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Research interest in silicon nanocrystals (Si-NC) has increased significantly as a result of the desire
to improve the light emission efficiency of bulk silicon. Si-NCs embedded in silicon nitride have
desirable characteristics for optoelectronic applications since they can increase the tunneling
probability and have a lower tunneling barrier than silicon oxide. Higher tunneling probability is
an important feature as it can be used to develop more efficient electroluminescent and
photovoltaic devices. In this dissertation, the Si-rich SisN4 (SRN) was prepared using low pressure
chemical vapor deposition (LPCVD) and RF sputtering followed by high temperature treatment in
order to precipitate Si-NCs within the silicon nitride matrix. Several different characterization
techniques were used on the Si-NC samples in order to understand the physical, structural, optical
and electrical behavior of the nanocrystals. Characterization techniques used in this analysis
included photoluminescence (PL), time resolved PL, X-ray diffraction, X-ray photoelectron
spectroscopy, Fourier transform infrared spectroscopy, Raman spectroscopy, transmission
electron microscopy, ellipsometry and capacitance-voltage (C-V) measurements. Silicon nitride

was found to contain a high defect density which suppressed the PL effect from the Si-NC. The

vii



PL observed from each different SRN sample correlated to defect states, namely dangling bonds
and oxygen related bonding. Although substantial evidence suggested that Si-NC had formed
within the SRN sample, a PL effect due to the quantum confinement effect (QCE) from the
nanocrystals could not be detected. However, Si-rich SiOx samples exhibited excellent PL which
correlated with the QCE for an indirect bandgap semiconductor. Further experiments were
conducted using forming gas in order to passivate the defects in the SRN. Though significant
changes in PL was not achieved due to passivation, the electrical behavior from the SRN indicated

that the intrinsically charged defects may have been passivated.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Since the establishment of the semiconductor industry, silicon has played a major role as a
semiconductor material in thin film fabrication and development of devices for microelectronic,
optoelectronic, and biomedical applications. As a result, silicon related processing and its
production in mass have been developed with precision and reduced defects. The extensive
research on silicon and its related devices has enabled the scientific community to understand and
explain its physical, electrical and chemical properties. In semiconductor physics, silicon’s
characteristics are used as a base to explain the behavior of other materials. Silicon also forms a
natural oxide SiO2, which has been found to function as an excellent insulator and diffusion barrier
to impurities.

In optoelectronics, there has been a growing interest in using silicon as a viable material
since it is easily integrated with existing complementary metal oxide semiconductor (CMOS)
technology. However, the challenge imposed with silicon in this regard is that it has an indirect
bandgap and cannot emit visible light with high efficiency, as opposed to its direct bandgap
counterparts such as GaAs, InP or GaP. Hence, Si could not be suitably integrated into
micro-photonics or optoelectronics devices. Light emission by free carrier recombination is highly
unlikely in an indirect bandgap, and in the case of bulk silicon, most of the emitted spectrum is
observed in the near infrared region since its bandgap is only 1.1 eV. Therefore, the realization of
a device capable of emitting light in the visible spectra (400 to 800 nm) using bulk silicon has not

been possible yet. The challenges imposed by silicon’s inefficient behavior related to



optoelectronic devices has opened up the possibility of researching methods to improve the light
efficiency of silicon and thereby develop new photonic and optoelectronic devices. Some of the
previously investigated approaches to improving silicon’s light emitting efficiency have been
discussed by Yuan et al. [1] and include Brillouin zone folding and band structure engineering of
silicon with other Group IV materials [2], radiative recombination of carriers at specific type
dislocations in silicon [3], [4], incorporation of a direct bandgap compound (e.g. 5-FeSi») in silicon
[5], [6], and implantation of rare-earth ions in silicon that act as luminescence centers [7]-[9].

Canham’s discovery of porous silicon in the 1990s brought a major breakthrough after
resolving silicon’s light efficiency [10]. Porous silicon prepared by electrochemical etching
exhibited strong visible photoluminescence (PL) at room temperature. Although the discovery of
luminescence from porous silicon laid the foundation for improving silicon’s light efficiencys, it is
still difficult to implement porous silicon because of its fragile mechanical properties and
inhomogeneous structure [11]. Furthermore, the quality of porous silicon degrades over time due
to its ambient atmosphere, and its integration into device fabrication has been challenging.

Eventually, the scientific community came across several other novel ideas where silicon’s
light efficiency was improved by introducing silicon nanostructures (amorphous and crystalline)
in an insulating material (e.g. SiO2, SisN4 or SiC) that followed Canham’s original idea and further
improved the understanding behind the luminescence from such structures. Over the past two
decades, substantial research was performed following the development and understanding of the
structural and optical properties that improve the light emission efficiency of silicon.

With that end in view, silicon nanocrystals (Si-NC), also known as silicon quantum dots

(Si-QD), were developed [12] in an insulating matrix. The simple processing and optical properties



made Si-NC a suitable material for investigation. Several different aspects of Si-NC embedded in
SiO2 matrices have been investigated. However, there has been a growing interest in nanocrystals
embedded in silicon nitride (SisN4) since it has 1) a lower probability of electron/hole leaking into
the matrix from the Si-NC as opposed to SiC and 2) its smaller bandgap over SiO- offers a higher
carrier mobility and better transport between Si-NC, which is essential for light emitting
applications. Therefore, the primary focus of this dissertation is Si-NCs embedded in SisN4 as a
suitable material system for studying the luminescence properties of Si-compatible optoelectronic

materials.

1.2 Direct and Indirect Bandgap of Semiconductors

The band structure of a semiconductor material consists of a filled valence band and a
conduction band that remains empty at absolute zero. The electrons can transfer from the valence
to the conduction band via (1) thermal excitation at temperatures higher than absolute zero, (2)
absorption of photons, or (3) energy supplied by an applied bias. The negatively charged electron,
e transfers to the conduction band by leaving a hole h* in the valence band. Alternately, an electron
from a conduction band can transfer to the valence band and recombine with the hole. The electron
and hole for their opposite charges are always bound together and hence form a pair termed the
exciton.

During an excitonic process, momentum and energy are conserved in a direct bandgap
material without the mediation of any particle other than the photon. Such processes are termed as
radiative recombination/generation. In the case of an indirect bandgap material, such as silicon or
germanium, the absorption process requires an additional particle called the phonon for the

conservation of momentum. A phonon is a quasiparticle which is associated with the lattice



vibrations in a solid. An electron can only transit from the maximum of the valence band to the
minimum of the conduction band when it is accompanied by both the photon and phonon. Such
processes are termed non-radiative recombination/generation. The transition and excitation

processes in an indirect and direct semiconductor are depicted in Figure 1.1.

1.3 Overcoming Silicon’s Light Efficiency Limitations

hk  -hk <

@ (b)

Figure 1.1. In part (a), the energy conservation during the creation of an exciton as the result of
photon absorption is shown in a schematic band structure. The sum of the kinetic energies of
electron and holes plus the band gap energy is equal to the photon energy. Part (b) shows the
transition of an electron from the valence band to the conduction band in an indirect
semiconductor. For momentum transition in k-space, a phonon as an assistant particle has to be
added.

Due to the non-radiative recombination in an indirect bandgap, the quantum efficiency
drops down to <0.001% as compared to around 10 — 30% from a direct bandgap material (e.g.
GaAs). In bulk silicon, the non-radiative recombination dissipates heat energy and acts as the
dominant process after the relaxation of the excited state electrons. As a result, radiative

recombination becomes less probable. In general, the lifetime of the non-radiative recombination

processes in indirect bandgaps semiconductors are several orders of magnitude faster than the



radiative process. In bulk silicon, the radiative decay times are on the order of microseconds to
milliseconds [13] whereas the non-radiative decay times observed are picoseconds to several
nanoseconds [14]. Since non-radiative processes are due to phonon mediation, they may occur at
a defect or impurity present at the interface or in the bulk of the material. Since the non-radiative
processes are always faster than the radiative, the decay associated with non-radiative states will
always prevail between the two processes [13]. Therefore, the relative probability of the
non-radiative recombination compared to the probability of radiative recombination is large in
bulk silicon. This causes extremely inefficient photon emission in bulk silicon, making it less
favored over other direct bandgap semiconductors in LEDs and lasers and has ultimately resulted
in limiting the advancement of silicon photonic and optoelectronic applications.

Nanocrystalline quantum dots, as mentioned previously, are one of the methods proposed
to improve the light emission efficiency in indirect bandgap semiconductors. Typically, the
quantum dots are grown inside an insulating matrix by first depositing a silicon rich film and
consequently annealing it at high temperatures. In Figure 1.2, the tiny ordered structures in circles
are nanocrystalline Si that was precipitated in a SisN4 matrix after deposition. Their sizes can range
from 1 to 10 nm and may consist of thousands to millions of atoms. The energy band structure of
a nanocrystal resembles that of a single atom to a certain extent, and hence they are often called
artificial atoms.

The behavior of silicon quantum dots can be explained by the simple particle in a box
problem described in quantum mechanics. It can be assumed that the electrons in a nanocrystal are
confined in a well bounded by an infinite potential (in this case the oxide or the nitride matrix). By

solving the Schrodinger’s equation for the box, the ground state energy is found to vary inversely



with the square of width of the potential well. At low energies, the energy states are discrete
whereas at sufficiently high energy, the energy states are continuous. Due to the confinement of
the electron within the potential well (i.e. defined position), the momentum wavefunction is
assumed to be spread and therefore have no impact on the transition of the electron. Such an effect

is termed the Quantum Confinement Effect (QCE).

Figure 1.2. HRTEM image of crystalline silicon quantum dots embedded in SisNs grown by
PECVD. The inset shows the ring patterns for the transmission electron diffraction from crystalline
Si QDs. Reprinted with permission from Ref. [15], Copyright 2006, AIP Publishing LLC.

Confinement raises the energy of the ground state and creates discrete density of states at
low energies, causing an uncertainty in the momentum of the particle. According to Heisenberg’s
uncertainty principle AxAp>#/2, if the position of an electron is well defined (i.e. electron confined

in the potential well), the uncertainty in momentum will increase. Recombination will then occur



as a “pseudo” direct effect without the phonons, which will in turn raise the probability of radiative
recombination.

Not all nanocrystals can exhibit the QCE effect. A certain distance must separate the bound
electron-hole pair, or exciton, in order to observe the QCE. This phenomenon can be explained by
Coulomb attraction, where the electron-hole pair problem is solved by using the hydrogen atom
model. The Bohr radius between the electron and hole (which is the critical length separating the
two particles) is found to be 4.9 nm for Si. Therefore, in order for Si to function as quantum dots,

the nanoclusters must be smaller than 5 nm in diameter.

1.4 Radiative vs. Nonradiative Recombination

Silicon nanocrystals that demonstrate quantum confinement effect can exhibit an emission
several orders of magnitude brighter than bulk silicon. The radiative quantum efficiency in bulk
Si is ~10° [16] whereas in Si-NC, it is at least five orders of magnitudes higher [17], [18]. The low
absorption cross section of silicon (i.e. probability of the photon absorption) in nanocrystals does
not play a significant role in enhancing the radiative emission over bulk silicon.

The non-radiative states in bulk silicon are dominated by Shockley-Hall-Read
recombination located at the middle of the bandgap which are present due to the defects and
impurities in the crystal [19]. Surface defects and Auger recombination also play a crucial role as
non-radiative states which reduce the light emission in bulk silicon as well. In Auger
recombination, the energy of the exciton is transferred to a third charge carrier. Any of the non-
radiative recombination mechanisms mentioned above within the Si-NC are undesirable. A single
such non-radiative recombination center present within a luminescent structure consisting of Si-

NCs can significantly reduce the light efficiency [20]. Several experiments performed on Si-NCs



have provided information from the non-radiative states only and hence made it difficult to
determine the quantum confinement due to radiative processes.

The radiative recombination rate can be improved by confining the carriers in real space.
From Heisenberg’s uncertainty principle, this will eventually cause a spreading of the
wave-functions in momentum space. For an indirect bandgap material like silicon, this is going to
increase the probability of radiative recombination rate. However, even with nearly no phonon
transition probability observed at liquid helium temperatures [21], [22], the Si-NC with the

smallest size (< 2 nm) will still remain an indirect bandgap material.

1.5  Fabrication and Post Processing of Silicon Nanocrystals

Recently, the development of luminescent Si nanostructures has focused on using
deposition techniques such as chemical vapor deposition (CVD), physical vapor deposition (PVD),
and thermal evaporation among others. A subsequent annealing is often performed in order to
precipitate the nanoclusters in an insulating matrix. Nanoclusters prepared by such methods are
better suited for device applications due to their improved compatibility with silicon processing
technology. The materials deposited using these “dry” methods are stable with better performance

than electrochemical depositions.

1.5.1 Deposition Techniques

Silicon nanoclusters embedded in a silicon oxide matrix have been prepared using various
methods. Some of the widely used techniques are microwave-induced or laser-induced
decomposition of silane (SiH4) like precursors [23], low-pressure chemical vapor deposition

(LPCVD) [24], ion implantation of Si* into SiO; films [25] , co-sputtering of silicon and SiO2[26],



evaporation of silicon monoxide (SiO) [27], pulsed-laser deposition (PLD) of Si [28], and
plasma-enhanced chemical vapor deposition (PECVD) of SiOx [29]. Some of the techniques offer
faster and easier processing, such as plasma enhanced chemical vapor deposition (PECVD).
However, the gas precursors used in this technique were found to contain a higher amount of
impurities, which degrade the overall performance of the nanocrystals [30]. Another method
widely adopted was the deposition of a thin layered structure such as Si/SiO2 and SiO/SiO>
superlattices, where the size of the nanocrystals could be controlled precisely by predefining the
thickness of the deposited layer [31]. Although the techniques discussed above mostly involved
the synthesis of Si-NC in SiO., similar techniques and deposition conditions have been adopted

after processing Si-NCs in SizN4 and SiC as well.

1.5.2 Post-deposition Processing of Silicon Nanostructures

One of the important steps after depositing the silicon-rich dielectric thin films is to anneal
them at sufficiently high temperatures to induce a precipitation where the metastable thin film
decomposes into two stable phases: a silicon nanocluster and a matrix that is close to the
stoichiometric composition. In addition, several other post-deposition processing methods, such
as oxidation, forming gas and plasma treatment have been used to remove defects in crystals. High
temperature annealing is typically carried out in a vacuum or in highly pure N2 or Ar ambient in
order to minimize any defect that may be induced from the surrounding environment. Annealing
can also influence the size distribution and the density of the nanocrystals.

The as-deposited SiOx[SiNy] starts to phase separate out into a Si nanocluster and a more

stable SiO2[SisNa] at temperatures of 400-700 °C through the following equation [27]:



. . x . . x .
Si0[SiN,] = 5 Si0,[SisNy] + (1- E) Si

Nanocrystal formation from silicon-rich thin films after a thermal treatment generally
involves two steps: (1) the diffusion and the nucleation of the silicon phase and (2) the subsequent
growth of the initially formed crystals by diffusion. The investigation of nanocrystal growth in
silicon-rich SiO. deposited by CVD was described by Nesbit [32] and indicated a diffusion

controlled growth given by:

D(T) = Dy exp (— g—;)

where Ea is the activation energy and R is the universal gas constant. The activation energy of the
films was measured to be 1.9 eV/atom and Do = 1.2x10°° cm?/s. A minimum excess of silicon in
the silicon rich layer was required to start the initial nanocrystal formation.

Usually, annealing of the SiOx films is performed at 1100 °C or higher for full
crystallization of the silicon phases. However, it was also found that the crystallinity of silicon can
also be affected depending on the ratio between the silicon and oxygen. With ratios O/Si<1.0,
annealing below 1100 °C would also crystallize the silicon [33]. Films that have a composition of
1<0/Si<1.9 require annealing temperatures of 1050 °C for crystallization. However, Hartstein
et al. [34] also showed that often temperatures in excess of 1150 °C were needed for complete
crystallization of the excess silicon.

High temperature annealing also has drawbacks as it may enhance the dissociation of
certain bonds and introduce point defects within the matrix. These defects often have a higher
density that may eventually impede the device performance as well as the efficiency of the Si-NCs.

Careful consideration of the annealing temperature and ambient environment may reduce the
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formation of such defects. Sometimes a post-annealing gas passivation is performed to greatly

reduce these newly formed defects.

