region is
well known as the fingerprint of the silicon vacancy defect, Vg; [120]. Castelloto et
al. [121] associated the PL bands in the 600-800 nm range with the positively charged
carbon antisite-vacancy pair defects, C,; V.., the so-called AB lines. ESR and positron
annihilation spectroscopy (PAS) experiments identified the AB lines as the dominant
defect centers in H-SiC, which exhibit luminescence upon annealing up to 500 °C and
in some off-stoichiometries up to 800 °C [122].

Although the luminescence properties of silicon carbide are less explored compared
to those of oxide and nitride structures, unlocking the potential of silicon carbide for

the use in LED applications is an interesting subject since silicon carbide materials
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have been already well-established for harsh-environment applications due to their
superior thermal and chemical stability [123] [124]. Recently, Lu et al. [125] fabricated
a white light source using a hybrid structure, where 6H-SiC was co-doped with boron
and nitrogen and coated with a porous layer by atomic layer deposition (ALD). They
took advantage of a combination of the blue/green emission of porous SiC generated

from the surface defects and the intrinsic yellow emission from the doped substrates.
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Figure 2.16: Deconvolution of the PL of silicon carbide. The deconvolution of
PL emission coming from as-deposited and annealed amorphous silicon carbide thin
film annealed at 1200 °C. The crystalline silicon carbide and silicon oxide related de-
fects are suggested as the origin of PL emission. Reprinted (adapted) with permission
from [119].

Silicon Oxycarbide The ternary material of silicon oxycarbide is attracting in-
terest and one group has been investigating these films intensively [126] [127]. Kassiba
et al. quantitatively and numerically studied the emission from fairly large 3C-SiC
and 6H-SiC nanoparticles (10 to 25 nm) in a SIOC matrix grown synthesized by CO,

laser pyrolysis of silane and acetylene. The measured PL spectra were explained in
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Figure 2.17: Experimental and calculated PL spectra of SiOC. I and II show
the calculated PL spectra excited by a 337 nm source for crystalline and amorphous
SiC clusters; (I) 3C-SiC (solid line) and 6H-SiC (dashed line); (II) amorphous struc-
ture (solid line), $-SiC with Si-O bonds (dashed line), and carbon cluster (line with
square symbols); (III) measured PL spectra excited with a 514 nm source for (a) as-
grown and annealed samples at (b) 440 °C and (c) 970 °C using oxygen ambient. The
intensity of (a) and (c) is normalized to (b) by a factor of 1/3 and 1/10, respectively.
The inset is the Raman spectrum of the untreated sample showing vibrational bands
from carbon and SiC structures [97].

terms of the numerical calculation of the cluster-related and defect-related emissions
(carbon and silicon vacancies). The samples were treated in an oxygen ambient and
the radiative recombination from carbon clusters and Si-O bonds were suggested to
be responsible for the radiative recombination. The calculated PL bands at 410 and
380 nm were assigned to 3C-SiC and 6H-SiC with optical gaps of about 3.02 and
3.26 eV, respectively (Fig. 2.17). Although the band gap of 3C-SiC and 6H-SiC

nanoparticles decreased compared to that of bulk, it was attributed to confinement
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effect. Nevertheless, this work has been used as one of the references to interpret the
luminescent sources of SiOC thin films and some SiC,N, samples, where the oxygen

contamination was significant that Si-O defects emitted radiatively.

2.5 Silicon Carbonitride

One cannot make a conclusive agreement on balancing the properties of discussed
silicon-based compounds and suggest one of these compounds as the best material
to be used for the luminescent silicon-based structure since each of them has its own
limitations to be commercialized. A relatively new material, SiC,N, has shown unique
properties inherited from the combined properties of binary substructures and at the
same time, by overcoming their limitations [128] [129]. SiC,N, is a material, allowing
to move from silicon-based structures rich in nitrogen to materials rich in carbon [130].
In the following subsections, a literature review of the luminescent studies on SiC,;N,
thin films is presented, with respect to the latest research developments. The various
growth methods to produce thin films of SiC,N, are given, and the chapter ends with

a discussion of present and future practical applications.

2.5.1 Light Emission from Silicon Carbonitride

Due to less studied optical features of SiC,N, thin films, no luminescent model has
been suggested to explain the observed emission spectra from this compound. The
existing literature on luminescent SiC,N, materials includes a limited number of PL
studies reported with no further considerations concerning the origin of the light
emission. In addition, some researchers discussed most likely sources of luminescence

for SiC;N, thin films that contained a significant amount of oxygen, which can be
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better viewed as SICON films. Consequently, the Si-O defect-related emission was
suggested as one of the contributors to the luminescent centers [27] [131]. Although
the origin of the PL emission in a SICON matrix is not a representative choice to
be used for materials presented in this thesis, some of the well-acclaimed reports on
SiCON thin films are outlined. Nevertheless, there is still no information available
regarding the PL mechanism or any model controlling the PL of SiC,N, materials
(with negligible oxygen content) in the literature.

We confirmed the amorphous structure of all samples investigated in this thesis by
various techniques. The PL emission of such films with negligible oxygen content (~ 2
to 3 at. %) seemingly can be understood by the explanation of the light emission pro-
cess in an amorphous material, where the tail state and defect-related transitions are
the main contributors. The reason for this assumption can be found in the literature,
where the band tail luminescence was assigned not only for amorphous silicon, but
also for other amorphous silicon-based structures, see e.g. [132]. Furthermore, Pavesi
and co-workers [133] studied extensively the alloying of silicon with nitrogen for a
wide range of compositions (SiN, where 0.15<x<0.52). They believed that in con-
trast to amorphous hydrogenated silicon with the dominant, extended band to band
transitions, alloying makes the structure more disordered, so that the PL. mechanism
can be explained in terms of band-tail and/or extra defect-related emission. In chap-
ter 6 we discussed the probable luminescence mechanisms of SiC,N, thin films using
the reported data of silicon nitride and silicon carbide structures that was discussed

in the previous section.
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2.5.2 Band Gap of Silicon Carbonitride

One of the interesting features of SiC;N, thin films is having a large compositional
space allowing for extensive band gap optimization. In fact, the SiC,N, matrix has
an intermediate band gap between that of stoichiometric SiC (2.4-3.2 eV) [97] and
stoichiometric SisNy (5.0 €V) [96] providing the potential for band gap engineering.
Furthermore, the smaller band gap of SiC,N, films compared to silicon nitride and
silicon oxide structures provides better prospects for electron transports in electrolu-
minescent devices [96].

Chen and co-workers have been one of the pioneers in the fabrication of crystalline
SiC, N, thin films, who experimentally demonstrated 3.8 eV for the band gap of Si-rich
SiC,N, crystals [26]. They employed a microwave PECVD at deposition temperatures
above 800 °C to fabricate crystalline Siz5sCosN3g thin films and investigated their PL
emission and band gap. Its band gap was measured with piezo-reflectance (PzR)
spectroscopy determining a direct band gap of about 3.8 eV. It was consistent with
the photothermal deflection (PDS) experiments that delivered two absorption edges
at 3.8 eV and 3.2 eV. The latter was associated with an indirect band gap and is
shown in Fig. 2.18.a by solid lines [26]. However, they were not able to observe
any PL emission related to 3.8 eV. The dotted line in Fig. 2.18.a shows an intense
broad PL emission centered at 2.8 eV, likely due to the presence of a large number
of defects [26]. Chang et al. [134] demonstrated PL emission associated with a 3.8
eV direct band gap in crystalline SiC,N, grown using rapid thermal chemical vapor
deposition (RTCVD). Fig. 2.18.b shows one of the typical PL spectra showing a sharp
PL peak with FWHM of 30 meV (4.1 nm) positioned at 3.77 eV (329 nm). The PL

data was used to estimate the band gap for a UV detector. Their research was not
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on the visible emission properties of SiC,N, materials and their PL mechanism.
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Figure 2.18: First reported PL of SiC,N,. (a) First reported PL of SiC,N, sample
and the spectrum of photothermal deflection (PDS) measurements used to evaluate
the band gap. Reprinted (adapted) with permission from [26]; (b) The PL spectrum
of crystalline SiC,N,, excited by a He-Cd laser. Reprinted (adapted) with permission
from [134].

Later, Chen et al. [135] investigated comprehensively the electronic structure of
SiC, N, materials using first principles calculations for the first time. Fig. 2.19 shows
the band structure calculations of the phases present in SiC;N, thin films including
a-SigNy, a-SigCNy, a-SiCyNy4, a—C3Ny structures, with band gaps of 4.62, 3.5, 3.34,
and 3.69 eV, respectively [135]. They verified that the addition of carbon into SiC,N,,
layers increased the concentration of CN bonds as well as SiN bonds. The influence of
carbon on the hardness properties of SiC, N, was linked to the theoretical calculations

and no further discussion of the optical properties was provided.
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Figure 2.19: Band structure of SiC,IN,. The calculation of the electronic structure
of (a) a-SigNy; (b) a-SisCNy; (¢) a-SiCyNy; (d) aC3Ny with band gaps of 4.62, 3.5,
3.34, and 3.69 eV, respectively. Reprinted (adapted) with permission from [135].

2.5.3 Reported Luminescence of Silicon Carbonitride

Ng et al. [27] employed radio frequency (RF) magnetron sputtering with a Si/C
composite target in Ar+Nj gas to fabricate SiC;N, thin films. Fig. 2.20 shows the
visible PL emission excited using a 514 nm source as a function of different deposition
times, which are broaden over the entire visible range. Large silicon carbide ncs
were formed and the broad PL peak was assigned to their size distribution. As we

explained in the previous section it is difficult to form small silicon carbide ncs due
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to their tendency to coalesce. Therefore, with the increase of the deposition time,
larger number of silicon carbide nanoparticles agglomerate together. Even though
it was assumed that there was no oxygen in these nanostructures (as no oxygen
was introduced intentionally during the growth process), significant Si-O bonds were
detected in the structural analyses. Subsequently, the luminescent model developed
by Kassiba et al. [97] for silicon oxycarbide compounds was employed to describe
the PL mechanism. In addition, Ng et al. [27] presented more details concerning
the deposition parameters and film composition of these samples, where the oxygen
amount increased with the addition of more Ny gas during the deposition. The oxygen
concentration reached 40% in the samples making these samples more like oxygen-rich
SiOCN layers.

Du et al. [131] [136] conducted a passivation study on the influence of different
gases on the PL emission of samples grown using reactive sputtering with SiC tar-
get and Ar+Ny plasma. The composition of the as-deposited sample was reported
as a nitrogen-rich Siz76C155N496069 (containing low oxygen content) given by the
energy-dispersive X-ray spectroscopy (EDS) technique. The samples was subjected
to thermal annealing at 1200 °C for 30 minutes with different atmospheres of nitro-
gen, argon, and hydrogen. Argon annealing was found to induce a phase separation
of carbon-rich and silicon-rich clusters while nitrogen was diffused out of the sample.
Annealing in nitrogen virtually had no influence on the structure and phases of the
sample. Fig. 2.21.a shows the X-ray diffraction (XRD) pattern of hydrogen annealed
samples that formed three crystalline phases a-SizNy, 5-SiC, and graphite along with
an amorphous silicon oxide phase Siz72Cs5sN120557. Silicon carbide nanocrystals
were large enough to be observed in the TEM image while no silicon nitride crystals

was detected. Only the sample annealed with in hydrogen gas showed two intense PL
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Figure 2.20: Room temperature PL emission of SiCN films. Visible PL emis-
sion excited using a 514 nm source as a function of deposition time. The origin of the
luminescence was assigned to silicon carbide nanocrystals and silicon oxide-related
defects. The broadening of the PL emission was associated with coalescence of crys-
talline silicon carbide nanoparticles with the increase of deposition time. Reprinted
(adapted) with permission from [27].

peaks at 355 nm (3.49 eV) and 469 nm (2.64 eV) (Fig. 2.21.b). Si-O defect-related
PL was suggested as the source of the first PL peak. The second PL emission was
explained in terms of the quantum confinement model for silicon carbon ncs. The au-
thors believed that during the argon and nitrogen annealing, oxygen atoms prevented
silicon atoms from bonding with carbon atoms leading to no formation of silicon car-

bide crystallites. Only hydrogen annealing prevented oxygen atoms to form bonds

with silicon carbide nanostructures, which allowed silicon carbon nanocrystal with an
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average size of 5 nm formed within an amorphous background of silicon oxide.
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Figure 2.21: XRD pattern and PL emission of sputtered SiC;N,.
Siz7.23C5.88N1.23055.66 samples (containing oxygen) annealed for 30 minutes using hy-
drogen gas; (a) XRD pattern shows the three crystalline phases of graphite, silicon
carbide, and silicon nitride; (b) PL spectra excited by a 211 nm excitation source de-
livers two virtual peaks at 422 and 633 nm due to the frequency multiplication. The
PL peaks at 355 nm (3.49 eV) and 469 nm (2.64 eV) were assigned to confined sili-
con carbide nanocrystals and SiO defects, respectively. B, C, and D are the samples
annealed using argon, nitrogen, and hydrogen gas, respectively. Reprinted (adapted)
with permission from [131].

Although this study discussed the control of the silicon carbide ncs sizes in an
amorphous silicon oxycarbide matrix, it cannot be applied to distinguish the origin of
PL emission of SiC, N, thin films due to the following two reasons: First, the anneal-
ing in nitrogen and argon was reported to induce no influence and phase separation,
respectively. However as shown in Fig. 2.21 the PL spectra of all samples have some
structure that is intensified in the samples annealed using hydrogen gas. The simi-
larity of the PL emission of an amorphous structure (sample C) and phase separated
samples (sample B) with a polycrystalline sample (sample D) has not been taken into

account making the reported composition of the phases formed at higher temperatures
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questionable. Second, the formation of such oxygen-rich phases leads one to question
the initial oxygen level reported for the as-grown sample. The as-grow samples ini-
tially contained high level of nitrogen (about 50 at. % of the layer), which gave a
possibility that the reported oxygen level was higher than 7 at. %. It is possible that
nitrogen and oxygen content were mixed in the EDS analysis, since the fraction of
silicon-nitrogen phases in the sample annealed with hydrogen gas was very small and
no nitrogen was found for the sample annealed with argon gas. The authors, however,
did not discuss this possibility in [131] or other related works [137] [136]. In [137],
they applied X-ray photoemission (XPS) to determine the composition of the films
where all growth parameters were similar to the samples studied in [131], except for
for nitrogen, the concentration of which at was 3 times higher than that of [131], but
the sample in [137] contained lower nitrogen and higher oxygen (Sizs.7Ca65N25013.).
Overall, Du and coworkers performed compositional analysis using EDS and XPS,
which are less accurate compared to other compositional techniques such as RBS em-
ployed for the research presented in this thesis. Their samples can be better viewed
as SIOCN thin films rather than SiC,N,. It is worth mentioning that different gases
were tested for our annealed samples and no significant difference was observed for
the PL emission. We confirmed that there was no significant reduction of nitrogen
for our annealed samples at elevated temperatures using the combined RBS-EDR
measurements (chapter 5).

Huran and coworkers shifted their interest from silicon oxynitride to SiC;N, thin
films using nitrogen ion implantation into silicon carbide to increase the conductivity
of silicon nitride thin films [138]. They deposited amorphous SiC,N,, thin films using
PECVD and observed two PL bands positioned in a range from 420 to 470 nm and

500 to 610 nm in the room temperature PL spectrum [139]. The origin of the blue
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emission remained in doubt and the second PL band was attributed to the band-
band transitions. Then, a study on the influence of deposition temperature on the
PL emission of the samples grown using ECR PECVD was conducted. The changes
in the PL spectra were assigned to the lower quality of the films due to hydrogen

loss and fewer passivated dangling bonds without any discussion of the assigned PL

model [140].
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Figure 2.22: Low temperature PL emission from different SiC,N, thin films
PL spectra of as-grown SiC,N, thin films deposited using PECVD and measured at
5 K temperature are compared. The P1, P2, and P3 samples were prepared using
deposition temperatures of 350, 400, and 450 °C. Reprinted (adapted) with permission
from [141].

A year later, Huran and colleagues performed PL measurements close to zero
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temperatures (5 K) for three samples grown at three different deposition tempera-
tures, where all samples showed PL bands at 550 and 750 nm as illustrated in Fig.
2.22 [141]. The P1, P2, and P3 samples were prepared using deposition tempera-
tures of 350, 400, and 450 °C containing silicon, carbon, nitrogen, and hydrogen as
follows: P1 (30, 25, 25, 24 at. %), P2 (29, 23, 28, 22 at. %), and P3 (30, 22, 30,
20 at. %), respectively. The higher deposition temperature made a third PL peak
pronounced at around 610 nm and the intensity of the high energy side of the visible
range was enhanced. The authors clarified “in amorphous materials the luminescence
originates in the band to band transitions (more precisely, transitions between tails
in energy bands) and band (band tail) to discrete level transitions, where discrete
levels originate in structural defects. Hence, we assign luminescence bands to these
two fundamental transitions” [141] and left the origin of the peak around 450 nm
unidentified.

Wu et al. [142] fabricated SiC,N, thin films using dual ion beam reactive sputter-
ing at room temperature and different energies. The PL emission excited with a 220
Xe lamp showed two peaks at 410 nm (3.03 eV) and 468 nm (2.64 V), Fig. 2.23,
with virtually unchanged position regardless of the ion beam energy used during the
growth process. They assigned the first PL band to the defect related to carbon clus-
ters in the surrounding silicon carbide matrix and the second emission in blue color
to sp? carbon bonds. The PL model used for the first PL peak had been previously
developed for silicon carbo-oxide structures containing no nitrogen. The second PL
emission was referenced from [137] as discussed earlier where the samples could be
viewed as SiOCN films. Furthermore, no accurate information was provided on the
sample composition and the possible source of oxygen was not elaborated.

Ivashchenko et al. [144] fabricated amorphous SiC,;N, thin films using PECVD

68



Ph.D. Thesis - Z. Khatami McMaster University - Engineering Physics

gy

410

3
s
> 468
(7))
5 SN
[
i ) e
o

° /\

C e

300 350 400 460 480 500

Wavelength (nm)

Figure 2.23: PL emission of SiCN films excited by a 220 nm laser source. PL
emission of SiCN thin films excited by 220 nm Xe lamp shows two peaks at 410 nm
and 468 nm for all samples grown using different ion energies. Reprinted (adapted)
with permission from [142].

with hexamethyldisilazane (HMDSN) and different nitrogen flow rates at a substrate
temperature (Ts) of 450 °C. The structural aspect, PL, and hardness of the films
were investigated along with some ab-initio calculations of amorphous SiC,, SiC,N,,
SiN,, and SigNy [145]. The samples were excited using a Hg lamp with a UV filter (A
~ 365 nm), where the PL peaks at 428 to 490 nm and 583 to 594 nm were assigned
to a-SiC,N, and a-SiC,, respectively. As shown in Fig. 2.24, nitrogen was found to
increase the first PL peak (428 to 490 nm) related to the a-SiC, N, network confirming
their hypothesis on the origin of emission [144]. In addition, they considered that the
photoemission was due to the transitions between the tails in energy bands within
a-5iC, and a-SiC;N,. Although the composition of Sig37Cq.37N¢.25 implied that the

film was free of oxygen, the electronic structure of the samples was discussed in terms
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Figure 2.24: Room temperature PL emission of sputtered SiCN. PL spectra
of SiC,N,, thin films deposited using different nitrogen flow rates (solid line), excited
using a Hg lamp with a UV filter (~ 365nm). The dotted lines indicate the Gaussian
curves fitted to experimental spectra. Reprinted (adapted) with permission from
[143].

of oxygen-related bonds. In addition, no discussion was provided on the influence of
hydrogen on the band gap states while the PL emission from the defect states was
suggested as the luminescent center in conjunction with a PL model developed for
silicon oxycarbide thin films [97]. The subsequent articles by Ivashchenko and co-
workers (A. Kozak, L.A. Ivashchenko, and O.K. Porada) did not concentrate on any

further analysis of the luminescence mechanism and shifted to mechanical studies of

SiC,;N,, thin films [146] [147] [148].
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Figure 2.25: PL emission of carbon-implanted silicon nitride. PL spectra was
measured at 20 K using a UV laser at 197 nm. The amorphous SiN, and the annealed
samples of SiN, implanted with carbon ions show broad features centered at 420 to
460 nm and 570 to 620 nm. Reprinted (adapted) with permission from [149].

Liu et al. [149] implanted carbon ions into crystalline hydrogenated silicon nitride
thin films and measured the PL emission at low temperatures using a UV excitation
of 197 nm. The broad PL spectra of as-grown and annealed samples are illustrated in
Fig. 2.25 showing that the characteristic Si-N emission at 420 nm (2.95 eV) appeared
in both non-implanted and implanted samples. The Gaussian fitting delivered four
sub-bands positioned at 420 nm (2.95 e¢V), 480 nm (2.58 eV), 541 nm (2.29 eV), and
584 nm (2.12 eV). The SiC,N, and SiC structures seemed to be responsible for the
emissions at 480 nm and 541 nm, respectively.

Bulou et al. [150] [151] studied the influence of carbon and other deposition pa-
rameters on SiC,;N, layers grown using microwave PECVD with HMDSN, Ny, Ar,
CH, plasmas. Bulou et al. [152] earlier had used in-situ optical emission spectroscopy

(OES) to investigate the dominant reactions during the deposition of SiC,N, thin

71



Ph.D. Thesis - Z. Khatami McMaster University - Engineering Physics

films. Although this research group was involved with the experimental and nu-
merical study of SiOC materials [97], no luminescence from SiC,N, compounds was
reported. The structural properties of the SiC,N, films produced by this group were

similar to our SiC,N, samples reported in this thesis.
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Figure 2.26: Broad PL emission of SiC,N,. PL spectra excited using a UV laser
at 335 nm showed broad features centered at 420 to 460 nm and 570 to 620 nm
assigned to carbon clusters and silicon carbide ncs, respectively. With increasing of
sputtering power of the carbon target, the intensity of PL peak (around 600 nm)
increased due to the shrinkage of silicon carbide ncs size. Reprinted (adapted) with
permission from [153].

Recently, Li et al. [153] studied luminescent samples fabricated using reactive
magnetron sputtering with an Ar+Nsy plasma, where the silicon and carbon content

were adjusted by the sputtering power. Fig. 2.26 represents the room temperature
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PL spectra excited using a UV laser at 335 nm that showed broad features centered
at 420 to 460 nm and 570 to 620 nm assigned to carbon clusters and silicon carbide
ncs, respectively. The size of the 3CSiC nanoparticles was estimated to lie between
11 and 18 nm using X-ray diffraction measurements and the Scherrer equation (XRD
equation). The authors believed that due to the quantum confinement effect, with
sputtering power increase of carbon target the relative intensity of the second PL
peak (around 600 nm) to the first peak (around 450 nm) increased due to the en-
hancement of quantum confinements and shrinkage of silicon carbide ncs size. They
employed a silicon oxide structure as a reference for the PL model to assign the PL
peak positioned at the lower visible range. Regardless of their interpretation of the
quantum confinement model of silicon oxide nanostructures in their SIOCN samples,
the role of carbon can be understood. Fig. 2.26 shows that more carbon in the layer
made the PL more intense implying the contribution of Si-C structures to the PL
emission.

Similar works to the ones mentioned above have been published on PL studies
of SiC;N,, however, no additional PL mechanism was reported by these authors,
see e.g. [154] [155]. In addition, some important contributions concerning the struc-
tural properties of thin films were also published without a focus on the luminescent

emission, see e.g. [156] [157] [158] [159] [160] [161] [162] [163].

2.5.4 Growth Methods

SiC,N, thin films have been produced using several methods including pulsed laser
deposition [164] [165], ion beam and reactive magnetron sputtering [27] [142], and

various chemical vapor deposition (CVD) techniques such as hot wire CVD [158] and
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plasma-enhanced CVD (PECVD) [166]. The growth of SiC,N, thin films is not a
very easy task due to the possibility of the formation of SiC and SiN phases in the
SiC; Ny network. The methods and conditions of the growth affect the phases formed
within the deposited layer. Among the above techniques, plasma-assisted deposition
allows the formation of amorphous nitride and carbide at much lower temperatures
than those deposited by conventional CVD [141] [167]. High-temperature growth is
one of the drawbacks in the production of commercialized devices. Plasma-assisted
techniques also provide higher homogeneity of films over the substrate surface, which
enhances the formation of the SiC,N, phase. ECR PECVD, similar to other plasma-
assisted thin film deposition techniques, allows for the formation of Si-H,, ions to
produce amorphous materials. The common precursors used in a PECVD method
(SiH4 and CH4 or CyHy) introduce hydrogen, which partly induces the formation of
amorphous structures. The extra hydrogen content disorders the bonding structure
between silicon and other atoms such as carbon or nitrogen. This can be achieved
by breaking the Si-Si bonds in amorphous or crystalline silicon, Si-C bonds in silicon
carbide and Si-N bonds in silicon nitride structures [168]. In chapter 5, we exper-
imentally show that the optical properties of the thin films (PL, refractive index,
and optical gap) strongly vary with the hydrogen content and diffusion. It is worth
mentioning that, in addition to the visible light emission of nanostructured SiC,N,
materials, which has not been reported in details, little research has been conducted
on the release of hydrogen and microstructural changes resulting from the thermal

treatment on hydrogenated SiC,N,H, thin films [28] [29].
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2.5.5 Applications of Silicon Carbonitride

Besides the potential use of SiC,N, materials for light sources, these lumisnencet
materials can be used for other applications as will be briefly discussed. These appli-
cations have received attention due to superior physical characteristics of SiC,N, such
as hardness, high thermal stability, oxidation resistance, and corrosion resistance. In
fact, SiC, N, materials have appeared as an intermediate matrix to meet the demands
in hard coating applications. Concurrently, the tunability of their electrical and opti-
cal properties has appealed their interest in the field of photonics. Crystalline ceramic
SiC,Ny has been found to be a suitable candidate for high pressure sensors for ser-
vice temperature ranges above 1400 °C [169]. Returning to the primary intention of
this research topic, hydrogenated amorphous SiC,N, thin films have attracted the
interest of scientists for potential applications in thin film devices. In general, silicon
can operate at lower temperatures of hundreds of degree Celsius, which is the major
barrier for the application of silicon at high temperatures above 500 °C, where the
functionality of MicroElectroMechanical system (MEMS) devices is limited [129].

Since the early 1970s, SiC,N, compounds have been of particular interest to re-
search in the ceramic community (SisN4SiC composites) [170], however, in 1996 a
break through happened and Riedel et al. [171] reported an amorphous SiC,N,, com-
pound that featured an oxidation resistance up to 1600 °C owing to the low diffusion
coefficient of oxygen in SiC and SiN phases. Following the fabrication of first crys-
talline SiC,N, thin films [26], this ternary material started to receive attention in
the attempts to make crystalline carbonitride (C3Ny4) considered as a super hard
hypothetical and non-existing compound [172].

In fact, carbon-based thin films do not offer the required properties for current
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optical designs [173] and silicon nitride materials have been considered as the basis for
several optoelectronic devices [174]. On the other hand, the durability and hardness
of silicon nitride structures cannot compete with those of carbon-based hard counter-
parts such as diamond-like carbon, carbonitride, and silicon carbide compounds [24].
The combination of C3N,4 and SiN, structures, therefore, appears as a good strategy
to employ the hardness of carbonitride in a more stable silicon-based matrix [175].
This is confirmed by the fact that the hardness of SiC,N, thin films exceeds that
of silicon carbide and silicon nitride layers [172]. A number of studies show that
the addition of carbon to silicon nitride phase yields an increase of hardness and
wear resistance. For example, SiC,N, structures has appeal to researchers for wear-
resistant [176], corrosion-resistant coatings [175], and recently for silicon-based anode
materials in lithium ion batteries [177].

The presence of carbon in the silicon nitride matrix, in addition to the enhance-
ment of the mechanical strength, offers advantages over standard silicon nitride thin
films as barriers against copper diffusion in low k materials [178]. It already has been
well established that in order to reduce the RC delays, the metallization of integrated
circuits requires low k dielectrics [179]. The dielectric constant of the conventional
silicon nitride barrier is reported as 6.5 to 7.0 and that of porous (hydrogenated)
silicon oxycarbide materials is about 2.6, where the incorporation of hydrocarbons
decreases the dielectric constant of SiOy [180]. SiC,N, thin films prepared by radio
frequency PECVD at low-temperature showed a dielectric constant between 3.6 and
4.6 [181] [182]. The presence of carbon in the silicon nitride matrix disrupts the in-
terconnectivity of the Si-N-Si network, leading to a lower dielectric constant closer to
that of silicon oxycarbide thin films. This was investigated by some researchers for

SiC;N, and C-rich SiC,N, dielectrics instead of conventional silicon nitride [178]. In
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2017, a research group from IBM compared the dielectric constants of two different
SiC;Ny thin films with different hydrogen contents fabricated using PECVD and a
mixture of NH;+TSMH gases. The motivation of their work was to develop a second
generation robust, low-hydrogen, SiC,N,, thin film for copper capping [183]. The new
SiC, Ny cap contained a high density of Si-C and Si-N bonds, which showed improve-
ments in oxidation and mechanical properties associated with the copper diffusion
barrier functionality.

The other driving force to add carbon into silicon nitride barriers is the mechan-
ical integrity of the interface used in copper interconnect technologies for adhesion
purposes. In general, a high dielectric breakdown strength, sufficient mechanical
strength, and low leakage are the requirements for a high-quality barrier. The adhe-
sion of the barrier to the copper interconnect is the critical factor in the long-term
reliability of the interconnects. In addition, the dielectric breakdown properties of
copper interconnects degraded over time due to the presence of moisture and crack-
ing or debonding. Although both silicon carbide and silicon nitride, good candidates
for the copper barrier, seemed to show resistance to oxygen and water moisture diffu-
sion, they show debonding and aging due to the diffusion of ambient moisture [184].
This requires a suitable hermetic barrier to avoid the diffusion of moisture and crack
growth, debonding, and stress increases. A recent work on optomechanical features
of SiC;N, thin films reported promising aging properties, which can be applied to an
effective barrier and optical MEMS sensors [185].

In addition to copper technology applications of SiC,N, thin films, the diffusion
of hydrogen at high temperatures is a method to forecast long-term hermeticity of
MEMS packaged solutions for end markets [186]. In chapter 5, we will discuss the

observed increase of the refractive index at high annealing temperatures, which is an
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indication of a lower degree of porosity induced by hydrogen loss and the subsequent
increase of compactness and densification [187]. This makes SiC,N, thin films more
moisture resistant due to the less open porous structure and a more suitable candidate
for the fabrication of humidity sensors [188].

Furthermore, such hydrogen-rich thin films potentially have applications in thin
film devices as a substitution for silicon nitride. They can be applied to hydrogen
passivation of grain boundaries in polysilicon for thin-film-transistors (TFTs) and
to decrease the silicon surface recombination in screen-printed silicon solar cells. A
silane-free (SiXtron Advanced Materials) PECVD method was applied to fabricate
SiC,;N,, thin films for use in anti-reflection (AR) coated solar cells, where the device
was compared with the silicon nitride counterpart. Providing the SiC;N, anti re-
flection coating is in its early stages, the efficiency of SiC,N, and silicon nitride was
virtually equal. The optimization of the film composition and layer thickness of the
AR coating highly affects the efficiency of the solar cells requiring further investiga-
tions of SiC,N, parameters [189]. Fig. 2.27 shows a schematic of a screen-printed
solar cell device implying metal contacting in the fabrication process. The annealing
at lower temperatures is used in typical passivation processes involving forming gas
following aluminum alloying in screen—printed solar cells that are intangible with the
detail study of the hydrogen diffusion of this work. Beside the wide range tunability
of the refractive index of SiC,N, discussed in chapter 4, the results presented in 5 on
the hydrogen diffusion mechanism and its connection to two featured stages of an-
nealing open opportunities for a better control of the device quality for screen-printed
solar cells.

Another application of SiC,N, thin films is in the developments of low-cost UV
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Figure 2.27: A schematic of a screen printed solar cell. A schematic of a solar
cell coated with SiC,N, as the anti-reflection (AR) layer. Reprinted (adapted) with
permission from [189].

sensing device, where in addition to efficient light emission, the physical characteris-
tics are also of concern. UV detectors are used in different fields such as biological
sensors, solar astronomy, pollution analyzers, and combustion process monitoring. In
these applications usually, the ambient temperature is increased due to the absorption
of high-energy UV emission requiring a robust and wide band gap material. Most of
the conventional UV detectors have been made of group III nitride (GaN, AIN, and
InN), which suffer from a low operational temperature as well as high-cost produc-
tion. Crystalline silicon carbide (4H or 6H-SiC) LEDs with sufficiently stable thermal
stability suffer from low efficiency of light emission [190]. Chou et al. [191] reported a
UV detector made of a crystalline SiC,N, thin films grown on p-type porous silicon
using rapid thermal chemical vapor deposition (RTCVD). The photocurrent to dark

current ratio of SiC,N, was higher than that of silicon carbide on a silicon substrate
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or zinc oxide on gallium arsenide substrates. They examined the optoelectronic per-
formance of different UV detectors, where the higher optical current in the UV range
at high temperatures suggested a competitive potential of SiC,N, to serve as a CMOS

compatible UV sensor operated at high temperatures [192] [193] [194].
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Chapter 3

Experimental Methodology

The present chapter summarizes the design of the experiments employed for the mate-
rials investigated in this thesis. The description of sample preparation and characteri-
zation methods are divided into four sections; thin film fabrication and three classes of
characterization techniques, i.e. compositional, optical, and structural measurements.
Most of the employed techniques are commonly used and also well-established in the
theses written by our former group researchers. Therefore, the most attention is paid
to the measurement conditions specifically tailored to analyze the obtained results

for this project.

3.1 Fabrication of SICN Thin Films

This section begins by describing the growth method of SiC,N,:H., SiN,, and SiC,
thin films discussed in this work. In total four systems have been applied over my
Ph.D. and Master’s projects. The (two) ECR PECVD and ICP CVD systems are

located in Tandem Accelerator building at McMaster University in Hamilton, ON,
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Canada and the reactive RF sputtering system is located at the University of Camp-
inas, SP, Brazil. As can be expected, the optical properties of a coated layer tend to
vary significantly based on the applied deposition technique. Each individual reac-
tor used for the fabrication of SiC,N,:H, yielded different properties concerning the
light emission properties and film composition, with ECR PECVD system produc-
ing the most luminescent SiC,N,:H, thin films. The samples grown using ICP-CVD
system showed lower PL intensity and a similar amorphous structure to that of ECR-
PECVD grown samples, while the sputtered samples showed a different composition
and structure. Nitrogen played a significant role in the structure of the sputter sam-
ples. Without the use of nitrogen gas during the deposition, no silicon was sputtered
from the silicon target, which can be explained by the influence of nitrogen as the
reactive gas assisting the increase of the chemical reactions between the target atoms
and methane species to form the solid layer on the silicon substrate. The PL inten-
sity of these samples was lower compared to the CVD-grown samples, however, the
films contained higher nitrogen content such as Sig5Co5N39 and SizyCogN3gg. In par-
ticular, for one of the nitrogen-rich samples with lower silicon content (SizgCs3Ny1),
the formation of nanoclusters occurred by subjecting the films to high temperature
post-deposition annealing. All samples discussed in this work were grown using the
ECR PECVD system. The process parameters employed for this system are briefly
summarized, followed by the details of the pre- and post-deposition processes as well

as samples sets.
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3.1.1 Deposition Parameters

It is not intended to discuss the details of the plasma structure, the specific system
parameters governing the chemical and electronic characteristics of the produced lay-
ers, and the plasma generation in McMaster ECR PECVD system, as details of the
excited species and the corresponding plasma characteristics of this system were pre-
viously published in [195]. The reader can find more details of the system design in
the theses of our former researcher in the group. In 2006, Darren Blakie provided
a summary of the ECR PECVD system and its associated physics and chemistry of
the deposition process [196]. In 2012, Ryszard Dabkowski produced a comprehensive
report on the calibration of the second and more highly automated ECR PECVD
system, the so-called Group IV or New ECR PECVD [197]. The design of the ECR
PECVD system is located in the Tandem Accelerator Building at McMaster Univer-
sity is can be briefly described as follows:

A load-lock (pre-deposition) chamber is used to minimize the atmospheric contam-
ination. The sample is first transferred to the load lock chamber using a high-speed
turbomolecular pump, aiding the load-lock chamber to pump down. Its pressure
needs to be below the 107% Pa before transferring the bare substrate to the main
growth chamber. Prior to the deposition, first, the main chamber is evacuated to
a base vacuum better than 10~7 Pa using an oil diffusion pump backed by a me-
chanical rotary vane pump. Then, the stage heater is set to the desired deposition
temperature, typically in a range between 300 °C to 500 °C. The stoichiometry of the
deposited layer can be adjusted by the ratio of the partial pressure of the precursors.

To fabricate SiC,N,, thin films, silane (SiH,), methane (CHy), and nitrogen (N3)

gases are used as the precursors for silicon, carbon, and nitrogen, respectively, and are
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fed into the chamber in the form of 30% SiH4, 10% Ns in Ar, and pure CH, gas. The
system was designed to feed Ny and Ar gases into the plasma region through dispersion
holes in a double layer sapphire window. CH, and SiH, gases are supplied downstream
the discharge zone through a separate dispersion ring positioned out of the plasma
region close to the substrate. Two dispersion rings provide the opportunity to control
better the creation of the species from different gases with different dissociation and
activation energy since there is a chance of undesired deposition of CH; and SiHy4
on the surrounding chamber walls and dielectric window of the discharge region.
Nitrogen gas needs the highest energy to dissociate and the direct interaction with
nitrogen molecules can be accomplished by using the energetic of plasma particles in
the discharge zone, will be further discussed in section 6.3.

It should be noted that the position of the sample stage is not fixed in this con-
figuration of ERC PECVD. In order to duplicate the samples investigated in this
dissertation one needs to adjust the stage in about 15 cm below the plasma cone.
Fig. 3.1 shows a close-up of the actual reaction chamber during the deposition where
the stage is almost aligned with the shutter position.

The plasma is ignited by No-Ar mixture with microwaves at a frequency of 2.45
GHz generated by a magnetron head. In general, the forwarded power for the precur-
sors used to produce SiC,N,:H, thin films is about 510 to 515 W, i.e. the reflected
power is in the order of 10 to 15 W. To achieve more uniform and homogeneous
samples, stage rotation was used at a rate of 20 rotations per minutes. Setting the
microwave power to 500 W, several deposition runs were performed where the total
process gas flow rate was varied in the range of 15 to 35 (5%) sccm denoting “cu-
bic centimetres per minute at standard temperature and pressure”. For most of the

samples, the deposition time generally was optimized to 30 minutes at a nominal
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deposition temperature of 350 °C, corresponding to a substrate temperature of ap-
proximately 120 °C [198]. The substrate temperature cannot be directly measured
due to difficulties of in-situ monitoring, which requires a free port added to the cham-
ber. However, previously the thermal response in ICP PECVD system using the
identical heater, sample stage, and PID controller was studied [198]. The intermedi-
ate substrate temperatures were found linearly proportional to the heating element’s
temperature according to the following relation obtained in the initial system cali-

bration.

Tubstrate’C = 0.3303 Theaer °C + 21.85 (3.1)

For this range of stage temperatures, depending on the type of the substrate, as
described in subsection 3.2.1, one has to wait between 15 minutes to 1 hour. Given the
aforementioned gas sources, a deposition time of 30 minutes results in SiCN samples

with thicknesses varying from 180 to 440 nm.

3.2 Sample Sets

Here, the main research objective focuses on understanding the optical properties of
SiC,Ny:H;, which requires examining the dependency of the optical and structural
film properties on several deposition parameters. The stage heater, deposition time,
and the gas flow rates are tailored depending on the goals of the experiments. As such,
the specific parameters of each set of samples such as gas partial pressure, deposition
temperature, and some post-deposition treatments are assessed in this contribution
in the following series of sample sets.

Sample Set_A:
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Lower
Dispersion
Ring

Figure 3.1: A close-up of the reaction chamber of ECR PECVD. The position
of the sample stage with respect to the lower dispersion ring is shown.

An important sample set for this research includes the thin films with varying car-
bon content, i.e. CHy gas flow rate was varied during the deposition. These samples
are discussed in chapter 4 and the influence of Ar dilution during the deposition is
also investigated for this set of samples.

Sample Set_B:

These set of samples includes a subset of Set_A which undergo the post-deposition
annealing in the quartz tube furnace and are presented in chapter 5. The additional
characterization techniques (PL measurements) employed for these samples are dis-
cussed in chapter 6.

Sample Set_C:
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This set is concerned with the samples grown using different deposition tempera-
tures discussed in the second section of chapter 6.

Unless otherwise specified, for all samples a mixture of 5, 10, 8 sccm (for SiHy, Ny,
and pure CHy, respectively) were fed into the chamber for a 30-minute deposition with
the substrate temperature of 120 °C. For convenience, the specific growth parameter
varied with respect to the objective of that study is provided in the corresponding

chapter.

3.2.1 Pre-Deposition

Substrates In order to examine the characterization techniques discussed in
the following sections, four different type of substrates have been used including
n-type c-silicon, un-doped c-silicon, Corning glass 7059, and glassy carbon plate.
Mostly, the measurements were performed using a single-polished side antimony (SB)-
doped <100> Czochralski silicon wafer with 0.01-0.03 ohm-cm resistivity and 274-304
pum thickness, unless it is stated. The glassy carbon (vitreous carbon) plates have
been utilized for RBS techniques. The advantage of the carbon substrate over the
commonly used ones (silicon) is providing a more well-distinguished signal from the
light elements such as carbon, nitrogen, and oxygen. More details can be found in
the description of RBS technique, subsection 3.3.1. The samples grown on Corning
7059 glass substrates of 1x1 cm? were used for UV-VIS measurements. For FTIR
measurement, a undoped silicon (Double-side polished) wafers with a thickness about
200425 pm were used to pass the incident light through the film and the substrate
layer.

It should be noted that for the depositions using glassy carbon plates and the glass
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substrate, one has to wait for 45 minutes, in average, to achieve a uniform coated
layer. Typically 15 minutes to 20 minutes is sufficient to avoid any temperature
gradient through the silicon substrate. Due to the different thermal coefficient of
carbon plates and glass from that of silicon, it takes longer time than the typical
waiting time for silicon substrates. In some cases, the coated layers were peeled off
from the substrates, in particular, from the carbon substrate when less than 1 hour
was heated through the stage heater. In the case of New ECR PECVD, the waiting

time is expected to about 30 minutes or more.

Substrates Cleaning Prior to the deposition, the silicon wafers (both single
and double side polished) were cleaned with diluted hydrofluoric acid (10:1 HoO:HF).
The other option was the Buffered HF promoting more uniform distribution of the
acid on the surface of the silicon wafer and delaying any tissue damages if happened.
The procedure started with a UV ozone treatment for 10 minutes to activate surface
oxide [199]. The substrate was then etched in the diluted HF for 30 seconds minute
(90 minutes for buffered HF 1:10) to remove the native oxide layer and terminate
the surface dangling bonds of silicon with hydrogen. Following etching, the substrate
was rinsed in running deionized (DI) water to remove the diluted HF and finally
dried with nitrogen gas. The procedure was performed right before the sample being
transferred into the CVD chamber. The cleaned silicon wafers were carried from the
cleaning are to the ECR chamber in a zipper bag fully filled out with nitrogen gas
to avoid surface oxide grown naturally on the silicon wafer after a short period of
time. The glassy carbon plates were first to cut into 1x1 cm? pieces, sufficient for the
beam spot of RBS measurements, using a dicing saw machine. Subsequently, they

were cleaned with acetone sonication for 10 minutes followed by methanol sonication
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for another 10 minutes to remove any residual oil and hydrocarbon contamination.

3.2.2 Post-Deposition

Annealing Silicon-based thin films generally require a driving force provided by
post-thermal annealing to agglomerate the excess silicon and form ncs. Commonly,
after the deposition, the silicon carbide or silicon nitride dielectric is subjected to post-
deposition thermal annealing in a non-oxidizing atmosphere. The ncs are expected
to be formed through a phase separation of excess silicon from the dielectric matrix if
the temperature is sufficiently high. The required annealing temperature depends on
the type of the host dielectric and its potential barrier. In the case of the investigated
SiC, N, samples, no specific relation has been developed in literature and the details
of possible phase separation of a-SiC,N, compounds is evaluated discusses in chapter
5 for sample Set_B where the post-deposition thermal annealing was performed at

temperatures a wide temperature ranges of 300-1200 °C for 1 hour using N, gas.

Purging of quartz tube furnace The quartz tube furnace was purged before
the annealing to remove any residual species from the tube walls from the previous
experiments. The worth mentioning point is about the purging process and the
offset temperature. The purging was performed at about 20 °C above the highest
temperature of the annealing. The type of the furnace applied for these samples
is Thermolyne 21100 Tube Furnace, 120 V with a maximum operating temperature
of 1210 °C. It should be noted that there is an offset between the setpoint and the
actual temperature inside the middle of the furnace. For the temperatures close to
the limit of the maximum temperature (around 1200 °C), the reading temperature

is also different from the setpoint. Fig. 3.2 shows a setpoint of 1180 °C which
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reads a maximum of 1600 °C from the actual temperature of 1200 °C read by the
thermocouple sitting next to the furnace. Following the purging, the furnace is set to
the desired temperature considering the offset. For the lower temperatures, the offset
is about 50 °C and the actual calibration is tabulated in Table 3.1. Usually after 2
to 3 hours, depending on the previous temperatures, the samples were placed on a
customized boat in the quartz furnace tube, arranged such that the cooling process
occurs at the end of the quartz tube with the ambient gas flow passes through the
samples. When annealing was completed, the samples were quickly pulled out to the
end of the tube, the nitrogen flow rate increased to assist cooling. The samples were
taken out once they approached room temperature, usually 20 minutes. This was

done in order to avoid contamination of the air during the cooling process.

Figure 3.2: Offset temperature of quartz tube furnace. The quartz tube furnace
showing the offset between the actual temperature read by thermocouple, setpoint,
and read by the furnace.
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Table 3.1: The calibration of quartz tube furnace.

Setpoint Temperature °C | 280 | 451 | 655 | 855 | 1062 | 1160

Read Temperature °C 280 | 451 | 655 | 855 | 1065 | 1180

Actual Temperature °C | 320 | 500 | 700 | 900 | 1100 | 1200

In this study nitrogen (N3), a mixture of 95 vol. % nitrogen and 5 vol. % hydrogen
(%95 No+%5 Hs), and argon (Ar) gases were employed for the annealing procedure.
The use of different gases during the annealing process was found to have no influence
on the PL emission intensity of the SiC,N, samples. Fig. 3.3 shows the PL spectra of
a sample annealed for 1 h in the quartz tube furnace with flowing of N, %95 No+%5
Hy, and Ar gases. The shape and intensity of the PL spectra were found to be very

similar indicating the hydrogen passivation is unnecessary.

Different annealing procedures One of the important considerations is the
annealing procedures. Two different annealing process were tested for the elevated
temperatures that no difference in the PL emission of the our SiC,N, was observed.
In the first method, the samples were annealed directly to the desired temperature
while in another procedures first samples were annealed at the lower temperatures
such as 400°C, taken out, the furnace set to the higher temperature, and sample is
annealed again.

The break down of Si-H bonds are initiated in the temperatures ranging between
300 to 500 °C. In a PECVD grown silicon oxide sample with a ratio of O/Si < 1,
the precipitation of the silicon ncs happens in one-hour annealing in the range of

800° — 950° as follows [76]:
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Figure 3.3: Typical PL spectrum of samples annealed using different gases.
The PL spectrum of samples annealed at 500 °C using different gases is shown. The
shape and intensity of the PL spectra were found to be independent of the flowing
gas.

Si0, — 252'02 + gSz' , where 0 < z < 2 (3.2)

All excess silicon do not precipitate in the cluster formation, and at the tem-
perature of 1100 °C' only half of the excess silicon participate in the cluster forma-
tion [70,200]. The point is, silicon is mobile at a higher temperature near 1000°C,
while hydrogen can move and diffuse out at lower temperatures. Therefore, the initial
low-temperature annealing forces out the excess hydrogen cooperated in the matrix

and avoid bubble formation at the elevated annealing temperatures; however, it is
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not very clear yet what happens to the remaining hydrogen [76].

Although, no difference was observed for the investigated samples in this project,
for the luminescent SiCN thin films grown using sputtering method for the relevant
work, the bubbling effect influenced the PL emission. Those samples show very
strong emission at 1100 °C with the middle step method. The direct ramping up of
the furnace caused the restructuring in the annealed layers in a way that they did not
emit any PL at the elevated temperatures. It is recommended to follow the middle

step temperature for any samples.

Rapid Thermal Annealing An alternative to annealing in a quartz tube fur-
nace, rapid thermal annealing (RTA), was performed using the Qualiflow Jipelec
Jetfirst 100 rapid thermal processor at different temperatures with a ramp rate of 25
°C/s for times ranging from 5 to 1800 seconds in Ny ambient. This method is not
employed for this study due to lower PL intensity of the samples annealed using RTA.
A typical example of the PL spectra of SiC,N, samples is shown in Fig. 3.4. The PL
intensity is quenched on very short time scales which can be explained by different
restructuring occurring during the rapid annealing process compared to quartz tube
furnace annealing. The interdependency of the SiC,N, structure and the PL emission

is discussed in chapter 6.
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Figure 3.4: A typical PL spectrum of SiC,N, sample annealed using RTA.
The SiC,N, sample was annealed at 900 °C in the range of 5 to 1800 seconds using
Ny gas. The PL intensity of samples is low and quenches after five seconds.

3.3 Compositional Characterizations

3.3.1 Rutherford Back Scattering and Elastic Recoil Detec-
tion

A combination of Rutherford backscattering spectrometry and elastic recoil detec-
tion (RBS-ERD) was applied to determine the absolute composition of the thin films,
coupling the advantages of the two measurements. One of the key aspects here is
that we consider the hydrogen concentration in the RBS fitting process. The initial
concentration of the elements given by RBS data was fed into the ERD simulation,
and then RBS spectra were adjusted using the obtained hydrogen content. These
techniques do not require elemental standards and are, therefore, more reliable than

other compositional experiments [201]. Unfortunately, most research groups do not
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tend to used the ERD technique and include the fraction of hydrogen in the layers and
thus, could not achieve a proper compositional analysis. If hydrogen is disregarded,
the concentration of other elements could be estimated, in particular, because SiC,N,
materials commonly are grown by precursors containing hydrogen such as CHy, acety-
lene (CyHy), or ethane (CoHg).

RBS is a quantitative and destructive technique directly giving the accurate depth
concentration profile of all elements except for hydrogen, which can be determined
using the ERD measurement. It is based on the collision and backscattering of a
monoenergetic ion beam impinging on a sample, which requires a collimated ion
beam of 1-3 MeV energy (typically alpha particle, 4He?*" ions) be directed onto the
sample. The RBS and ERD data sets were collected at the Tandetron Laboratory
at Western University (London, Ontario, CA) using 1.8 MeV and 1.6 MeV 4He?"
ions, respectively. The detectors are placed at 170° (3) and 30° scattering angles,
respectively, in Tandetron (CORNELL) geometry and the incident angle («), is set
to 5°. In general, a reference sample of silicon antimony (SiSb) with a known dose
of antimony (about 4 x 10" ¢m™2) implanted in silicon is employed for calibration of
the setup.

The backscattered beam is detected with an energy sensitive detector. Once an
alpha particle is directed onto the material it scatters back from the sample due to
the coulombic repulsion of the target nucleus. A large fraction of the incident ions
undergo inelastic collisions and lose their energy through the nucleus interactions.
The rest of the incident ions- approximately 107% of the total number of incident
ions- deflect elastically from the sample at different scattering angles [202]. The
scattering from each individual atom occurs in a distinguishable and well-understood

manner and the energy lost by an ion depends on the nucleus mass of that certain
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element. The reverse process is to record the intensity and energy of the scattered ion
from an unknown material, which gives the signature of the constituent atoms. The
number of scattered particles, Y(E), is recorded as a function of energy (E) in the
experimental output of RBS. The measured data can be calculated through computer
simulations. The SIMNRA 6.0 software package was used in this work to determine
atomic concentrations as a function of film thickness [203]. In fact, the energy scale
and yield are converted into a depth scale (thickness) and atomic concentration.

The concentration of the constituent elements can be reported either as the atomic
percent or areal density. It should be noted that the processed RBS data gives the
absolute atomic concentrations, although not the precise value of the thickness, and
hence, not the accurate areal density [204]. The areal density gives the number of
atoms per cross-sectional area in the path of the incident beam through the entire
film thickness. The layer thickness determined by RBS depends on the ion energy,
which can be varied and calibrated according to the sample properties. Applying the
exact thickness obtained from variable angle spectroscopic ellipsometry (VASE) with
better than 1 nm accuracy (subsection 3.4.3) enables the determination of absolute
areal density, and therefore, the film density.

Fig. 3.5 shows an example fit of the SiC,N,:H, sample in Set—A grown on a
carbon substrate with the spectra of each individual element identified. The panel on
the right side of the figure shows the energy calibration and the detector solid angle.
More information about this sample can be found in Tables 4.1 and 4.3 where it is
labeled as SiCN-08 and R=0.6, respectively.

In some cases, one needs to add the hydrogen fraction to the initial fitting of RBS
data. In this case, first, the concentration of hydrogen is excluded from the RBS

results. This can be done by dividing each element’s fraction (X at. %) by hydrogen
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Figure 3.5: SIMNRA software snapshot. An snapshot of the SIMNRA software
main menu for sample SICN-08. The x- and y-axes represent the energy scale and the
relative signal intensity, respectively. The sample composition is provided in Table
3.2

fraction (He at. %) as follows:

Xc
) e —
“ 7100 — He

(3.3)
where X’¢ is the atomic concentration of the element without considering the
hydrogen content. Then the true value of hydrogen given by ERD can be applied in
the reverse procedure to obtain the actual concentration of all constituent elements.
Difficulties often occur in obtaining the RBS data of thin films containing lighter
elements with relatively close mass numbers on heavy substrates. One of the most

efficient solutions to eliminate the interference of the silicon substrate with the SiC,N,,

thin films is the use of a carbon substrate. In addition to the carbon substrate, the
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Table 3.2: Example of SiCN composition delivered by the combined RBS-EDR tech-
nique.