1.5.3 Passivation of Silicon Nanocrystals

As mentioned above, the high temperature anneal can often dissociate the chemical bonds,
which will eventually introduce new defects in the form of a dangling bond. These dangling bonds
can exist at the interface between the Si/dielectric layer and act as charge trapping centers. Other
defects may also exist intrinsically within the dielectric or may get introduced by external
impurities. Any such defect is unwanted as they can affect the overall efficiency of the Si
nanoclusters. Lannoo et al. [35] has shown that the photoluminescence from a nanocrystal can be
effectively quenched by a single dangling bond. It has been demonstrated that these defects due to
the dangling bonds can be greatly reduced (passivation) by annealing the samples in forming gas
(5-10% H2 in N2) at moderately high temperatures [36], [37]. An annealing in forming gas (FG)
at ~400 °C for 30 minutes can enhance the luminescence intensity from two to ten times [38], [39].
Wilkinson et al. [40] have studied the kinetics of hydrogen passivation of Py defects for silicon
nanocrystals in SiO, determining that ~500 °C is the optimal temperature for the passivation
anneal. Wilkinson also observed that the atomic H, which can be dissociated by a metal cap acting
as a catalyst can further improve the PL intensity of the Si-nanocrystals [41].

The forming gas passivation in SizNs based systems has been less researched mainly
because SisN4 acts as a diffusion barrier to forming gas or any other gases. The diffusion
coefficient of FG for an activation energy of Ea = 2.94 + 0.15 eV into SisN4 was ~10"1" cm?/s to
5x10% cm?/s when the anneal temperature varied from 700 °C to 1000 °C [42], which is lower

than the diffusion of FG in SiO, annealed at a lower temperature (~10** cm?/s at 350 °C).
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1.6 Applications of Silicon Nanocrystals

Silicon nanocrystals prepared using various techniques are studied for a wide range of
applications in the fields of microelectronics and optoelectronics. The investigation of silicon
nanocrystal is currently one of the most active frontiers in physics, chemistry, and engineering.
Active research has been focused on understanding the behavior of nanocrystals, improving their
performances and integrating them with semiconductor devices. A handful of applications with a

few relevant examples are discussed below.

1.6.1 Light Emission

The most relevant and perhaps most researched use of the Si-NC followed the realization
of its efficient luminescence within the visible spectra which makes it an ideal candidate for light
emitting applications. The work by Pavesi et al. [12] is highly referenced in the field of silicon
nanostructures where the authors reported a high optical gain in silicon quantum dots dispersed in
a silicon oxide matrix.

There has been a successful demonstration of electrically stimulated light emission
(electroluminescence) from silicon nanocrystals where the silicon quantum dots embedded in a
nitride matrix were deposited on a doped silicon wafer along with a transparent layer (amorphous
silicon carbide and transparent indium-tin-oxide (ITO) electrode [43]). Photoluminescence varied
from infrared to blue in those samples without any need for additional annealing.

Recently, it was also demonstrated that quantum confined silicon nanocrystals can be
included into organic light-emitting diode (OLED) devices with promising results [44]. The

external quantum efficiency in such devices was measured to be 0.6% for the silicon quantum dots.
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1.6.2 Photovoltaics

Silicon has been widely used as an active layer in photovoltaics for a very long time.
However, bulk silicon is capable of harvesting the sun’s heat energy. In order to generate energy
from the visible spectra of sunlight, Si-NCs whose bandgaps can be tuned precisely are a better
option over bulk silicon, as it is possible to integrate them with the existing Si-based solar cells.
As a result, multiple junction solar cells, which are solely based on silicon layers with variable
optical bandgaps can be fabricated. These solar cells can generate multiple excitons thereby
increasing the excitation energy, and also increase the absorption strength of the material.

One of the methods where the Si-NCs were incorporated in photovoltaic devices was by
forming Si-NC/SiO> superlattices. As discussed earlier, the bandgap of the nanocrystal can be
suitably tuned inside a superlattice and it can provide good electronic transport properties.
Conibeer et al. [45] and Cho et al. [46] proposed the use of this approach to realize third generation,
tandem solar cells where each layer of the device is composed of silicon quantum dots with
different sizes and optical bandgaps. This approach overcomes the limitation of a single junction
solar cell (Shockley—Queisser limit), with the additional attractive prospect of achieving this with

a single material.

1.6.3 Microelectronics

Silicon nanocrystals are potential candidates for the development of electronic devices. In
microelectronics, the Si-NCs are widely researched for memory applications. Floating gate
memories based on Si-NC are promising for developing an ultra-dense and ultralow-power

memory. Si-NCs of approximately 2 — 3 nm sizes can be embedded close to the transistor channel
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in the gate dielectric to store charges, which can successfully perform better than conventional
memory devices with a faster read/write speed, higher reliability and lower power dissipation [47].

With all the advantages of silicon nanocrystals described above, it is evident that Si-NC
applications are a very interesting field of research that has plenty of challenges to overcome and
further room to grow. With that in mind, scientists are still dedicating their labor to understanding
the various phenomenon of these nanocrystals so that Si-NCs can be used effectively in the

semiconductor industry in the future without the need to replace silicon with other material.

1.7  Silicon Carbide for Biomedical Implants

Amorphous silicon carbide (a-SiC) thin-film dielectric coating has emerged as a promising
candidate for the encapsulation of implantable biomedical devices [48]-[51]. It has a lower
dissolution rate at 37 °C in phosphate buffered saline (PBS) than silicon nitride [48] and hence can
tolerate in the cortex without any degradation over a long period of time. For devices with metal
electrodes that are going to be implanted in the brain, it is required that the overall structure of the
thin-film device is straight. At the Neural Interfaces Laboratory of UT Dallas, metal electrode
arrays (MEA) for neural applications were fabricated on a Si wafer by using a stack of Polyimide-
SiC-metal-SiC-polyimide design. The MEAs were released in water and expected that the device
is straight. In order for the device to be straight, controlling the stress of the material in the MEA
is extremely important. The residual stress of a-SiC was found to be compressive which caused
the devices to curl. Therefore, it was essential to understand the root cause of the stress and attempt
to reduce the compressive stress to make the devices straight.

The change in residual stress in PECVD a-SiC films exposed to air and wet ambient was

investigated. A close correlation between film oxidation and stress change was presented by a
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series of mechanical and chemical analyses. It was found that the films deposited at low
temperature or power were susceptible to oxidation and underwent significant increase in
compressive stress over time. On the other hand, the films deposited at sufficiently high
temperature (> 325 °C) and power density (> 0.2 Wem™) did not exhibit pronounced oxidation and
temporal stress variation. These results served as the foundation for developing a-SiC:H based
dielectric coatings for implantable medical devices where thin-film stress management and long-

term wet stability are essential.

1.8  Organization of the Dissertation

e Chapter 1: The theory and background of the silicon nanocrystals are explored. The
advantage of silicon nanocrystals for improving silicon’s light emission efficiency and
its preparation methods are mentioned. There are challenges to extracting highly
intense visible light from such systems due to large defect densities within the films.
However, Si-NCs could be used in a wide range of applications in optoelectronics and
microelectronics.

e Chapter 2: The experimental techniques are discussed. At first, the deposition
techniques that are primarily used (namely LPCVD and sputtering) are briefly
explained. The tools used for characterizing the Si-NC, namely photoluminescence
(PL), time resolved PL, X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy are

explained briefly.
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Chapter 3: The chapter investigates the PL from the Si-rich silicon nitride films that
were prepared by LPCVD and annealed at high temperature. The luminescent PL
indicated that it had multiple convoluted peaks which originated from intrinsic defects
within the nitride matrix and not Si nanocrystals.

Chapter 4: The sputter deposition of Si-rich SiNxy (SRN) and SiOx and their
characterization is presented. The reactively sputtered SRN showed that it contained
Si-nanocrystals as was evident in TEM, XRD and Raman. However, no PL emission
could be detected. SiOx deposited by co-sputtering technique indeed displayed a very
strong PL and a long TRPL, which are characteristics of indirect bandgap Si-NCs.
Chapter 5: Co-sputter deposition and high temperature annealing of SRN samples are
investigated. The SRN exhibiting PL also had substantial evidence of the formation of
Si-NCs. However, the PL could not be correlated with the Si-NC, but only with defects
identified to be originating from oxygen related and intrinsic states only.

Chapter 6: On a separate project for biomedical implantable devices, PECVD deposited
a-SiC:H films were investigated. For neural implants, SiC serves as an excellent
material for coatings that are stable and resistant to corrosion. However, it was observed
that a-SiC:H films undergoes change in the residual stress over time, which is
undesirable for thin neural interfaces devices. It was found that oxygen and water vapor
played a major role in oxidizing the a-SiC:H which results in changes in the residual
stress state. eventually caused a change in the residual stress.

Chapter 7: Conclusions and the scope of future experiments are explored.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

2.1  Deposition Techniques

2.1.1 Sputtering Process

Figure 2.1 (a) is one of the sputtering systems housed in the UT Dallas cleanroom and
Figure 2.1 (b) shows the schematic of the system. It is a physical vapor deposition system that was
developed for the deposition of metals and insulators by igniting a plasma of an inert gas under a
medium vacuum. The inert gas impacts the solid target and removes the atoms which then
accelerate towards the target surface. In order for the ejected source atoms to diffuse through the
plasma and arrive at the substrate, a vacuum of the order of ~10 Torr is typically maintained
during deposition. However, the chamber is initially evacuated to a pressure of ~10~ Torr prior to
loading the samples in order to reduce the impurity content from the surrounding environment.
Sputtering can be performed in two different modes, namely DC sputtering and RF sputtering. In
DC sputtering, a fixed negative voltage is maintained on the target with respect to the substrate
while the chamber is grounded. The inert gas (typically Ar) generates a plasma through impact
ionization with high energy electrons. The ionization reaction is expressed as,

e~ + Ar - Art + 2e”

The positively charged Ar* ions get accelerated towards the negatively charged target and
eventually dislodge atoms from the target after multiple collisions. DC sputtering is only
appropriate for conductive materials such as metals. With insulators, the positively charged Ar*

ions would accumulate on the target thereby reducing the negative charge of the target and
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eventually lowering the potential in the chamber, which could shut down the plasma. RF sputtering
is an alternative to the DC sputtering method where the applied voltage is cycled at a frequency of
13.56 MHz so that positive charges do not accumulate on the target.

Sputtering can occur both at the target and the source, but the system is configured so that
sputtering is focused on the target and does not affect the substrate. Often a magnetron source is

used in the sputtering chamber where a permanent magnet is placed behind the target in order to
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Figure 2.1. (a) The ATC 1500 sputter deposition system, by AJA International in UTD’s
cleanroom has 2 RF and 2 DC magnetron sources and can be heated in-situ up to 800 °C. (b) A
schematic of the sputtering system showing the process of deposition inside the chamber.
Reprinted from http://marriott.tistory.com/94.

confine the electrons to a small region near the surface of the target. This significantly increases
the percentage of electrons taking part in the ionization process thereby enhancing the efficiency
of the sputtering.

In this dissertation, two methods were explored for a compound deposition. The first is
reactive sputtering where a target material was allowed to react with a gas in the chamber. The

chemical reaction to form the film occurs at the substrate surface. Common gases used in the
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sputtering chamber are Oz and N2, which during deposition dissociates first before being
incorporated into the growing film. Reactive sputtering can be very difficult to control, especially
when a certain concentration of the compound material is required. The second approach towards
compound deposition is by using two separate targets to sputter at the same time, a method known
as co-sputtering. Co-sputtering can provide better control over desired film stoichiometry as
opposed to reactive sputtering since there is no gas dissociation or reactions of concern. We have
used this approach to deposit silicon-rich SiO2 (SRO) and silicon-rich SizN4 (SRN) films of

varying Si content that were suitable for the formation of a nanocrystalline structure.

2.1.2 Low-Pressure Chemical Vapor Deposition (LPCVD)

LPCVD is one of the several types of chemical vapor deposition techniques and is mostly
used for depositing polysilicon, silicon oxide, and silicon nitride films. The thickness of the
deposited material can be precisely monitored in the chamber during LPCVD, and so it can
produce films that can vary from 2 nm to 5 pum in thickness. The chamber is typically maintained
at a low pressure (~250 mTorr) and high temperatures (600 °C to 900 °C) for the depositions. The
deposition in the chamber is achieved through the thermal decomposition of the precursor gases
on the wafer. The furnace tubes are made of quartz so that they can withstand high temperatures
for a prolonged duration. As seen in Figure 2.2 (b), the furnaces are typically positioned
horizontally and the wafers are loaded on a boat so that the gases can directly flow on the surface
of the wafer. Multiple wafers can be loaded on a single boat at a time to reduce the overall cost of
thermal annealing.

In order to deposit silicon nitride in the LPCVD, the gas precursors used are dichlorosilane

(DCS) and ammonia (NH3). The furnace tube is typically maintained at a standby temperature of
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400 °C. Prior to loading, the wafers are cleaned so that any impurity from the wafer does not
contaminate the chamber. After loading, the temperature of the furnace tube is gradually increased
to the set point. The gases at high temperature or low pressure get adsorbed on the surface of the
wafer thereby forming a thin layer of silicon nitride. The byproducts generate a volatile gas that is
evacuated out of the chamber. After the desired thickness is achieved, the furnace tube is cooled

down to the standby temperature condition and then vented. The wafers are cooled down to at least
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Figure 2.2. (a) The Tystar LPCVD tool at UTD's cleanroom consists of four horizontal
sub-atmospheric furnace tubes that can process up to 6" diameter silicon wafers. (b) A schematic
of the LPCVD system showing the wafers placed vertically inside a quartz tube. Reprinted from
Ref. [52], Copyright 2000, Pearson.
100 °C before they are unloaded.

There are many advantages and disadvantages of using LPCVD. It can reduce autodoping
in the wafers due to its low pressure and faster diffusion rates. Unlike PECVD, there is no
requirement of a carrier or dilutant gas for the deposition and the gas flow can be lower to reduce

the consumption of gases. The disadvantages of LPCVD are that the furnace tube has to be

maintained at a very high temperature, which limits the processing of several low melting point
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materials. Also, the materials in the chamber get deposited on both sides of the wafer, which adds

extra processing step after removing the deposited films before device fabrication.

2.2 Materials Characterization

There are a number of tools that can be employed after studying the evolution of the
Si-nanocrystals and their respective matrices. Photoluminescence spectroscopy and time-resolved
photoluminescence (TRPL) has been an imperative tool for the Si-nanocrystals that could give
information on the luminescence due to the confinement of the photons. With the help of X-ray
diffraction (XRD), the crystalline structure of the nanocrystals and their sizes can be estimated.
X-ray photoelectron spectroscopy (XPS) can probe the concentration of different bonds and
provide information on the binding and oxidation of the elements. Although Fourier transform
infrared (FTIR) spectroscopy cannot directly probe Si-nanocrystals, it is still very useful in
extracting information concerning the different vibrational modes of the bonds present in the host
matrix in relation to the variation of the temperature or other parameters. Raman spectroscopy has
been found to be effective in determining the composition of the films as well as estimating the
phase separation, size and stress induced on the films. And lastly, TEM is used to image the
nanocrystals to have a ‘look’ at the structural formation of Si-NCs in the host matrix. A detailed
description of the fundamental and working principles of the tools used for the purpose of Si-NCs

is presented in the following pages.

2.2.1 Photoluminescence (PL) Spectroscopy

Photoluminescence spectroscopy is used to determine the bandgap of a semiconductor or

quantum dot or the recombination mechanisms associated with the material that could be due to a
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defect or confinement. It is also used to probe interface states and impurities, and other optical
properties of QD [53]. PL spectroscopy is a contactless simple and versatile method that does not
require any prior sample preparation and does not damage the sample. In PL, the samples are
excited by a monochromatic light source and the emitted spectra due to excitation are detected. A
high intensity light source (typically a laser) and a highly sensitive detector are often used in order
to detect low efficient light. PL discussed in this dissertation is focused on
amorphous/nanocrystalline silicon quantum dots in silicon nitrides and oxides, and includes the
PL mechanisms caused by radiative defects in the film, interface states, variation in Si cluster size,
and quantum confinement effect (QCE).

As discussed in the previous chapter, the external influence (in this case energy supplied
by the laser) can create an e-h pair that emits a photon via radiative recombination. Sometimes the
electron or hole can transit into a defect state via non-radiative recombination and eventually
undergo a radiative recombination.

The PL spectroscopy is not always conclusive after explaining the radiative or
non-radiative recombination. Therefore, the time-resolved PL spectroscopy in conjunction with
the PL is often studied, where a very short light pulse is used to excite a sample. The emitted
spectrain TRPL is recorded as a function of time and the intensity decays exponentially. The decay
spectra can be obtained using an ultrafast pulsed laser as the excitation source. The decay spectrum
gives direct information about the carrier relaxation and recombination mechanisms and allows
measurement of the radiative lifetimes. The decay of the PL intensity is expressed in terms of an

exponential function as [54]:
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where 7 is the average lifetime and £ is the dispersion factor.

A schematic of the PL instrumentation is shown in Figure 2.3. The setup consists of a

monochromatic excitation light source (e.g. lasers), a collimating system to collect the

luminescence signal, a high pass wavelength filter, a spectrometer and a detector (liquid nitrogen
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Figure 2.3. Schematic diagram of a photoluminescence system. The sample is excited using a laser
light. The reflected signal from the laser is blocked using a long wave pass filter and the
luminescence signal is passed through and eventually collected by a collimating system. The signal
collected is then recorded by a spectrometer and detector. Reprinted from Ref. [55], Copyright

2005, L'Ecole Polytechnique.
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cooled charged coupled device camera). In order to measure the low temperature dependence of
PL spectra, a cryostat or another temperature controllable sample holder is used for housing the

samples [55].