Element c | N Si 0 Ar H

at %) | [at.%] | [at.%)] | [at.%)] | [at.%)] | (247

Atomic Concentration | 14.6 | 24.5 | 26 19 | 03 | 323
Uncertainty 0.9 1.1 0.3 0.1 0.0 1

dual large angle scattering has been used which adds a great deal of time to the
fitting calculation. Dual scattering especially is taken into account for the background
behind the low energy edge of heavy elements on top of the light elements. In Fig.
3.5 the collection parameters used specifically for sample Set—A are shown.

The accuracy of the fitting generated by SIMNRA program can be estimated by
the SIMNRA software as shown in Fig. 3.6. The overall uncertainty of the fitting
result is determined by the uncertainties inherent to the RBS measurements.

This error is due to the inherent RBS measurement’s uncertainties. To consider
the accuracy of the mass density calculation, one needs to apply both the uncertainty
of the thickness given by VASE and of the areal density determined by RBS and
the subsequent simulated spectrum generated by SIMNRA. Note that the thickness
of the layer was determined independently using VASE and the uncertainty of that
measurements will be discussed in subsection 3.4.3. The uncertainty given by VASE
measurements is the absolute uncertainty which is typically 0.4 nm (this is the max-
imum uncertainty given by VASE for all investigated samples). The mass density
is the division of the areal density over the layer thickness. The addition of their
uncertainties can be used to calculate the error of density calculations, not the ab-

solute uncertainty. Considering the relative uncertainties of the thickness and areal
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Figure 3.6: Errors of RBS and ERD using SIMNRA software. Example of the
SIMNRA software main menu showing the panel of the concentration of elements,
fitting options, and calculated errors from right to the left of the figure, respectively.

densities, the density of all produced thin films in this study is estimated with an
accuracy of about 0.07 g/cm?.

It should be noted that the mismatch of thermal expansion between the thin films
and underlying glassy carbon substrate led to delamination and film cracks during the
annealing process. Therefore, samples grown on glassy carbon substrates cannot be
used for any thermal treatment that leaves only one choice of the substrates, silicon,

the frequently used substrate, see the RBS analysis presented in section 5.1.
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3.4 Optical Characterizations

All of the following subsections deal with non-destructive optical techniques with
no special measurement environment. Basically, once light hits the sample, it may
undergo reflection, absorption, interference, and scattering before it is transmitted.
Depending on what kind of these phenomena is monitored different information can

be obtained from the material through different spectroscopy designs.

3.4.1 Photoluminescence

PL is a common characterization technique in the study of light emission from thin
films. It virtually is the basis of this contribution. The technique is concerned with
measurement and interpretation of the emitted light. A photon with energy larger
than the bandgap of the sample is absorbed by the sample. The absorbed photon
induces a transition of an electron to an excited state and the relaxation back to the
initial state. The electron relaxation occurs radiatively and non-radiatively (sponta-
neous emission and thermal relaxation, respectively).

In this thesis, a 325 nm helium cadmium (He-Cd) laser (E¢..= 3.82 eV) was used
for PL measurements. The emission intensity is given by the raw PL data (arbitrary
units) per wavelength. The PL spectra of different samples, for the most part, are
compared with respect to their relative peak intensity and peak positions. This
requires calibrating the system using a standard reference for any run to be able to
compare the measurements taken over a span of time. In addition, one need to be
take into account the power density determined by the actual laser power divided
by the effective spot size excited on the sample which is an area of 2.3 mm? for this

set-up [205]. In 2017, the laser output power and the input power impinging on the
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sample were measured to be 2.2~2.4 and 1.8~2.0 mW, respectively. The difference
between the output and input power can be explained by an estimate of about 10%
loss on the mirror reflecting back the laser beam to the sample holder. The original
power of the used He-Cd laser model IK3151R~-E made by Kimmon Koma company
is reported to be 17 mW with an average lifetime of 4500 hrs (gets up to 8000 hrs for
some models) and an incident a power of 15 mW on the sample (0.64 W/cm™2 is the
power density on the sample). The degradation of the gas laser over a long period of
time is due to the diffusion of gas out of the laser cavity.

A reference sample of cerium doped silicon oxide with very strong emission has
been used to calibrate the optics of the system. Following the calibration of the sys-
tem using the reference samples, the room-temperature PL profile is collected. First,
a background scan is performed in the darkroom and stored by the software to be
subtracted automatically. Then the PL signal is recorded using a monochromator
with a silicon CCD camera between 350 and 1000 nm and an Ocean Optics Spec-
trometer. The response of the system is applied to the PL spectrum of SiC,N,:H.,
which broadly extends over the visible range. More details regarding the spectrometer
and system response used for the correction can be found in reference [206]. For some
parts of this research, the PL lines are resolved through a Gaussian fitting into PL
subbands. To minimize errors in the decomposition, especially in a broad emission
band, the overlapping features of luminescence data require the conversion to energy
and consequently, the transposition of the intensity by a factor of A\?/hc [207]. The
recorded room-temperature PL data as a function of wavelength were first converted
to energy, smoothed using a Savitzy-Golay function, and then fitted to Gaussian

curves using Origin 9.4.1.
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3.4.2 UV-VIS Spectroscopy

4-

T T T
200 400 600 800
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Scan Analysis Report

Figure 3.7: Absorption spectrum. The absorption spectrum of an amorphous
SiC, N, sample measured using a UV-VIS spectrometer does not abruptly terminate
at the band gap.

The forgoing discussion in subsection 2.3.1 described that although amorphous
semiconductors contain a random network, some features of crystalline structures with
long-order range can be observed. The short-range order preserves some crystalline
properties such as optical band gap (Fos4). The band gap energy of the investigated
samples at room temperature was determined by optical transmission measurements
using UV-VIS spectroscopy. The samples grown on Corning 7059 glass substrates

2

of 1x1 cm?® were used to record the transmittance (or absorptance) spectra using
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an Agilent Technologies Carry 50 UV-VIS spectrophotometer located ain the Mc-
Master Chemistry and Chemical Biology Department. This instrument consists of a
Xenon Arc lamp with continuous emission from 200 to 1100 nm, a monochromator,
a charge coupled device detector and an easy-to-use software. The latter makes the
measurements very straightforward and quick. The scan of each sample took about
2 minutes by setting the UV-Vis scan rate of 600 nm/min with intervals of 1 nm.
One example of raw data is shown in Fig. 3.7 representing the typical absorptance of
amorphous SiC,N,, thin films with no abrupt termination at the band gap as opposed
to crystalline materials [208].

In contrast to the very straightforward measurements of UV-VIS, the determina-
tion of the band gap from the raw data of UV-VIS requires analytical calculations.
For this project the analytical calculations are performed using a free software, Point-
wise Unconstrained Minimization Approach (PUMA)), developed by researchers at
the University of Campinas, Brazil. There are no published instructions regarding
this software and the information provided on the website of the software can guide
the reader how to use it with some real-world examples [209]. PUMA can be used to
analyze the absorptance spectrum with no need for additional information of the film
thickness and optical constants. The absorption spectrum fitting (ASF) procedure is
developed according to underlying physics of this technique, which is based on the

absorption of light.

3.4.3 Variable Angle Spectroscopic Ellipsometry

Ellipsometry deals with the reflection of light from the films grown on the absorbing

substrates (silicon or carbon) and with the transmission of light passing through a
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transparent substrate (glass substrate). In addition, this technique uses the change
in light polarization expressed as ellipsometric parameters ¢» and A for the changes
of the amplitude and phase, respectively. In principle, Maxwell’s equations are used
to determine the relative phase and amplitude of the linearly polarized incident beam
and the elliptically polarized beam reflected from the sample. The connection between

these two parameters is given by the following equation [210]:

tan(v).e™® = p =1, /r, (3.4)

where rg and r, are the Fresnel reflection coefficients for normal and parallel com-
ponents with the incidence plane, respectively. In this work, a J.A. Woollam M-2000U
UV-VIS variable angle spectroscopic ellipsometer (VASE) was employed to investigate
the thicknesses and optical constants of the films. The 1) and A values were obtained
through the reflection spectra collected at multiple angles of incidence (55°, 60°, 65°,
70°, and 75°) to confirm the the applied optical model in the range of UVVISNIR
(300 - 1600 nm). The simulation of VASE data using J. A. Woollam’s Complete EASE
software package delivers the optical constants (refractive index, n and extinction co-
efficient, k) along with the thickness of the films [211]. VASE data first was simulated
using a Cauchy model assuming a crystalline silicon substrate and a surface roughness
layer (with an average thickness of 10 to 15 A) A B-Spline model was then added to
model the oscillator and follows the experimental trend more closely than the Cauchy
model [212]. In fact, the Cauchy model is more appropriate for transparent materials
and Tauc-Lorentz is used for absorbing materials. In the carbon varying samples
(sample Set_A) the addition of carbon makes the films more semi-transparent which

associates applying the model to describe the complex dispersion shapes of optical
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constant. More information is very comprehensively are reported in [211].
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Figure 3.8: Tauc Plot. Example of the Tauc plot and the corresponding fit used to
determine the optical band gap.

The spectroscopic ellipsometer is capable of measuring further properties such as
dispersion of the refractive index and extinction coefficient (k). The extinction coeffi-
cient is the imaginary part of the refractive index due to the absorption that enables
one to calculate the absorption coefficient («) in order to estimate the optical band
gap according to Tauc’s relations, equations 2.11. As extensively discussed in subsec-
tion 2.3.2, the optical band gap of amorphous semiconductors can be estimated using
their absorption coefficient. In addition, different band gaps depending on a more

proper model were discussed in subsection 2.3.2. The optical band gap (Ey4) defining

the energy where () is equal to a standard value of 10* cm™! was recommended for
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amorphous silicon-based thin films [86] [93]. Fig. 3.8 shows an example of one of the
as-deposited SiCN samples of Sample Set—B showing the Tauc slope. For all sample
sets investigated in this work, excluding sample Set—A, the reflection data are given
by VASE method were employed for the calculation of Tauc energy. The band gaps of
sample Set—A examined in chapter 4 were obtained using the transmission data given
by the UV-VIS technique, which will be further discussed in the following subsection.
It should be noted that another choice is to measure the samples grown on glass sub-
strates in the transmission mode of VASE data collection. However, some samples
have been measured using both methods and no discrepancy was found between the

Tauc energy and optical band gap for the investigated samples in this thesis.

3.5 Structural Characterizations

The electronic structure of the SiC,N, samples was determined using XRD, TEM,
XPS, and FTIR techniques. All samples were found to be amorphous confirmed
by XRD and TEM; two techniques do not deliver any further information of the
non-crystalline materials. Spectroscopy method is one of the techniques sensitive to
the chemical structure of any material, amorphous or crystalline [54]. Mostly two
spectroscopic methods are extended to facilitate the electronic structural analyses of
the thin films investigated in this contribution; XPS and FTIR are concerned with

the emission and transmission of the incident light, respectively.

High-resolution transmission electron microscopy High-resolution trans-

mission electron microscopy (HR-TEM) images of film cross-sections were captured
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using the FEI Titan 80-300 Cryo-in situ and JEOL 2010F microscopes at the Cana-
dian Center for Electron Microscopy (CCEM) located at McMaster University. The
procedure of HR-TEM sample preparation started with bonding two SiCN slices in
the center of silicon bars with a fast-curing epoxy. After polishing and ultrasonic cut-
ting, two circular samples were produced to which Moly ring was attached, followed

by dimple grinding and ion milling.

X-ray Diffraction X-ray diffraction is based on the constructive interference
of diffracted of the X-ray beam. XRD identifies the inter-layer spacings of atoms in
the crystal structure using the Bragg reflections associated with the crystal structure.
The investigated SiC,N, samples were also examined by 2D Powder X-ray diffraction
(XRD) using a Bruker D8 Davinci X-ray diffractometer with the monochromatized
Cu-K, line located McMaster Analytical X-Ray Diffraction Facility (MAX). The sys-
tem includes a Bruker Smart6000 CCD area detector, Bruker 3-circle D8 goniometer,
Rigaku RU200 Cu-Ka rotating anode, Gebel cross-coupled parallel focusing mirrors,
and Fixed Chi at 54.8°. The scans were at a fixed incident angle of 2° with a frame
exposure of 300s in a distance of 16.74 cm from the detector (power setting of 90 mA,
50 kV). Samples showed no specific ring or point in a large bump in the 2D patterns
collected using a diffractometer equipped with a 2D or area detector, instead, the
scattering in certain directions of crystallographic orientation of crystalline materials

is identified by the intense peak in 2D pattern [213].

3.5.1 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) or Electron Spectroscopy measurements is

known as one of the standard routines for the identification of chemical states of
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elements in an amorphous material. This surface-sensitive analytical technique can
be regarded as a semi-quantitative method for determining both the film composi-
tion and electronic state information of the surface region (about 7 to 10 nm). The
underlying process is upon irradiating a sample with X-ray beam exciting the core
electrons in lowest energy level. A transition of core level occurs at a specific binding
energy that can uniquely give the characteristic of the bounding states of the core
electrons. An electron energy analyzer measures the kinetic energy (KE) and the
number of electrons emitted from the sample surface versus binding energy (the en-
ergy of electrons before leaving the atom). The peak intensity is related to the number
of photo-ejected electrons versus time and identifies the amount of the elements by
calculating the respective contribution of each peak area (Survey scans). The film
composition in this research accurately was investigated using RBS technique (sub-
section 3.3.1). For the most part, the peak positions and relative intensities of the PS
spectra were found favorable for this study. The peak position is the element specific
given by the binding energy (BE) of the electrons that can be identified from the

recode kinetic energy by:

hv = KE + BE + ¢ (3.5)

where h is the Planck constant (6.62 x 1073* J s ), v is the frequency (Hz) of the
X-ray energy and ¢ is the spectrometer work function (about a few eV). A monochro-
matic source of radiation is Al K, X-ray excitation with 15 mA current and 14 keV
energy (hv). The calibration of the system included the work function and spectrom-
eter dispersion. The instrument work function was calibrated to give a binding energy

(BE) of 83.96 eV for the Au 4f7/2 line of metallic gold. The spectrometer dispersion
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was adjusted to provide a BE of 932.62 eV for the Cu 2p3/2 line of metallic copper.
Survey scans were carried out with an analysis area of 300 x 700 microns and a pass
energy of 160 eV. High-resolution scans were then performed with an analysis area
of 300 x 700 microns and a pass energy of 20 eV. The measurements were conducted
in an ultra-high vacuum. Generally, the photoemitted electrons have low kinetic en-
ergy, which requires a high vacuum environment to avoid interference from gas phase
collisions (1072 Torr). The obtained spectra were analyzed using CasaXPS software
version 2.3.14 and for some samples, Origin 9.1 was employed.

For SiC;N, samples presented here, the C 1s, N 1s, Si 2p, and O 1s core level
spectra were recorded. Due to the challenges of Ar™ pre-sputter cleaning of insulating
materials [204], as an alternative, the surface of the XPS samples was cleaned with
buffered hydrofluoric acid (BHF') for 30 seconds to remove the surface oxide layer and
documentation. The complex and different C 1s peak shapes compared to the stan-
dard carbon reference in the measured samples made necessary a charge correction
of the spectra to the sharp N 1s peak set to 397.8 eV instead of charge correction
normally done with respect to the C-C/C-H peak set to 284.8 eV. The N 1s peak was
found unchanged and hence could act as a reliable internal reference. This approach
likely increased the uncertainties in the exact binding energies for all spectra to £0.5
eV [204]. Prior to the core level fitting, a Shirley background correction was ap-
plied to reproduce the secondary electron background. For all core levels, the fitting
process was guided through peak shapes of a Gaussian (Y%) Lorentzian (X%) mix
accounting for the instrumental resolution and lifetime broadening, respectively. This
profile is defined in CasaXPS as GL(X) wherein lines with large natural line-widths,
such as C 1s, N 1s, and Si 2p, are better fitted with a GL(30) line-shape compared

to the other choices of X [214]. For both the C 1s and Si 2p spectra, all peaks were
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constrained to have equal FWHM. The C-O/C-OH and C-Si peaks were constrained
to be 1.5 eV above and from 1 to 1.5 eV below the C-C/C-H peak, respectively. The
Si-O, peak was constrained to lie between 103.0 and 103.5 eV, while the Si-N peak
was constrained to lie between 101.6 and 101.9 eV and the Si-C peak was set at
101.1 eV. In each individual set of sample in this thesis the XPS data is individually
analyzed using the binding energies corresponding to the various peaks are published
in [215] [216] [217] [218] [219], however, the identification of some features is common

for all samples demonstrated in the following.

3.5.2 XPS Peak Assignments

For SiC;N, materials, the assignment of peak at 284.7 eV depends on the relative
concentration of nitrogen to carbon. At low concentrations of nitrogen, it has been
assigned to the C-C peak for sp® bonded carbon in a diamond-like matrix; at higher
nitrogen concentrations, it has been ascribed to the C-C peak for sp?bonded carbon
in a graphite phase in SiC,N, matrix [216] [217]. However, in our earlier study of the
influence of carbon on these bonds in a-SiCN:H films, the assignment of the peak at
284.7 eV to C-C/C-H bonds rather than C-N bonds was confirmed [220], showing
that at least a major contribution to this peak can be assigned to the C-C bond. It is
noted that no peak was resolved at 287.0 eV (Csp?® bonded to one nitrogen neighbor)
or at 288.0 eV (Csp?® bonded to two nitrogen neighbors) [221]. The observed peak
at 286.3 eV can be attributed to C=N (C(sp)-N) bonds due to no contribution of
N-sp2C bonds in the N 1s spectra and the presence of the C=N stretching mode
at 2100~2200 cm~! in FTIR absorption spectra. The identification of the feature

positioned at 286.3 eV is also not straightforward, since it can be assigned to both
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C=N and C-0O bonds. In the investigated samples, the peak at 286.3 eV is attributed
to the C=N bond rather than C-O bond due to the negligible oxygen contamination
in the samples. This peak appears in the as-deposited sample even though it does not
contain any oxygen, decreases in the sample annealed at 500 °C, and has disappeared
after annealing at 1200 °C. All samples were HF etched before XPS measurements,
hence, the presence of the strongest feature at 286.3 eV in the as-deposited sample is
not associated with the surface oxide contamination. The association of this feature
with the C=N bond is also supported by the observed trend of the C=N feature at
398.9 eV in the N 1s edge and a feature at ~2200 cm™! in FTIR absorption upon
annealing [216]. Also, as will be demonstrated in the next subsection, IR absorption
shows no significant oxide feature for the as-deposited sample and the one annealed

at 500° C.

3.5.3 Fourier Transform Infrared Spectroscopy

The term “Infrared” generally indicates 0.7-1000 pum of the electromagnetic radiation
and includes three subregions of Far, Mid, and Near IR radiations. In SiC,N,H.,
most of the chemical bonds formed between silicon, nitrogen, carbon, and hydro-
gen are mid infrared-active, which refers to the wavelength between 2.5 and 25 um
(wavenumber of 4000 to 400 cm™!). Therefore, the nature and the concentration
of chemical bonds commonly are determined through the use of FTIR spectroscopy.
This technique is extended to study either reflection or transmission data. For the
presented contribution, a Bruker Vertex 80v vacuum infrared spectrometer with a

resolution of 4 cm_; was used to record the spectra of the transmitted light from
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samples. To remove the chemical bonds of air constituents, the data of measure-
ments in absorption modes were taken in vacuum at a pressure below 3 mTorr. This
FTIR spectrometer (and any other modern and fast-scan spectrometer) is a modified
Michelson interferometer. The hearth of this system is a simple optical device called
interferometer consisting of two mutually perpendicular plane mirrors, KBR beam
splitter, DTGS KBR detector, and a compensating plate [222]. The split beam is
reflected off from a fixed and a moving mirror. Due to the path difference, the sig-
nals coming from two mirrors interfere with each other and produce a signal called
interferogram. The interferogram simultaneously encodes all information about every
frequency arrived from source. The decoding of the intensity versus each inducing
frequency is accomplished mathematically by Fourier Transformation [223].

Different FTIR spectra for a set of samples, for the most part, are compared in
terms of peak intensities and peak positions. To interpret each individual spectrum
first a baseline subtracted is carried out. A piece of the uncoated double side polished
wafer was used to measure the baseline transmission spectrum of the background of
each spectrum. The baseline subtraction and normalization were performed using
either a Bruker OPUS 6.5 software package or ohmic software. The further date
manipulation proceeds by deconvolution of the absorption spectra into Gaussian peaks
using the “fit multiple peak Gaussian function” of ORIGIN 9.4 software. The areas
under the Gaussian peaks were taken into account for the determination of bond
densities. The bond density between two atomic species of X and Y is denoted by
X-Y and calculated using the following equation, wherein x is the proportionality
constant, a is the absorption coefficient, and w is the wavenumber,

a(w)

X—YZI{/wa (3.6)
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The use of a Gaussian fit allowed us to simplified this equation to,
X-Y= /{/w/a(w)dw (3.7)

The integral corresponds to the integrated intensity of the Gaussian peak. Hence,
the multiplication of the known values of x and the calculated area of each Gaussian
peak, centered at w, gives the density of chemical bonds. The bond density of a cer-
tain chemical bond is the sum of densities of that specific bond obtained at different
positions in the IR spectrum. The density at any individual peak is given by the prod-
uct of the proportionality constant and the area under that band. Due to the limited
number of studies in the literature on SiC,N,:H. materials, the infrared absorption
modes were assigned with the help from reported absorption modes of submatrices;
i.e., CN and silicon-based materials such as SiN,, SiC,, and SiO,. Additionally, in
the literature, the measurement performed in the atmosphere pressure show a high
level of “noise”-background coming from carbon dioxide and moisture in the region

between 1300-2000 cm ™! spectral range.

3.5.4 FTIR Peak Assignments

In order to analyze IR, the strong band was numerically deconvoluted using five Gaus-
sian absorption peaks with the best residual (the difference between the experimental
and fitted spectra) [224]. A summary of the infrared vibrational modes detected in
SiC,Ny:H, films and the corresponding s-values are presented in Table 3.3. Fur-
thermore, the presence of hydrogen in the structure of a-SiC,N,H., introduced using
PECVD processes, complicates the bond assignment of IR absorption modes com-

pared to non-hydrogenated SiC,N, films grown using alternative techniques such as
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sputtering [128]. Peter et al. [160] reported discrepancies of about 150 cm™ in the
peak positions of Si-C and Si-N absorption modes. Hydrogen bonding also alters the
approximate positions of the absorption bands; red-shifting the stretching modes and

blue-shifting the bending modes [225].
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Table 3.3: Literature assignments of IR absorption peaks.

Frequency Proportionality
Bond (cm™1) Const_aznts Reported
(cm™?)
Si-O ~420 - [160] [226]
Si-N ~470 2x101 [227] [228]
Si-H ~640 1.6x 10" [229]
Si-C ~800 2.1x10% [230] [231]
Si-N ~T790 2x101 [226]
Si-N ~940 2% 10 [226]
C-N ~1000-1060 8x 10 [232]
Si-C ~1030 3%x10' [229] [232]
Si-O ~1060 - [232] [228]
N-H ~1180 2% 10 [227] [228]
Si-C ~ 1250 2.2x 101 [230] [231]
C-N/C=N ~1350 8x 109 [128]
C=C/C=N ~1450 9% 10" [233]
C-C/C=C ~1590 1.1x10% [234] [128]
C-C/C=C/C=N/C-N ~1850 0.9x 10 [235]
Si-H ~2100-2200 1.4x10% [226] [231]
C=N ~2100-2200 1.1x10% [234]
C-H ~2800-2900 1.7x10% [230] [231]
N-H ~3300 1x10% [227] [226]
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Chapter 4

Carbon Varying Silicon

Carbonitride

'The objective of this chapter is to demonstrate that the PL emission of a-SiC,N,:H,
thin films can be tubed by adjusting the composition of the samples. The focus is put
here to enhancing the luminescence properties of as-deposited a-SiN; 3:Hg 3 thin films
by addition of carbon. A systematic study of the influence of carbon incorporation on

the optical, compositional, and structural properties of a-SiC,N,:H, were developed.

!The results presented in this chapter have been previously published in one journal article and
two conference proceedings as follows:

e Z. Khatami, P. R. J. Wilson, J. Wojcik, P. Mascher (2017) The influence of carbon on
the structure and photoluminescence of amorphous silicon carbonitride thin films, Thin Solid
Films, 622: 110. https://doi.org/10.1016/j.tsf.2016.12.014

e Z. Khatami, P. R. J. Wilson, J. Wojcik, P. Mascher (2013) Photoluminescence
evolution of silicon carbonitride thin films grown by electron cyclotron resonance
plasma enhanced chemical vapour deposition, 56th Annual Technical SVC, 505/856.
http://dx.doi.org/10.14332/svcl3.proc.1110

e Z. Khatami, P. R. J. Wilson, K. Dunn, J. Wojcik, and P. Mascher (2012) The Influence of
carbon on the structure and photoluminescence of amorphous silicon carbonitride thin films,
ECS Trans, 45(5), 153-160. http://ecst.ecsdl.org/cgi/doi/10.11 49/1.3700422
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The results of different characterization techniques is presented in three sections.
In the final section the link of the chemical and structural properties with the PL
properties is explored and the optimal conditions with respect to the most luminescent
sample are reported. The results have been previously published in two conference

proceedings and one journal article [236] [237] [220].

4.1 Growth of Initial Set of Samples

In general, a ternary structure composed of silicon, nitrogen, and carbon is more chal-
lenging to study compared to binary structures, i.e. silicon carbide or silicon nitride.
To start the project first one of the constituent elements (carbon) was chosen as the
variable and the other two elements (silicon and nitrogen) were kept unchanged. To
perform the study of the influence of carbon incorporation, stoichiometric SiN; 3:Hg 3
was used as the reference sample and then the CH, gas flow rate was adjusted from
0 (SiNy.3:Hg3) to 20 (5%) cubic centimeters per minute at standard temperature and
pressure (sccm), while the gas flow rates of SiH4 and Ny were held constant at 5 and
10 scem, respectively. It should be noted that, following a number of depositions, the
precursor flows were adjusted to 5 and 4 sccm (for silicon and carbon sources) and 5
and 10 scem (for silicon and nitrogen sources) to produce the stoichiometric SiC (N-
free SiC,N,:H,) and SizgN, (C-free SiC,N,:H,) reference samples, respectively. The
details of the growth parameters of these films are summarized in Table 4.1 showing
only a certain subset of the samples that have been fabricated to find the parameters
of stoichiometric silicon carbide samples.

In the initial set of experiments, it was found that the deposition time was an

117



Ph.D. Thesis - Z. Khatami McMaster University - Engineering Physics

issue. Silicon nitride samples grown using any deposition time longer than 30 min-
utes cracked immediately following their removal from the deposition chamber. A
deposition time of 30 minutes resulted in silicon nitride layers with the a thickness
of 170 mm,see subsection (4.3.2), which showed no stress issues. Note, once CH, is
introduced in the deposition process, it is possible to grow silicon carbonitride layers
using any longer deposition times. However, to keep the consistency of the growth
parameters for all samples, the deposition time of 30 minutes was used in the course
of this work. There was also no need to grow thicker films for the choice of the char-
acterization methods. The analysis of the stress presented in the silicon nitride layers
was not in the scope of this project. The interested reader would find a comprehensive
study of various silicon-based structures in a master project performed by another
researcher in our group, O. Taggart [238].

In Table 4.1, the recorded RF power is the desired RF power (500 W) plus the
reflected power. For this set of sample no Ar gas compensation was used to minimize
the variables in different samples. SiH,4, CHy4, and Ny gases were used as precursors for
silicon, carbon, and nitrogen, respectively, and were fed into the chamber in the form
of 30% SiH, in Ar, 10% Ny in Ar, and pure CHy. Setting the microwave power to 500
W, several deposition runs were performed where the total process gas flow rate was
varied in the range of 15 to 35 (5%) sccm. Deposition times of 30 minutes resulted in
films with thicknesses varying from 180 to 440 nm (subsection 4.3.2). The deposition
process was conducted using a stage heater temperature of 350 °C, corresponding
to a substrate temperature of approximately 120 °C. To achieve more uniform and
homogeneous samples, stage rotation was used at a rate of 20 rotations per minutes.

It worth mentioning that, all luminescent samples presented in this chapter are

as-deposited samples with amorphous structure. XRD and HR-TEM revealed no
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Table 4.1: Deposition parameters of carbon varying SiCN samples.

RF
CH, No\ | SiH4\ Pom, Py, Pain. Dep. Heater| power

Sample Ar Ar Time | Temp.|

[scem] [mTorr]| [mTorr]| [mTorr] : o [W]
[scem] | [scem] [min] C

. 512
SiCN-08 2 10 ) 0.09 0.81 0.43 30 350

. 513
SiCN-09 4 10 ) 0.11 0.82 0.43 30 350

. 520
SiCN-10 6 10 ) 0.17 0.81 0.43 30 350

. 524
SiCN-11 8 10 ) 0.22 0.81 0.43 30 350

. 510
SiCN-12 0 10 ) 0.0 0.81 0.43 30 350

. 516
SiCN-14 4 10 6 0.11 0.81 0.43 30 350

. 521
SiCN-17 12 10 ) 0.3 0.78 0.43 30 350

. 520
SiCN-18 16 10 ) 0.41 0.81 0.43 30 350

. 521
SiCN-19 20 10 ) 0.54 0.81 0.43 30 350
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crystalline phases in the as-deposited layer.

4.2 Film Composition

The samples used in RBS measurements were grown on the carbon substrates as
opposed to the commonly used substrate, silicon, in most of the similar studies. The
practical reason for using a carbon glassy plate was concerned the increase of the
accuracy of the RBS technique. The SiC,N, matrix contains light elements such
as carbon and nitrogen. In subsection 3.3.1 the physics behind of the RBS method
was described wherein a typical spectrum of a thick substrate was highlighted. In our
produced layer, the thickness of the film and substrate are in the order on 100-300 nm
and a few um, respectively. The RBS spectra of samples deposited on glassy carbon
substrates gave well separated carbon and nitrogen peaks. The carbon and nitrogen
peaks cannot, however, be accurately distinguished in the SiC,N, matrix deposited
on the silicon substrate (Fig. 4.1.b). The carbon and nitrogen spectral overlap may
be understood in two ways; 1) being next to each other in the periodic table with
close atomic masses, and 2) the interference from the silicon substrate may cause
difficulties in distinguishing the spectral signature of lighter elements. Therefore, the
compositions of all thin films in this set, deposited with different CH4 gas flow rates,

were determined using glassy carbon substrates.

4.2.1 Different Substrates

A representative RBS spectrum for a sample containing atomic concentrations of
25.4 £ 0.3 at.% silicon, 17.5 & 1.1 at.% nitrogen, 32.2 + 1.0 at.% carbon, and 22.8

+ 0.9 at.% hydrogen grown on two different substrates, carbon and silicon, is shown
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Figure 4.1: Comparison of carbon and silicon substrates. Experimental (red
dots) and simulated (black line) RBS spectra obtained for a SiC,N,:H, sample grown
on (a) carbon substrate and (b) silicon substrate with the composition presented in
Table 4.2. The signals from carbon, nitrogen, and silicon can be clearly distinguished
when using the carbon substrate.

in Figs. 4.1.a and b, respectively. The experimental data (red dots) and the fitted
data (solid black line) are plotted and the spectral contribution from each element is
depicted and labeled. To avoid the influence of differences in the process parameters,
both samples were prepared simultaneously under the same experimental conditions.
Results of the combined RBS and ERD measurements of SiC,N,:H, samples deposited
on two different substrates are provided in Table 4.2. The initial concentration of the

elements given by RBS data was fed into the ERD simulation, and then RBS spectra
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were adjusted using the obtained hydrogen content. In some cases, one needs to
add the hydrogen fraction to the initial fitting of RBS data. In this case, first the
concentration of hydrogen is excluded from the RBS results, see subsection 3.3.1 for
more details. Then the true value of hydrogen given by ERD can be applied in the
reverse procedure to obtain the actual concentration of all constituent elements. The
concentration of the constituent elements is reported by atomic percent. Table 4.2
also shows that the use of a silicon substrate resulted in relatively larger uncertainties

for carbon and nitrogen in comparison with using a carbon substrate.

Table 4.2: Comparison of carbon and silicon substrates. Composition analysis
given by combined RBS-ERD of a-SiC,N,:H, thin films deposited with a CH4 gas
flow of 8 scem.

Substrate | H [at.%] | C [at.%] | N [at.%] O [at.%] Si [at.%] Ar [at. %]

Silicon | 23.541.0| 26.948.5 | 19.642.5 | Not detected | 29.7+0.3 | 0-3+ 0.0

Carbon | 22.840.9| 32.241.0 | 17.5+1.1|  1.840.1 95.4+0.3| 0-3£0.0

It can be observed that the spectrum of a film on a carbon substrate showed a
small amount of oxygen while this peak was lower than the noise level when using
a silicon substrate. The oxygen containing residuals, i.e., water vapors, oxygen, and
carbon oxides, adsorbed to the chamber wall can be considered as the sources of the
excess oxygen impurities. The apparent silicon atomic fraction in the film deposited
on the silicon substrate was higher than in the one deposited on the carbon substrate.
This is as a result of the overlapping of the silicon spectra of the film with the silicon
substrate signal. In the case of argon, being heavier than silicon, its atomic fraction

measured on both substrates was the same.
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4.2.2 RBS of Carbon Varying SiCN

The summary of the compositional analysis of as-deposited SiCN films fabricated on
carbon substrates with different CH, gas flow rate is provided in Fig. 4.2. The key
aspects of the approach applied for the compositional analysis were the use of carbon
substrates for RBS and using RBS and ERD simultaneously. The small error bars
shown in Fig. 4.2 confirm that this approach leads to highly accurate results. The
analysis showed film compositions varying from stoichiometric Si3N4 (CH4=0 sccm) to
C-rich SiCN (CH4=20 sccm) films. Argon and oxygen concentrations varied between
1 and 3 at.% regardless of the precursors used in the deposition process. By adding a
small amount (2 sccm) of CHy gas into the gas mixture, the carbon content reached
14.6 at.%. The carbon concentration steadily increased to a value of around 41.6
at.% in the most C-rich sample (CH4=20 sccm)and remained practically unchanged
with further increase of the CH, flow rate. Nitrogen and silicon concentrations both
decreased, with silicon decreasing less compared to nitrogen, which is clearly shown in
Fig. 4.3. This relates to the reaction of carbon and nitrogen in the deposition process
where N is more reactive with carbon components than SiH, gas-derived species.
Previous in-situ plasma analysis showed that the CN and HCN emission lines were
found to be the major components present in the plasma [152]. The presence of C-N
species in the plasma led to the less formation of C-N bonds in the growing layer and

explained the nitrogen deficiency in the SiCN samples.

4.2.3 ERD of Carbon Varying SiCN

The result of the ERD analysis is also presented in Fig. 4.2, providing a measure

of the hydrogen fraction of up to 35.7 + 1.0 at.% in SiCN films, both bonded and
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Figure 4.2: Elemental composition of carbon varying SiCN films. Elemental
composition analysis using RBS and ERD of SiCN samples as a function of CH4 gas
flow rate. The small error bars of RBS results (C, N, and Si) are depicted. The error
bars of about 1 at.% are calculated for hydrogen in ERD analysis.

un-bonded. These results were used as an input for the RBS fitting process to obtain
compositional information for the other elements in the film. The hydrogen content
was greatly increased by introducing a small amount of carbon into the SiN matrix.
Because of the dissociation of CH, in the deposition process, large concentrations
of hydrogen remained in the films, reaching up to 32.3 at.% for the sample grown
using a CH,4 gas flow of 2 scem. Increasing the CH4 gas flow rate from 2 to 8 sccm
resulted in a reduction of the hydrogen concentration, despite the introduction of more

hydrogen in the deposition process. The reduction of the hydrogen concentration is
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Figure 4.3: Ratio of silicon to nitrogen. Atomic concentration ratio of silicon to
nitrogen as a function of CH,4 gas flow rate. The linear trend is included to show the
increase and is not intended to represent a model.

due to more incorporation of carbon in the films. This leads to more carbon bond
formation (observations made by XPS and FTIR, to be discussed later in subsection
4.4) leaving less opportunity for the formation of hydrogen bonds; i.e., an increase in
the formation of Si-C bonding which is stronger compared to the C—H bond in the
SiC,Ny:H, matrix. Further increase of the CHy gas flow rate from 8 to 20 sccm led
to an increase of hydrogen in SiCN films to about 35 at.%. This can be attributed
to continuous reduction of nitrogen in the film, which provides more opportunities

for hydrogen to form bonds with carbon and silicon. The hydrogen concentration
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reached 40.8 at.% in the stoichiometric SiC film (grown using SiH,=5 and CH,=4
sccm). The comparison of stoichiometric SiC with the counterpart SiC,N,:H, (grown
using SiH,=5, CH4=4, and Ny=10 sccm), indicated that the hydrogen concentration
decreased from 40.8 to 33.4 at.% with the introduction of Ny in to the gas mixture.
By using RBS results, in the following sections, the samples are identified by
the carbon-to-nitrogen concentration ratio in the film which is described by the pa-
rameter R=C/N. Table 4.3 shows the film composition (in atomic percentage) and
corresponding gas flow rates used for each individual sample. Only CH, gas flow rate

is reported as Ny and SiH,4 were kept unchanged at 10 and 5 sccm, respectively.

Table 4.3: Composition analysis of carbon varying SiCN films. Film compo-
sition (at.%) determined by RBS of the film deposited on a carbon substrate using
different methane flow rates.

CH, 0 2 4 6 8 12 20 4
(scem)
R=C/N 0 0.59 0.78 1.64 1.83 4.09 13.5 SiC
H 9.4 32.3 33.4 29.7 22.8 35.1 36.9 39.8
C 0 14.6 17.8 28.1 32.2 34.4 41.6 36.7
N 49.3 24.5 23.5 17.1 17.5 8.3 3.0 0
Si 38.0 26.0 24.4 24.2 25.4 17.4 12.7 22

4.3 Optical Properties

The optical properties of the films were analyzed using UV-VIS spectroscopy, VASE,
and PL in the visible range. The results of VASE do not directly deliver the refractive

index, thickness, and absorption coefficient. VASE data first was simulated using a
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Figure 4.4: Optical properties of SICN with R=0.4. The refractive index and
extinction coefficient of a sample with R=0.4.

Cauchy model assuming a crystalline silicon substrate and a surface roughness layer
(with an average thickness of 10~15 A). A B-Spline model was then added; this
model follows the experimental trend more closely than the Cauchy model [212]. The
resulting refractive index and extinction coefficient of a sample deposited using R=0.4
is plotted in Fig. 4.4. The small value of the extinction coefficient (k) indicates no
significant absorption in the visible region for all samples (1072). This did not change
significantly with the increase of carbon in the matrix which suggests that the SiICN

layer is a good candidate as a transparent material in display applications.
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Figure 4.5: Refractive index and growth rate of carbon varying SiCN films.
Variation of the refractive index (at 632.8 nm) and growth rate with different R-values
(R is the carbon-to-nitrogen ratio). R-value cannot be defined for silicon carbide
represented a separate data. The error bars are shown with the red signs.

4.3.1 Refractive Index of Carbon Varying SiCN

The refractive indices of films with different compositions are plotted as a function
of carbon to nitrogen concentration ratio in Fig. 4.5. An increase in refractive index
was observed from 1.90 to 2.12, corresponding to film stoichiometries between C-free
(Si3Ny) and C-rich SiCN films, respectively. These values lie in the range of refractive
indices of stoichiometric SigN, (n=1.90) and stoichiometric SiC (n=2.28) confirming
the presence of both Si-C and Si-N networks [157]. The obtained values of refractive

indices in our stoichiometric SisN4 and SiC samples were slightly smaller than those of
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SisNy and SiC synthesized using CVD, reported as 2.0 and 2.6, respectively [239] [240];
likely due to the presence of a large amount of hydrogen incorporated during the
low-temperature growth [241]. Based on the Lorentz-Lorenz equation, the refractive
index depends on both the variation of the chemical composition and the density of
the films, being correlated parameters [242]. In our samples, by the introduction of
carbon to SiN matrix, the chemical composition changed which led to larger refractive
indices due to the higher Si-C density (see XPS results later in subsection 4.4). In
addition, the density of the films decreased and the refractive index increased in less

dense layers [243].

4.3.2 Growth Rates of Carbon Varying SiCN

The growth rate was estimated from the thickness determined by the VASE mea-
surements with an uncertainty of +3.5 A. Fig. 4.5 shows a non-linear increase of the
growth rate as a function of carbon to nitrogen concentration ratio. Kuo et al. [167]
showed that the effect of reactant gases on the growth rate is significant at the lower
deposition temperature of 380 °C. In our case, the increase of CH, flow from 0 to 8
scem (R=1.8) at a substrate temperature of 120 °C led to 1.7X higher growth rate.
However, the observed trend of the growth rate is in contrast to the results reported
in [150]. This could be due to the difference in the density of the produced films.
According to the calculations of the film density from RBS and VASE results (not
shown here), our films appeared to be less dense than the ones described in [150],

likely because of the relatively high concentration of hydrogen.
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4.3.3 Optical Band Gap of Carbon Varying SiCN

Fig. 4.6 shows the optical transmission spectra of SiCN thin films with varying
carbon concentrations. The noticeable oscillations at longer wavelengths originate
from interference due to the internal reflections, depending on the refractive index
and the film thickness [89]. The average optical transmittance was found to be as
high as 85% in the visible spectrum range indicating highly transparent films. The
transmittance decreased as the CHy gas flow rate increased in the deposition process
and films with higher carbon content were produced. The optical absorption edge

was then calculated from the transmission data using PUMA software [209].
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Figure 4.6: Transmission spectra of carbon varying SiCN films. The variation
of the transmission spectra of carbon varying SiCN thin films is plotted.
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Figure 4.7: Optical band gap of carbon varying SiCN thin films. The optical
band gap of SiCN thin films with varying carbon concentrations is plotted. The trend
is included to show the decrease and is not intended to represent a model.

Fig. 4.7 shows a decrease of the band gap energy from 3.83 to 3.08 eV for films
synthesized with R=0 to R=4.1, respectively. The experimental band gap of stoi-
chiometric SizNy is reported to be about 5.01 eV [78], which is somewhat larger than
4.3 eV obtained by density functional theory calculations [244]. The band gap energy
of SiN films with no carbon could not be determined on Corning glass due to the
lower band gap energy of glass. The optical band gap of SiC is reported to lie in the
range of 2.6 to 3.05 eV depending on different polytypes [245]. Therefore, the slight
incorporation of carbon into the SiN matrix lowered the energy gap to values smaller

than 3.8 eV. The band gap reduction steadily continued as the CH,4 gas flow rate was
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increased further. The band gap narrowing may be ascribed to the formation of Si—C
bonds due to the creation of electronic localized states as observed in XPS analysis
(subsection 4.4) [164]. In addition, ERD results (subsection 4.2.3) showed that the
hydrogen concentration decreased, which would lead to a narrowing of the band gap

due to the increase of the dangling bond density [187].
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Figure 4.8: PL of carbon varying SiCN films. PL spectra excited by 325 nm
He-Cd laser as a function of wavelength for SiCN thin films with varying carbon
concentrations.

4.3.4 PL of Carbon Varying SiCN

Under excitation by a 325 nm HeCd laser source, the PL spectra of as-deposited

samples were measured (Fig. 4.8) In general, the PL emission, ranging from 350 to
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800 nm, is broadened in the SICN matrix in comparison with PL peaks of both SiC and
SiN. The broadening likely originates from the structural disorder, which increases
the width of the localized states (called “antiparallel band-edge fluctuations”) [132].
The first peak position at 475 nm (2.61 eV) remained unchanged regardless of the
presence of carbon in the matrix; however, it decreased in C-rich SiCN (R=13.5)
and vanished in SiC samples. This peak could be assigned to the recombination
processes at silicon dangling bonds in a-SiN thin films [132] [110]. With an increase
of the carbon content, the center of the second (main) PL peak shifted towards longer
wavelengths, from 550 to 660 nm (2.25-1.87 eV). As shown in Fig. 4.7, the band gap
energy decreased with increasing the carbon content, resulting in a redshift of the
main PL peak at 550 nm. The PL spectrum of a stoichiometric SiC (N-free) film
showed two main peaks and one small peak at 550, 650, and 780 nm (2.25, 1.90,
and 1.58 eV), respectively. According to the theoretical PL calculations explained in
chapter 2, these peaks were attributed to carbon in the 3-SiC configuration, a-SiC,
and carbon clusters, respectively. Both C-rich SiCN (R=13.5) and stoichiometric SiC
samples showed a peak position at 650 nm, attributed to a-SiC clusters. Most likely
the redshift of the second (main) peak in SiCN films, observed after the introduction
of carbon to SiN films, is related to the formation of SiC clusters.

Fig. 4.9 illustrates the dependence of the emission intensity on the ratio of carbon
to nitrogen content in the layer. First, by introducing carbon into the SiN matrix the
PL intensity decreased for R=0.6 (C=14.6 at.%) and R=0.8 (C=17.8 at.%) samples.
It then gradually increased with the further increase of CH; flow. The most lumi-
nescent SiCN film was obtained for R=1.8 (C= 32.2 at.%) deposited using a CHy4
gas flow of 8 scem. No significant enhancement of PL intensity was observed with

the further increases of the CHy gas flow rate up to 12 and 20 sccm which produced
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samples with R=4.1 (C=34.4 at.%) and R=13.5 (C=41.6 at.%), respectively. In fact,
the maximum PL intensity did not vary significantly for any R-value higher than
R=4.1. SiN and SiC samples exhibited lower PL intensity which indicated that the
intensity of the PL can be optimized by an appropriate ratio of carbon and nitrogen

in the matrix.
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Figure 4.9: Total power emission of carbon varying SiCN films. The total
power emission of carbon varying SiCN samples as a function of R is plotted.

Hydrogen passivation was performed by the use of 95%Ny +5% Hy instead of
pure Ny as the ambient gas in the annealing process. The temperature evolution of
the PL spectra following the annealing process has been discussed in reference [246].
The PL intensity was similar for both passivated and non-passivated or C-rich and

less C-rich samples. Thus, the hydrogen passivation was found to have no effect on
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the PL emission intensity from C-containing samples, which deviates from results
reported for Si-rich SiN films [247]. This difference likely is related to the use of
CH, as the reactant gas during the growth. As ERD in subsection 4.2.3 showed, CHy4
introduced high concentrations of hydrogen in the film. Ma et al. showed that the PL
improved by the use of NH3 gas as the nitrogen source in the deposition process instead
of Ny gas [247]. Their SiN samples were prepared using NHjs contained significant
hydrogen concentrations and the PL improved at the lower temperatures, where the

out-diffusion of hydrogen did not occur and hydrogen remained in the film.
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Figure 4.10: N 1s spectra of carbon varying SiCN films. XPS spectra of the N
1s of SiCN thin films with different carbon content.

4.4 XPS of Carbon Varying SiCN

XPS was used to study the effect of carbon incorporation on the electronic restruc-

turing of SiCN films at the C 1s, N 1s, Si 2p, and O 1s edges. The instrument work
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Figure 4.11: XPS spectra of carbon varying SiCN films. XPS spectra of the
(a-c) C 1s and (d-f) Si 2p peaks of SiCN thin films with different carbon content. R
is the carbon-to-nitrogen ratio (top: highest carbon concentration; bottom: lowest
carbon concentration). Solid lines show the measured data. Dashed lines represent
the peak positions of specific peaks obtained from deconvolution of the (a-c) C 1s and
(d-f) Si 2p contributions.

function was discussed in subsection 3.5.1. We observed one negligible O 1s peak
at 532.6 eV for all samples, likely due to the small amount of oxygen contamina-
tion. Low oxygen contamination in the film was mentioned in RBS results on the
carbon substrate (subsection 4.2); however, the surfaces oxide layer was removed by
HF treatment. Fig. 4.10 shows that the N 1s spectrum consisted of one peak centered
at 397.8 eV in all C-free and C-containing films, which remained with no shift. The
peak at 397.8 eV identified the N-Si bonds, which showed the only higher amount in

SizN, (R=0) and a decrease as the carbon content increased in the film. No N-sp*C
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at 398 eV and N-sp?C bonds at 400 eV was detected. The assignment of the N 1s
components was adopted from the general agreement of the presence of nitrogen in a
mixed and non-fixed environment [221] [218].

Figs. 4.11. a, b, ¢ show the C 1s core level spectra for three as-deposited samples
with various carbon concentrations (prepared with different CH4 gas flow rates). The
deconvolution of the C 1s spectra yielded three peaks centred at 283.4 eV (C-Si), 284.8
eV (C-C and/or C-H), and 286.2 eV (C-O and/or C-N), with no feature at 289.0 eV
(C=0) as was expected from the low oxygen content [215]. There was also no peak at
287.0 eV (associated with the Csp? bonded to one N neighbour) or at 288.0 eV (Csp?
bonded to two N neighbours) [221]. A small peak at 286.2 eV showed the identity of
the C-N bond rather than the C-O bond. The contribution of the C-O bond can be
ignored due to the negligible O 1s peak and the low oxygen contamination. The peak
at 286.2 eV remained nearly unchanged regardless of the carbon concentration and
only showed slightly higher intensity in the low-carbon content film (R=0.8) with an
nitrogen content of 23.5 at.%. The type of carbon and nitrogen bond was identified
as the C=N triple bond at 286.3 eV and the trigonal sp?C-N bond at 286.5 eV [218].
Most likely, the observed peak at 286.2 eV can be attributed to C=N triple bonds
due to no contribution of N-sp?C bonds in the N 1s spectra and the presence of the
C=N stretching mode at 2100~2200 cm™! in the IR spectrum (subsection 4.5).

The peak at 284.8 eV has been attributed to C—C, C-H, and C-N bonds. The
assignment of this component depends on the concentration of N. At low concentra-
tions of N, this binding energy was assigned to the C-C peak for sp® bonded C in a
diamond-like matrix; at higher nitrogen concentrations, it was ascribed to the C-C
peak for sp? bonded C in a graphite phase in SiCN matrix [216] [217]. The lack of

XPS experimental data of SiCN in the literature necessitated exercising caution in

137



Ph.D. Thesis - Z. Khatami McMaster University - Engineering Physics

the assignment of N 1s and C 1s to definite chemical states. Other authors associated
the peak at 284.8 eV with Csp? bonded to either carbon or nitrogen in CN materi-
als [221] [216]. However, in the produced SiCN films, we assigned the peak at 284.8
eV to C-C/C-H bonds rather than C-N bond for two reasons; First, the lower con-
centration of nitrogen in R=4.1 implied that the higher intensity of this peak could
not be attributed to C-N bonds and can be linked to both graphite formation (sp?C)
and more formation of hydrocarbon (C-H) bonds; ERD and RBS (subsection 4.2)
showed a higher concentration of hydrogen and carbon in sample R=4.1. In addi-
tion, the feature at 286.2 eV did not change from sample R=1.8 to sample R=4.1,
indicating no further changes in C-N bonds.

Adding carbon into the SiN matrix resulted in the formation of C—Si bonds 283.4
eV. The left vertical line in Figs. 4.11. a, b, and c. shows that increasing the R-values
(R=C/N) from R=0.8 (C= 17.8 at.%) to R=1.8 (C= 32.2 at.%) led to the rise of the
C-Si bond relative integrated intensity (the amount defined as the ratio of the band
area to its envelope area). With the further increase of the carbon content to R=4.1
(34.4 at.%.), the amount of C—-Si bonds became smaller compared to sample R=1.8,
whereas the amount of C-C bonds continuously increased from R=0.8 to R=1.8 and
then from R=1.8 to R=4.1. It should be noted that R=4.1 contained the highest
carbon content wherein no more carbon could be incorporated in the layer with the
rise of CHy4 gas flow rate in the growth process. The added carbonaceous components
made the carbon 1s of R=1.4 more complicated. The observed decrease in C-Si bond
was likely due to the increase in the other carbon containing species at the surface.
Therefore, the data of Si 2p was used to report the trend of Si—C bond. Figs. 4.11.
a, d, e, and f show the Si 2p peak containing a mix of carbide, nitride, and oxide

bonds positioned at 100.8, 101.5, and 103.0 eV, respectively. With increasing CHy
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gas flow rate in the deposition (increasing the carbon content in the produced films
as a result), the amount of Si-N bond gradually decreased. The amount of the Si-C
bond increased significantly from R=0.8 (C= 17.8 at.%) to R=1.8 (C= 32.2 at.%)
and with the further rise in the carbon content to R=4.1 (34.4 at.%.), the amount of
Si—C appeared unchanged (slightly increases ~ 1% of the relative integrated area).
With correlation to the PL behavior of these films, the relatively large density of
Si-C bonds and lower amount of C-C bonds could be found in the most luminescent
sample with R=1.8. This sample showed more intense PL emission than R=4.1
(Fig. 4.8) which contained a higher C-C content and a similar amount of Si-C to
that observed in R=1.8. This yields an optimal relative concentration of constituent
elements (Si, N, C, and H) to produce the highly luminescent SiCN thin film. It is
noted that Chen et al. [26] did not observe considerable Si-C peaks at either carbon
1s or Si 2p edges in their crystalline SiCN films. They suggested the existence of a
Si-C-N phase with a hexagonal crystalline structure similar to SiN, where Si atoms
were partially substituted by carbon atoms, with nitrogen as a bridge. However, in
our amorphous samples, most likely due to the low concentration of nitrogen, carbon
was favored to make bonds with silicon rather than nitrogen, as we verified both by
XPS and FTIR results. The low concentration of nitrogen led to the formation of

amorphous phases of SiC and SiN in the produced SiCN thin films.