2.2.2 X-ray Diffraction (XRD)

X-ray diffraction is an effective method for determining the crystal structure and
orientation of materials. XRD employs the basic principle of elastic scattering of X-rays by
electrons of atoms. W. L. Bragg [56] discovered that the diffracting plane is a lattice plane and
hence developed the theory which is termed Bragg’s law:

nA = 2d sin @
where n is an integer representing the orders of the diffraction, 4 is the wavelength of the X-ray, 6
is the half of the deviation of the diffracted beam, and d is the interplanar spacing for a plane that

IS given by,
a

where a is the constant spacing between the atoms and h, k and | are the corresponding Miller

indices.

The basic principle of the XRD is to shine X-rays on the specimen and detect the diffracted
X-rays from the specimen which is recorded as the diffraction intensity versus the diffraction angle
(26). Figure 2.4 demonstrates the geometrical arrangement of an X-ray source, specimen, and
detector. The X-ray tube typically consists of a Cu source that generates Ka lines at 0.1542 nm as
the strongest X-ray line. The X-ray generated from the tube passes through the Soller slits, which

collimate the beam. A divergent beam passing through the slits strikes the specimen, which is
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Figure 2.4. (a) Geometrical arrangement of X-ray diffractiometry. (b) Optical arrangement of thin
film diffractiometry. Reprinted with permission from Ref. [57], Copyright 2008, John Wiley and
Sons.

supported on a specimen table. The X-ray gets diffracted by the specimen and forms a convergent
beam at the receiving slits before they enter a detector. It is then sent through a monochromatic
filter and then collected by the detector [57].

For a thin-film specimen, a grazing incidence angle X-ray technique is more beneficial as
this method collects the information mostly from the film surface but not from the substrate. The
angle of incidence in such measurement is typically kept at <1° and it is kept fixed throughout the

operation while the detector rotates to obtain the diffraction signal as illustrated in Figure 2.4 (b).



XRD has also been useful in approximating the crystal size of the sample. XRD can be
especially helpful in understanding the size of silicon nanocrystals by correlating the XRD peaks
with other techniques such as the transmission electron microscope (TEM). The nanocrystal’s size
can be estimated by using the simple formula by Scherer [58], which is given as follows:

A
L= i
[ cos @

where y is the Scherrer constant which is equal to 0.94. 8 is the Bragg angle, and 4 is the wavelength
of the X-ray. Using the Scherrer formula, it is convenient to calculate the mean dimension of the
nanocrystals.

XRD is also limited, as it cannot detect crystallites in an amorphous structure if the

concentration of crystals is less than 2% [59].

2.2.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique (depth < 10 nm)
which is employed to identify chemical species and their chemical states. XPS is also used to
characterize the concentration of particular elements in a compound material. It is utilized after
analyzing the distribution of the materials and studying the uniformity of elements under
observation.

XPS uses X-rays of a characteristics energy to emit electrons from the core level orbitals
in atoms, otherwise known as photoelectrons. These photoelectrons are collimated and collected
as a function of their kinetic energy (or binding energy), and the number of photoelectrons
collected is plotted as the intensity versus the kinetic or binding energy. The binding energy of the

photoelectron (Eg) is related to the kinetic energy (Ex) by the following equation:
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Where Av is the incident X-ray photon that has sufficient energy to knock out an inner shell

electron and @ is the parameter representing the energy required for an electron to escape from the
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material’s surface, which depends on the sample material and spectrometer. The binding energy
(Es) of atomic electrons have characteristic values, and these values are used to identify elements.

An XPS spectrometer schematic is shown in Figure 2.5. The X-ray source is usually an Al-
or Mg-coated anode struck by electrons generated at a high voltage (10-15 kV) source. Al Ka or
Mg Ka radiation lines are produced at energies of 1486.7 eV and 1256.6 eV, respectively, with
resolutions of about 1 eV. The X-rays typically cover a large area of the sample (=1 cm?).
Depending on the size of the sample holder, samples as small as 1 cm? up to 8-inch wafers can be
introduced into the chamber for analysis. Commonly used XPS systems can reach ultrahigh
vacuum pressures on the order of ~107° Torr [57].

Insulating samples such as dielectrics may charge under the X-ray beam, which can result
in a shift of the Eg and broadening of the spectra, giving inaccurate information. The problem is
usually resolved by the use of a neutralizer, which is a low-energy electron flood gun. Since the
surface of an insulator becomes positively charged after electrons are devoid, the electron flood
gun neutralizes the positive ions and reduces the charging effect.

The electrostatic transfer lenses are used to retard the electrons before they enter the
analyzer in order to improve the energy resolution. There are different types of analyzers used in
XPS. The hemispherical sector analyzer (HSA) consists of two concentric hemispheres with a
positive and a negative voltage applied between them. By varying the voltage on both the transfer
lenses and the analyzer, the trajectories of the photoelectrons with different energies are varied so
that they are focused at the analyzer exit slit. The electrons get amplified at the exit slit by 10°-10°
when passing through a channeltron type multiplier and they are eventually fed into an external

conventional pulse counting electronics and then to the computer.
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In many applications, the sample under analysis could develop a thick contaminant layer
due to air exposure that could cover up the surface of interest. Such problems are resolved by
utilizing argon ion sputtering, which is done inside the spectrometer while collecting data. In order
to avoid artifacts that could worsen the surface structure, the sputtering is usually performed at a

low power setting for a shorter time.

2.2.4 Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a widely used vibrational spectroscopic
technique, in which the Fourier transform method is used to obtain an infrared spectrum in a whole
range of wavenumbers simultaneously. The key component in the FTIR system is the Michelson
interferometer, as schematically illustrated in Figure 2.6 (a). The interferometer divides the
incoming light into two beams through the beam splitter, which after passing through a moving
mirror causes an optical path difference, and eventually recombine on a detector to produce
interference fringes as a function of optical path difference.

The instrument consists of three basic components: an infrared light source, a beam splitter,
and a detector. Additionally, it employs attenuated total reflection (ATR) which is an accessory
of the IR spectrometers that is used to enhance the surface sensitivity from the materials. ATR
refers to a particular type of reflection geometry where the infrared beam is reflected internally
through a crystal. The beam is oriented to reflect multiple times within the crystal at an angle that
causes total internal reflection. Above each point of reflection, an evanescent wave exits which is
then used to characterize the substance under consideration. Figure 2.6 (b) shows a schematic of
an ATR setup. Using the ATR setup, any information from the vibrational states from a liquid or

solid can be extracted. The ATR crystal is made of a high index of refraction crystal which absorbs
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minimum light from the region of interest. Typical materials as ATR crystals include silicon,
germanium, zinc selenide, and diamond.

Two types of IR-detectors are commonly used: a thermal detector consisting of a
pyroelectric crystal made of deuterated triglycine sulfate (DTGS) and a semiconductor detector
which is made of mercury cadmium telluride (MCT). In a DTGS detector, the infrared radiation
causes a temperature change which eventually changes the dielectric constant of the crystal. The
capacitance is related to the dielectric constant and hence a voltage change across the DTGS is

detected. The DTGS detector can detect wavenumbers in the range 4000-400 cm™!. It is simple
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Figure 2.6. (a) Optical diagram of a Michelson interferometer in FTIR. (b) Sample in contact
with the ATR crystal attachment. Reprinted from wikipedia.org-FTIR and
https://shop.perkinelmer.com/content/Technicalinfo/TCH_FTIRATR.pdf.
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and inexpensive yet less sensitive than the MCT detector. An MCT detector absorbs infrared
photons, which causes the electrons in the semiconductor bandgap to transfer from the valence to
the conduction band. This results in the generation of an electric current. The MCT detector is up
to ten times more sensitive than the DTGS type; but it is only limited to detecting radiation in the
band 4000700 cm™'. The MCT detector is initially cooled down to liquid nitrogen temperature

(—196 °C) before collecting the spectra [57].

2.2.5 Raman Spectroscopy

When monochromatic light of wavenumber vy is incident on a material, it undergoes elastic
and inelastic scattering. The elastic scattering is termed as Rayleigh scattering whereas the inelastic
scattering is known as the Raman scattering. In Raman scattering, the frequency spectrum of
scattered light undergoes a change to votvm, Where v is a vibrational frequency of the molecule
under investigation/consideration. Raman effect is caused by the interaction of optical and
vibrational oscillations and results in a change in vibrational energy of a molecule. A phonon is
either created (Stokes process) or annihilated (anti-Stokes process) during the Raman scattering
[60].

Inelastic scattering can be mediated by many different types of elementary excitations in
the matter. In Raman scattering, only phonon mediated processes are considered, which
correspond to the energy difference in the vibrational and rotational energy levels. There are
several similarities between Raman and infrared spectra, although they have differences in the
selection rules and relative band intensities. In order for a molecular vibration to be Raman active,
a change in the induced dipole momentum is required which results in a change in the polarizability

of the molecule [61]. As long as a change in the polarizability is concerned or there is an induced
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dipole moment due to vibrations or rotations, the molecule will always be Raman active despite
lacking a permanent dipole.

Raman microscopes can examine samples by focusing down on an area of 1 um?. It does
not require any sample preparation and the sample collection can be quick and contactless. A

typical Raman microscope (shown in Figure 2.7) consists of the following instruments: laser

g Laser 532nm
Spectrometer i Mh and 78snm
lrh
Slit filter
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[ —<= m=—J)
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Figure 2.7. A schematic of a Raman microscope system that has two laser wavelengths available
at 532 nm and 785 nm. Reprinted from Ref. [62], DOI: 10.7717/peerj.436/fig-1.

source, sample illumination and collection system, spectral analyzer, detection, computer control,
and processing system. The laser source emits highly monochromatic light in the visible spectrum.
After being scattered from the microscope, the light passes through special filters before reaching
the spectral analyzer. Once the light enters the spectral analyzer, it gets dispersed according to its

wavenumbers due to the diffraction grating. The scattered light is separated according to
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wavelength and is recorded by a CCD detector. The shifts are calculated and plotted versus

wavenumber in the Raman spectrum [57].
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Participation
All experiments and data analysis had been performed by myself, with the exception of the
photoluminescence and time resolved photoluminescence spectra which were collected by

Mr. Mike Nimmo from Dr. Anton Malko’s group.

3.1 Introduction

The discovery of luminescence from porous silicon [10] in addition to studies on the
formation of silicon quantum dots (QDs) [29], [63], [64] has opened the door to vast opportunities
for Si CMOS-compatible optical [65], electro-optical [45], and memristive applications [66]. The
precipitation of Si-QDs from Si-rich host matrices has been demonstrated as a means of achieving
luminescence for these applications. Numerous methods for the deposition of Si-rich films have
been utilized including pulsed laser ablation [67], magnetron sputtering [68], plasma enhanced
chemical vapor deposition (PECVD) [69], and low pressure chemical vapor deposition
(LPCVD) [70]. The choice of host matrix plays an important role in the efficiency of these devices.
Silicon nitride has a lower tunneling barrier than silicon oxide allowing an increase in the electron
tunneling probability and more efficient transport of charge carriers than silicon oxide, making it
more suitable as a host matrix for electroluminescent and photovoltaic devices [71]. Its resistance
to impurity diffusion and moisture absorbance has made it an ideal material in semiconductor
processing [52]. However, the defect density within the bulk and at the interface is significantly
higher than its oxide counterpart [72], [73]. Additionally, Si dangling bonds (DB) increase
proportionately as the film becomes more Si-rich [74].

Previous reports of silicon-rich nitrides and oxides [75] indicate that both quantum dots

(QDs) and defect state effects can greatly impact the luminescence of these materials. Wang et al.
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[76] reported luminescence due to quantum confinement in annealed SRN samples due to Si
nanoclusters when excited with a 514.5 nm laser and defect states due to Si and N dangling bonds
were observed under 325 nm excitation. Hao et al. [77] showed that the red emission in their PL
was due to quantum confinement whereas the green and blue emission was attributed to band tail
recombination and Si-related defects. Kistner et al. [78] reported strong PL emission arising only
from band tail recombination, not QDs, in SRN samples prepared by PECVD and annealed at high
temperature. Other studies have demonstrated strong PL from defect states present within the
silicon nitride [79]-[81].

While numerous studies have been conducted on these Si-QD systems, [12], [15], [82]
there are still many issues that need to be addressed in order to explain the chemical state evolution,
charge transport, and luminescence mechanisms arising from the defect states and/or the Si-QDs.
Therefore, the primary focus of this chapter is to correlate the chemical bonding and luminescence
properties of the SRN thin films upon deposition and high temperature anneals and to describe this

correlation in light of detected defect states.

3.2  Experimental

The SRN films were deposited on n-type Si(100) wafers (doping density ~10'’ cm) which
were first cleaned in RCA followed by dilute HF (100:1) etching for one minute to remove the
native oxides. The deposition was performed in a Tystar LPCVD furnace with a constant gas flow
ratio of SiH2Cl2:NH3 of 6:1 in order to achieve the SRN films (stoichiometric SizN4 uses a gas
flow ratio of 1:3). The samples were deposited at 835 °C (standard temperature for stoichiometric

SizN4 deposition) and 730 °C (lowest temperature used in the furnace for nitride deposition), and
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hence labeled hereafter as T835 and T730 respectively. The samples after deposition were cleaved
and separate pieces of the same deposition were furnace annealed for 30 minutes at 800 °C, 900 °C,
and 1000 °C in N2 (99.9998%) ambient, respectively.

The room temperature photoluminescence (PL) and time resolved PL decay measurements
were carried out using a Ti:sapphire laser, which was excited with 120 fs pulses at 405 nm at a
repetition rate of 7.6 MHz and a power of 71 uW. Fourier transform infrared (FTIR) spectroscopy
was performed using a ThermoElectron Nicolet 4700 spectrometer with Ge attenuated total
reflectance (ATR) setup to probe the various vibrational bonding structures within the SRN thin
film. A mercury cadmium telluride (MCT-A) detector was used to collect the FTIR spectra. X-ray
photoelectron spectroscopy (XPS) was performed using a PHI 5800 spectrometer equipped with
an Al Ko monochromated X-ray source (hv = 1486.7 eV) and the spectra were collected both for
the surface and bulk (2 keV Ar-ion sputtering was performed for 5 minutes to probe inside the
bulk of the deposited films). The thickness and optical properties of the films were investigated
using a UVISEL phase modulated spectroscopic ellipsometer (HORIBA Scientific). The data was
measured at an incidence angle of 70° over a range of 1.5 to 5.9 eV. A Nicolet Almega XR
Dispersive Raman spectrometer was excited at 532 nm at room temperature to measure the
chemical structure of the SRN and any QD precipitates that may have formed during anneal. A
Rigaku Ultima 111 X-ray diffractometer (XRD) configured for grazing incidence angle was used
to probe the crystal structure of the films. Finally, high-resolution transmission electron
microscopy (HRTEM) images were obtained from a 200 kV field emission JEOL 2100F

instrument.
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Similarly processed SRN films with a thickness of 50 nm were used as the gate dielectric
for metal-insulator semiconductor capacitors (MISCAP) to investigate the charge trapping due to
the detected defect states. Aluminum was used as the gate metal and back contact for the
MISCAPs. The capacitance-voltage (C-V) measurements were carried out at room temperature on

a Cascade probe station using an HP4284 LCR meter.

3.3 Results

Figure 3.1 shows the photoluminescence spectra of the as deposited and 1000 °C annealed
samples of T730 and T835. Both samples exhibited strong PL emission in the visible spectral
region with a maximum intensity at ~645 nm (T730) and ~680 nm (T835). However, the broad
peak clearly has multiple peaks convoluted together. A detailed, self-consistent, simultaneous fit
was performed that indicated seven distinct peaks convoluted within the broad envelope. The
corresponding energies and Gaussian widths of the individual peaks are listed in Table 3.1. The
peaks are assigned as P1 to P7 in increasing wavelength (decreasing energy). The relative changes
in the PL peak intensities observed from T730 to T835 could be from either 1) changes in QD size
or 2) a compositional-dependent change in the concentration of defect states within the nitride. We
will now provide evidence that it is the latter of these two explanations and elucidate the chemical
nature of these defects.

Table 3.1. Deconvoluted peak positions and Gaussian widths for T730 and T835 PL spectra.

P1 P2 P3 P4 P5 P6 P7
PL peak wavelength (nm) | 538 | 594 | 641 | 687 | 725 | 746 | 764

PL peak energy (eV) 230 | 2.09 | 1.94 | 1.81 | 1.71 | 1.66 | 1.62
Gaussian width (nm) 65.05 | 61.15 | 62.13 | 58.38 | 47.84 | 16.61 | 32.96
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Figure 3.1. PL measurements on (a) sample T730, as deposited, (b) sample T730, annealed in N2
at 1000 °C, (c) sample T835, as deposited, and (d) sample T835 annealed in N2 at 1000 °C. The
self-consistent, simultaneous peak fits show that there are seven distinct peaks convoluted together

within the broad envelope.