4.5 FTIR of Carbon Varying SiCN

The transmission spectra of as-deposited samples with different carbon contents (Fig.
4.12) includes a dominant peak in the range of 600 to 1200 cm ™! and several individual

peaks. The assignment of the absorption peaks is provided in Table 3.3 using data
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from section 3.3. The ternary structure of SiCN includes many possible absorption
bands making the peak assignment a not clearly resolved matter [160]. In addition,
the reported data from different growth methods, and the use of polymer data are also
sources of discrepancies [248]; for example, Peter et al. [160] mentioned discrepancies

of about 150 cm~! in the peak positions of Si-C and Si-N bonds.
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Figure 4.12: FTIR spectra of carbon varying SiCN films. Representative in-
frared transmittance spectra for SICN thin films with various carbon contents. The
inset depicts the deconvolution in the wavenumber range of 600-1200 cm™' of the
sample deposited with R=1.8. Dashed lines represent the position of the main peaks.

The very first peak at 420 cm™' (Si-O-Si stretching) did not depend on the
carbon concentration in the film, as could be expected from the low and constant
O concentrations in the layer. The Si-N symmetric stretching mode (470 cm™!) is
weakened in the SiCN sample (R=1.8), indicating a decrease in the number of Si—

1

N bonds. The dominant broad absorption area is centered near 820 cm™ and is a
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superposition of the Si-N stretching mode (near 900 cm™!), the Si-N local distorted
stretching mode (at about 790 cm™'), and the N-Siz asymmetric stretching mode (850
cm™') [227]. The deconvolution of the main envelope ranging from 600 to 1200 cm™*
was approximated using three Gaussian curves to magnify the effect of restructuring
occurring by the carbon introduction to the SiN matrix. The inset in Fig. 4.12 shows
an example of deconvoluted FTIR spectra of the sample with R=1.8. Incorporation
of CH, into the growth process resulted in changes both in the shape and intensity
of the main peak due to the enhanced structural disorder of the Si—-C bonds. The
broadening towards the lower wavenumbers could be accounted by the increase in
the intensity of the characteristic stretching vibration of Si—C bonds centered at 800
cm ™!, The widening of the main peak toward larger wavenumbers could be attributed
to both the C-N wagging and Si-CH, bending modes occurring at about 1030 cm ™.
After increasing the carbon content, another remarkable feature was the decrease in
the intensity of the main peak showing further evidence of reduction of the Si-N bonds

in the favor of the formation of Si-C modes positioned at 800 cm™*.

I and

The position of this peak shifted towards lower wavenumbers by 94 cm™
slightly decreased by increasing the carbon to nitrogen concentration ratio (R-value)
from 0 to 1.8. The presence of sp-bonded N at 2100~2200 cm ™! was strongly corre-
lated with the C-N contribution to C 1s at around 286.5 eV [218] [216]. The observed
decrease in the C—N stretching mode was in agreement with the decrease of C-N bond
at 286.2 eV from the sample with R=0.8 to sample with R=1.8 (section 4.2 and Figs.
4.11.a and b).

N-H bonds at 1190 and 3300 cm™! completely disappeared after incorporation of

carbon to the SiN matrix, as can expected from the significant decrease of nitrogen

concentration. An absorption band at 650-660 cm ™! was also observed but could not
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be attributed to any bonds in SiCN films. Peter et al. [160] reported this peak in a list
of non-published absorption peaks obtained using optical modeling of a vacuum/a-
SiCN:H/monocrystalline Si/vacuum structure.

The addition of carbon to the SiN matrix led to the formation of a small amount
of C-N and C=N with a significant increase of the Si—-C bond density. Carbon prefers
to form bonds with silicon rather than nitrogen. All of the observed changes likely
originate from the formation of Si—-C and C-N bonds resulting in the observed decrease
in the intensity of Si-N and N-H peaks in the FTIR spectra SiCN matrix. This is
indicative of the decrease of nitrogen incorporation in films, as verified by the lower

nitrogen concentrations obtained using RBS (Fig. 4.2).

142



Chapter 5

Annealing of Silicon Carbonitrides

!The thermal annealing behavior of the sample exhibiting the strongest luminescence
(a-SiCy 2Ng 7:H; 4) is the main focus of this chapter. The hydrogen diffusion in such
a metastable thin film is discussed in terms of the post-deposition annealing and is
reviewed quantitatively employing two different experimental techniques; ERD and
FTIR. Then the interdependency of the optical, structural, and compositional features
determined by a multitude of characterization techniques is addressed. In particu-
lar, hydrogen (and hydrogen desorption) is one of the key determinants of the film
properties, as discussed in section 2.5. In the present chapter, the link between the
thermally induced changes of the film properties and hydrogen diffusion in such films

is also highlighted. The content of this chapter has been published in one conference

!The content of this chapter has been published in one journal article and one conference pro-
ceedings as follows:

e Z. Khatami, C. Nowikow, J. Wojcik, P. Mascher (2018) Annealing of silicon carbonitride
nanostructured thin films: Interdependency of hydrogen content, optical, and structural prop-
erties. J. Mater. Sci., 53(2): 1497-1513. https://doi.org/10.1007/s10853-017-1576-6

e Z. Khatami, P. R. J. Wilson, J. Wojcik, P. Mascher (2014) Structural and opti-
cal properties of luminescent silicon carbonitride thin films, ECS Trans., 61(5), 97-103.
http://ecst.ecsdl.org/cgi/doi/10.1149,/06105.0097ecst
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proceeding [249] and one journal article [250].

5.1 Fabrication of Annealed SiCN

The precise stoichiometry of a-SiCy 2Ny 7:H; 4 sample was obtained in via the proper
adjustment of the carbon content of a series of a-SiC,N,:H, thin films, as was de-
scribed in the previous chapter. The precursors of 30% SiHy in Ar, 10% Ny in Ar,
and pure CHy were fed into the deposition chamber with gas flow rates of 5, 10, and 8
(£5%) scem, respectively. A nanolayer with a thickness of 230 nm was deposited in 30
minutes at a nominal deposition temperature of 350 °C, corresponding to a substrate
temperature of approximately 120 °C. To study the thermal annealing behavior of
a-SiC,; N, materials, post-deposition, the as-deposited a-SiCi oNg7:H; 4 sample were
cleaved and subsequently subjected to the thermal annealing in a quartz tube furnace
using ambient gases of pure Ny and 95% Ny + 5% Hs for one hour at temperatures
(T,) ranging from 300 to 1200 °C in 100 °C increments. To minimize contamination
by the atmosphere; all samples were allowed to cool to room temperature in Ny gas
before extraction from the tube furnace.

For the temperature studies, the thin films deposited on substrates of n-type
silicon were used for all measurements except an un-doped silicon substrate that was
employed for FTIR measurements. As described in subsection 3.3.1 the use of carbon
substrates is one the most efficient solutions to avoid the overlapping signal of the
silicon substrate with the signal of silicon and lighter elements of SiC,N, thin films.
However, in our study of the evolution of the composition as a function of post-
deposition thermal annealing, films grown on silicon substrates were used instead of

carbon substrates. The mismatch of thermal expansion between the thin films and
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underlying glassy carbon substrate led to delamination and film cracks during the

annealing procedure, in particular at the elevated temperatures.

5.2 Film Properties of Annealed SiCN

5.2.1 Film Composition

Fig. 5.1 shows an RBS spectrum of a-SiCygNg5:Hgps. This sample is the annealed
a-SiCy oNg7:Hy4) at 1200 °C for 1 hour. It is grown on silicon substrate, so that,
the RBS spectrum is superimposed on the background signal of the thick silicon
substrate. The fit generated by the SIMNRA program is plotted by the black line.
The spectrum is composed of constituent elements, for which the partially fitted
spectra are plotted separately along with the corrected areal density. The corrected
areal densities (atoms/cm?) are calculated by the multiplication of the true thickness
obtained from VASE analysis and concentrations measured using RBS.

The combined RBS-ERD analysis was performed for the as-deposited a-SiCy oNg.7:Hj 4
sample, and the ones annealed at 500, 900, and 1200 °C. The atomic percent of all
constituent elements, including hydrogen, given by the combined RBS-ERD method
is presented in Fig. 5.2. The summary of the concentration of each constituent ele-
ment, reported in atomic percent at.%, is provided in Table 5.1. The corrected areal
densities are also listed in Table 5.1 along with the corresponding estimated accuracy
given by the SIMNRA program, which is related to the inherent RBS measurement’s
uncertainties.

The result of the ERD analysis (Fig. 5.2) provides the concentration of both

bonded and unbonded hydrogen, while, as will be discussed in subsection 5.2.5, the
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Figure 5.1: Composition and density of annealed SiCN films. RBS spectrum
of hydrogenated a-SiC; Ny 7:H;4 annealed at 1200 °C. The annealing produced a
sample with the composition of SiCogNg5:Hpos). The experimental data (red dots),
fitted data (solid black line), and partial fitted spectra of each element are presented.
The carbon and oxygen signals indicate a non-uniform distribution through the layer
upon thermal annealing.

IR absorption data only deliver the density of bonded hydrogen. Therefore, only the
ERD results are considered only to report the hydrogen density in the layer at various
annealing temperatures. Due to the dissociation of CH, gas during the growth pro-
cess, and the applied plasma assisted CVD method, a large concentration of hydrogen
(3242 at.%) appears in the as-deposited a-SiCy 2N 7:Hy4) thin film. Upon thermal
annealing, taking into account the uncertainties presented in a-SiCy 9N 7:Hj4), the
hydrogen concentration is virtually unchanged for temperatures below 500 °C (T, <

500 °C). The hydrogen content rapidly decreases for annealing temperatures up to
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T,=900 °C. After this annealing step, the hydrogen content reaches values close to
the ERD detection limit (2 at.%) indicating that virtually all hydrogen is depleted

from the film layer.
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Figure 5.2: Summary of combined RBS-ERD analysis. The composition of hy-
drogenated a-SiC,N, films containing (initially) high hydrogen content as a function
of annealing temperature. The hydrogen content rapidly decreases after annealing at
temperatures above 500 °C.

Fig. 5.2 shows that higher annealing temperatures yield a remarkable increase
in the concentration of silicon and a weaker one for that of nitrogen. The carbon
concentration first increases up to T,=900 °C and then decreases with further increase
of T, to 1200 °C. Oxygen contamination is low and nearly remains constant over
the thermal annealing range, except at T,=1200 °C. It is noted that the unit of

the elemental concentration is given by the atomic percentages (at.%) showing the
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relative contribution of the corresponding elements in the layer; therefore, an increase
in the elemental concentration does not mean necessary that there is an increase in
the actual amount of carbon, nitrogen, and silicon. In fact, the significant hydrogen
loss that occurs during annealing leads to the increase of the atomic percentage of
the other elements. Fig. 5.1 confirms the formation of carbon clusters and oxide
features at T,=1200 °C through the non-uniform distribution of carbon and oxygen.
The peak widths of the carbon and oxygen signals are not symmetrically distributed
through the film depth, while those of silicon and nitrogen are virtually symmetric.
The double-peaked carbon signal is an indication of carbon clusters (of graphite-like
structure) formed in the inner layers of the film. This is in good agreement with the
XPS results of the sample annealed at 1200 °C showing only the C-C feature at the C
1s core level (subsection 5.2.4). The high energy side of the oxygen peak in Fig. 5.1,
corresponding to the top layer of the film, represents the surface oxide. The narrow
width of the oxygen peak agrees with a thickness of the oxide layer of 32 nm observed
in the HRTEM image (Fig. 5.3).

The mass density of the annealed samples is calculated from the combined RBS-
ERD and VASE results, as described in 3.3.1. The values of mass density along with
the corresponding uncertainties are listed in Table 5.1. The untreated a-SiC;y 5Ng.7:Hj 4
sample, containing 32 at.% H, shows a density of 2.05 g/cm?® which increases to 3.05
g/cm? in the sample annealed at 1200 °C containing only 3 at.% H (a-SiCg gNg.5:H.os)-
Moreover, the densities of the as-deposited a-SiN; 3:Hg 3 and a-SiC:H; 3 films were an-
alyzed as the reference samples and matched the published values for hydrogenated
material grown by PECVD processes [251]. We obtained density values (hydrogen
contents) of 2.3 g/cm?® (9 at.%) and 1.9 g/cm?® (39 at.%) for a-SiN;3:Hp3 and a-

SiC:H; 3, respectively. It should be noted that the thickness of the layer and the
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Figure 5.3: HRTEM of SiCN samples annealed at 1200 °C.The magnified
HRTEM cross sectional image with a corresponding SAED pattern taken from the
a-SiCy oNg.7:Hy 4 annealed at 1200 °C. The line highlighted by the yellow color shows
the thickness of the oxide layer formed after annealing at 1200 °C for 1 h. The inset at
the bottom is the lower magnification image of the a-SiC; ;Ng 7:H; 4 deposited on the
silicon substrate, in which the surface oxide layer is still observed. The inset on the top
is the diffraction pattern confirming the amorphous structure of the a-SiCy oNg.7:H; 4.

relevant error are determined independently using VASE as will be discussed in 5.2.2.
The accuracy of the film density can be evaluated using the sum of the relative accu-
racies of atomic concentration and the thickness measurements. The details of mass
density calculation has been discussed already in subsection 3.3.1 according to the
basic rules of uncertainty calculation [252]. The typical relative uncertainty of the
mass density of this set of samples is estimated from 2 to 6 %, which gives a maxim

of 0.07 g/cm? for the absolute uncertainty of film densities.
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Table 5.1: The elemental composition and density of annealed a-SiC; 2Ng7:Hy 4 thin

films and as-deposited SiC:H; 3 and a-SiN; 3:Hg 3 thin films.

: Film

(si | (o | (= | e | B QC AN )

+0.2) | £0.5) | £0.4) | £0.4) y

s s s s x10 x10 x10 x10 : 5

at-7opab.Zo o abso o ab-Zo v o |l at% | at% | at.% g/cm

AD- | 227 | 28 15 32 52 | 64 | 35 |75 2.05
SiCN

SiCN- | 232 | 33 13 28 52 | 73 | 30 |62 2.09
500°C

SiCN- | 342 | 41 19 6 61 | 73 | 33 |10 2.90
900°C

SiCN- | 38.9 | 30 20 3 64 | 49 | 32 |06 3.13
1200°C

AD- | 384 0 49 9 5.0 0 64 | 1.2 2.35
SiN

AD- | 28.3 | 204 0 39 91 | 145 | 0 |15 1.93
SiC

5.2.2 Optical Properties

The thermally induced changes in the refractive index (n), thickness (d), and optical

band gap (Eo4) of the annealed SiC; 2Ng 7:H; 4 thin films are listed in Table 5.2. The

values of these properties refer to a wavelength of 632.8 nm; as-deposited SiN; 3:Hg 3

and SiC:H; 5 films are also calculated as a reference. The obtained refractive index

values of the investigated stoichiometric a-SiNy 3:Hg 3 and SiC:H; 3 films (1.9 and 2.3)

are slightly smaller than those of a-SiyN3 and SiC synthesized using CVD techniques,

reported as 2.0 and 2.6, respectively [239] [240]. This can be expected due to the

presence of a large amount of H incorporated during the low temperature PECVD

processes. The as-deposited a-SiCy 5Ny 7:Hy 4 sample has a refractive index of 2.1 and
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a thickness of 263 nm. Annealing was found to shrink the layer by 0.2, 1.3, 1.8, 2.5,
2.5, 8.0, 6.2, and 7.3 %, respectively, in any 100 °C increment from 300 to 1200 °C.
It has been extensively discussed in subsection 2.3.2 that the short-range structural
orders present in amorphous materials introduce localized states into the band gap.
The Urbach energy and calculation of optical band gap (Eos) were explained in sub-
section 2.3.2. Here, Eq4 of all three classes of material is determined using VASE data
and the results of fitting which delivers the values of the extinction coefficient. As the
matrix evolves from SiN; 3:Hg 3 to a-SiCy 9Ny 7:H; 4 the band gap narrows from 3.9 to
3.6 eV. Table 5.2 the energy gaps and the corresponding E,, is listed for a-SiN; 3:Hg 3
and SiC:H; 3 as well as the as-deposited a-SiC; 3Ng7:H; 4 sample. It also shows the
estimated values of the optical band gaps of annealed a-SiC; 5N 7:Hy 4 which lie in the
range of 0.5 to 3.6 eV. The as-deposited a-SiC; 3Ng7:Hy 4 sample has the maximum
Eo4 with a value of 3.6 eV, which is red-shifted to lower energy upon annealing. The
first band gap narrowing happens at T,=500 °C (first annealing stage), and sharper
narrowing occurs at 900 °C (second annealing stage). Beyond annealing at this tem-
perature the bandgap is shifted slightly to higher energies, while the mid band gap

states (E,) show the opposite behaviour.

5.2.3 Nanostructure

Fig. 5.3 is the cross-sectional HRTEM image and the corresponding selected-area
electron diffraction (SAED) pattern taken from the a-SiC; oNg 7:H; 4 sample annealed
at 1200 °C for 1 h. As determined from RBS-ERD

The line highlighted by the yellow color shows the thickness of 32 nm for the oxide

layer formed on the surface of the film following annealing at 1200 °C. In the inset
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Table 5.2: The optical band gap, Urbach energy, thickness, and refractive indices of
annealed a-SiCy 5N 7:Hjp 4 thin films and as-deposited SiC:H; 3 and a-SiN; 3:Hg 3 thin
films.

Temperature (°C) Eot0.1 | o (V) d=+0.4 n@?;g?g,g
(eV) (nm)
AD-SiC1oNo7H, 4 3.6 0.28 263.1 2.08
300 3.5 0.29 262.7 2.08
400 3.5 0.30 259.3 2.08
500 3.5 0.49 954.7 2.08
600 2.7 0.50 248.3 2.08
700 1.5 0.89 242.1 2.10
900 0.5 1.24 992.8 2.22
1100 0.8 0.94 209.0 2.59
1200 1.0 0.71 193.7 2.69
AD-SiN, 3Hy 5 3.9 0.25 138.7 1.9
AD-SiCH; 5 3.0 0.3 363.6 2.3

of Fig. 5.3 is shown the image of the SiCy N 5:Hg.0s single layer on the crystalline
silicon substrate, in which the surface oxide layer is still observed using the lower
magnification. The HRTEM image identifies a purely amorphous nanostructure of the
SiCo.sNo.5:Hg.0g film layer. The SAED pattern also does not reveal any contrast, which
clearly confirms that the SiCygNgs5:Hg s sample does not contain any crystalline
regions. The structural analysis of amorphous thin films is challenging and in this

work is performed using the two methods discussed in the following subsections.
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5.2.4 XPS

In Fig. 5.4 are shown the spectra of O 1s, N 1s, Si 2p, and C 1s core levels revealing
the electronic restructuring of a-SiC; 9N 7:Hi 4 as a result of thermal treatment. In
the O 1s spectra of the as-deposited sample and the one annealed at 500 °C, only
one weak peak was resolved at 532.6 eV, see top panel of Fig. 5.4. This negligible O
1s peak can be expected due to low oxygen contamination in the film, as previously
discussed in connection with the RBS results (see subsection 5.2.1). Fig. 5.4 also
shows the formation of a new oxide feature after annealing at 1200 °C in a dry purge N»
environment. This dominant oxide feature on the surface formed despite one-minute
HF etching to remove the surface oxide layer with a thickness of about 30 nm (Fig.
5.3), prior to the XPS measurement. This etching time was chosen by considering
the reported typical dilute HF (1:10 of H,O + HF (49 %)) etch rate of 24 nm/min at
room temperature for a thermally grown silicon dioxide [253]. It can be inferred that
the HF etching rate of the formed oxide-based layer is much less than the standard
etching rate of a thermally grown oxide layer. Thus, it appears that an oxide-based
layer with a composition and density different from thermal stoichiometric silicon
dioxide is formed on the surface of a-SiCy 2Ny 7:Hy 4 during the thermal treatment at
T,=1200 °C. The potential sources of oxygen could be contamination of the Ny source
or/and the reactions of the dangling bonds, created as a consequence of annealing,
with atmospheric oxygen.

The N 1s core level spectra in the bottom panel of Fig. 5.4 show the features of the
N-Si bond at 397.8 eV (dotted lines) and N=C bond at 398.9 eV (connected symbols)
in the as-deposited sample, while the sample annealed at 500 °C can be fitted only to

one single peak centered at 397.8 eV, identifying the N-Si bond. No peak at the N 1s
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Figure 5.4: The O 1s and N 1s core levels of annealed SiCN films. XPS data
showing the O 1s and N 1s spectral lines of a-SiCy 5Ny 7:Hy 4. Offset was added and
the legends were ordered from the bottom to the top; (top panel) the Ols core level
signal is weak except after annealing at 1200 °C where two peaks were resolved due
to the presence of a surface oxide, (bottom panel) N 1s core level of the AD sample
shows the feature of N-Si at 397.8 eV (dotted lines) and N=C at 398.9 eV (connected
symbols) while the sample annealed at 500 °C was fitted to only one individual peak
centered at 398.8 eV and the sample annealed at 1200 °C showed no signal).

core level is detected in the sample annealed at 1200 °C. The absence of N-Si bonds
at 1200 °C agrees with the disappearance of the Si-N feature at the Si 2p core level
shown in Fig. 5.5. Figs. 5.5 and 5.6 show the XPS spectra of the Si 2p and C 1s core
levels, respectively, where three main peaks are resolved in each spectrum. Prior to
thermal annealing, the as-deposited film at room temperature exhibits the Si-C bond
at both Si 2p (101.1 eV) and C 1s (283.5 eV), the Si-N bond (101.8 eV), and a small
oxide feature of Si-O at Si 2p (103.0 eV), and the C=N bond at the C 1s (286.3 V)
edges. Annealing at 500 °C results in a reduction of the integrated intensity of the

Si-N bond at the Si 2p edge with an increase of the Si-C signal at both Si 2p and C
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1s core levels, and the disappearance of the C=N peak (286.3 eV) at the C 1s edge.
The sample annealed at 1200 °C barely shows any signal of the Si-C and Si-N bonds,
which is an indicator of Si-N and Si-C bond breaking, well in agreement with the
observation in the IR absorption modes of sample annealed at 1200 °C (see Fig. 5.7).
The Si-O peak at the Si 2p edge and the C-C peak at the C 1s edge are the main
features resolved after annealing at 1200 °C, due to the formation of the dominant

surface oxide and carbon clustering in the inner layer, respectively.
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Figure 5.5: The thermal evolution of the Si 2p core level of annealed SiCIN
films. XPS data showing the Si 2p spectral lines (solid lines) and their fits for a-
SiC1.9Ng7:Hi 4, AD, and annealed at 500 and 1100 °C. The Si-C bond at 101.1 eV

(labelled with a dotted line), Si-N at 101.8 eV (dashed lines), and Si-O at 103 eV
(connected symbols) were resolved.

It is noted that no peak was resolved at 287.0 eV (Csp® bonded to one nitrogen
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Figure 5.6: The thermal evolution of the C 1s core level of annealed SiCIN
films. XPS data showing the C 1s spectral lines (solid lines) and their fits for a-
SiCq.9Ng7:Hi 4, AD, and annealed at 500 and 1100 °C. The C-Si bond at 283.5 eV
(dotted line), C-C at 284.7 eV (dashed lines) and C=N at 286.3 eV (connected sym-
bols) were resolved. Upon annealing at 500 °C; the intensity of the Si-C bond increases
and the N=C bond disappears, and then, with further annealing to 1100 °C, Si-N
and Si-C peaks disappear and only the C-C bond is dominant along with a surface
oxide feature.

neighbour) or at 288.0 eV (Csp® bonded to two nitrogen neighbours) [254]. The
observed peak at 286.3 eV can be attributed to C=N (C(sp)-N) bonds due to no
contribution of N-sp?C bonds in the N 1s spectra and the presence of the C=N
stretching mode at 2100 ~ 2200 cm™! in FTIR absorption spectra (Figs. 5.7 and 5.8).
Moreover, the assignment of the peak at 284.7 eV in SiC, N, materials depends on the
relative concentration of nitrogen to carbon. At low concentrations of nitrogen, it has

been assigned to the C-C peak for sp® bonded carbon in a diamond-like matrix; at
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higher nitrogen concentrations, it has been ascribed to the C-C peak for sp? bonded
carbon in a graphite phase in SiC,N, matrix [216] [255]. However, in our earlier
study of the influence of carbon on these peaks in a-SiC,N,:H, thin films [220], the
assignment of the peak at 284.7 eV to C-C/C-H bonds rather than C-N bonds was
confirmed (for details see subsection 3.5.1), showing that at least a major contribution
to this peak can be assigned to the C-C bond. The identification of the feature
positioned at 286.3 eV is also not straightforward, since it can be assigned to both
C=N and C-O bonds. In the investigated samples, the peak at 286.3 eV is attributed
to the C=N bond rather than C-O bond due to the negligible oxygen contamination
in the samples. This peak appears in the as-deposited sample even though it does not
contain any oxygen, decreases in the sample annealed at 500 °C, and has disappeared
after annealing at 1200 °C. All samples were HF etched before XPS measurements,
hence, the presence of the strongest feature at 286.3 eV in the as-deposited sample is
not associated with the surface oxide contamination. The association of this feature
with C=N bond is also supported by the observed trend of the C=N feature at 398.9
eV in the N 1s edge and a feature at about 2200 cm~! in FTIR absorption upon
annealing [216]. Also, as will be demonstrated in the next subsection, IR absorption
shows no significant oxide feature for the as-deposited sample and the one annealed
at 500 °C.

The information from all core level spectra can be summarized as a decrease of
the concentrations of Si-N, C-C, and C=N bonds and an increase of the density
of Si-C bonds from as-deposited to 500 °C. With increased annealing temperature,
eventually only the Si-O and C-C features could be observed at T,=1200 °C. The
intensity of C-N or C=N bonds was below the detection limit of XPS measurements.

We thus consider the C-N and C=N bonds using IR absorption data as will be further
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discussed in the following subsection.

5.2.5 Infrared Absorption

The presence of hydrogen in the structure of a-SiC;3Ng7:Hj 4, introduced by the
PECVD process, complicates the bond assignment of IR absorption modes compared
to non-hydrogenated SiC,N, films grown using alternative techniques such as sput-

Lin the peak

tering [128]. Peter et al. [160] reported discrepancies of about 150 cm™
positions of Si-C and Si-N absorption modes. Hydrogen bonding also alters the ap-
proximate positions of the absorption bands; red-shifting the stretching modes and
blue-shifting the bending modes [256]. In Fig. 5.7 the mid-infrared absorption spec-
tra of the as-deposited and several annealed a-SiC;y 5Ny 7:H; 4 samples are presented,
baseline-subtracted and normalized to the film thickness. Figs. 5.8 and 5.9 present
the densities of the chemical bonds calculated using the proportionality constant x,
discussed in subsection 3.5.3. The absorption modes of IR spectra plotted in Fig.

5.7 are discussed in five spectral sub-regions, starting from the lower wavenumber, as

below:

(i) The first region in Fig. 5.7, from 400 to 600 cm™!, does not overlap with
the main strong absorption band. Fig. 5.8 shows that the density of Si-N
bonds (460 cm™!) remains virtually unchanged over a wide range of annealing
temperatures; however, it completely disappears after annealing in excess of 900
°C (second stage of annealing) when the Si-O-Si stretching mode (420 cm™)
starts to grow. As expected from the low oxygen contamination in the film, the

signal of Si-O at 420 cm™! is weak at annealing temperatures below 1000 °C.

(ii) The strong double-peak in the range of 600-1300 cm™! is a superposition of
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Figure 5.7: The thermal evolution of FTIR absorption spectra of SiCIN
films. Fourier transform infrared (FTIR) absorption spectra of a-SiC; sNg7:H; 4 as
a function of thermal annealing. In the inset, the third region of IR absorption band
of two different samples is magnified.

690, 770, 835, 940, 1060, 1190, and 1240 cm~! peaks (the symmetric and the
asymmetric stretching modes of Si-H, Si-N, Si-C/Si-O, Si-N, C-N/Si-CH/Si-O,
Si-O, and Si-CH,,, respectively). The broadness of this strong band, representing
a less defined molecular structure in the film [257], remains unchanged upon
annealing. In contrast, the relative intensity of the peaks changes (the one
located at higher energies first increases and then decreases). This can be

explained by the deconvolution of this region allowing one to understand the
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changes of each absorption mode during annealing. The spectrum from 600 to
about 1200 nm can be decomposed to five bands (690, 770, 835, 940, and 1060
cm™1). The changes of the absorption mode at 835 cm™! are responsible for the
observed thermally induced changes of the relative peak intensities. This peak is
an overlap of the absorption modes of Si-O and Si-C, making it difficult to assign
the observed changes in detail. The vibrational modes of Si-C at 1240 cm~! and
Si-O at 1190 cm™!, having no overlap with any other bands in IR absorption
spectrum, can help to further explore the changes of the peak at 835 cm™!. Its
initial increase after annealing at 500 °C and subsequent decrease after annealing
at 900 °C is correlated with the Si-C bond, since the respective vibrational mode
at 1240 cm ™! (Si-CH,,) increases up to T,=500 °C, then gradually decreases, and
eventually disappears at T,=900 °C (second stage of annealing). In subsection
5.2.4, a similar behavior was observed at the C 1s and Si 2p core levels showing
the increase of the concentration of Si-C bonds at T,= 500 °C and its vanishing
at higher temperatures. Therefore, the reason for the re-increase of the 835
cm~! peak after annealing at 900 °C can be explained by the initiation of Si-O
bonds. This is supported by changes of the counterpart Si-O bond at 1190 cm™*
starting to develop at about T,=1000 °C. The Si-O bond at 1060 cm~! was also
present as a separate peak; however, we did not consider this band as a separate

Si-O bond due to the presence of Si-CH, bending modes around 1030 cm ™.

In
addition, this peak can be assigned to C-N wagging modes. However, this is
one of the strong and individual bonds observed in IR spectra of SiCH; 3, which
allows us to assign the peak around 1030 cm™! to the Si-CH, bond rather than
the C-N bond. The contributions of all absorption modes of Si-CH, and Si-O

1

around 1060 cm~! can explain why the peak labeled as 1060 cm™! in Fig. 5.8
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(iii)

is detectable at lower annealing temperatures, despite the absence of significant
oxide bonds. Therefore, in the density calculation of Si-O and Si-CH, bonds in
SiCi 2N 7:Hy 4 films, Fig. 5.8, this peak can be ignored. Two additional lines
were resolved in the decomposition of this strong region of interest the Si-N
bonds at 940 and 770 cm™!. They show virtually no change after annealing up
to about 1000 °C and disappear after annealing at 1200 °C (similar thermal

behavior was observed for the Si-N bond at 470 cm™! in region (i)).

L and

The third spectral region is considered to lie between 1300 and 2000 cm™
contains features at 1350, 1480, 1590, and 1850 cm™! related to carbon bonded
to other carbon or nitrogen atoms. These features are weak, however, the
integrated intensity of them is still measurable. The IR spectra of two samples
are shown in the inset of Fig. 5.7 and these features are labeled. The first peak
in this region at 1350 cm™* is assigned to C-N/C=N bonds, and remains nearly
constant from AD to 700 °C. As the annealing proceeds to 900 °C, it starts to
decrease rapidly, and after annealing at 1200 °C, it is no longer detectable. The
peaks at 1450 and 1480 cm™! are related to the C=C/C=N vibration modes.
They show a continuous increase by the increases of annealing temperature up
to 700 °C and a decrease upon annealing to 900 °C, beyond 1000 °C disappear.
This behavior is similar to what is observed for the IR band at 1850 cm™!
and is discussed in the following. The next feature at 1590 cm™?, generally
associated with both C=C and N-H bonds, first decreases gradually from as-
deposited up to T,=900 °C and then increases sharply from 1000 to 1200 °C.
The decrease is related to the breaking of N-H bonds (not C=C bonds), as

will be discussed in (iv), the respective N-H bond, positioned at higher energies
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(3300 cm™1) disappears below T,=900 °C. The increase of this peak at annealing
temperatures beyond 900 °C is assigned to the increase of the concentration of
C=C bonds (observed at the C 1s edge of the XPS data). At higher energies,
there are multiple peaks due to the carbon and nitrogen bonds centered at
1850 cm™! and broadened between 1750 and 1950 cm™' (such as 1769, 1812,
1894, 1920, and 1960 cm™'). All of these vibrational bonds are labelled as
“1850” in Fig. 5.8, which increases noticeably from as-deposited to 700 °C,
then slightly decreases from 700 to 900 °C, and sharply increases in excess of
900 °C. The increase between the as-deposited sample and the one annealed
at 700 °C can be assigned to the increase of C-N/C=N bonds and the slight
decrease beyond 700 °C is possibly related to the breaking of C-N and C=N
bonds (as observed at 1350 cm™!). The sharp increase can be attributed to the
C=C/C-C bonds (graphite phase formation) in agreement with the discussed
enhancement of C=C/C-C bonds at 1590 cm~! and C-C bonds observed at the
C 1s core level. The last feature at this region is the N-H bond (around 1600
cm ™), which cannot be obtained separately and taken into account for the N-H
bond density calculation due to the poor separation of C-N and N-H absorption
peaks [235]. In most cases, the overlap of the CN and C=N absorption modes

made it difficult to distinguish them [235].

The next spectral region lies between 2000 and 2500 cm ™! with the predominant
peak around 2135 ecm~!. The assignment of this peak in a-SiC; sNg7:H; 4 was
made difficult due to the overlaps of stretching modes of Si-H,, and C=N. As the
annealing temperature increases, this peak appears to weaken and it also slightly

shifts to lower wavenumbers and then remains virtually constant to T,=1000
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°C. In the previous chapter studying different compositions of a-SiC,N,H., films,
the presence of the C=N bond at 2135 cm~! was confirmed by a red-shift of 94
cm~! with a slight decrease in the intensity of this band following the increase of
the carbon content in the film from 0 to about 30 at.%. In effect, therefore, the
increase of the intensity of this peak accompanied with a red-shift at the higher
annealing temperatures is related to the formation of C=N bonds, while the
reduction of the intensity of this peak below 700 °C was caused by the breaking
of Si-H bonds. This agrees with the observed reduction of the stretching mode
of Si-H at the 640 cm™! band, discussed in (i).

From the features in the region beyond 2500 cm™, it can be inferred that hy-
drogen is bonded to carbon and nitrogen, in addition to silicon. This region
is characterized by several other bonds due to hydrogen in different atomic
configurations; including the stretching modes of C-H from 2500 to 3000 cm™*
and NH bonds from 3000 to 3400 cm™t. The peak observed at 2900 cm™*
(an overlap of C-H and C-N bonds) is weakened upon annealing, as expected
from H desorption, but persists to T,=1000 °C. This is the stretching mode of
C-N/C=N, obscured by the stronger signal of C-H, which becomes detectable
following the breaking of C-H bonds at the elevated temperatures. The inten-
sity of the other two weak peaks at about 3050 and 3150 cm™!, related to N-H
bonds, first increases slightly upon annealing up to 500 °C and then gradu-
ally decreases, disappearing after annealing at 900 °C. Such behavior has been
reported similarly for the N-H bonds in SiON, SiO, and SiON samples [258].

The sample annealed at 1200 °C shows no hydrogen bonds and only new fea-

tures at 3700 and 3500 cm™!, corresponding to SiO-H, which appears due to

163



Ph.D. Thesis - Z. Khatami McMaster University - Engineering Physics

the oxygen contamination and formation of a surface oxide layer after annealing
at T,=1200 °C, as indicated in the TEM image (Fig. 5.3). The low oxygen
content allows us to ignore the density of O-H bonds in the calculation of the
hydrogen bond density. The effect of the overlaps of O-H observed at the higher
annealing temperatures and N-H absorption modes at about 3400 cm™! makes
it impossible to follow in detail the evolution of the 3400 cm™! peak during the
annealing process. Therefore, in the calculation of N-H bond densities, only a

peak centered at 3370 cm ™! is taken into account.

5.3 Discussion of Thermal Evolution

On the basis of the results described above, we identified T,=500 °C and T,=900 °C
as two key annealing temperatures, where significant changes to the film properties
occurred, as presented in Fig. 5.10. We consider these temperatures as the first
and second annealing stages, respectively. Fig. 5.10 shows that hydrogen starts to
effuse from the film above 500 °C (first stage of annealing) and is entirely depleted
at T,=900 °C (second stage of annealing). The optical band gap is stable up to the
first stage and gradually narrows to the second stage, where band gap widening is
observed. The refractive index remains virtually constant all the way up to the second
stage and it increases subsequently. Thermal annealing leads to layer densification,
and the largest shrinking of the film thickness occurs at the second stage. In addition,
the electronic configuration of the film showed significant changes in both stages of

annealing.
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Figure 5.8: The thermal evolution of all non-hydrogen bond densities.The
densities of all non-hydrogen containing chemical bonds in a-SiC; 5Ny 7:Hy 4, plotted
as a function of the annealing temperature.

5.3.1 Microstructure

The combination of XPS and FTIR absorption shows the significant changes of the
electronic configurations at the two stages of the annealing process. The density
of the H-terminated bonds (Si-H, N-H, and possibly C-H) and Si-C bond increases
in the first annealing stage, decreases with further annealing to 700 °C, and then
disappears completely at the second stage. In contrast, the Si-N bond is virtually

unchanged before the second stage (XPS shows a negligible decrease) and then fades
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out at 1000 °C. The carbon-nitrogen triple bond (C=N, sp hybridization) decreases
at the first stage and become undetectable in XPS spectra, while a weak signal is still
measurable in IR absorption spectra up to the second annealing stage. This feature
shows a sharper decrease at the second annealing stage and vanishes at 1200 °C. The
carbon-nitrogen single bond (C-N, sp® hybridization) and carbon-nitrogen double
bond (C=N, sp? hybridization) show a different behaviour, which can be expected
from their higher bond strength compared to C=N bonds. The C-N and C=N bonds
are virtually constant up to the second stage of annealing, persist up to T,=1000 °C,
and are not detectable after annealing at T,=1200 °C. This can be expected from the
stable phases of carbonitrides (N=C-C=N and N-C) which break down to CN radicals
following any heat exposure above 1000 °C [172]. The weakening of the intensity of
C-N/C=N bonds after the second annealing stage is associated with the formation of
C-C/C=C bonds. They sharply increase from 1000 to 1200 °C, where only graphite
and silicon oxide phases are observed, in accordance with the HRTEM and RBS
results. TEM imaging (Fig. 5.3) delivered an oxide feature with a thickness of 32
nm, while carbon clustering was inferred from XPS and FTIR structural analyses as

well as the non-uniform distribution of carbon in RBS spectra (Fig. 5.1).

5.3.2 Hydrogen Diffusion

To explore more closely the link between the chemical bonds and overall hydrogen
content, the densities of all hydrogen bonds are shown separately in Fig. 5.9. The
stability of Si-H, N-H, and C-H bonds up to the first stage of annealing can explain
the nearly constant hydrogen content given by the ERD analysis subsection 5.2.1. In

addition, the concentration of N-H bonds increases at T,=400 °C, which lets us infer
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Figure 5.9: Correlation of the hydrogen bond density and optical band gap
at different annealing temperatures. The density of hydrogen bonds (Si-H, N-
H, and C-H) in a-SiC; oNg.7:Hy 4 and the optical band gap as a function of thermal
annealing. The two main stages of the annealing are highlighted by the filled mark
in the optical band gap plot (500 and 900 °C). The IR absorption modes which are
an overlap of H-terminated and non-H bonds are shown using the line and symbols.
The H-terminated bonds are shown by symbols. These bonds start to decrease after
the first annealing stage and disappear at the second annealing stage.

that the energy provided via this annealing temperature increases the attachment of
un-bonded hydrogen to dangling bonds of nitrogen and possibly silicon. This also
agrees with the slight decrease of the Si-N bond density, as demonstrated by XPS
data in Figs. 5.4 and 5.5. As the temperature further increases to 500 °C, a slight
hydrogen loss is observed coinciding with the formation of more Si-C bonds (Fig.
5.8). The dehydrogenation of Si-H and C-H bonds leads to an increased coordination

of silicon with carbon atoms in accordance with the observation made by XPS and
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FTIR analyses. The resultant dissociated hydrogen at T,=500 °C remains in the film
due to the smaller diffusion coefficient of hydrogen at lower temperatures. It is noted
that the diffusion model explaining the activation energy and transport of hydrogen
in a-SiC, N, thin films is not well explored. However, a similar submatrix, CVD grown
SisNy, was used to estimate the diffusion coefficient showing exponential dependence
on inverse temperature. As an example, the diffusion coefficient of hydrogen in a-
SiN; 3:Hg 3 films changes from 10717 (corresponding to only 4 nm diffusion length [99])
to 5x107 between 700 to 1000 °C [259]. Also, the increase in T, makes the film
layer thinner and provides the required energy to break Si-H, N-H, and C-H bonds.
This can explain the observed significant hydrogen effusion with the further increase
of T, to 700 °C, wherein the hydrogen content is reduced to less than half of its initial
value (12.2 at.%). As the annealing proceeds to the second stage, i.e. T,=900 °C, the
hydrogen content in the film further decreased to about 6 at.%, in agreement with the
reported temperature required for effective loss of hydrogen in SizN, films [260]. As
indicated in Fig. 5.10, the most pronounced shrinking of the SiC; 3Ng.7:H; 4 layer was
also observed at this annealing stage. The combination of the increased hydrogen
escape and the decrease of the film thickness leads to the densification of the a-
SiCyoNg7:Hy 4 film from 2.09 g/cm?® (untreated) to 2.90 g/cm® upon annealing from
500 to 900 °C (Table 5.2). Above this stage, the hydrogen concentration decreases to
3 at.% at 1200 °C, which is close to the detection limit of the ERD technique. The
density of the film increases to 3.05 g/cm?® which is not affected by hydrogen content
and can be explained by the changes of the electronic structure of the film due to
the formation of the Si-O and C-C bonds, i.e., the formation of graphite and oxide

phases discussed in subsection 5.2.1.
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5.3.3 Refractive Index

Variations of the hydrogen content and the electronic configuration of the film allows
for the tuning of the refractive index of the film. We observe a strong inverse (direct)
relationship between the hydrogen content (film density) and refractive index, as
shown in Fig. 5.10. The refractive index of the annealed films remains constant at
around 2.1 up to the first annealing stage, and it slightly changes (by 0.2) from the
first to the second stage of annealing. After this stage, where the main depletion of
hydrogen from the films occurs (T,= 900 °C), the refractive index increases rapidly
and reaches 2.7 at 1200 °C. As explained by the Lorentz-Lorenz equation, its value
depends on both the variation of the atomic configuration and the density of the films,
being correlated parameters [243]. The loss of hydrogen and the subsequent increase
of the film density is responsible for the small increase of refractive index below the
second annealing stage [261]. The observed high index region after this stage is due
to the evolution of the film morphology, accompanied by the increase of graphite-like
phases at the expense of carbon bonded to nitrogen atoms. This has a more profound
influence on the refractive index of the films compared to the film densification (due
to hydrogen loss) and the electronic restructuring during the annealing process at the

lower temperatures.

5.3.4 Optical Band Gap

Fig. 5.9 shows the correlation of the optical band gap (Eg4) with the thermally induced
changes of the hydrogen bonds confirming that the variations of the hydrogen content
and film restructuring both lead to the evolution of the optical band gap at two stages

of annealing. After the first stage, the Eg4 gap narrows by about 2 eV, while after
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Figure 5.10: The refractive index, optical band gap, mass density, and thick-
ness of annealed SiCN films. The refractive index, optical band gap, mass density,
and thickness of a-SiCy 3N 7:Hj 4 film containing (initially) high hydrogen content as
a function of annealing temperature. Also shown is the hydrogen areal density. The
two annealing stages (500 and 900 °C) are highlighted by the filled symbols. The
left-hand vertical axis illustrates the values of the refractive index, optical band gap,
mass density, and thickness of the film, while the right-hand axis provides absolute
values of the hydrogen areal density.

the second stage, a slight widening is observed from 0.5 to 1 eV at 1200 °C. The Ey,
gap for the as-deposited a-SiC; sNg 7:H; 4 sample has the maximum value of 3.6 eV,
which exhibits negligible narrowing up to the first annealing stage and then a more
pronounced narrowing after this stage. The combination of hydrogen loss along with
the breaking of the chemical bonds is responsible for this sharp band gap narrowing
from the first to the second stage of annealing and affects the Eg, gap in two ways:

First, dangling bonds are created as a result of the breaking of H-terminated (Si-H,
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N-H, and C-H) bonds in the annealing process. It is well known that the passivation
of the dangling bonds and defects increases the Egy gap so that the hydrogen loss from
the film consequently increases the localized mid band gap states (E,) in the band
structure, leading to the decrease of Eoy (Table 5.2). A similar trend was observed
by an other research group [261]. Second, the rearrangement of the film atomic
structure induced by non-H bonds reduces the Egs gap. Among all these bonds, the
Si-C bond appears to have the greatest influence on the band gap narrowing because
its density rapidly decreases at T,=700 °C, the Egs gap red-shifts by about 1 eV
at T,=900 °C, where the Si-C bonds completely disappear, yet Si-N bonds persist
to T,=1000 °C. After the second stage of annealing, the hydrogen has no profound
influence on the thermally induced changes of Ey4, which increases from 0.5 eV at 900
°C to 1.0 eV at 1200 °C. The Si-N and Si-C bonds are not detectable in this range of
temperatures and the breaking of these bonds have already influenced Egyy at lower
annealing temperatures. Such band gap widening can be explained by the formation
of C-C and Si-O bonds, the only two noticeable bonds at T,=1200 °C. The partial
graphitization occurs through the gradual substitution of Si-N, C=N, C=N and, C-N
bonds by C=C or C-C strong bonds.
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Chapter 6

Origin of the Light Emission from

Silicon Carbonitride

! The work demonstrated in this chapter is a continuation of chapter 5 to discuss the
probable luminescence mechanisms of SiC,N,:H, thin films. To better understand
this ternary and complex system, the reported data of the two fairly well studied
binary structures are used as a reference. Therefore, the effects of thermal annealing
on the visible luminescence of three classes of materials were explored; SiC:Hj s,

and SiN; 3:Hp 3, and a-SiC; 3Ng.7:Hy 4. The choice of a-SiC; oNg 7:Hy 4 is discussed in

!The results present in this chapter are published on-line in one peer reviewed journal as well as
one conference proceeding and have been submitted to a peer reviewed journal as follows:

e Z. Khatami, P. R. J. Wilson, J. Wojcik, P. Mascher (2017) On the origin of white
light emission from nanostructured silicon carbonitride thin films, J. Lumin, In Press.
https://doi.org/10.1016/j.jlumin.2017.12.011

e Z. Khatami, G. B. F. Bosco, J. Wojcik, L. R. Tessler, P. Mascher (2017) Influence of
deposition conditions on the characteristics of luminescent silicon carbonitride thin films,
ECS J. Solid State Sci. Technol., The response to reviews has been submitted.

e Z. Khatami, P. R. J. Wilson, J. Wojcik, P. Mascher (2013) XANES and XES
studies of luminescent silicon carbonitride thin film, ECS Trans., 50(41):  4956.
http://ecst.ecsdl.org/cgi/doi/10.1149,/05041.0049ecst
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chapter 4 where the film composition was tuned with respect to the optical properties
of SiC,N, thin films. The results of this chapter have been published in one peer

reviewed journal [262] and one conference proceeding [263].

6.1 PL as a Function of Annealing Temperature

6.1.1 PL Deconvolution

The room-temperature PL spectra of the samples were measured between 350 and
1000 nm using a 325 nm He-Cd laser (E.,.= 3.82 V) with an optical power of 5 mW
exciting an area of 2.3 mm?. The room-temperature PL profiles broadly extend over
the visible range. A closer assessment of the visible luminescence can be achieved by
reproducing PL spectra using energy conversion and Gaussian curve fitting. The PL
of samples are resolved through Gaussian fitting into four PL subbands. To minimize
errors in the decomposition, especially in a broad emission band, the overlapping
features of luminescence data require the conversion to energy and consequently,
the transposition of the intensity by a factor of A*/hc [207]. The recorded room-
temperature PL data as a function of wavelength were first converted to energy,
smoothed using a Savitzy-Golay function, and then fitted to Gaussian curves using
Origin 9.4.1.

Existing literature on the PL mechanism of SiC,N, films reported on films con-
taining oxygen, i.e., SiO,C,N, structures [264] [136], wherein oxygen related bonds
are suggested as the sources of the luminescence. The understanding of the origin of
PL of SiC,N, structures is lacking [27] [141]. In this chapter, the origin of the lumi-

nescence in a-SiCy 5N 7:Hy 4 is investigated using the correlation with the sources of
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the luminescence observed in submatrices of SiC:H; 3 and SiN; 3:Hg 3 thin films. The
thermally induced changes of the PL of hydrogenated amorphous N-SiC,N,, C-free

SiC; Ny, and SiCy2Ng 7:H; 4 samples is explored.

Choice of Samples

In chapter 4, it was observed that SiCN samples exhibited a broad luminescence
band, covering the visible range with two dominant peaks at ~470 and 550 nm,
which appeared “white” to the naked eye. Further more, our findings in chapter 4
showed that the intensity of the PL emission of a-SiC; 9Ny 7:H; 4 was higher than that
of the binary matrices. SiCysNg7:Hy 4 is also the sample emitting the most intense
PL among all investigated SiC,N,:H, samples.

The as-deposited samples subsequently were annealed between 400 and 1200 °C
for 1h in a nitrogen atmosphere in a quartz tube furnace. The structural and com-
positional properties as well as hydrogen diffusion were explored (chapter 5). Some
of the results are summarized for the three samples presented in this chapter. The
as-grown a-SiCy oNg.7:Hy 4, SiC:H; 3, and SiN; 3:Hg 3 thin films were 263, 364, and 139
nm thick with optical band gaps of 3.6, 3.9, and 3.0 eV, respectively, and contained
32, 40, and 9 at.% H (Table 6.1). In Fig. 6.1, the Si 2p core levels of annealed
a-SiCy oNg.7:Hy 4 films with the corresponding chemical bonds are shown. Fig. 6.2
shows the mid-infrared absorption spectra of the as-deposited and several annealed
SiCy oNg.7:Hy 4 samples, along with a-SiN; 3Hg 3 and a-SiC:H; 3 references, baseline-
subtracted and normalized to the film thickness. Later in the chapter the results of

XPS and FTIR will be used after analyzing the thermal evolution of PL.
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Figure 6.1: XPS Si 2p of annealed a-SiC; 5Ny 7:H; 4. Comparison of Si 2p core
levels of the annealed a-SiCy sNg 7:Hy 4 films with the corresponding chemical bonds.
The relative concentration of Si-C to Si-N bonds is higher at 500 °C. The small signal
of the Si-N bond is, still, detected at higher temperatures while the Si-C feature
entirely disappears.

6.1.2 PL of Annealed SiCN

Fig. 6.3 shows PL spectra of untreated a-SiC; 3Ny 7:H;4 and thermally annealed
samples covering the entire visible range. The broadening of the PL originates from
the long-range structural disorders present in the amorphous materials introducing
localized states into the band gap (“antiparallel band-edge fluctuations”) [132]. The
width of the band tail due to the localized states is indicated by the Urbach energy

(E4) given in Table 6.1. Upon annealing to 500 and 900 °C, E,, increases while the
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Figure 6.2: FTIR of a—SiCl.2N0.7:H1,4, a—SiNl.gHO.g, and a—SiC:Hl.g. Infrared
absorption spectra of a-SiCysNg7:Hy4 as a function of annealing temperature are
shown along with a-SiN; 3H 3 and a-SiC:H; 3 reference samples.

optical band gap (Eg4) narrows from 3.6 to 2.7 eV and from 2.7 to 0.5 eV, respectively.
ERD measurements show that the majority of the hydrogen content effuses beyond
annealing at 500 °C and is entirely depleted at 900 °C. The hydrogen desorption from
the film layer results in an increase of unsaturated bonds. This leads to an increase of
the mid-gap states in the band structure (an increase of E,), and in turn, a decrease
of the Eg4 gap.

Fig. 6.3 shows that the PL intensity increases upon annealing and reaches a
maximum at 500 °C, degrades after 500 °C, with no emission at 900 °C and beyond.

Hence, the optimum temperature for the post-deposition annealing is determined
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Table 6.1: The optical properties of annealed a-SiC; 3N 7:H; 4 films.

Annealing Eos E, D n
Temperature (°C) (£0.2 eV) (eV) (£0.4 nm) (A=632.8 nm)
AD-SiCN 3.6 0.28 232.7 2.08
400 3.5 0.30 226.3 2.08
500 3.5 0.49 224.7 2.08
600 2.7 0.50 218.3 2.08
700 1.5 0.89 212.1 2.10
900 0.5 1.24 192.8 2.22

to be 500 °C, where the highest concentration of the hydrogen-terminated bonds is
observed in IR spectra [250]. The camera photo of the observed bright luminescence
at 500 °C is shown in Fig. 6.4 along with the corresponding chromaticity diagram
(CIE 1931). The emission, with a correlated colour temperature of T.=4200 K, is
positioned at x=0.381 and y=0.389 in the chromaticity diagram, which is very close
to the values of “white” light, usually associated with a weighted sum of the three
primary colors giving the value of x=0.33 and y=0.33 [96].