The time resolved PL spectra in Figure 3.2 were measured at room temperature at the
highest peak intensities for each sample (i.e., 645 nm for the T730 samples and 680 nm for T835)

and were fitted using a double-exponential function:

t t
I(t) = I exp (— T—) + I, exp (— T—)
1 2
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The extracted time constants z and their respective amplitudes 11 and I are listed in Table 3.2. In
all samples, the time constant 71 was found to be in the sub-nanosecond range whereas > was on
the order of a few nanoseconds (less than 10 ns). The time signature for a quantum confined state
is usually found to be a stretched exponential function with time constants ranging between tens
to hundreds of microseconds [84] and they vary depending on the size of the QD [85]. There are
reports that Si-QDs can have carrier lifetimes in nanoseconds both in an oxide and nitride host
matrix [86]. However, decay constants corresponding to tens of nanoseconds in Si-rich oxides
(SRO) were also attributed to radiative defects [87], with such PL emissions reported in the
410-460 nm region. Since the time decay constants in our samples are very short, it is likely that
the PL peaks arise from non-radiative trapping and recombination on surface states or at defect
states within the Si-nitride, not QDs [83]. The extracted decay constants do not show any
noticeable change for samples annealed at higher temperatures, indicating that the higher anneals

had little to no impact on the dynamics of the defect states.

0 0

10 E 10 5
(a) (b)
3 10 4 3 w0 _
> —— As Deposited > —— As Deposited
'S — T4,=1000°C 'S —T,= 1000°C
it it
= -2 = 2
- 10 - 10
o o
0 5 10 15 20 0 5 10 15 20
Decay Time (ns) Decay Time (ns)

Figure 3.2. The kinetics of PL time decay for (a) T730 and (b) T835. The time decay can be fitted
using a double exponential function with one time constant in the sub-nanosecond range and the
second time constant in the few nanoseconds range. These time constants are indicative of
non-radiative trapping and recombination on surface states or at defect states within the Si-nitride,
not quantum confinement (Ref. [83])
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Table 3.2. The decay constants and their respective amplitudes measured from the time resolved

PL spectra.
Sample 7 (ns) | Amplitude, 11 | = (ns) | Amplitude, |2

As dep. 0.465 1.154 3.17 0.188

T730 S
T,=1000°C | 0.398 1.263 2.413 0.193
As dep. 0.320 1.468 1.725 0.219

T835 S
T,=1000"°C | 0.329 1.416 1.758 0.226

Figure 3.3 (a) and (b) show the Si 2p XPS spectra for T730 and T835 annealed at 1000 °C

for bulk (post-sputtering) of the film. The spectra were fitted using VVoigt line shapes in conjunction
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Figure 3.3. XPS of the Si 2p spectra for (a) T730 and (b) T835 annealed in N2 at 1000 °C. The
deconvolution gives two distinct peaks in both the samples, Si-Si (99.5 eV) and Si—N (100.9 eV)
type bonding. The ratio between Si-Si peak area to Si—N peak area is larger in T835 than T730,
indicating that T835 is more Si-rich than T730.

with a Shirley background subtraction utilizing “AAnalyzer” software [88]. Detailed peak fitting
of the Si 2p spectra shows two peaks centered at 99.5 eV and 100.9 eV corresponding to Si—Si and
Si—N type bonding, respectively, as expected for Si-rich silicon nitride films. The N 1s spectra (not

shown) confirm the Si—N bonding. The ratio of the Si—Si to Si—N integrated intensities (i.e. Si-Si

peak area: Si—N peak area) is larger in T835 than T730, indicating that T835 is more Si-rich than
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T730. Additionally, the binding energy separation between the N 1s and Si 2p spectral regions is

larger for T835 compared to T730, again revealing that T835 is more Si-rich.

A multi-component Si-rich SizNa4 ellipsometry model was constructed for determining the
optical and structural properties of the thin film. The film thickness and volume fraction were
determined using the Bruggeman Effective Medium Approximation (BEMA) for silicon nitride
[89]. The optical properties were obtained using the Tauc-Lorentz model [90]-[92]. For a single

transition, the imaginary part of the dielectric function is given by,

2
AE (E — E 1
_ 0(2 o) —,E > E,
€rL = Y (E? —E§)? + C?E?*E

0,E <E,

where Eo is the energy of the absorption peak, Egq is the optical band gap, C is the broadening
parameter and A represents the oscillator strength. In calculating the band gap Eg, the parameters
from Ref. [92] were used to fit the data. The model was derived using the pre-defined dispersion
formula in the DeltaPsi2 software where a combined layer of a-Si and a-SiNx was used on top of
a c-Si reference. In addition, it was assumed that there were no voids within the SRN layer and the
surface of the film was uniform. However, since the presence of surface native oxides was
observed in the FTIR/XPS, a thin layer of SiO2 was also included. The thickness and volume
fraction were initially measured using the reference files of the materials with the optical constants
fixed. The refractive indices, absorption coefficients and the band gaps were then obtained by

performing the fit using the TL parameters with the results shown in Table 3.3.

The data indicates (and is consistent with XPS and FTIR) the films to be comprised of two

distinct, phase separated SRN regions with different compositions for both T835 and T730 (similar
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to precipitates in a host matrix). In each sample, the precipitate SRN regions are found to be very
Si-rich with a Si:N ratio of 1.25 for T835 and 1.20 for T730 corresponding to a SRN with bandgaps
of 2.5 eV and 2.7 eV, respectively [93]. However, only a small fraction of the total film volume
is composed of this material (17% in T835 and 10% in T730). The host matrix SRN was found to
have a band gap of approximately 4.9 eV and a Si:N ratio of 0.78 in both cases. These findings
are consistent with the previously described XPS analysis and again confirm that T835 is more
Si-rich than T730. We believe the detection of these precipitates within a host matrix indicates
the onset of QD formation although these precipitates are not fully formed QDs. The relatively
low density of these precipitates in conjunction with the high concentration of defect states leads
to the PL spectra being dominated by non-radiative recombination with the fast time decay.
Table 3.3. Measured thicknesses, band gaps, and volume fractions of multiple Si-rich

compositions in samples T730 and T835. The refractive indices and absorption coefficients are
listed for 550 nm wavelength.
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The FTIR spectra of these films are shown in Figure 3.4. The detector cuts off the spectra
at 650 cm™* which explains the drop in intensity below 700 cm™. The peak centered at 800 cm™,
is attributed to a Si—N stretching mode as a Sis—Si—N like bonding arrangement [94]. This chemical
species corresponds to the very Si-rich precipitate SRN observed in the ellipsometry data.
Hasegawa [95] previously observed a peak near 840 cm™ which was assigned to be Si>—Si-N
bonding. Lucovsky proposed that peaks arising within the range of 836 cm™ to 854 cm™ correlate

with the Siz—Si—N stretching mode where a silicon atom is replaced with a H atom [94]. However,
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Figure 3.4. FTIR spectra for (a) T730 and (b) T835. The peaks at 800 cm™ and 865 cm™ are from
the Si-N stretching modes of the very Si-rich precipitate SRN and the host SRN, respectively.

the absence of peaks in our data corresponding to Si—-H (2126 — 2152 cm™) and N-H (1177 and
3340 cm™) indicates that these samples have no residual hydrogen due to the elevated deposition
temperature, despite the use of silane as a precursor. Therefore, the peak in our data, centered at
865 cm™, is attributed to a Six-Si-N (x < 2) bonding arrangement and correlates with the host
matrix. These two peaks observed in the FTIR are consistent with the Si 2p spectra from XPS.
We note the absence of a peak near 950 cm™, which other authors have observed as a N-rich SiNs

bond [96]. The peak centered at 1065 cm™ is due to surface Si—-O-Si bonds which do not play a
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role in the observed PL. XPS measurements confirmed the presence of surface oxides in the

pre-sputtered films, which were not present in the bulk of the film (not shown).

Raman measurements were performed on the samples to identify an amorphous or
crystalline Si phase due to QDs in the film, yet no observable differences were noticed in the as
deposited or annealed samples. XRD also did not show the evolution of crystalline Si in the film
that would indicate the presence of a nanocrystalline quantum dot. The film was amorphous in
nature, which was confirmed by HRTEM (not shown), further confirming that the PL emission

was not due to Si-QDs.

C-V measurements were performed on SRN MISCAPs with an area of 0.03 mm?2. As seen
in Figure 3.5, a large hysteresis is observed in the samples signifying a large number of bulk traps
present within the SRN thin film. The hysteresis is larger for the T835 sample indicating that this

film has more bulk traps than the T730 sample. The relation N = AVrgCmax/€ approximates the
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Figure 3.5. C-V measurements on the 50 nm thick SRN MISCAPs. The hysteresis was measured
for the 10 kHz frequency. The wide hysteresis loop indicates that there are trapped charges in the
SRN layer. The inset shows the C-V measured at different frequencies. The “hump” observed
at -11V is due to a large number of defects present at the Si-wafer SRN interface. In T835, the
“hump” increases indicating a larger concentration of defects present in T835 compared to T730
and correlating with increased Si DB concentrations in the more Si-rich sample.
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density of traps within the films which was calculated to be ~4.4x10'2 cm to 6.0x10'2 cm™. The
insets in Figure 3.5 show a frequency dependent defect response observed at ~ -11V, due to a large
number of defect states at the Si substrate interface. This defect state “hump” increases for the
T835 sample, again indicating that for higher deposition temperatures, more defect states are
present than for the T730 sample. These electrical measurements indicate that with increasing
deposition temperature and the resulting increase in Si content, Si-DB defect states increase which
correspond to the increased intensity of certain PL peaks as well as the XPS, FTIR, and
ellipsometry data. In total, the data suggests that the PL peaks and shift in PL intensity
demonstrated in Figure 3.1 is caused by composition-dependent defect state transitions and not

QDs.

34 Discussion

After careful investigation using the aforementioned characterization techniques, it has
been confirmed that a quantum confined state is absent within the matrix that would yield the peaks
observed in the PL. Instead, we attribute the PL emission to defect states present within the SRN.
The results observed from XPS, FTIR, ellipsometry and C-V measurements are in clear agreement

with a correlation between defect states and the PL peaks observed.

In order to account for the multiple PL emission peaks, a model for the LPCVD grown
SRN is proposed that combines the two separate SRN materials with distinct band gaps (as
described in the ellipsometry data) in the form of a complex structure as shown in Figure 3.6. The
thin film consists of defect states arising from Si- and N-dangling bonds. The neutral Si-DB,

otherwise known as the Si° center is located energetically near mid-gap in silicon nitride. Due to
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charge transfer, the neutral Si-DB can have charged states, Si* and Si-, which are energetically
located on either side of the Si° center. The N-DB has been calculated near the valence band of the
silicon nitride [97]. In highly Si-rich materials such as these, the Si-centers are the predominant

defect states present. The energetic positions of the Si- and N-DBs, with respect to vacuum, are

4.9 eV E|c
2.3eV | 2.09 eV
P1) | (P2)
3.6 eV
2.8eV =Si-
2.7eV =Si’
2.6 eV =Si*
1.81 eV |1.71 eV 2.09eV [1.94eV
(P4) (P5) (P2) (P3)

1.0 eV ~

0.7 eV =N-

0.0eV E

Figure 3.6. Proposed energy level structure of the SRN films. The energy levels of the defect states
and band gaps are referenced with respect to the host matrix valence band. The left side of the
model represents the precipitate SRN with a band gap of ~2.7 eV for T730 and ~2.5 eV for T835.
The right side of the model is the host SRN matrix with a band gap of ~4.9 eV. The proposed
transitions are color coordinated with the correlated deconvoluted peaks in the PL (Figure 3.1).

believed to be fixed, regardless of the film stoichiometry.

By considering the above model, we propose the following intermediate transitions
between the band edges and the defect states (see Figure 3.6) that correlate with the observed PL

peak intensities. The peak intensities in the PL for most of the peaks emerge from a single energy
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transition while one of the peaks may utilize multiple energy transitions [98]. Peak P1 (2.3 eV) is
assigned to a transition from the host matrix conduction band to a positively charged Si dangling
bond state (Ec — Si*). Peak P2 (2.09 eV) is attributed a transition from the host matrix conduction
band to the negatively charged Si dangling bond state (Ec — Si°) with additional contribution from
the equivalent magnitude energy transition from that charged Si dangling bond state to a nitrogen
dangling bond (Si"— N°). P3 (1.94 eV) corresponds to the transition from the positively charged
Si dangling bond state to the nitrogen dangling bond state (Si* — N°). Those first three peaks are
each associated with the defect states and band edges of the host SRN matrix. With the increase in
the deposition temperature, the peak intensities for P1, P2, and P3 are observed to decrease as the
sample gets more Si-rich (i.e. the precipitates become a larger percentage of the film and there is
a concomitant decrease of the percentage of the film that is the host matrix). As the concentration
of the host material decreases, the transitional probabilities related to the PL intensities decrease
as well. Peaks P4 (1.81eV), P5 (1.71 eV), and P7 (1.62 eV) are attributed to transitions associated
with the precipitate SRN that correspond to transitions from the three charge states of Si dangling
bonds to the precipitate valence band edge, respectively (i.e., Si- — E,, Si® — E,, and Si* — E,).
The intensities of these peaks are observed to increase at higher deposition temperature, again due
to the fact that the increase in the concentration of the precipitate SRN and the increased Si content
within the precipitate increases the probability of those defect state transitions. Finally, peak P6 at
1.66 eV (746 nm) is observed to have a narrower Gaussian width compared to the other peaks.

The origin of this transition is unknown at this time.

48



35 Conclusion

Si-rich silicon nitride films grown by LPCVD and furnace annealed have been investigated
to understand the origin of the complex PL spectra observed. The PL spectra originating from
these samples are not due to quantum confinement, but from Si- and N-dangling bond defect states
within the material. Detailed correlation between multiple spectroscopic techniques has
established that the SRN films have two distinct, phase separated SRN regions with different
compositions, a highly Si-rich precipitate (the onset of a Si QD) and a Si-rich host matrix. The
defects present in both regions of the SRN material account for transitions which correlate with
the intensities of the deconvoluted peaks in the PL. The changes in the PL intensities are related
to an increase in the Si-content for depositions performed at higher temperature. The defect states
of the SRN therefore play a significant role in the material properties, and are very important to

consider when investigating these materials for QD applications.
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CHAPTER 4
CHARACTERIZATION OF SI-RICH NITRIDE AND SI-RICH OXIDE USING

REACTIVE SPUTTER AND CO-SPUTTER DEPOSITION

Participation

All experiments and data analysis were performed by myself with the following exceptions — The
samples for TEM were prepared and images were obtained by Dr. Carlo Floresca from Professor
Moon Kim’s group. The photoluminescence and time resolved photoluminescence spectra were

collected by Dr. Siddharth Sampat from Dr. Anton Malko’s group.

4.1 Introduction

This chapter focuses on the deposition and characterization of the Si-rich oxide (SRO) and
Si-rich nitride (SRN) films that were prepared in the sputtering system and consequently annealed
at high temperature to form nanocrystalline silicon quantum dots (Si-QDs). Sputtering offers a
better control over the stoichiometries of the films by gradually changing either the gas flow (in
reactive sputtering) or power of the targets (in co-sputtering). This was critical after forming the
silicon-rich silicon nitride or silicon oxide films. Besides, it was also offers deposition at room
temperature and faster loading and unloading of samples over LPCVD.

An extensive study of the SRN and SRO films are presented in this chapter in terms of
physical, chemical and optical characterization. There is evidence that nanocrystalline Si-QDs
were formed both in SRN and SRO. The room temperature PL along with the time-resolved PL
and low temperature PL all supported the presence of a Si-QD in the SRO sample. The reactively

sputtered SiNy films after annealing exhibited crystalline Si in TEM image, which was further
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supported by XRD and Raman. However, when illuminated under the laser, no PL could be
detected. The TRPL spectra was fast decaying, which again indicated that the PL was exclusively

due to defect states within the SiNy.

4.2  Experimental

Initially, the SRN films were investigated using reactive sputtering of Si in Nz/Ar
environment. The second set of experiments were performed on co-sputtered SRO, where the
power of SiO> target was fixed while the power of the Si target was varied only.

The films were deposited on Si(100) wafers which were etched in dilute HF (100:1)
initially for 2 minutes for removing the native oxides. All depositions were carried out in the AJA
1500 sputter tool at room temperature. The chamber was evacuated to a base pressure of
~5x107 Torr prior to deposition. For reactive sputtering, the power of Si target was fixed at 200
W while the N2 and Ar gas flows were varied. For the co-sputtering, a constant flow of Ar at
20 sccm at 4x10°3 Torr pressure was maintained while the power of Si varied and the power of
SiO> target was fixed at 100 W. The deposition times varied accordingly to obtain a thickness of
100 nm for each different sample. The samples after deposition were cleaved and separate pieces

of the same deposition were furnace annealed for 60 minutes in N2 (99.9998% pure) ambient.

High-resolution transmission electron microscopy (HRTEM) images were obtained from
a 200 kV field emission JEOL 2100F instrument. A Rigaku Ultima I11 X-ray diffractometer (XRD)
configured for grazing incidence angle was used to probe the crystal structure of the films. A
Nicolet Almega XR Dispersive Raman spectrometer was excited at 532 nm at room temperature

to measure the chemical structure of the SRN and any QD precipitates that may have formed during
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anneal. The room temperature photoluminescence measurements were carried out using a
Ti:Sapphire laser for the reactively sputtered SiNy and a PicoQuant diode laser for the Si-rich SiOx

samples. Further details of the PL settings are described in the following sections.

4.3  Reactive Sputtering of SiNy

The two samples studied in this experiment were prepared by varying the N2 flow rate to
0.5 sccm and 1 sccm while keeping the total flow of Ar and N> fixed to 20 sccm. The deposition
conditions are listed in the table below.

Table 4.1. Deposition conditions of the reactively sputtered SiNy thin films.

Sample Pressure Si Power To N2 flow Ar flow
RS1 o 0.5 sccm 19.5 sccm
RS2 4 mTorr 200W 17°C 1 sccm 19 sccm

The samples were subsequently annealed in the MiniBrute furnace for 60 minutes at
temperatures Ta = 800 °C, 900 °C and 1000 °C.

The samples were thinned and cleaned using the focused ion beam (FIB) prior to TEM
imaging. The high resolution TEM (HRTEM) image of both the samples annealed at 1000 °C were
obtained in order to observe crystalline structures of Si that may have formed during annealing. In
Figure 4.1 (a) and (c), the full thickness of the SiNx thin film deposited on the Si wafer are visible.
RS2, with a higher N2 flow shows several tiny black spots distributed throughout the film, which
after further zooming, as seen on Figure 4.1 (d), appears to have an ordered structure (circled
region) surrounded by an amorphous structure, which is the a-SiNy. Similar ordered structures
have been reported by other authors that confirmed the presence of a Si-NC within a nitride matrix

[45], [77], [99], [100]. The average grain size of the crystalline structure was estimated to be 7.5
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S

Ny films C.(a)and
(c) are the full view of the SiNx layer on Si wafer for RS1 and RS2. (b) and (d) are the zoomed-in
view of the same samples showing the morphology of the films with possible nanocrystals forming
in the RS2 sample.

+ 0.5 nm. Sample RS1 in Figure 4.1 (b) appear to have several overlapping ordered structure,
which is characteristics of a polycrystalline Si.

To further verify the crystallinity of the films after annealing, X-ray diffraction (XRD) was
collected on the as deposited and annealed samples of RS1 and RS2. The XRD spectra was

collected at a grazing incidence angle Q = 0.5° with a scan speed of 1°/min. Figure 4.2 is the XRD
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Figure 4.2. The GI-XRD spectra collected at Q = 0.5° for the reactively sputtered SiNx. (a) RS1,
with a lower N2 flow, shows that silicon starts crystallizing at 900 °C, whereas in (b) RS2, the
crystallinity starts at 1000 °C.

of the SiNx samples scanned between 20° and 60°. No peaks appeared in the as deposited films
meaning that they were amorphous after deposition. It is observed that higher temperature yields
a higher concentration of crystalline Si in the film. The crystalline peaks of Si from planes (111),
(220) and (311) are visible at 28.3°, 47.5° and 55.9°, respectively, after the sample RS1 was
annealed at 900 °C and the intensity of the peaks further increased at 1000 °C. For RS2, which had
a higher flow of N, thereby a reduced excess Si, the crystalline peaks only appeared after the
sample was annealed at 1000 °C.

The Raman spectra presented in Figure 4.3 was collected for the RS2 as deposited and high
temperature annealed samples. The as deposited sample, however, does not contain any amorphous
Si phase due to excess Si centered at 480 cm™ as was reported in [101]-[103]. At 800 °C, a small
peak centered at 521 cm™ and a broad peak at ~480 cm™ is observed, indicating a phase separation

in a-SiNx forming a mixed a-Si and c-Si within the SiNx. The peak at 521 cm™ further increased

with 900 °C and 1000 °C. The peaks could not be correlated directly with XRD, especially in the
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Figure 4.3. The phase transformation of the SiNx film RS2 due high temperature anneal as observed
in the Raman spectra. The peak at 521 cm™ is due to the formation of Si-NC within the silicon
nitride.

—maBA.

900 °C sample as no peak was observed in XRD whereas a sharp peak appeared in Raman. It could
be due to difference in the limits of detection of these two techniques. In Raman, a crystalline
structure can be detected within 0.1 at% whereas in XRD, the crystalline structures in an
amorphous film are limited to a detection limit of 2 at% only [59].

With the evidence of Si-NC observed in TEM, XRD and Raman, it was important to study
the photoluminescence (PL) spectra of the SiNx samples, especially in RS2. The room temperature
PL was carried out by exciting the Ti:sapphire laser with 120 fs pulses at 405 nm at a repetition
rate of 7.6 MHz and a power of 61 puW. At such a high power, the multiple peaks observed in the
PL in Figure 4.4 (a) were only from the background. After annealing, no change in the PL spectra

could be observed from the films, indicating that the laser could not excite any of the Si-NCs
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Figure 4.4. (a) The PL spectra of the as deposited and annealed samples of RS2 and (b) the

corresponding time resolved PL decay of the samples.

within the SiNy. Figure 4.4 (b) shows the time resolved PL spectra of the same samples, which are
similar in characteristics in terms of decay time as was observed in the LPCVD grown SRN
samples. The fast decay times indicate that the PL was again likely due to non-radiative states and

not characteristics of Si-QDs.

4.4  Si-rich SiOx by Co-sputtering

Most of the research on Si-nanocrystals has been sought after SiO> based host matrices due
to its well defined structural properties and simpler processing steps [12], [29], [31], [104], [105].
In order to better understand the quantum confinement effect, Si-rich SiOx films were prepared by

sputtering the Si and SiO; targets together. The samples were sputtered on a n-type Si wafer at a
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deposition pressure of 4x10 Torr and constant Ar flow of 20 sccm at room temperature. The
power of the SiO» target was kept fixed at 100 W while the power of Si varied only. Table 4.2 lists
the deposition condition of the Si-rich SiOx. The samples were labeled according to the power of
the Si target.

Table 4.2. Deposition condition for the co-sputtered Si-rich SiOy films.

Sample Si power SiO, power
045 45 W
050 50 W
055 55W 100 W
060 60 W

Soon after deposition, the samples were cleaved and separate pieces were annealed in the
MiniBrute furnace in N2 (99.9998%) ambient at 1100 °C for 60 minutes.

The room temperature PL measurements were carried out using a PicoQuant diode laser
(50 ps pulse at 400 nm) with the repetition rate set to 200 kHz and a power of 20 nW. Lifetime
data were measured using an avalanche photodiode with 250 ps resolution (Perkin EImer SPCM
AQR 13). Spectral data were collected using a liquid nitrogen cooled silicon CCD (Princeton
Instruments).

Figure 4.5 (a) shows the PL spectra of the Si-SiOx samples after annealing. As opposed to
the power or repetition rate used to collect the PL in SiNx samples, which was in the micro-watts
and megahertz range, respectively, the parameters were low for the Si-SiOx samples. Even with
such a low power and rate, an intense PL signal was observed from all the samples annealed at
1100 °C. The signals were composed of a single Gaussian, which means that a single effect may
have caused the PL. The full-width half maximum (FWHM) of the spectra was ~120 nm. The PL

intensity had increased from O45 to O50 and then eventually decreased for O55 and O60. This
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Figure 4.5. (a) The room temperature PL spectra of the Si-SiOx samples annealed at 1100 °C. The
shaded region is the spectral window of the filter that was used to collect the TRPL. The solid lines
represent the fits used to show that the peak composed of a single Gaussian only. (b) Normalized
spectra of the Si-SiOx. It is clearly visible how the PL redshifted as the concentration of excess Si
increased.

means that the PL reached to a saturation for a certain concentration of Si and then it decreased as
more Si was incorporated. When normalized, as seen in Figure 4.5 (b), the peaks shift to lower
energy (higher wavelength) as more Si is incorporated. A similar trend in the PL spectral intensity
change and shift in energy was reported by Charvet el al. [106] for a magnetron co-sputtered
Si/SiOo.

The PL peak position with the concentration of excess Si was related to the increase in the
grain size of the nanocrystals, which is the basis of the quantum confinement effect. For an increase
in the size of the nanocrystals, the PL peak is expected to redshift. The PL peak intensity was also
observed to increase due to increase of Si into the films from 6% to 12%, but then it dropped for

Si > 15%. The reason explained was that the relatively larger grain sizes due to the continuing Si

enrichment could not luminesce and hence the overall PL emission decreased [106].
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The time resolved PL spectra was collected using a filter centered at 680 £ 40 nm (shaded
region in Figure 4.5 (a)) and are presented in Figure 4.6. The detector was only limited to a window
collecting the decays up to 10 ps and the Si-SiOx annealed samples were observed to extend the
decay beyond the window as the counts were still above zero. However, within the detection
window, the spectra could be fitted using an exponential decay function that resulted in a decay
time between 5 ps to 15 us. Typically, the decay time of Si-QDs embedded in SiO2 has been

reported to be in the order of hundreds of microseconds to tens of milliseconds [107]-[109]. The
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Figure 4.6. The time resolved PL spectra of the Si-SiOx samples annealed at 1100 °C. The solid
line represents the fit performed over the decay curve.
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detector window for the measurement of TRPL in the published literatures were broader to record
the lifetime up to milliseconds in range.

However, the long decays along with the highly intense PL that redshifted with excess Si
incorporation were a direct evidence that Si-QDs were present in the Si-SiOx system after
annealing.

To further investigate the behavior of the quantum dots, low temperature PL and TRPL
were collected from the samples. The low temperature measurements were performed in liquid
nitrogen (LN2) for the sample O50 annealed at 1100 °C, which had the maximum PL intensity.
The PL and TRPL were collected by lowering the temperature from room temperature (293K) to
the LN2 temperature of 80K. The spectra are shown in Figure 4.7. It was noticed that the PL
intensity increased as the measurement temperature decreased. The TRPL also had a longer
exponential decay from 293K to 230K. But due to the limitation in the detector window, decay

times measured at lower temperatures appeared to overlap with each other. As reported by Rinnert
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Figure 4.7. (a) The low temperature PL spectra in LN2 of the Si-SiOx sample O50 annealed at
1100 °C. The intensity of the PL increases as T decreases. (b) Normalized TRPL spectra of the
same sample at low temperatures.
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et al. [108] and Dovrat el al.[107], the decay times were observed to increase as the temperature
was lowered from room temperature to liquid helium. At room temperatures, the TRPL is governed
by both the radiative decay arising from the nanocrystals and non-radiative decay from its
surroundings, namely from the defect states. The total lifetime is expressed in terms of the
equation:

1 1 1
_ 4 —
T Tr 1TnNR

where 1/7r and 1/znr are the radiative and non-radiative decay rates, respectively [110]. At higher
temperatures, the non-radiative processes play an important role, which in effect causes the total
lifetime to decrease. As the temperature is further lowered, the decay lifetime is mainly governed
by the radiative process z ~ r. Therefore, at lower temperatures, the lifetimes are longer.

The same reasoning applies to the PL intensity as well. As the measurement temperature
is lowered from the room temperature, the PL is less affected by the temperature-activated
non-radiative processes thereby increasing the overall intensity.

With the increase in the PL intensity at lower temperatures, the PL peak energy was
observed to be shifting at higher energies (lower wavelength). In bulk semiconductors, the
evolution of the gap with temperature is generally described by the phenomenological Varshni’s
law:

aT?

Ebulk T :Ebulk 0) —
PURT) = EP(0) ~

where o and f are characteristic parameters [111]. This equation is well described for the evolution

of Si gap with the variation in temperature. Similar argument was also presented for Si-NCs where
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the gap was observed to vary thereby causing a blueshift in the PL peak energy at lower

temperatures [108].

45 Conclusion

The goal of this chapter was to establish the framework for sputter deposition of Si-rich
nitride and Si-rich oxide films in order to precipitate Si-nanocrystals after high temperature anneal
within their respective matrices.

Reactive sputtering was performed using N2 gas and Si target to prepare SiNx samples with
different concentrations and eventually annealed at high temperatures. TEM indicated that regions
within the silicon nitride had formed ordered structure resembling Si-NC. XRD further confirmed
that the films had crystallized the excess Si after high temperature anneal. Raman also indicated
that a phase transformation occurred at higher temperatures due to the peak intensity increasing at
521 cm, which was characteristics of crystalline Si (c-Si).

However, when the samples were illuminated under the laser at sufficiently high power,
no PL spectra could be detected except for its background. Also, the time resolved PL (TRPL)
spectra had a very fast decaying lifetime, which indicated that the PL was coming from the non-
radiative states only.

On the other hand, Si and SiO2 were co-sputtered in the same chamber to form Si-rich SiOx.
After annealing the films at high temperature, a very strong PL was observed when the samples
were excited at a lower power as opposed to the SiNx. The PL FWHM was also narrower and
single Gaussian like indicating that the effect was most likely due to the transition between band
edges from a Si-NC. The TRPL also exhibited a very long lifetime, which is characteristics of the

decays observed from an indirect bandgap semiconductor. The low temperature measurements

62



yielded a further increase in the PL intensity as the temperature was lowered, which indicated a
reduction in the temperature-active defect states. The TRPL spectra also decayed with a longer

lifetime and the PL peak energy shifted that related to the change in semiconductor gap states as

was explained by Varshni’s law.
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CHAPTER 5
OXIDE RELATED DEFECTS IN QUANTUM DOT CONTAINING SILICON RICH

SILICON NITRIDE FILMS

Participation

All experiments and data analysis were performed by myself with the following exceptions — The
photoluminescence and time resolved photoluminescence spectra were collected by Dr. Siddharth
Sampat from Dr. Anton Malko’s group. Raman spectra were collected from Prof. Yves Chabal’s
laboratory. Useful discussions and contributions were provided by Dr. Lee Walsh from Dr. Chris

Hinkle’s group.

51 Introduction

Silicon nanocrystals (Si-NC) embedded in a silicon oxide or nitride matrix have been an
extensively researched field which attempts to open the door to overcoming bulk silicon’s light
emission inefficiency for optoelectronic devices. Much of the research of nanocrystals has been
focused on SiO»-based host matrices due to its well defined structural properties and simpler
processing steps [12], [29], [31]. However, the high band offsets of the SiO»> matrix with
nanocrystalline silicon quantum dots (Si-QDs) can suppress the tunneling probability of carriers
into the QDs in devices designed for electroluminescent and photovoltaic applications. In contrast,
there is an interest in developing such Si-nanocrystals in a lower bandgap matrix such as SisN4 as
it offers smaller band offsets, which in turn can enhance the electrical carrier injection for efficient

extraction of light from Si-based light emitting diodes (LEDs) [112].
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Despite offering promise in optoelectronics, SisN4 matrices typically have a higher defect
density compared to Si-oxide [73]. In addition, there has been a debate on whether the
photoluminescence (PL) observed from Si-NC in SisNs is due to radiative decay from a quantum
confined state [15], [113] or non-radiative decay from a defect state or band tail luminescence [78],
[81], [114], [115]. Nguyen et al. studied the impact of oxygen on the PL of silicon-rich silicon
nitride films although they still suggested that the crystalline Si quantum dots formed in the silicon
nitride matrix had a significant contribution to the observed PL in addition to the contribution of
the O-related defect states [116].

In this paper, the evidence for Si-nanocrystals in silicon-rich silicon nitride (SRN) is
detected in X-ray diffraction (XRD), Raman spectroscopy, and X-ray photoelectron spectroscopy
(XPS). However, using TRPL we show that the PL emission, observed after high temperature
anneal, is a result of transitions to and from non-radiative defect states related to oxide defects
within the thin film, with no substantial contribution from the nanocrystals. Additionally, the shift
in the PL peak energy is correlated to the change in the composition-dependent bandgap of the

silicon nitride host matrix and not due to the size distribution of the quantum dots.