An example of an emission spectrum of a sample annealed at 500 °C, consisting
of four superimposed line-shapes is presented in Fig. 6.5. Shown in Fig. 6.6 are
the integrated intensities of each line-shape of the corresponding PL spectrum of a-
SiC;oNg7:Hy 4 in Fig. 6.3, denoted as Py, Ps, P53, and P4, which are centered at 2.6
eV (475 nm), 2.2 eV (565 nm), 1.8 eV (670 nm), and ~1.4 eV (850 nm), respectively.
The peak positions of the resolved line-shapes and their full widths at half maximum
(FWHMSs) are listed in Table 6.2. Upon annealing the two dominant PL peaks (Ps
and Pj3) red-shift by 0.2 eV, with a decrease of their FWHMs. The slight red-shift

of the PL bands agrees with the observed optical band gap narrowing and can be
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Figure 6.3: PL of annealed a-SiC; ;N 7:H; 4. The room-temperature PL spectra
of a-SiCy 9Ny 7:H; 4 annealed at 400 to 1200° C for 1 h in Ny are shown. The intensity

of the emission reached a maximum at 500 °C.
primarily attributed to changes of Si-C bond concentrations in accordance with XPS
and FTIR analyses (Figs. 6.1 and 6.2).
The band tail states created by the short-range disorders are generally regarded as
the luminescence centers in silicon-based amorphous materials, however, the localized
defects can also play a role in the luminescence process as was extensively discussed
in chapter 2. Consequently, the PL emission from a-SiC;N, can be explained by
the band-to-tail and/or tail-to-tail transitions [27]. However, the PL mechanism and
corresponding transitions in a-SiC,N, structures lacks detailed investigation [141].
We utilized the reported luminescence centers of two fairly well-studied submatrices,

SiC [121] and SizNy [265], to identify the possible origin of the PL bands resolved

178



Ph.D. Thesis - Z. Khatami McMaster University - Engineering Physics

Figure 6.4: CIE digram of annealed a-SiC,;Ng7:H;4. The inset shows the
camera photo of the observed visible luminescence a-SiC; 3Ng 7:H; 4 annealed at 500
°C. That gives a color coordinate with x=0.381 and y=389 in CIE 1931 chromaticity
diagram and a correlated colour temperature of T, = 4200 K.

within the PL profile of a-SiCy5Ng7:Hy4. Figs. 6.7 and 6.8 show the thermally
induced changes of the PL spectra of SiC:H; 3 (N-free SiC,N,) and SiN; 5:Hg 3 (C-free
SiC;N,), respectively. Figs. 6.7 and 6.8 indicate that PL emission of a-SiCy oNg7:Hj 4
samples compared to that of N- and C-free SiC,;N, films changes in two ways: The
intensity increases by about 1.5 and 1.25 orders of magnitude and the FWHM changes

by 2 and 0.8 times, respectively.
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Figure 6.5: Deconvoluted PL of annealed a-SiC;;Ng7:H 4. The a-
SiCi oNg.7:Hy 4 film annealed at 500 °C is decomposed into 4-line shapes. The color
lines were obtained by Gauss fitting.

6.1.3 PL of SiC

All non-annealed and annealed SiC:H; 3 samples exhibit strong PL emission at wave-
lengths in the 500 to 900 nm range (Fig. 6.7), which are deconvoluted into five PL
bands, as shown in the inset of Fig. 6.9. These five PL bands are labeled as Pj,
P35, P4, P5, and Pg and their changes at different annealing temperatures are pre-
sented in Fig. 6.9. Two of the lines are denoted by P3 and P3_5, since they are
positioned in the region of the P3 band observed in the PL of SiC:H;3. The Py
line, located in the near infrared, showed a thermal evolution similar to the P, line
of a-SiC; 2Ng.7:Hy 4. PL lines at 2.0 eV (P3, 610 nm), 1.8 eV (P3_5, 670 nm), and
1.4 eV (P4, ~900 nm) are attributed to the silicon carbide structure. The two lines

at 1.7 eV (P5, 730 nm) and 1.6 eV (Pg, 758 nm) are related to carbon clusters in
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Figure 6.6: Integrated PL intensities of annealed a-SiC, ;N 7:H; 4. The de-
pendence of the integrated PL intensities of each line shape on the annealing temper-
atures.

amorphous silicon carbide according to the theoretical PL calculations performed by
Kassiba et al. [97]. These two peaks, arising from carbon clustering, are not observed
in the PL of a-SiCy 32Ng.7:H; 4, guiding our interest to investigating the thermal be-
havior of the three remaining bands of SiC:H; 3; i.e. P3, P3_5, and P4 represented by
symbols connected with solid lines in Fig. 6.9. The P, line, positioned in the near
infrared region, is well known as the fingerprint of the silicon vacancy defect, Vg;, in
crystalline SiC [120]. The P35 and P3_, bands show a thermal behavior similar to the
counterpart band (P3) in a-SiC; 9N 7:Hp 4. Castelloto et al. [121] associated the PL
bands in the 600-800 nm range with the positively charged carbon antisite-vacancy
pair defects, C,; V.. Consequently, in our SiC:H; ssamples, P3 at 670 nm and P3_»
at 610 nm can be assigned to Cg; V. defects (the so-called AB lines). ESR and PAS
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Table 6.2: PL peak positions and FWHM of PL sub-bands of a-
SiC; 5Ny 7:H; 4 The peak positions of the resolved PL lines and corresponding
FWHMSs of the a-SiC; 3Ng.7:Hj 4 films along with the maximum uncertainty obtained
for each individual peak.

Annealing | P, P, P, | P, | FWHM,| FWHM, FWHM,| FWHM,
Temp. | (eV) | (eV) | (eV) | (eV) | (eV) | (eV) | (ev) | (V)
(°C) +0.05 | £0.01 | £0.01| £0.01 | +0.09 | +0.01 | +0.02 | =0.08

AD-SiCN | 2.67 | 2.22 | 1.85 | 1.43 | 0.43 0.41 0.44 0.17
400 263 | 2.25 | 1.92 | 1.41 | 0.57 0.29 0.36 0.05
500 2.59 | 2.16 | 1.88 | 1.46 | 0.45 0.41 0.39 0.19
600 2.56 | 2.09 | 1.80 | 1.51 | 0.41 0.32 0.36 0.54
700 - - 1.72 | 1.48 0 0 0.50 0.19
800 - - 1.72 | 1.50 0 0 0.48 0.15
900 - - - - 0 0 0 0

experiments identified the AB lines as the dominant defect centers in H-SiC, which
exhibit luminescence upon annealing up to 500 °C and in some off-stoichiometries up
to 800 °C [122].

The reported data on the defect-related emissions of crystalline SiC can be used
regardless of the polytype configuration and the excitation energy used to identify
those defects [122]. Although none of our investigated samples showed any crystalline
structure, the origin of the PL bands still can be understood using common crystalline
SiC polytypes (6H-SiC, 3C-SiC, and 4H-SiC). The short-scale order in amorphous
materials preserves electronic properties of the crystalline state such as energy bands.
Our SiC:H; 3 samples can be assumed to have a configuration similar to wurtzite SiC
(H-SiC) structures. The band gap of SiC:H; 3 (3.06 €V) is much closer to the values

of 2.8-3.0 eV for 6H-SiC and 3.2-3.3 eV for 2H-SiC structures rather than the value

182



Ph.D. Thesis - Z. Khatami McMaster University - Engineering Physics

1.5
SiC
A.=325 nm
—~ 13
7
il
= —AD
> 1.0 -
[ (PP 400 °C
2
8 g | 500°c
Py - 600°C
2 o5 | —700°c
)
k= —900 °C
0.3 1 _1200°c
0.0 -fosuchony ;

350 400 450 500 550 600 650 700 750 800 850 900

Wavelength (nm)

Figure 6.7: PL of annealed a-SiC:H;3. The change of room-temperature PL
spectra for a-SiC:H; 3 films annealed at 400-1200° C for 1 h in Nas.

of 2.4 eV reported for the band gap of the cubic 3C-SiC. Most likely, the properties
of our SiC:H; 3 samples are closer to the most stable polymorphic, 6H-SiC, due to
the identical values of the band gap. Moreover, Fauch et al. [120] reported 6H-SiC as
the polytype of SiC to have the highest intensity of the P4 line, which is one of the
resolved PL lines of SiC:H; 3 at 1.43 eV. Therefore, the P3 and P3_5 lines of SiC:H; 3

in Fig. 6.9 persist up to temperature annealing of 500 °C and are aligned with the

AB lines, the two characteristics in carbon vacancy defects in wurtzite SiC (H-SiC).

6.1.4 PL of SiN

The PL of SiN; 3:Hg 3 is plotted in Fig. 6.8 showing that non-annealed and annealed

samples emit differently, which contrasts with the observed PL of both SiC:H; 3 and
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Figure 6.8: PL of annealed a-SiN;3H(3. The change of room-temperature PL
spectra for a-SiN; 3Hg 3 annealed at 400-1200 © C for 1 h in No.

a-SiCy oNg 7:Hy 4 films. Within the PL profile of the non-annealed SiN; 3:Hg 3, only
two PL bands are deconvoluted and are positioned at 2.6 and 2.3 eV, arising from Si’-
Si(c) and Si°=Nj, respectively, in agreement with published reports [108]. As soon as
the SiNy 5:Hg 3 layer is exposed to heat, phase separation occurs and only the emission
at 2.6 eV remains, the line at 2.3 eV vanishes, and two new emission lines at 2.1 and
1.7 eV appear. Accordingly, the three resolved PL bands in the annealed SiN; 3:Hg 3
samples are denoted as Py, Py, and P7. Py and P lines are resolved in the PL of a-
SiCy.9Np7:H; 4 and are labelled similarly while the last line (P7) is not observed. The
changes of P; and P bands are represented by symbols connected with solid lines and
the P7 band is represented by scatter symbols in Fig. 6.10. The blue-green emission

from the Py line at 2.1 eV (475 nm) has been mainly attributed to metastable anion
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Figure 6.9: The integrated area intensity of the decomposed PL peaks of
a-SiC:H; 3. The integrated area intensity of the decomposed PL peaks as a func-
tion of annealing temperature for a-SiC:H; 3 samples. The PL peaks presented by
symbols connected with solid lines are like peaks observed in PL spectra of annealed
a-SiCy oNg 7:Hy 4 films. The inset is an example of the decomposed peaks of the fitted
PL spectrum.

N radicals [265]. The Py band coming from the nitride-related dangling bonds such
as N3=Si, K-centers [110], act as radiative centers emitting with an energy of 2.1 eV
(600 nm) and lose PL emission after annealing at 1000 °C. The P7 line is the only one
among all PL bands observed from SiC:H; 3, SiN; 3:Hg 3, and a-SiC; 3Ng7:Hy 4 that
persist after annealing at 1000 °C and significantly intensifies after annealing at 1200
°C. Earlier studies ascribed the luminescence of this line to quantum confinement
with the evidence of fully nitride-embedded silicon nanocrystals [266]. However, it is

not universally agreed to relate this line to SiN itself or fully nitride-embedded silicon
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Figure 6.10: The integrated area intensity of the decomposed PL peaks
of a-SiN; 3H, 3. The integrated area intensity of the decomposed PL peaks as a
function of annealing temperature for a-SiN; 3Hg 3 samples. The PL peaks presented
by symbols connected with solid lines are like peaks observed in PL spectra of annealed
a-SiCy oNg 7:Hy 4 films. The inset is an example of the decomposed peaks of the fitted
PL spectrum.

nanocrystals, for which no comprehensive calculation of the energy range has been

reported [99)].

6.2 Origin of PL Emission from Silicon Carboni-
tride

The origin of the resolved PL bands of a-SiC; 2Ny 7:H; 4 (Fig. 6.6) can be explored by
combining the discussed PL bands of SiC:H; 5 and a-SiN; 3:Hp 3 (Figs. 6.9 and6.10).
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Starting from the low energy side of the PL profile of a-SiC; 3N 7:H; 4, the P4 band is
positioned and changes similarly to the P, line ascribed to silicon vacancies, observed
in both SiC:H; 3 and SiN; 3:Hg 3 samples. However, we disregard the changes of this
PL band due to the low signal level and the noise beyond ~800 nm coming from the
lower sensitivity of the CCD camera in this detection range. On the other hand, the
P, and Pj3 lines show considerable enhancement up to 500 °C. The P3 band at 1.8
eV (675 nm), coming from AB-lines in SiC:H; 3, was not resolved in SiNy 5:Hp 3. The
enhancement of the P3 band at 500 °C is likely due to more attachments of silicon
to carbon atoms, supported by IR absorption and XPS data. The Pj3 line decays
gradually and is completely quenched after annealing at 800 °C, well in agreement
with the reported thermal behavior of the AB-lines [121]. The P5 band at 2.2 eV (565
nm), arising from nitride related defects, was observed in PL profiles of SiN; 3:Hg 3
and shows similar changes, except that the temperature of “annealing out” is 600
°C, which is lower than that of SiN; 3:Hg 3 (<1000 °C) as demonstrated in Fig. 6.10.
This could be explained by the structural disorders imposed by the presence of carbide
bonds in the silicon nitride structure leading to the “annealing out” of the Py emission
at lower annealing temperatures. P; at 2.6 eV (475 nm) is observed only in the PL
profile of SiN;y 3:Hg 3, but not in SiC:H; 3, and is assigned to the transitions between
gap states in silicon dangling bonds, the so-called K-centres. In contrast to the
stability up to 900 °C of the Py line in SiNj 3:Hg 3, the Py line of a-SiCy 5Ny 7:Hy 4
remains optically active only up to 600 °C. However, the intensity of P; resolved in a-
SiCy 2No.7:H; 4 annealed at 500 °C is about 50% higher than that of SiN; 3:Hg 3, given
that initially the intensity of P is equal for un-treated both films. Likely, the carbon
bridge in the SiN; 3:Hg 3 matrix could have caused a change of the activation energy

of silicon vacancies, making those defects less stable in the a-SiCy 5N 7:Hy 4 structure.
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The interdependency of carbon and nitrogen in the a-SiCy 5Ng7:Hy 4 films make the
K-centers vanish at lower annealing temperatures and the AB lines to stay optically
active at higher temperatures. Moreover, the presence of nitrogen in a-SiC; oNg.7:Hj 4
films leads to quenching of the emission from carbon clusters (related to the P5 and

P¢ bands observed in SiC:H; 3).
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Figure 6.11: Relation of total PL emission power and Si-C and Si-N bonds.
Correlation between the total PL emission power and the ratio of Si-C/Si-N bonds

for different annealed a-SiC; oNg.7:H; 4 films. The intensity of PL increases with the
relative increase of Si-C bonds.

Fig. 6.1 shows that the largest relative density of Si-C to Si-N bonds at the
Si 2p core level is observed at 500 °C, where the strongest PL emission is observed.
Further annealing leads to a decrease and eventually breaking, of Si-C bonds, while the

weak signal of Si-N bond still can be detected at higher temperatures. FTIR results
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(Fig. 6.2), in agreement with XPS analyses, shows that the Si-N bonds are virtually
constant up to 900 °C (within the uncertainty of FTIR measurements), while Si-C
bonds increase up to 500 °C and decreases beyond 700 °C. This suggests that the Si-N
bonds show less change during the annealing compared to the Si-C configurations. In
Fig. 6.11, the total PL intensity at various annealing temperatures is plotted along
with the relative ratio of the decomposed Si 2p peaks corresponding to Si-C to Si-N
bonds and relative concentration of Si-C to Si-N bonds in IR spectra. The intensity of
PL increases with the relative increase of Si-C bonds indicating a stronger correlation
of the PL emission with the changes of Si-C bonding configurations. In addition,
the major PL emission of a-SiC;3Ng7:Hy 4 films are primarily due to the P3 band
and secondarily, the Py band. The P3 emission is related only to radiative carbon
defect centers of SiC:H; 3 implying that AB-lines (carbon vacancies) could play a
significant role in the visible luminescence of a-SiC; 3Ng 7:H; 4 films. Previously, for
as-grown a-SiC,N,:H, films with different carbon content, the most luminescent a-
SiC,Ny:H, composition was closely correlated with the highest density of Si-C bonds
[220]. Therefore, the light emission from a-SiC,N,:H, films likely can be optimized

via the adjustment of the Si-C bond configurations during the annealing process.

6.3 Influence of the Substrate Temperature

To explore the influence of substrate temperature, the stage temperature (denoted as
the deposition temperatures, Ty) was varied from 300 to 450 °C, in 50 °C increments,
corresponding to substrate temperatures (denoted as T;) of 120, 137, 154, and 170
°C, respectively. The substrate temperature was found to be linearly proportional

to the heating element’s temperature according to the relation 3.1. Therefore, four
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a-SiC,N,H, samples (SiCN-300, SiCN-350, SiCN-400, and SiCN-450) were grown
using identical parameters except for the deposition temperature that was kept at
300, 350, 400, and 450 °C, respectively. Gas flow rates of 5, 10, and 8 (£5%) sccm
were used for 30% SiHy diluted in Ar, 10% Ny diluted in Ar, and pure CH4 with
the corresponding partial pressures of 0.42, 0.8, and 0.23 mTorr, respectively. The
samples are labeled accordingly in Table 6.3 showing the heater temperature used
for each sample. It should be noted that the ECR PECVD system employed in this
study is designed to feed Ny and Ar gases into the plasma region and supply CH, and
SiH,4 gases downstream from the discharge zone through a dispersion ring positioned

out of the plasma region close to the substrate.

6.3.1 Composition of SiCN with Different T

The combined RBS-ERD results show that the substrate temperature strongly affects
the film composition. Fig. 6.12 shows the variation of the concentration of all con-
stituent elements of a-SiC,N,:H; samples (including hydrogen) as a function of the
deposition temperature with the corresponding experimental uncertainties. The small
uncertainties are related to the use of a glassy carbon (vitreous carbon) substrate,
which has an RBS signal at lower energy than the light elements in the SiC,N,:H,
layer, in contrast to the commonly used silicon substrate. The values of the atomic
concentrations listed in Table 6.3 indicate that an increase of Ty from 300 to 400 °C
(Ts from 120 to 154 °C) decreases the nitrogen concentration by about 25% of its
initial value, silicon is virtually constant, and the carbon content increases by about
75%. At T;=450 °C (T3=170 °C) the concentration of silicon and nitrogen reduce

drastically and the film becomes carbon rich. The hydrogen concentration decreases
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from 38 to 12 at.% when increasing Ty from 300 to 450 °C (T from 120 to 154 °C).
The substrate temperature affects the migration of the species on the surface and
their reactions [267]. The observed changes of the film composition can be explained
by the increase of the reactivity of CH, with higher substrate temperature, leading
to a larger fraction of free radicals and fewer hydrocarbons. As a result, carbon is
the main element substituting hydrogen in the coating layer, while nitrogen slightly
decreases. The density of the samples is provided in Table 6.3 and was calculated
using the atomic concentration obtained from the combined RBS-ERD measurements
and the thickness given by VASE. The film density increases when T, increases from
300 to 400 °C (T from 120 to 154 °C), which is related to the loss of hydrogen (and
subsequent thinner layers) and incorporation of a significant amount of carbon into
the film. In sample SiCN-450, in contrast to the continual hydrogen loss, the film

density decreases to 1.85 gr/cm?, due to the abrupt decrease of the silicon content.

6.3.2 Structural Analyses of SiCN with Different T,

Fig. 6.13 presents the C 1s and Si 2p photoemission spectra and the corresponding
fits of the SiCN-350 and SiCN-400 samples, where SiICN-400 (deposited at Ts = 154
°C) is presented by the solid lines. The C 1s core levels are characterized by two main
peaks at 283.5 and 284.7 eV assigned to C-Si and C-C bonds and a smaller shoulder
at 286.2 eV attributed to C-N bonds. The Si 2p spectra contain a mix of Si-C, Si-N,
and Si-O bonds positioned at 101.1, 102.0, and 103.0 eV, respectively. The presence
of insignificant amounts of oxygen is due to the slight oxygen contamination in the
film and the post-deposition exposure of the sample to air after performing the HF

treatment.
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Figure 6.12: Composition vs substrate temperature. The concentration of con-
stituent elements of a-SiC,N,:H, films as a function of deposition temperature (Ty).
With an increase of Ty from 300 to 400 °C; the concentration of hydrogen and nitrogen
decreases, the carbon content increases, and the silicon content is virtually constant.
At T4=450 °C, the concentrations of silicon and nitrogen decrease drastically and the
film becomes strongly carbon rich.

An increase in the substrate temperature leads to an increase of Si-C and C-
N bond densities and a decrease in the concentrations of C-C and Si-N bonds. In
agreement with RBS results (subsection 3.1), the higher reactivity of CH4 at higher
temperatures generates more free radicals to form carbon-related bonds such as C-N
and Si-C. The decrease of the Si-N bond density can be expected from the lower
nitrogen concentration in the film layer.

The IR absorption spectra of samples grown at 300, 400, and 450 °C (correspond-

ing to Ts=120, 154, and 170 °C) are normalized to the sample grown at the lowest
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Table 6.3: The atomic concentrations of carbon, nitrogen, silicon, and hydrogen along
with the mass density determined by combined RBS-ERD. The refractive index and
thickness were determined using VASE. For all samples, a 30-minute deposition with
a mixture 5, 10, and 8 sccm of SiHy/Ar, No/Ar, and CHy, respectively, were used.

n (A= Density

Sample | T4 | HIELS| [CIELO| NJEO.8| [Si40.4) d£04| oo | (£0.07

(°C) | (at.%) | (at.%) | (at.%) | (at.%) | (nm) nm) g/cm?)

SION-1 300 | 38 28 12 21 | 381 | 1.95 1.88
300

SICN- 1350 | 32 37 10 21 | 361 | 1.99 2.00
350

SION-1 400 | 20 49 9 21 | 322 | 2.04 2.20
400

SICN- 50 | 12 57 9 20 | 289 | 2.08 1.85
450
Ar-

SiCN- | 350 | 20 48 12 19 424 | 1.98 2.93
350

deposition temperature (T;=300 °C). The evolution of the film bond structure by
varying T, is particularly significant in the three regions of the IR spectrum shown
in Fig. 6.14. The first change is observed at a peak positioned at 1100 cm™! (Fig.
6.14.a), with the second region of interest located at 1700 cm™" (Fig. 6.14.b). Both
can be assigned to carbon-nitrogen configurations [250]. In most cases, the overlap of
the C-N and C=N absorption modes makes it difficult to distinguish them [235]. We
attribute the enhancement of these two peaks to the formation of more C-N/C=N
bonds at higher Ty, which was also observed by Tomasella et al. [268]. Fig. 6.14.c
shows the spectra in a third region, between 1900 and 2200 cm™!, which is an over-
lap of Si-H stretching modes and the C=N stretching vibration at around 2100-2200

cm™t. A larger density of Si-H bonds is observed at lower substrate temperatures
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Figure 6.13: XPS spectra vs substrate temperature. The photoemission spectra
and the corresponding fits of a-SiC,N,:H, thin films for the core levels of (a) C 1s
and (b) Si 2p. The samples grown at higher deposition temperatures are presented
by solid lines.

due to the higher hydrogen content in the films. The increase in the substrate tem-

! significantly

perature makes the contribution of the C=N bond around 2200 cm~
larger. The combination of the changes of the Si-H and C-N bonds with the variation
of substrate temperature leads to the observed shift to larger wavenumbers at higher
temperatures. The evolution of the bonding configuration given by IR absorption can
be explained by the cross-linking of C to N atoms due to the increase of the carbon
content and hydrogen loss at higher temperatures, in agreement with the discussed
XPS analysis (Fig. 6.13) showing a larger density of carbon bonded to nitrogen at
higher temperatures. It is noted that the changes of the Si-N and Si-C bonds were

analyzed only using XPS measurements and their IR results are disregarded due to

the large overlap of their IR bands.
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Figure 6.14: IR absorption vs substrate temperature. FTIR spectra of a-
SiC,Ny:H, thin films grown at different deposition temperatures. Three specific area
of interest are shown.

6.3.3 Optical Properties of SiICN with Different T,

The values of the optical band gap related to the localized states were determined
from the absorption coefficient (deduced from VASE simulations). Fig. 6.15 shows
the variation of the optical band gap along with the other parameters determined
directly from VASE simulations, i.e. refractive index and growth rate, as a function
of the deposition temperature. It can be observed that higher temperatures result in

optical gap widening, an increase of the refractive index, and thinner layers.
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The increase of the substrate temperature by 50 °C (T, by 150 °C) results in
a decrease of growth rate from 126 to 96 nm/min due to the incorporation of less
hydrogen into the film (24% film shrinkage). The refractive index, which is related
to the polarization response of a material, increases with substrate temperature. Ac-
cording to Lorentz-Lorenz equation, two correlated quantities, the density of the film
and chemical configurations, affect the polarization [243]. Higher temperature in-
duces changes in both the film mass density and microstructure through the larger
density of carbon bonds in the SiC,N,:H, layer as a direct result of the hydrogen
loss and higher carbon content in agreement with previously report on the substrate
temperature of silicon carbide films grown using PECDV [116].

The values of the optical gap provided in Table 6.4 indicate an increase of 0.3 eV
with an increase of substrate temperature by 50 °C (T4 by 150 °C), which is a result
of the competition between the hydrogen loss and formation of carbon-related bonds.
It is well known that lower hydrogen content increases the localized mid-band gap
states in the band structure, and in turn, the optical band gap narrows. On the other
hand, the rearrangement of the film atomic structure, observed by XPS (Fig. 6.13)
and FTIR (Fig. 6.14), induces a higher concentration of Si-C and C-N bonds leading
to optical band gap widening. It is well known that lower hydrogen content increases
the localized mid-band gap states in the band structure, and in turn, the optical band
gap narrows. Apparently, the evolution of structure has a more profound effect on

the changes of the optical band gap compared to the hydrogen loss.
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Figure 6.15: Optical band gap and growth rate vs substrate temperature.
Variation of the optical band gap (Egs4) and growth rate as a function of the depo-
sition temperature along with the corresponding uncertainties. The inset shows the
refractive index of the samples grown at different deposition temperatures.

6.4 PL as a Function of T,

As discussed above, the increase of the growth temperature leads to layer densifica-
tion and film shrinkage. The difference in the layer thickness of the samples grown
at different temperatures makes it necessary to normalize the PL spectrum of each
sample to the corresponding thickness. Fig. 6.16 shows the PL emission profile under
excitation using a 325 nm laser source of different SiC,N,:H, thin films as a function
of wavelength. Fig. 6.17 shows the PL sepctra of these samples normalized to the

film thickness. In fact, the thickness of the samples studied in this thesis does not
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affect the PL intensity of the samples since their thicknesses are close to each other
(see Table 6.3). The normalized samples show a similar ratio of the PL intensity
observed for non-normalized samples (Fig. 6.16). Nevertheless, the intensity and the
full width at half maximum (FWHM) of the PL profiles increase due to the enhance-
ment of the low energy tail of the PL spectra with higher substrate temperature. To
quantitatively understand the changes of the overall luminescent color, the chromatic-
ity coordinates were calculated from the PL emission spectra. Fig. 6.18 shows the
chromaticity coordinates of SiC,N,:H, thin films with the corresponding deposition
temperatures labeled in the CIE 1931 chromaticity diagram. The values are listed
in Table 6.4. With the increase of substrate temperature of 50 °C (Ty=150 °C), the
emission color changes from orange to yellow and is accompanied by an increase of
the total emission power by a factor of 6.2 (Fig. 6.19). In general all samples show a
very broad PL spectrum covering the whole visible range. The energy of the centroid
of PL spectra increases when the band gap increases at higher temperatures. It can
be observed that the energy of the PL spectra increases when the band gap increases
at higher temperatures.