5.2  Experimental

The silicon-rich nitride (SRN) films were deposited on n-type Si (100) wafers (doping
density ~10*" cm®) which were etched in diluted hydrofluoric acid (H2O:HF = 100:1) for 2 minutes
to remove the native oxide. The deposition was carried out at room temperature in an AJA 1500
sputter tool using both Si and SisN4 targets. The chamber was evacuated to a base pressure of

~5x107 Torr prior to deposition. A constant flow of Ar at 20 sccm and a chamber pressure of
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4x107 Torr was maintained during deposition while the radio-frequency (RF) power of the SisN4
target was fixed at 100 W. The RF-power of the Si target was varied from 0 W up to 60 W with
sample notation reflecting the Si target power, i.e. NOO, N20, and N60. Each sample thickness
was 100 nm. With the increase in Si target power, the Si/N concentration also increased forming
a more Si-rich silicon nitride film. The Si/N ratios as calculated by XPS were 1.07, 1.08, and 1.52
for NOO, N20, and N60 samples, respectively (with £10% experimental error of the XPS atomic
sensitivity factor and fitting). Although a SizN4 target material was used to deposit the NOO sample,
the Si/N ratio reveal that the deposited material was not stoichiometric, as reported in previous
studies [117], [118]. After deposition, the samples were cleaved and separate pieces of the same
sample were furnace annealed for 60 minutes at 900 °C, 1000 °C, and 1100 °C in N
(99.9998% pure) at a flow rate of 4.5 liters/min, a standard process flow for the fabrication of
Si-NCs [99], [115], [119].

Room temperature photoluminescence measurements were carried out using a PicoQuant
diode laser (50 ps pulse at 400 nm) with the repetition rate set to 5 MHz, a power of 1.25 uW, and
a 350 nm wide data range. Lifetime data were measured using an avalanche photodiode with
250 ps resolution (Perkin Elmer SPCM AQR 13). Spectral data were collected using a liquid
nitrogen cooled silicon charge coupled device (CCD, Princeton Instruments). A Nicolet Almega
XR Dispersive Raman spectrometer (532 nm excitation wavelength) was used to measure the
chemical structure of the SRN and any Si-NC precipitates that may have formed during annealing.
A Rigaku Ultima I11 X-ray diffractometer (XRD) configured for grazing incidence angle was used
to probe the crystal structure of the films. X-ray photoelectron spectroscopy (XPS) was performed

using a PHI VersaProbe II spectrometer equipped with an Al Ko monochromated X-ray source
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(hv = 1486.7 eV). The spectra were collected after sputtering for 5 minutes using 1 keV Ar-ions
to remove surface oxide. Fourier transform infrared (FTIR) spectroscopy was performed using a
ThermoElectron Nicolet 4700 spectrometer with Ge attenuated total reflectance setup and a
mercury cadmium telluride (MCT) detector to probe the various vibrational bonding structures

within the SRN thin films.

5.3 Results

The room temperature PL measurements were performed on the as-deposited and annealed
samples of the SRN (NOO, N20, and N60) in order to understand the origin of the
photoluminescence. In Figure 5.1 (a-c), the as-deposited spectra of NOO, N20, and N60 exhibit
only a very weak PL signal. Our previous report of SRN grown by low pressure chemical vapor
deposition (LPCVD) had demonstrated a visible PL emission from as-deposited films [120]. It has
also been reported that as-deposited silicon nitride samples prepared by plasma enhanced chemical
vapor deposition (PECVD) were luminescent under certain laser powers, and the peak energies
could be tuned via varying the deposition conditions [121]. In the present study, however, a
photoluminescence peak was only visible after the samples were annealed at high temperature. In
each sample, the peak intensities gradually increased with increasing annealing temperature from
900 °C to 1100 °C. Additionally, the luminescence from the NOO sample had the highest intensity
while the PL intensities decreased as the excess Si concentration was increased. The peak positions

also shifted to higher wavelength (lower energy) from NOO to N20 to N60.
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Figure 5.1. The photoluminescence (PL) spectra of (a) NOO, (b) N20, and (c) N60 at various
annealing temperatures. The PL intensity increases as annealing temperature increases. (d) PL
spectra of NOO, N20, and N60 after anneal at Ta = 1100 °C. The PL peak shifts to higher
wavelength as the Si concentration increases due to composition-dependent band edge shifts.
The time resolved PL was measured with a filter centered at 680 = 40 nm. In Figure 5.2,
the TRPL spectra for the N60 samples show very fast decaying components for different annealing

temperatures. The decay curve can be fitted using an exponential function,
t
I(t) = [Ii exp (— —)]
T; n

The as-deposited sample is fit using a single exponential function whereas the Ta =900 °C,

where, 7 is the decay constant.

1000 °C and 1100 °C were all fitted using a double exponential. The decay time constants and

their respective amplitudes for the N60 samples are presented in Table 5.1. Similar values were
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Figure 5.2. The time resolved photoluminescence (TRPL) spectra collected from sample N60 at
680 £ 40 nm. (Inset) The same data in linear scale. The dotted line represents the fitting of the
spectra. The fit parameters are listed on Table 3.1 Error! Reference source not found..

also obtained for the NOO and N20 samples. Since the decay time constants are on the order of
nanoseconds, it is likely due to non-radiative decay associated with a defect state within the silicon
nitride, a similar conclusion to that of Dal Negro et al. [83]. The decay associated with z; in every

sample is the dominant mechanism with over 99% of the signal coming from that mechanism.

Table 5.1 Decay constants and their respective amplitudes for sample N60 extracted from the fits
to the time resolved PL spectra.

7 (ns) Amplitude, 11 2 (ns) Amplitude, 12
As deposited 1.09 £0.05 67.92 +£1.98
Ta=900°C 0.92+0.02 422.80+3.74 7.03+1.42 15.34+3.26
Ta=1000°C 1.09+0.01 689.47 £3.76 7.74 £0.79 30.87+3.41
Ta=1100°C 1.52 +£0.02 1120.60 £ 6.0 10.74 £ 0.91 63.18 £5.42
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XRD spectra was collected at a grazing incidence (Gl) angle Q = 0.5° with a scan speed of
1°/min. The substrate influence was avoided by rotating the sample stage by ¢ = 30° [122]. In
Figure 5.3, the evolution of the crystalline Si peaks is shown for the as-deposited and annealed
samples of N60. It is noted that higher temperature yields a higher concentration of crystalline Si

in the film as expected. The (111), (220) and (311) peaks are visible at 28.3°, 47.5° and 55.9°,

800
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Figure 5.3. The GI-XRD spectra collected at Q = 0.5° for N60 as-deposited and after the various
high temperature anneals. Higher temperature annealing causes the excess Si in the SRN to
crystallize into Si-NC, as confirmed by the peaks appearing at 28.3°, 47.5° and 55.9°.
respectively, after the sample was annealed at 1000 °C and the intensity of the peaks further
increases after the 1100 °C anneal. From Scherrer’s formula [58], an estimated average size for

the formed Si quantum dots was calculated to be ~5 nm in diameter for the 1100 °C annealed N60

sample. Since no peaks were observed at 900 °C for N60 or in any annealed samples of NOO or
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N20 (not shown), the concentration of crystalline Si QDs is below the ~2% detection limit of XRD
[59] for those samples.

To further investigate the formation of the Si nanocrystals, Raman was performed and
analyzed. In Figure 5.4, the Raman spectra collected from sample N60 deposited on silica (to

eliminate crystalline Si peaks from the substrate) is shown. After annealing at 900 °C, a broad
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Figure 5.4. The formation of Si-NC is confirmed in Raman spectra for sample N60 after high
temperature anneal. With increasing annealing temperature, amorphous Si (peak at 480 cm™)
transforms into crystalline Si (<514 cm™).

shoulder at 480 cm™ was visible, which is the transverse optical (TO) mode associated with
amorphous Si [77]. At 1000 °C, the TO mode of nanocrystalline Si appears as the additional sharp
peak at 514 cm™ [123]. At 1100 °C, most of the amorphous Si has crystallized, although an a-Si

shoulder is still detected. The Raman spectra further confirms the formation of Si-NC within the

nitride matrix.
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Figure 5.5 shows the Si 2p, N 1s, and O 1s XPS spectra of NOO, N20, and N60, before and

after annealing at 1100 °C. The spectra were fitted using Voigt line shapes in conjunction with a

Shirley background subtraction. Detailed peak fitting of the Si 2p spectra before annealing shows

three distinct peaks. The peaks centered at 99.6 eV and 103 eV correspond to Si—Si (amorphous
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Figure 5.5. XPS of the SRN samples N0O, N20, and N60 before and after anneal. The Si 2p, N 1s,
and O 1s regions are shown in separate panels for all three samples. An increase in oxygen related
bonding after high-temperature anneal correlates with the increase in PL intensity. In sample N60,
the crystalline Si peak associated with Si-NC is also observed after anneal above 1000 °C.

Si) and Si—-N-O type bonding, respectively, and do not shift after annealing. The central peak

between 101.7 eV to 101.2 eV is a Si—N bond, which is expected for a SiNy type film [124]. Also,

as expected, the Si—N peak in the Si 2p spectra shifts towards lower binding energy as the Si

concentration increases. After annealing however, the Si—N peaks shift to ~101.8 eV, forming a
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more stoichiometric SisNs-like bonding [125]. A fourth peak was used to fit the spectra for the
annealed samples at ~98.6 eV which is consistent with the formation of crystalline Si (c-Si) that
forms during the high temperature anneal. In NOO and N20 this peak has a small contribution.
However, in N60 the peak is clearly distinguishable and is consistent with the XRD and Raman
data. The intensity of the amorphous Si (a-Si) peak decreases after annealing due to its conversion
to c-Si. The N 1s spectra in Figure 5.5 (d), (e), and (f) were fitted using two peaks, one at 398.0 eV
related to N-O-Si bonding, which does not shift after anneal. The second peak at ~397.3 eV is
related to the N-Si bond and is observed to shift to lower binding energy with increasing Si
concentration confirming that the films are Si-rich.

As mentioned previously, the Si/N ratios determined from XPS peak fitting were 1.07,
1.08, and 1.52 for NOO, N20, and N60 samples, respectively (with £10% experimental error).
Although this suggests similar levels of silicon content in the NOO and N20 samples, the higher
silicon content of N20 compared to NOO can be demonstrated by calculating the binding energy

separation: AB.E = B.Ey 15 — B. Eg; 2, for the SiNx related features in the as-deposited samples.

Using the above formula, we obtain AB. E values of 295.6 eV, 295.9 eV, and 296.05 eV for NOO,
N20, and N60. This consistent increase in the peak separation confirms the increase in Si content.
As the SiNx matrix becomes more Si-rich, the Si 2p peak shifts to lower binding energy (closer to
Si—Si bonding), while the N 1s peak shifts to higher binding energy (closer to N-N bonding). This
confirms that N20 has a higher silicon content than NOO.

The presence of oxygen is evident in the O 1s spectra in Figure 5.5 (g), (h), and (i), which
is close to the binding energy of O—N-Si bonding [126]. The oxygen after sputtering in the XPS

is not from the surface, but from the bulk of the film. Oxygen is incorporated in the as-deposited
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films due to the base pressure in the sputtering chamber, which was 5x10~ Torr during loading
(4x107 Torr during deposition), high enough to contain residual oxygen as seen in other reports
[127]-[129]. The oxygen concentration is low for the as-deposited films, but increases after
annealing. Despite annealing in N2 (with 99.9998% purity), it is still possible for the films to
partially oxidize at elevated temperatures since the majority of the impurities in the gas are oxygen
containing species [130], with an effective flow rate of ~9 cm®min for an N flow rate of
4.5x10°cm®/min. The oxidation rate increases at higher annealing temperatures [131], thus
resulting in the observed growth of the Si—-O—N peak. The oxygen is 1.58, 3.48 and 3.76 times
higher in the annealed sample than the as-deposited sample for NOO, N20 and N60, respectively.
With excess Si, more oxygen is incorporated into the films after anneal as the Si is more susceptible
to oxidation compared to silicon nitride [132].

The FTIR spectra in Figure 5.6 compares the samples annealed at 1100 °C to the as
deposited samples, and shows the region where the Si—N, Si—O-N, and Si—O stretching absorption
modes are strongest in silicon nitride. The two distinct peaks at 820 and 870 cm™ are characteristic
Si—N bands [96]. The spectra have been normalized to the Si—N peak intensity to enable a better
comparison of the change in oxidation behavior as a function of increasing excess Si-content. The
peak at ~750 cm™ is due to a Si-rich silicon nitride [133] and the increase of this peak as a function
of increasing excess Si (from NOO to N60) is consistent with the deposition conditions and the XPS
spectra. The features at ~900 cm™ and 1100 cm™ are due to Si-O-N [134] and Si-O (in SiOy)

modes, respectively. In the as-deposited samples both of these peaks have a low intensity.

74



Absorbance (a.u.)

(b) o S
| T,=1100°C SLON -~
NOO
N20
—— N60

(a)

Asdeposited

| —— N0O

| ——N20
— N0

1500 1300 1100 200 700

Wavenumbers (cm'l)

Figure 5.6. The FTIR spectra of N0OO, N20, and N60 samples (a) as deposited and (b) after
annealing. All spectra were normalized to the Si-N feature at 820 cm™.

However, after annealing at 1100 °C, the NOO and N20 samples show an increase primarily
in the Si—O peak at 1100 cm™, while N60 (the only sample that formed Si-NC) shows an increase
primarily in the Si—O—N feature. In the NOO and N20 samples, Si-NCs do not precipitate fully and
the amorphous Si (precursor to Si-NCs) oxidizes during the anneal forming Si—O (some additional
Si—-N-O is also formed due to oxidation of the matrix). Additionally, the peak position is at lower
wavenumbers than that for stoichiometric SiO2, indicating a substoichiometric SiOx bonding. This
is consistent with the XPS spectra of Figure 5.5 (a) and (b) where the decrease of the amorphous

Si peak and the increase in the SiOx peak are observed. The excess Si in the N60 sample
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conversely, almost fully precipitates into Si-NCs from the nitride matrix and any SiOx that may
have formed as an intermediate step. Following precipitation, the oxygen in the films introduced
during the anneal interacts almost exclusively with the nitride matrix, forming Si—O-N rather than
SiO,. The intensity of the detected spectra drops off beyond 690 cm™ due to a loss of detector

sensitivity.

5.4 Discussion

From XRD, Raman, and XPS, it is evident that the N60 sample had partial formation of
Si-NC after anneal at 1000 °C which further increased at 1100 °C. NOO and N20 showed no
detectable crystallized Si in XRD or Raman (not shown), yet all three samples exhibited
photoluminescence upon anneal. Therefore, the PL cannot be exclusively (nor even primarily) due
to Si-QDs. In fact, the fast decay observed in the TRPL spectra indicates that there is no detectable
contribution from the Si-QDs.

The increase in the oxygen content after annealing as revealed by XPS and FTIR indicate
that the films contain silicon oxynitride which can introduce new defect sites to the film. Augustine
et al. [135] reported the presence of defect states in PECVD silicon oxynitride films arising from
a silicon suboxide component. Although they did not specify the physical nature of defect states,
they linked oxide related defects to the PL intensity increase with increasing annealing
temperature. The ESR measurements performed on SiOxNy films have revealed additional defect
states beside the K and the N-centers [136]-[138]. There are point defects due to the oxygen
bonded with an unpaired Si atom (O3=Si¢) known as the E’s center, which is located energetically
near midgap in SiOxNy [139], [140]. Similarly, the non-bonding oxygen hole center,

E’, (¢O-Si=0g) is another defect in SiO> that is close to the valence band edge [139], [140]. A
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defect exclusive to the oxynitride film, the Nx center, was identified by Cros et al. [136], which
increased as the films became more oxygen rich. The Ny center is due to a =Si—N+—O or =N+-O
like bonding [137].

In addition to the O-related defects, numerous reports have suggested that the presence of
defect states known as the K-center and N-center act as luminescence centers in SizN4, which have
been attributed to fast decay in PL [76], [81], [141]. The paramagnetic K-center, (K°) is due to a
Si dangling bond (Si back bonded to three N neighbors, N=Sie) and is the predominant defect state
in SisNa4. The K° center was calculated to be near midgap of SisN4, similar to the £ s center, whereas
the N-center (*N=Si) was found to be 0.5 eV above the valence band [137]. Typical concentrations
of K-center densities measured using electron spin resonance (ESR) were found to be on the order
of ~10'7 cm™ whereas in higher temperature annealed samples, this increased to ~10% cm™ [141],
[142]. The energetic positions of the K- and N-centers, with respect to vacuum, are believed to be
fixed, regardless of the film stoichiometry. The N-center likely lies below the valence band edge
for Si-rich nitride films [143], so this cannot contribute to the observed PL in our films. While the
K-center may have some contribution to the PL, the dramatic increase in PL signal and oxidation
after annealing indicate that O-related defects are the dominant mechanism.

Defects associated with a-Si are also possible and have been detected previously close to
midgap in the a-Si bandgap [144] (close to the energetic position of the E’s, N, and K°-centers).
However, the trend in intensity of the a-Si peaks in the spectroscopic measurements is opposite to
that observed in the PL. The strong increase in PL correlates with the increase in oxygen related
features in the XPS and FTIR, indicating that the £’s (O3=Si") and Nx (=Si—N'-O or =N"-0O) centers

are the likely culprits, and no significant contribution from the Si nanocrystals.
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With the PL correlating to transitions to and from defects and not from QD-related radiative
emission, the shifts in the PL energetic peak positions, observed in Figure 5.1 (d), cannot come
from changes in the QD size. The shift in the PL energy can be explained due to the change in the
relative positions of the composition dependent Si-rich SisN4 matrix band edges [138]. With these
composition-dependent band edge shifts and assuming the defect states, £’s and Ny, are fixed in
energy with respect to vacuum, the transitions occurring to or from the defect states to the band
edges of the nitride matrix will shift as a function of Si concentration. This is precisely what we
observe, and the shifts are consistent with the reduction in matrix bandgap with increasing Si
content. The drop in the PL intensity (from oxide-related defects) with increasing Si concentration
(Figure 5.1(d)) is consistent with the decrease in the relative amount of silicon-(oxy)nitride within

a unit volume.

55 Conclusion

Si-nanocrystals were formed in co-sputtered Si-rich silicon nitride films after a high
temperature anneal, and their presence was confirmed by XPS, XRD, and Raman. A partial
crystallization of the excess Si was observed in the N60 sample at 1000 °C and higher. The
photoluminescence detected from these films could not be correlated with radiative transitions
from the quantum confined states as the decay times from TRPL were several orders of magnitude
faster than the typical indirect bandgap quantum dot. Following the standard process flow for
Si-NCs in silicon nitride, the films were found to contain some oxygen which increased following
a furnace anneal in N2, as measured by XPS and FTIR, resulting in the formation of silicon
oxynitride. The correlation between the PL intensity and oxygen related chemistry in spectroscopy

indicates that the observed PL is almost exclusively from oxygen related defect states.
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Additionally, the shift in the PL energy as a function of increasing Si content is simply a result of

the change of the silicon nitride bandgap.
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CHAPTER 6

EFFECT OF OXIDATION ON THE RESIDUAL STRESS OF SILICON CARBIDE

Participation
The sample preparation and stress measurements were performed by Felix Deku. The FTIR and
XPS measurements and analysis were performed by myself. Useful discussion and contributions

were provided by Dr. Alexandra Joshi-Imre and Dr. Jimin Maeng from Dr. Stuart Cogan’s group.

6.1 Introduction

Amorphous silicon carbide (a-SiC) thin-film dielectric coatings have emerged as a
promising approach to the encapsulation of implantable biomedical devices [48]-[51]. SiC thin
films have excellent barrier properties and resilience against adverse chemical conditions [145].
They are electronically resistive, resistant to corrosion [146], and well-tolerated in the cortex [48],
[147]. They have a lower dissolution rate at 37 °C in phosphate buffered saline (PBS) than silicon
nitride [48]. Also, they are hemocompatible and have been evaluated clinically as coatings for
coronary stents [148].

As a thin film dielectric insulation, a-SiC is required to exhibit excellent barrier properties
including low water vapor transmission rate, low leakage current, and minimal-to-no pinholes
within the film. Although otherwise inert, due to the presence of weakly bonded hydrogen atoms,
the carbide surface could oxidize to a few nanometers when exposed to ambient air [149]. The
reaction Kinetics has been shown to increase in films with increasing carbon and hydrogen
compositions [150]. Mastelaro et al. [151] reported the presence of micro-voids in a-SiC films

where films with higher void densities showed evidence of higher oxidation when exposed to air
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over time. Controlling the chemical composition of amorphous dielectric coatings is thus necessary
to achieve robust and long-term encapsulation reliability.

Plasma-enhanced chemical vapor deposition (PECVD) is widely used in the deposition of
a-SiC (i.e., a-SiC:H) thin films due to its advantages including low-temperature deposition and
precise residual stress control. The properties of PECVD a-SiC:H films could be tailored by
regulating the deposition parameters such as power density, temperature, gas ratio, pressure as
well as He or Ar dilution of the reactive gas [152]-[157], or by annealing at elevated temperatures
post deposition [158].

It has been proposed that the compressive intrinsic stress arises in a-SiC:H films due to the
incorporation of hydrogen atoms into the Si—C bond [159]. Other impurities such as oxygen and
water vapor have been shown to produce compressive stress in other thin-films such as aluminum
[160] and silicon monoxide [161]. Although most studies have correlated the change in residual
stress of a-SiC films to deposition and ambient conditions, there are no reports on the temporal
change of the film stress and its relation to the change in chemical bonding of the film due to
environmental effects.

In the present study, the temporal change of residual stress in PECVD a-SiC:H films
exposed to air and wet ambient were investigated. The correlation between film oxidation and
stress change, along with the effects of different deposition temperature and power, were
examined. X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared (FTIR)
analyses was carried out to understand the root cause of the stress variation over time in these

films. Evidence of the films reacting with oxygen and water vapor from ambient environments are
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presented. This study provides a useful progress toward low-stress and long-term SiC dielectric
coatings for chronic implantable medical devices.

A second study was conducted on a-SiC to lower the deposition temperature to expand the
range of applications to medical devices. It was found that by increasing the deposition power, the

films deposited at lower temperature may have a reduced oxidation effect over time.

6.2  Experimental

SiC film deposition. Amorphous SiC:H thin films were deposited using a PlasmaTherm
Unaxis 790 series PECVD system. The depositions were carried out on 100-mm Si (100) prime
grade wafers along with double-sided polished (DSP) high resistivity Si wafers for FTIR
measurements. A set of films were deposited at different temperature, ranging from 150 to 350 °C,
at a fixed power density of 0.27 Wecm™. Another set of films were deposited at different power
densities, ranging from 0.05 Wecm™2 to 0.32 Wem™, at a fixed temperature of 350 °C. For all
depositions, a SiH4:CHj4 gas ratio of 1:3 was used. The chamber was maintained at a pressure of
1000 mTorr with an Ar gas flow rate of 800 sccm during the deposition. The deposition time was
kept constant for all depositions targeting a nominal thickness of ~1 pm.

Sample storage and monitoring. The a-SiC:H films were stored on a lab bench in air
ambient at room temperature. The stress variation in these films was monitored once every 7 days
over a period of 28 days. A different set of films were exposed to various ambient medium
including dry air (7 ppm of H20), deionized (DI) water, N2 (99.998%), and Oz (99.994%). The
stress variation in these films was monitored for 24 hours.

SiC film characterization. The film thickness was measured using a Nanometric

NanoSpec 6100 analyzer. Data were collected from 20 different points randomly across the wafer
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and the average values were recorded. The film stress was measured using a Toho Technology
FLX-2320 system. The stress values were estimated based on changes in the radius of curvature
of the silicon wafer due to the deposition of the a-SiC: H thin-film using Stoney equation [162].
XPS analyses were performed using a PHI VersaProbe 11 spectrometer equipped with an Al Ka
monochromated X-ray source (hv = 1486.7 eV). Prior to the spectra collection, the samples were
pre-sputtered with 1 keV Ar ions for 10 minutes to remove surface oxide. FTIR analyses were
performed using a ThermoElectron Nicolet iS50 spectrometer with a deuterated triglycine sulfate

(DTGS) detector. The spectra were collected at a resolution of 4 cm™.

6.3 Results

6.3.1 Stress Variation Over Time

The residual stress of the a-SiC:H films is monitored over a period of 28 days in air
exposure. Figure 6.1(a) illustrates the results from the films deposited at various temperature

ranging from 150 to 350 °C at a fixed power density of 0.27 Wcm. As recognized in other studies
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Figure 6.1. Residual stress in air-exposed a-SiC:H films deposited at (a) various temperature and
(b) various power densities, monitored over a period of 28 days.
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[157], the intrinsic compressive stress of the as-deposited films is shown to be lower when
deposited at higher temperature (-230 MPa for Tp = 150 °C and -100 MPa for Tp = 350 °C). In
the films deposited at Tp = 325 °C and 350 °C, the stress remains almost invariant over 28 days at
approximately -100 MPa. Unlikely, an abrupt increase in the compressive stress occurs in the
low-temperature films during the initial 7 days; the stress changes from -163 to -203 MPa (24.5%
increase), and from -226 to -356 MPa (57.5% increase), in the films deposited at Tp = 250 °C and
150 °C, respectively. The compressive stress keeps increasing over time until Day 28. Figure
6.1 (b) shows the results from the films deposited at various power densities ranging from 50 to
320 W (0.05 to 0.32 Wem™) at a fixed temperature of 350 °C. The intrinsic compressive stress of
as-deposited films is shown to be higher when deposited at higher power (-35 MPa for 0.050 Wcm®
2 and -125 MPa for 0.32 Wcm™), agreeing well with other studies [157]. It is shown that the power
at which the films are deposited also influences the changes in film stress over time; the residual
stress remains relatively unchanged in the films deposited at power density equal to or greater than
0.2 Wem2, while more pronounced changes are observed for low-power deposition conditions.
These results clearly suggest that the residual stress in air-exposed a-SiC:H films is prone to change

over time, especially when the films were deposited at low temperature or low power.

6.3.2 Chemical Bonding Analyses

Chemical bonding analyses were carried out to evaluate the cause of stress change in the
air-exposed a-SiC:H films. Figure 6.2 represents the XPS spectra of the films deposited at different
temperature. The data are collected after 30 days post-deposition. The spectra were fitted using

Voigt line shapes in conjunction with a Shirley background subtraction utilizing “AAnalyzer”
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Figure 6.2. XPS spectra of air-exposed a-SiC:H films deposited at various temperature and
collected after 30 days post-deposition. The dashed lines represent the peak position of different
species in the regions of (a) Si 2p, (b) C 1sand (c) O 1s.
software [88]. Prior to fitting the spectra, the O 1s region is charge compensated by centering it at
532.2 eV. The Si 2p is fitted using a doublet peak by considering the fact of spin-orbit splitting of
the spectrum. The doublet peak represented by a Si 2ps2 and Si 2py/. are separated by 0.6 eV and
an intensity ratio of 2:1 [163].

The peak position of Si 2p spectra in Figure 6.2 (a) is observed to shift to lower binding

energy as deposition temperature varies from 150 °C to 350 °C. Both in Tp = 350 °C and 325 °C,

the spectra are fitted using a single peak centered at ~100.2 eV. This is characteristics of Si—C peak
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[164]. For Tp = 250 °C and 150 °C, the best fits are obtained by fitting the spectra with two distinct
peaks. The original peak has shifted to 100.8 eV in the 250 °C sample and further to 101 eV at
150 °C. We identify this peak as Si—-O—C bond. This peak position has previously been associated
with SIOC3[165] or Si2OC22[166] bonding, but SiOxCy will be used herein as a general notation.
The peak at 102.1 eV can be associated with either an O-rich SiO3C [167] or a sub-stoichiometric
SiOx phase [168]. The oxygen counts are too low to be detected in the Si 2p spectra for the samples
deposited at Tp = 350 °C and 325 °C and hence no fits could be assigned related to a Si—O peak.

The O 1s spectra shown in Figure 6.2 (c) also show very low peak intensities for both
350 °C and 325 °C deposition temperatures, indicating a relatively low rate of oxidation in these
two samples as time progressed. The intensity of O 1s increases in the 250 °C films and further
more in the 150 °C films, indicating a higher rate of oxidation within those two samples. The
spectra fitted with two peaks are identified as an O—Si—C bonding at 532.2 eV and an O-Si bonding
at 533.2 eV. This also confirms that the peak at 102.1 eV in Si 2p is due to a sub-stoichiometric
SiOy.

The C 1s spectra in Figure 6.2 (b) is fitted using two peaks, namely at 284.7 eV which is
due to a C-C or a C-H bonding and does not shift with respect to deposition temperature but
increases in intensity as the temperature is reduced. The peak at 283.3 eV in both 350 °C and 325
°C sample is due to C-Si, which correlates with the Si 2p spectra. The peak, however, shifts at
lower deposition temperature 250 °C and further shifts at 150 °C. It can be related to a C-Si-O
peak which compliments the Si—-O-C peaks in Si 2p due to the oxidation.

Figure 6.3 shows the infrared (IR) absorbance spectra of the silicon carbide films that were

deposited on the DSP wafers. The spectra were collected 7 days and 150 days after deposition.
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The peaks observed conform to those published in literature [169]-[173]. The peak at 607 cm™ is
due to the Si-Si phonon absorption from the substrate [48]. The most intense peak at 785 cm™ has
been reported to be the Si—C stretching mode, whereas the peak at ~2100 cm™ arises from the Si—
H stretching and various C—H, stretching at ~2900 cm™ [174]. The shoulder at ~1000 cm™ has
been identified as either a Si—-CH> or a Si—-O-Si stretching or both [169]-[171].

However, the increase in the intensity of the shoulder, especially in the 150 °C after 150

days, indicates that it is due to oxidation which thereby causes an increase in the Si—O-Si bonding
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Figure 6.3. FTIR spectra of air-exposed a-SiC:H films deposited at various temperature and
collected after (a) 7 day and (b) 150 days post-deposition.

density. This also conforms to the results obtained from the XPS. The sample Tp = 250 °C shows
a slight increase in the shoulder at ~1000 cm™ after 150 days, which indicates that the film is
oxidizing over time as well. With decreasing deposition temperature, the Si—H stretching at
~2100 cm is observed to slightly shift towards higher wavenumber. Jean et al. [174] reported that
the peak position of Si—H stretch is an indication of the stoichiometry of the SiC films. According
to their estimate, the Si/(Si+C) ratio in our films is close to ~0.45. This suggests that these films

are slightly carbon-rich. The peak intensity at ~2900 cm™, representing the C—H, stretching,
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indicates the amount of unreacted methyl group in the film. At lower deposition temperature, the

amount of methyl group is higher which causes an increase in the peak intensity.

6.3.3 Sources of Oxidation and Correlation with Stress Change

It is evident from the results presented so far that low-temperature a-SiC:H films are
susceptible to oxidation in air exposure. However, whether this reaction is due to oxygen or water
vapor (hydroxyl groups) from the ambient is still not clear. To sort this out, a new set of samples
are prepared by depositing a-SiC:H films at 150 °C. They are monitored over a 24-hour time period
under exposure to different ambient medium, including ambient air, dry air (7 ppm of H20), N2
(99.998%), or O2 (99.994%). Some samples are soaked in deionized water (DI water). Figure 6.4

shows the residual stress in the films measured at 4, 8 and 24 hours after exposure to their ambient
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Figure 6.4. Residual stress in a-SiC:H films deposited at Tp = 150 °C under exposure to various
ambient environment over a period of 24 hours.
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compared to the film stress as-deposited. For the films deposited at 150 °C, residual stress varies
only insignificantly under exposure to N». This indicates that residual stress remains nearly
unchanged in the absence of sufficient amount of oxygen or water vapor. On the contrary, an
increase in oxygen concentration, as evident in O, ambient (~100% O>), results in rapid increase
in compressive stress. This clearly shows that these films are prone to react with oxygen and that
such reaction causes a change in residual stress. A pronounced increase in compressive stress is
also observed in air exposure (Air), but less in dry air. The dry air has a similar oxygen
concentration but a lower humidity compared to the ambient air. This indicates that not only
oxygen but also water vapor reacts with the films and promotes change in stress. This is also
confirmed by the observation that soaking the films in DI water, which contains a large amount of
oxygen and water vapor, results in the largest oxidative effect and subsequent increase in
compressive stress. From these results, it is evident that both oxygen and water vapor are the
sources of oxidation as well as a subsequent change in residual stress (increase in compressive
stress) in low-temperature a-SiC:H films.

To confirm the correlation between the change in mechanical stress and the chemical
bonding in the films, XPS spectra from the newly deposited samples at Tp = 150 °C are collected
immediately after deposition. The samples are then exposed to air and measured again after 24
hours, and after 30 days. Figure 6.5 presents the XPS spectra of the individual Si 2p, C 1s, and
O 1s regions of the sample collected after each time period. The Si-O bonding in the Si 2p
increases over time, as expected, confirming that the film is oxidizing. The C-Si—O peak in the C
1s spectra, an evidence of silicon oxycarbide (SiCxOy) formation during or immediately after

deposition, is shifted to the higher binding energy over time indicating oxidation in the film.
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Figure 6.5. XPS spectra of a-SiC:H films deposited at Tp = 150 °C and monitored over a time
period of 0, 1, and 30 days. The dashed lines represent the peak position of different species in the
regions of (a) Si 2p, (b) C 1sand (c) O 1s.