Fig. 6.20 shows thermal evolution of PL of SiC,N, samples grown using different
substrate temperatures. The samples are annealed between 400 to 1200 °C for 1 h
in Ny ambient and the corresponding deposition temperatures are indicated. The
PL band positioned at lower energy side of the visible range is enhanced with higher
deposition temperatures due to the formation of more Si-C bonds. It can observed
that the most luminescent sample is achieved at the deposition temperature of 350
°C.

To explore the details of the PL evolution, the deconvoluted PL spectra of each

sample are shown in Fig. 6.21, delivering four PL bands as Py, Ps, P3, and P4 located
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Figure 6.16: PL of as-deposited samples vs substrate temperature. The PL
spectra excited using a 325 nm laser source of as-deposited SiC,N,:H, thin films as
a function of deposition temperature.

at ~ 2.6 eV (475 nm), 2.2 eV (565 nm), 1.8 ¢V (675 nm), and 1.4 eV (850 nm). Fig.
6.21 shows that by an increase of T, from 300 to 350 °C, the Py band at 2.2 eV and
the P35 band at 1.8 eV become far more intense. Further increase of Ty from 350
to 400 °C results in the smaller contributions of the P, band and a gradual increase
of the P3 band, while the P; band at 2.6 eV remains virtually unchanged. Even
further increasing T, to 450 °C induces more significant changes in the P3 band,
which intensifies by a factor of 9 and blue shifts to 1.79 ev (688 nm) from 1.62 eV

(765 nm) for SiCN-300.
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Figure 6.17: The PL spectra of as-deposited samples normalized to the film
thickness. The PL spectra of as-deposited SiC,N,:H, thin films are normalized to

the film thickness.

6.5 Discussion of T,

The dissociation rate of SiH, is comparable with that of common carbon sources used
in CVD techniques such as CyHy and CoHg. More stable gases such as (CHy) require
higher thermal energy to be dissociated [269]. The combination of the substrate
temperature of about 300 °C and the energetic reactants coming from plasma more
likely allows breaking of Si-H bonds (3.6 eV) originating from SiH, than C-H bond
(4.3 V) from CH,. Furthermore, the sticking coefficient of carbon based radicals
is much lower than that of silicon-based species [270]. The increase of the substrate
temperature is in such a way that makes CH, species more chemically active with SiH,
species. Ctvrtlik et al. [28] reported that the interatomic interactions between the

carbon, silicon, and nitrogen increases with the higher deposition temperature leading
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Figure 6.18: CIE 1931 chromaticity diagram of as-deposited samples. The
chromaticity coordinates labeled in the CIE 1931 chromaticity diagram for as-grown
samples grown using different deposition temperatures is shown.

to less formation of carbon clusters. Compositional analyses verified that more carbon
was incorporated into the growing layer as a result of the higher activation of CH4. A
decrease of hydrogen and nitrogen at higher substrate temperatures and a significant
increase of carbon in the resultant films were observed.

The reasons for the low hydrogen content at higher temperatures are twofold:
First, the incomplete dissociation of CH4 at such low substrate temperatures causes

some hydrogen atoms to remain bonded to carbon atoms in the chemical species
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Figure 6.19: Total emission power of PL of as-grown samples vs deposi-

tion temperature. Total emission power of PL of as-grown samples vs substrate
temperature indicates a strong increase with the deposition temperature.

reaching the growing surface. This incorporates more hydrogen into the film layer
in the form of hydrocarbon bonds. Second, at higher temperatures, weak hydrogen-
terminated bonds are less stable leading to hydrogen desorption from the growing
surface. Consequently, with the increase of temperature, carbon is the element sub-
stituting hydrogen in the layer, while nitrogen decreases.

From a structural point of view, IR absorption verified the increase of the represen-
tative bonds of CN/C=N at 1100 and 1700 cm~! with higher deposition temperature.
The increase of C-N and C=N bonds, despite the presence of a smaller amount of
nitrogen in the film, can be explained by the changes of hydrogen cyanide (HCN) and
CN at higher substrate temperatures. These two emission lines were found to be the
major components in the gas mixture, which lead to the relatively low concentration

of C-N bonds in CVD grown thin films [152]. Higher reactivity of CH, at higher
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Figure 6.20: Thermal evolution of PL of SiC,N, samples grown using differ-
ent substrate temperatures. The PL spectrum of a-SiC,N,:H, samples excited
using 325 nm laser source. The samples are annealed between 400 to 1200 °C for 1
h in N, ambient and the corresponding deposition temperatures are indicated. The
PL band positioned at lower energy side of the visible range is enhanced with higher
deposition temperatures due to the formation of more Si-C bonds.

substrate temperature yields less formation of hydrogen cyanide, HCN, providing the
opportunity for the formation of C-N bonds in the film.

The increase of Si-C bonds and a decrease of Si-N bonds in the film grown using
higher substrate temperatures can be also correlated to the higher chemical activity of
CH,4 with SiH, radicals to form Si-C related bonds. This provides more attachment of
carbon to silicon in the growing film decreasing the opportunity of nitrogen atoms to
be bonded to silicon. Moreover, the Si-C bonds increase by the connection of silicon

and carbon dangling bonds generated by the hydrogen desorption on the surface of
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Figure 6.21: PL deconvolution of samples grown using different substrate
temperatures. The deconvolution of PL spectra excited using a 325 nm laser source
of as-deposited SiC,N,:H, thin films for different deposition temperatures.

the film.

Therefore, the higher reactivity of CH4 at higher temperatures not only promotes
the incorporation of more carbon in the layer but also reduces the amount of hydrogen-
terminated bonds in the film, providing more cross-linking of carbon atoms in the
resultant film. All induced changes in the optical band gap, layer density, and refrac-
tive index are correlated with the described process of hydrogen loss, changes of film

stoichiometry, and larger density of carbon-related configurations.
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Table 6.4: The optical band gap (Eg4), the position of PL subbands, and color co-
ordinates of SiC,N,:H, thin films, grown at different temperatures using otherwise
identical deposition parameters.

Sample | Eo4 Py P, P P, Color- P,/P,| P3/P,| P3/P;
+0.05 | (eV) | (eV) | (eV) | (eV) | Coordinates
(eV) (x, )
S;COON_ 3.36 2.66 |2.60 | 255 |250 | (0.51,0.46) 2.8 0.3 0.8
S;EON_ 3.42 2.03 | 213 | 217 |2.25 | (0.46, 0.50) 1.8 0.6 1.0
SZCOON_ 3.57 1.62 | 1.76 | 1.79 | 1.82 | (0.43, 0.51) 1.4 0.9 1.3
SZ;ON_ 3.68 1.46 | 1.46 | 1.42 | 1.47 | (0.42, 0.53) 1.5 0.9 1.3

We took into account the characterization results described above, for the inter-
pretation of the changes of PL properties as a function of the substrate temperature.
Huran et al. [141] reported a similar PL reduction with the deposition temperature,
while no details on the underlying mechanism for the changes in both shape and
intensity of the PL emission were discussed. In our investigated samples, the PL
peak position and intensity follow the increase of the optical gap. This indicates that
the observed PL is due to the radiative recombination of carriers in defects and/or
localized states at the band tails of the amorphous alloys. Furthermore, because the
luminescence is intense enough to be seen with the naked eye, the probability of non-
radiative recombination in a deep defect is small due to the very small mobility of
carriers in the band tails [271]. In samples with smaller bandgap, the luminescence

intensity is smaller because of the increased probability of the carriers reaching a
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non-radiative recombination center [272].

We further explored these mechanisms by studying the variations of constituent
PL bands obtained through the deconvolution of PL emission spectra as shown in
Fig. 6.21 and listed in Table 6.4. It should be noted that the overlapping features
of PL bands make it possible to increase the contribution of a certain band due
to the increase of other bands even if that band has not been changed. Therefore,
a comparison of the relative integrated intensities of all bands in the PL spectra
of a certain sample is a more reliable way to study the evolution of PL bands in
different samples. The relative integrated intensities of each PL band calculated for
each individual spectrum, i.e. Ps/P;, P3/Ps, and P3/P; are provided in Table 2.
The integrated intensity of the P35 band relative to all other bands increases with
temperature, while the relative intensities of P3/Py and Py/P; decreases, implying
that the contribution of the Py band decreases at higher deposition temperatures.

The intensity of the P4 line, ascribed to silicon vacancies, is disregard due to the
low signal level and the noise beyond ~800 nm coming from the lower sensitivity
of the CCD camera in this detection range. The origin of the P3 band at ~1.8 eV
(675 nm) is associated with the carbon vacancy defects (Cg;V.), the so-called AB
lines. The systematic increase of the P3 band suggests that more radiative carbon
vacancy defects formed when the deposition temperature is increased, in particular
from 300 to 400 °C. As shown in the inset of Fig. 6.18 the luminescence color change
through orange to yellow as the deposition temperature increases in agreement with
the increase of relative intensity of green to blue PL emission (P3/P;). The increase
of the P3 band at higher temperatures can be expected from the aforementioned
structural and compositional discussions where the presence of more carbon in the

film leads to a larger density of carbon bonds (Si-C and C-N bonds) and consequently

206



Ph.D. Thesis - Z. Khatami McMaster University - Engineering Physics

the increase of carbon-related emissions. The P, band at 2.2 eV (565 nm) arises
from nitride related states while the Py band at 2.6 eV (475 nm) is assigned to the
transitions between gap states in silicon dangling bonds (more likely back bonded to
nitrogen atoms), the so-called K-centers. The decrease of the P, band increasing the
deposition temperatures can be explained by the lower content of nitrogen, as verified

by XPS and RBS discussions.

6.6 Argon Dilution

To investigate the effect of Ar gas flow, sample AR-SiCN-350 was fabricated using
deposition parameters similar to those used for R=1.8, except for an extra 5 sccm of
Ar gas which corresponds to a partial pressure of 0.4 mTorr.

Ar dilution significantly decreases the hydrogen content from 32 to 20 at. %, where
the carbon content increases significantly (see Table 6.3). In fact, the composition
of Ar-SiCN-350 sample is very close to that of SICN-400 sample grown without Ar
dilution except for the presence of lower silicon and larger nitrogen concentration
in Ar-SiCN-350. The PL emission of Ar-SiCN-350 is illustrated in Fig. 6.22 and
can be compared with that of SICN-350 and SiCN-400 presented in Fig. 6.21. The
addition of Ar enhances the PL in the higher energy range in analogy to changes
observed in the PL spectrum with the increase of 50 °C of Ty from SiCN-350 to
SiCN-400. The addition of Ar enhances the contribution of the P3 band in analogy
to P3 enhancement observed with the increase of 50 °C from SiCN-350 to SiCN-400.
However, the integrated intensity of the Py band of Ar-SiCN-350 (nitrogen-related
defects) is higher than that of SICN-350 and SiCN-400 samples. This can be explained

by the higher concentration of nitrogen in the Ar-SiCN-350 sample.
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Figure 6.22: Influence of argon dilution on the PL emission. The deconvolution
of PL emission of as-deposited a-SijgC4sNi2:Hog thin film grown using 5 sccm of Ar
(0.4 mTorr).

The addition of Ar gas changes the plasma chemistry and the dissociation rate
of precursors which affect consequently the film composition and bonding states of
the elements in the growing layer [273]. In the presence of more energetic Ar ions,
CH,4 (with higher activation energy) is decomposed more effectively explaining the
significant increase of carbon content in the resultant film (see Table 6.3). This is
in agreement with other studies indicating a higher conversion rate of CH, with the
addition of rare gases such as Ar [274].

It can be inferred that Ar dilution influences the film properties in analogy to the
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increase of the deposition temperature by 50 °C (T by 15 °C). Both SiCN-400 and
Ar-SiCN-350 samples showed higher carbon and lower hydrogen contents compared
to the SICN-350 sample. The hydrogen loss with Ar dilution was previously reported
by other researchers [275]. The only difference between SiCN-400 and Ar-SiCN-350
is the higher nitrogen and lower silicon content in SiCN-400. This can be explained
by high activation of strongly bonded N in the plasma containing more Ar gas [276],
which makes the amount of available Ny species larger than the amount of Ny species
in the SiCN-400 sample grown with no Ar dilution. In SiCN-400 a decrease in the
density of Si-N bonds and nitrogen content was observed due to the competition of
constant Ny species with the increasing number of reactants generating from CHy. In
the fabrication of Ar-SiCN-350 sample, the Ny radicals created in the plasma cone
impacted the gas phase chemical reactions and the species arriving at the surface
that ultimately leads to the incorporation of more nitrogen and less silicon in the
film. This explains the changes in the PL. emission where the enhancement of the Ps

band assigned to the nitrogen-related defects in the film.
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Chapter 7

Conclusions and Suggestions for

Future Work

7.1 Conclusions

The research presented in this thesis is a first examination of luminescent silicon
carbonitride thin films within a broad range of composition, process parameters, and
thermal treatment. The most important findings derived from employing a multitude
of experimental characterization techniques are summarized as follows in two main

categories:

A: Film Properties

1. Stoichiometric SizNy4 and SiC: The process parameters to fabricate stoichiomet-
ric amorphous SisN4 and SiC using ECR PECVD in a mixture of CHy, N,
and SiH, gases were determined in parallel with those necessary for fabricating

various compositions of SiC,N, samples.
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2. Comparison of SiC;N,, SizN4, and SiC: A comprehensive comparison of the
refractive index, mass density, and band gap of stoichiometric SizN4 and SiC
with SiC,N, was performed that can be used for band gap engineering and

anti-reflection coatings.

3. Influence of carbon on the film structure: A systematic study of carbon-free
to highly carbon-rich (~50% of the film) SiC,N, samples was performed. The
addition of carbon into SiN, resulted in the expected increase of carbon and
decrease in both silicon and nitrogen concentrations. Carbon preferred to make
bonds with silicon, where the bridging of carbon between the interconnectivity
of silicon and nitrogen bonds in SizNy was found a difficult task. Our SiC,N,
samples did not show a dominant network of Si-C-N and can be regarded as
an intermediate phase of Si-N, Si-C, and a small amount of Si-C-N phases.
The formation of Si-C bonds appeared to be saturated in the most luminescent
sample with C=32 at.%. Further addition of carbon (carbon-rich samples) did
not change the amount of Si-C bonds significantly, while the C concentration

increased and in effect, therefore, more C-H and C-C bonds were formed.

4. Film composition: One of the key elements of this study was the compositional
analysis where the use of carbon substrates for RBS measurements delivered
low uncertainty and combined RBS and ERD was employed simultaneously. A
reliable and highly accurate compositional analysis is a necessary component to

understanding a less-studied structure.

5. Band gap: Carbon addition to Si3gN, samples, the increase of the deposition
temperature, and Ar dilution narrowed the band gap, which can be explained

by the formation of Si-C bonds and reduction of Si-N bonds. In the case of Ar
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dilution and an increase of substrate temperature, the rate of increase of the
band gap was lower due to the opposite effect of another contributing factor,

hydrogen loss.

6. Refractive index: The addition of carbon to SigN, increases the refractive index
from 1.9 to 2.1, however, due to the high amount of hydrogen the refractive
index remained very close to SizN, matrices. Higher deposition temperatures

and Ar dilution also increased the refractive index.

7. Thermal annealing: The as-deposited SiC,N, samples were highly metastable
systems and in the study of thermal annealing in a wide range of temperatures
from 300 to 1200 °C, two featured temperatures were found at T,=500 °C and
900 °C. The H desorption and the restructuring of the chemical bonds affected
the film modifications and each of them took a dominant role depending on the

annealing stage.

8. Hydrogen content: All produced SiC;N, thin films were amorphous with rel-
atively high concentrations of hydrogen (about 30 at.%). The introduction of
methane in the deposition process increased the hydrogen content in the re-
sultant SigNy layer from 10% to about 30% in SiC,N, films. The hydrogen
level is controlled through the substrate temperature and post-deposition ther-
mal treatment and was quantitatively analyzed. The increase of the deposition
temperature by 150 °C reduced the hydrogen content from 38 to 12 at.%. The
lowest hydrogen content was obtained at the highest deposition temperature of

450 °C.

9. Hydrogen diffusion: The hydrogen density remained virtually constant at the
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10.

11.

first annealing stage, likely due to the stability of Si-H, N-H, and possibly C-
H bonds. In addition, the N-H bond density increased at T,=400 °C, due to
the attachment of un-bonded hydrogen to the dangling bonds of nitrogen. At
T,=500 °C, the formation of more Si-C bonds led to hydrogen release from the
layer through the cross-linking between C-H and Si-H bonds. At T,=700 °C
nearly all H bonds were broken ([H] = 12.2 at.%); however, a combination of
the lower hydrogen diffusion along with thicker layers at the moderate annealing
temperatures delayed the complete depletion of hydrogen to the second stage
of annealing at T,=900 °C ([H] = 6 at.%).

Film structure vs temperature: The partial graphitization of the film structure
is accompanied by the thermally induced changes of the chemical bonds during
the annealing process, i.e. the formation of a graphite phase at the expense of C-
N/C=N bond breaking. The Si-N bonds appeared to be the more stable bonds
than Si-C and C-N/C=N bonds. The increase of the substrate temperature
also increased the density of Si-C and C-N/C=N bonds. We believe that the
structure of SiC,N, is similar to Si-N structure likely due to the incorporation
of large density of hydrocarbon (C-H) bonds into the growing layer, higher
substrate temperatures led to hydrogen loss which in turn increased the Si-C

bonds in the film.

Thermally induced changes in the band gap: In relation to hydrogen desorp-
tion, band gap narrowing was observed from the first stage to the second stage
of annealing. After the second stage, the Eg, gap widened due to the film

restructuring and the formation of a graphite-like phase.

12. Thermal evolution of refractive index: According to the microstructure analyses
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13.

14.

and hydrogen density calculations, the variations (loss) of hydrogen content
played the main role in the changes of the refractive index at lower annealing
temperatures. The refractive index significantly increased from 2.1 to 2.6 after

the second stage of annealing due to the graphite phase formation.

Film thickness: The addition of carbon made a thicker and ess dense layer that
can be expected from the high hydrogen content. During the annealing process,
the strongest shrinkage of the film layer occurred after the second annealing

stage, i.e., 900 °C due to full hydrogen depletion.

Argon dilution: The addition of argon to the plasma affected the film properties

in analogy to the increase of 50 °C for the deposition temperature.

B. PL Studies

Hydrogenated amorphous, N-free SiC,N,,, C-free SiC,N,, SiC,N, samples were
explored to provide a comparative study of the visible light emission of these
three matrices over a wide range of annealing temperatures. SizN4 and SiC

samples exhibited lower PL intensity compared to that of SiC,N, samples.

The origin of PL emission of as-grown and thermally treated SizN, and SiC
samples was studied using the existing models reported for amorphous silicon

nitride and silicon carbide compounds.

The relative concentration of carbon to nitrogen of the most luminescent sample
was obtained as 1.8. Therefore, this work led to the identification of optimized

processing parameters for the growth of highly luminescent a-SiC,N,, films.

The most luminescent samples had a composition of a-SiC; oNg7:Hp 4 at the

annealing temperature of 500 °C with a deposition temperature of 350 °C.
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5. In carbon varying samples, an intermediate carbon-rich sample (a-SiC; 9N 7:Hj 4)
showed the most intense PL and its density of Si-C bonds was largest among all
samples. For some reason, the carbon-rich sample did not have the highest den-
sity of Si-C bonds, further addition of carbon to the most luminescent sample

did not change the Si-C bonds whereas C-C and C-H bonds kept increasing.

6. The Si-C structure plays the key role in enhancing the SiC,N, emission as it
was evidenced experimentally using the changes of the film structure in relation
to the annealing studies, film composition, and substrate temperature. In the
thermal annealing studies, PL showed a strong correlation with the thermally
induced changes of the Si-C bond densities compared to fewer changes of more
stable Si-N bonds. The most luminescent sample contained the largest density
of Si-C bonds and also fewer C-C bonds compared to the C-rich sample. Higher
substrate temperatures led to the loss of hydrogen, incorporation of more carbon
in the film, and larger density of Si-C leading to the changes of the PL emission

of the second peak around 550 nm.

7. In general, the room-temperature PL of SiC,N, samples exhibited a broad lumi-
nescence band, covering the visible range with two dominant peaks at ~470 and
550 nm, which appeared “white” to the naked eye. We believe that the nitride-
related states are responsible for the first PL peak and the second PL peak is

associated with the carbide structure according to the following evidence:

e The first peak at 475 nm remained unchanged regardless of carbon presence
in the SiN, matrix and the amount of carbon in SiC,N, films. The possible

transitions were assigned to the recombination processes at silicon dangling
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bonds in the nitride structure (K centers, a standard SizN, defect) as

observed in SiN film.

e The addition of C to the SizsN, matrix led to band gap narrowing and a
shift of the center of the second (main) peak at 550 nm to the lower energy

range of the visible spectrum. This redshift occurred with the formation

of Si-C bonds.

e We further investigated the origin of the luminescence of a-SiC; oNg7:Hy 4
using the correlation with the sources of the luminescence observed in

submatrices of SiC:H; 3 and SiN; 3:Hg 3 thin films.

e We believe that the structure of SiCN is similar to Si-N structure likely
due to the incorporation of large CH- concentrations into the film, higher
substrate temperature led to hydrogen loss which in turn increases the
concentration of Si-C bonds in the film. Subsequently, the second PL peak
in the lower energy range (~550 to 600) was found to be more intense, in

agreement with the carbon-related PL emission for this peak.

In summary, the PL of a-SiC,N,:H, was bright enough to be seen by the naked
eye. The alloying of silicon nitride with carbon or silicon carbide with nitrogen
introduced disorders in the amorphous a-SiC,N,:H, in such a way that a more intense
PL of a-SiC,N,:H, was observed in compared to that of the silicon carbide and
silicon nitride films. The PL peak positioned at higher energy was associated with
the silicon nitride-related structure and silicon carbide submatrix appeareded to be
responsible for lower energy PL peaks. A more intense PL of a-SiC,N,:H, can be
explained by the radiative luminescence centers (band tails states and/or defects) in

a-SiC,N,:H, acting differently than the commonly observed ones in submatrices such
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as AB lines (carbon-related defects) and K-centers (silicon dangling bond back bonded
to nitrogen atoms) in a-SiC and a-SiN thin films, respectively. In particular, a variety
of experiments confirmed the strong correlation of the visible PL emission with the
Si-C bond configuration, which suggested possible optimization of the luminescence

of a-SiC,N,:H, via the adjustment of Si-C the bonds.

7.2 Future Work

This fundamental work clearly constitutes a first attempt to identify the origin of
light emission from SiC,N, thin films. The interdependency of the PL emission with
the film structure and composition was evaluated along with the influence of the
processing parameters on these properties. The key findings of the present thesis

deliver a foundation to be used for further research as follows:

Material Characterization To obtain further evidence of the origin of PL
emission, a number of complementary approaches can be taken. A very effective
tool to provide a detailed insight with respect to the luminescent centers would be
time-resolved PL spectroscopy. The PL decay time gives information on the radiative
relaxation processes of the luminescent defects and allows for the determination of
the dominant process, whether it is related to silicon carbide or silicon nitride phases.
The PL behavior can be further investigated by low-temperature PL. measurements.
Furthermore, the results of different excitation sources (PL excitation) can be used

to correlate the intensity of the PL emission with the energy of the excitation source.
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Further material characterization can be achieved by synchrotron-based measure-
ments such as X-ray absorption and X-ray emission spectroscopy delivering infor-
mation on the electronic structure of the conduction and valence band, respectively.
Some preliminary measurements have been already performed and the formation of
Si-Si bonds at lower annealing temperatures was observed up to 500 °C (this is in
agreement with FTIR results discussed in chapter 5). In connection with the hydro-
gen studies, XAS and XES will reveal a complete picture of the film structure and its

thermal evolution.

Processing Parameters Given that the material behavior of these thin films
is highly affected by the growth technique, a comparison of different deposition sys-
tems is suggested. Some set of samples already have been grown using ICP-PECVD
and magnetron sputtering techniques using similar partial pressure of gases used to
grow the set of carbon varying samples presented in this thesis. ICP-grown sam-
ples contained a higher nitrogen content compared to ECR PECVD grown samples
and crystalline structures were formed in the annealed sputtered samples, where an
intense PL emission was observed allowing for a substantial extension to studies at
elevated temperatures.

In general, the incorporation of carbon into the SigN, lattice is a difficult task
and SiN, phase remained in films annealed at elevated temperatures. In comparison
with other works that reported crystalline and high-quality SiC,N, thin films with
a large density of Si-C-N networks the nitrogen content in our films was lower. In
addition, in the ECR PECVD employed system for this study, stable N5 molecules
are dissociated in the plasma cone, where the incorporation of more nitrogen in the

film can be achieved through Ar dilution and the increase of the plasma power (the
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power of the ECR PECVD system possibly can be increased to 800 W). Another
suggestion is to use NHj gas instead of Ny gas as the nitrogen source. The strong
double-bond of Ny is hard to be dissociated, while in the ammonia (NHs) molecule
one nitrogen atom is bonded to three hydrogen atoms in a trigonal pyramidal shape,
making the dissociation energy of the NHj3 gas to about half of that of Ny gas.

Furthermore, the increase of incorporation of nitrogen to form a higher density of
Si-C-N networks should be accompanied by using a less hydrogenated carbon source
since our finding confirmed that the Si-C structure played a significant role in the
enhancement of the PL emission of SiC,N, films. In fact, nitrogen and carbon, both,
are required to be increases in the film, which can be achieved by the decrease of
the hydrogen content in the film layer. One of the reasons for the low possibility of
carbon to bridge between silicon and nitrogen is the incorporation of a high number
of CHj species into the growing layer (CH and CHy are less probable due to different
sticking coefficients).

Among all carbon sources used in PECVD techniques, CHy is the most stable
one, the dissociation rates of acetylene (CyHs) and ethylene (CoHy) are higher and
are in the range of SiH4. The use of CyHy gas and higher deposition temperatures
guarantees a lower hydrogen content in the growing layer, which can provide the
opportunity for more carbon to form bonds with nitrogen and silicon. In addition,
to have a better understanding of these process parameters and type of the species
during the actual deposition, it is suggested to use an OES tool that already has been

calibrated for the ECR PECVD system.
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Device Fabrication The information of the film composition and structure has
been comprehensively established in this work. One or two complementary experi-
ments are still required to evaluate the functionality of these thin films for the device
applications. As an example, a combination of the luminescence studies presented
here and some further hardness measurements along with electrical measurements
open new pathways for sensors and detectors with high thermal and chemical stabil-
ity.

We have performed some preliminary measurements on the hardness and Young’s
modulus (identifying the tendency of the material for the deformation) using tribology
tests. A consistent trend was observed for both carbon varying samples and samples
grown using different substrate temperatures. With increasing carbon content and
deposition temperature, the hardness and elasticity of the layer increased. The study
of mechanical properties of these films would be pursued by nanoscratch test that
seemed to be a powerful technique to study the adhesion properties on different
substrates for the optical coating designs.

Primarily Al and ITO alloying has been performed and current-voltage (IV) mea-
surements confirmed that the addition of nitrogen to the silicon carbide structure
increased the current density. Capacitance-voltage (CV) and IV measurements are
necessary for any electroluminescent devices, where the adjustments of the carbon
to nitrogen ratio will give a wide parameter space for SiC,N, structures offering

perspective applications for UV sensors.
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