The O 1s spectra show the rate of oxidation with an increase in the peak intensity. The
oxygen concentration has doubled within 24 hours after deposition, indicating a higher rate of
oxidation. However, the rate of oxidation slows over time as seen from the O 1s spectra after 30
days. This shows that the films get oxidized faster soon after deposition as more reactive sites are
available to oxygen. As time progresses, the oxidation recedes due to the reduction in the reactive
sites in SiC. The temporal increase in compressive stress in the low-temperature films is attributed

to the high-weight oxygen molecules into the Si—C lattice.
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6.4 Discussion

The effects of deposition conditions on the residual stress of as-deposited a-SiC:H thin
films have extensively been investigated previously [157], [158]. With increasing interest in
a-SiC:H as dielectric coating for implantable medical devices (e.g. neural probes), it is important
to understand the long-term reliability of these coatings and how to tailor the deposition parameters
to achieve stable dielectric films. This study provides the first comprehensive assessment of the
mechanical and molecular characteristics of a-SiC:H films post deposition. Usually, compressive
intrinsic stress arises in a-SiC:H films due to the incorporation of hydrogen atoms into the Si—C
bond lattice [159]. This is evident from stretch bands associated with Si—H at ~2100 cm™ and C-H
at ~2900 cm™ in FTIR spectroscopy [174]. On the other hand, other impurities such as oxygen and
water vapor have been shown to produce compressive stress in aluminum [160] and silicon
monoxide [161]. It was previously reported that highly porous amorphous SiC, when exposed to
oxygen or air ambient, oxidizes faster compared to single crystal SiC [167]. However, the
influence of these impurities on residual stress in a-SiC:H films has not yet been reported.

While all the a-SiC:H films prepared in this study show surface oxidation irrespective of
deposition conditions, lower-temperature deposited films also exhibit significant subsurface
oxidation over time. At higher temperature, there is a complete decomposition of the reactive gases
favoring the formation of dense and stable films, hindering the transmission of oxygen and water
vapor into the subsurface of the film. On the contrary, the films deposited at lower temperature are
highly porous and permit transmission of oxygen and water vapor, resulting in subsurface
oxidation over time. A similar argument can also be drawn for the effect of deposition power; at

higher power, more energized plasma forms a denser film, resulting in an improved film quality
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and thereby reduced oxidation effect over time as shown in Figure 6.1 (b). Highly porous films
have large Si-CHs content [175] and this is evident in the FTIR spectra in Figure 6.3 for low-

temperature films.

6.5  Stability of Amorphous SiC at Lower Deposition Temperature

With the information obtained after studying the residual stress of a-SiC:H with deposition
temperature, it was concluded that the samples deposited at higher temperature (> 325 °C) was
suitable for stable low-stress films with minimal oxidation effect. However, the focus shifted
towards developing a process that would reduce the thermal budget of SiC deposition. In order to
coat certain devices with SiC, a lower deposition temperature is desired as the devices and the
materials may sustain only up to certain temperatures. Since SiC deposited at 150 °C was oxidizing
over time, it was not a suitable choice for depositing SiC on devices that would be implanted for a
longer duration in a saline ambient. The a-SiC deposited at 250 °C underwent oxidation over time,
but it was still at a lower rate compared to Tp = 150 °C. Also, when investigating the power density
dependence on the stress of a-SiC:H films over time (Figure 6.1 (b)), it was observed that the
residual stress remained invariant for power densities > 0.2 Wem™. However, the result was
obtained for samples deposited at Tp = 350 °C. The sample deposited at 250 °C with a power
density of 0.27 Wem still oxidized over time. Therefore, it was desirable to deposit the material
at 250 °C by increasing the power density while keeping all the other deposition parameters fixed.
With that of view, samples were deposited at Tp = 250 °C and the three variable power densities

selected were 0.27, 032, and 0.37 Wcm™.
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The residual stress of the thin films was measured soon after deposition and again
monitored after 7, 14 and 35 days. Figure 6.6 represents the change in the residual stress of the
three films deposited at 250 °C. The films become more compressive as the deposition power
density increases from 0.27 to 0.32 Wcm™. This is similar to what was observed in Figure 6.1 (b)
and also reported by Iliescu et al. [154]. However, the sample deposited at 0.37 Wcm™2 shows a
lower compressive stress, and with time although it becomes more compressive, the overall stress
was lower than the other two samples. With the limited set of data points, it was not possible to
understand the decrease in the residual stress at a higher power density. The stress in all three
samples had increased in compression by an amount of ~60 MPa after 35 days. The relative change

in the residual stress is still low compared to the samples deposited at 150 °C.
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Figure 6.6. Residual stress in a-SiC:H films deposited at Tp = 250 °C with variable power densities
and monitored over a period of 35 days.
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The FTIR measurement was performed on the samples soon after deposition and
consequently after 7 days and 33 days of deposition. The spectral data is presented in Figure 6.7.
As noted, no major change in the FTIR peaks observed, especially the shoulder at ~1000 cm™
which was identified as a contribution from the Si—O-Si stretching, had not changed for different
power densities or long after deposition. Therefore, no significant oxidation of the films can be
observed from the FTIR spectra. The slight increase in the Si—H stretch at ~2100 cm™ with lower

power density indicates that there were incomplete reactions of SiH4 present within the film. The
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Figure 6.7. FTIR spectra of samples deposited at Tp = 250 °C at various power densities and
collected after (a) deposition, (b) 7 days, and (c) 33 days.
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FTIR therefore could not correlate with the change in residual stress due to oxidation as it was
observed for samples deposited at Tp = 150 °C.

To further investigate the oxidation of the films, the XPS spectra was collected 30 days
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Figure 6.8. XPS spectra of a-SiC:H films deposited at Tp = 250 °C collected after 30 days. The
dashed lines represent the peak position of different species in the regions of (a) Si 2p, (b) C 1s
and (c) O 1s.

after deposition and analyzed. Figure 6.8 shows the XPS spectral regions of Si 2p, C 1s and O 1s

for the samples deposited at different power densities. The samples were sputtered for 10 minutes

with 1 keV Ar* ions prior to collecting the spectra. The Si 2p spectra show that for higher power
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densities, the films did not oxidize as the Si—C peak position remained at ~100.2 eV. However, at
0.27 Wem2, the films had oxidized where the Si—C peak shifted to higher binding energy which
correlates to a Si—-O—C bonding and a second peak at ~102.1 eV appeared indicating the presence
of Si—O bonding.

The C 1s spectra for the 0.27 Wem sample also show a shift indicating the presence of a
C-Si—0 bonding. The O 1s spectra further presents the increase in the intensity in the 0.27 Wcm™
sample with an additional peak for O-Si at ~533.1 eV which correlates with the Si—O bonding in
the Si 2p spectra. The concentration of oxygen in both 0.32 and 0.37 Wcm™ was low enough and
was beyond detection in the Si 2p spectra.

The XPS results obtained for the 0.27 Wem2 sample deposited at 250 °C was similar to
what was observed previously in section 6.3.2. However, it is fairly evident that by increasing the
power density, the oxidation effect can be a minimum for samples deposited at lower deposition
temperature.

Although XPS strongly suggests that the films do not oxidize over time that are deposited
at sufficiently higher power densities, it is still challenging to correlate the data with the change in
the stress, which in the previous sections has been presented to be due to oxidation only. Further
investigation is required to better understand the reason other than oxidation behind the change in

the stress of these films.

6.6 Conclusion

The temporal change of residual stress in PECVD a-SiC:H films exposed to air and wet
ambient has been investigated. A close correlation between film oxidation and stress change has

been suggested. It is evident from the series of chemical bonding analyses performed in this study
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that oxidation of a-SiC:H films is a consequence of the films reacting with both oxygen and water
vapor in the ambient. The oxidation rate is shown to be dependent on the oxygen concentration
and the amount of water vapor present. It has also been shown that the degree of oxidation in these
films is influenced by the deposition conditions. The films deposited at low temperature or power
exhibit pronounced increase in compressive stress over time. This is due to an increased rate of
transmission of oxygen and water vapor into these porous films. In order to achieve time-invariant
low-stress a-SiC:H films, it is important to deposit the films at sufficiently high temperature
(> 325 °C) and power density (> 0.2 Wem™). These findings will serve as a useful guide for
developing SiC-based dielectric coatings for implantable medical devices where thin-film stress
management and long-term wet stability are essential.

In addition, the stability of SiC films deposited at lower temperature was investigated. It
was suggested from XPS that samples deposited at 250 °C and a sufficiently higher power density
(> 0.32 Wcm™) does not oxidize over time. A correlation between the change in the residual stress
to the effect of oxidation could not be established for these samples, however. For coating devices
that can sustain a lower temperature, and which do not require strict stress control, a-SiC can be
deposited at 250 °C with higher power and can be used for long term studies with minimal to no

oxidation effect.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

7.1 Conclusion

The primary focus of the dissertation was on the deposition and materials characterization
techniques of silicon-rich silicon nitride (SRN) films in order to form and identify silicon
nanocrystals for an improved light emission efficiency from silicon. Most of the foundation
towards improved emission efficiency from Si-based structures was based upon Si-SiO; systems.
However, our interest expanded to Si-SizsNs systems due to the lower tunneling barrier of SiaN4
compared to SiO.. This would have allowed an increase in the electron tunneling probability and
more efficient transport of charges, both of which are essential for making electroluminescent and
photovoltaic devices.

The initial challenge with SRN samples was the presence of a large number of defects
within the film. The defects were primarily studied in SRN samples that were prepared using the
LPCVD. Strong visible photoluminescence was observed from as deposited as well as annealed
samples, and initially it was assumed that the origin of luminescence may have been from a
Si-nanocrystal. However, the fast time decay constant could be correlated to a non-radiative state
that was due to intrinsic defects from the nitride. These defects were identified as Si and N dangling
bonds which play a significant role in the luminescence of the samples. The stoichiometries were
measured using an ellipsometer, and were useful after extracting the bandgap of the material. It
was noticed that the LPCVD samples in fact had a dual bandgap of silicon nitride. The PL was
deconvoluted and the peak positions were assigned based on the possible transition that may have

taken place between the band edges and the defect states. A shift in the PL peak energy was

98



observed as the films became more Si-rich and was related to the changing bandgap of SisNa4, not
to a quantum confinement effect. Other characterization, namely XPS, FTIR, TEM, Raman and
XRD were performed on the samples, which only indicated that the sample were Si-rich nitrides,
but no significant presence of the Si-NC could be observed from the as deposited or the high
temperature annealed samples.

The next challenge was to form Si-NCs in the SisN4 matrix. With that end in view, the RF
sputtering was explored as a viable option as it offered room temperature deposition and did not
require any dilutant gases. Initially, Si was reactively sputtered with an Ar/N2 mixture to prepare
SRN films and annealed at temperatures ranging from 800 °C to 1000 °C. The films were
characterized using TEM, which revealed an ordered structure within the SizN4 matrix that is an
indication of Si-NC. Further confirmation of the Si-NCs were observed from XRD and Raman
where the annealed samples exhibited distinct peaks corresponding to crystalline Si. However,
when the samples were illuminated under the laser, no detectable PL was observed, indicating that
the Si-NCs were not luminescent. Interest then shifted towards developing Si-SiO- based materials
where the quantum confinement has been extensively studied by other researchers. Si and SiO»
targets were co-sputtered at various power ratios and were annealed at 1100 °C, which exhibited
a very strong PL when excited at a low power setting. The width of the PL was narrower which
could be fitted using a single Gaussian peak and the TRPL decay had a long component which
confirmed that the PL was indeed coming from the quantum dots formed within the SiO> matrix.
Further experimentation was performed with PL at lower measurement temperatures, where the
intensity of the PL increased and reached a maximum at liquid nitrogen temperatures. The

phenomenon could be related to the radiative transitions originating from the quantum dots.
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With the newly found deposition conditions and annealing temperatures that effectively
formed quantum dots in SiO, matrices, the focus then shifted to SisN4 again and similar conditions
were employed to mimic the results of SiOz. A reference SiNy sample along with SRN samples
were co-sputtered in the chamber and annealed at high temperatures. When excited using the laser,
visible PL was observed rising from the annealed samples, including the SiNy reference sample.
The intensity of the luminescence decreased as the Si concentration increased. And most
importantly, the TRPL was still fast decaying similar to what was observed in LPCVD SRN
samples. However, the characterization from XRD, Raman and XPS had strongly suggested that
the samples undergoing high temperature anneal had formed Si-NCs. PL energy used was unable
to excite these nanocrystals due to the high defect density. The origin of the luminescence was
identified to be from oxygen related defects in addition to the intrinsic defects which may have
formed during annealing.

In conclusion, the experimental evidence presented that despite having promise over SiO>
or SiC for suitable application in light emission, the intrinsic defects dominated within the SizN4
matrix which was always luminescent when excited under a laser. The defects were the major
luminescent centers within the material irrespective of containing a Si-NC. The laser wavelength
used was sufficient to excite the defects whereas the effects from Si-NC may have been suppressed.
Therefore, SizN4 system may not be an ideal candidate as an efficient material system over SiO-

for light emitting applications due to its defects.

7.2 Future Work

The interfacial defects formed between the Si/SiO; interface have been a common issue in

CMOS technology for a very long time. Strain form thermal oxidation of Si can create such defects,
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which can trap charges and eventually affect the operation of the metal-oxide-semiconductor
(MOS) devices. It is therefore essential to minimize these defects to improve the performance of
these devices. Hydrogen has been known to effectively passivate these defects [36], especially the
interfacial defects (Pycenters), which are the major source of charge trapping in the Si/SiO;
interface. Interfacial defects are found to be reduced when devices are introduced in hydrogen
ambient at certain temperatures [37]. Typically annealing in a forming gas (5% — 10% H: in Ny)
ambient at 400 °C works fairly well for MOS related devices [36].

In the fabrication of Si nanocrystals in SiO2, it has been established that the interface
defects present in MOS devices also occur at the interface between the Si-NC and the dielectric
matrix [176], [177]. Lannoo et al. [35] also showed that a single dangling bond defect is sufficient
to quench the visible luminescence from a Si nanocrystal. Hydrogen passivation, however, has
been effective after improving the luminescence efficiency similar to MOS device passivation
[39], [41], [178], [179]. The nanocrystals are annealed in forming gas to achieve the passivation.

Although good passivation results have been achieved after improving the device
performance of Si/SiO2 based MOS devices and Si-NCs in SiO, there has been very little
development in passivating the defects in SisNa. SisNa4 is expected to have interfacial defects at the
SiaN4/Si interface and it was discovered that the number of defects at the nitride interface is higher
than its oxide counterpart [72], [73]. In addition, from electron spin resonance (ESR)
measurements, numerous studies have identified various other defects within the nitride matrix
that are induced due to Si or N dangling bonds or oxide related bonds, and the densities of some

of the defects were found to increase from ~10'" ¢cm™ to ~10'® cm™ when annealed at high
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temperatures [136], [137], [139], [141]. Many of these defects were predicted to exist in silicon
nitrides that were annealed at high temperature to form Si-NCs [76], [78], [81], [114].

The defects in the SiaN4 still impose a major challenge after developing a highly efficient
device. It is therefore important to reduce the defects in such materials prior to making the device.
Hydrogen passivation can still effectively reduce the dangling bond defects in SRN systems. The
step immediately after forming Si-NC in SizN4 would be to design experiments on the effect of
forming gas annealing at different temperatures and annealing time. Additionally, passivation
using atomic hydrogen can be used to increase the rate of diffusion of hydrogen in the bulk of the
material. Other possible methods of introducing hydrogen may include ion implantation of H* ions
or sputtering in a forming gas environment.

Throughout the project, photoluminescence spectroscopy had a major role after identifying
both the defect and the quantum dot states. The PL setup was only available for an excitation
energy of 400 nm (3.1 eV), which may have been sufficient enough to excite the defects in the
SizNa. A spectrometer capable of generating light at lower energy that does not excite the defects
could be used to probe for the Si-NCs that are present in the SRN samples. Wang et al. [76]
reported that when SRN samples were illuminated using a 325 nm He-Cd laser, the PL would be
detected from defects alone. However, when samples were excited using a 514.5 nm Ar laser, the
PL was different and it had also redshifted for excess Si-concentration. They related the PL to be
originating from the quantum dots. Hence, it would be interesting to observe the evolution of PL
with variable excitation energy.

The goal of the study was to validate if the Si-NCs in SRN samples would be a suitable

choice over SiO> or SiC in a Si-based light emitting device. The device is typically fabricated on
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a doped (either n- or p-type) Si-wafer, where the dielectric containing nanocrystals are deposited
and a transparent carrier injection layer is lithographically defined on top. By applying an electric
field across the device, electroluminescence can be measured coming from the transparent layer.
There are a number of challenges to realizing a LED with such materials — 1) The carrier injection
into the nanocrystal is still difficult and not very well understood for SRN type materials, 2) A
very careful control of the excess Si is required that will contain enough Si-NCs for carrier
injection and also will not be highly conductive and leaky. In addition, the selection of an active
transparent layer from which light will be emitted remains a challenge. Several reports suggested
using a thin polysilicon [180]-[182] layer whereas others used indium-tin-oxide (ITO) depositions
[183]-[185]. However, the fabrication of a successful LED using the Si-NCs could serve as a
standalone project.

With all the challenges Si-NCs in SRN currently impose, there is still plenty of work to be
done in order to fully understand the behavior of the nanocrystals, their defects, and successful
methods to reducing these defects before integrating them into a functional efficient device. Once
these issues have been addressed, the successful integration of Si-NC in semiconductor devices

can be realized.
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