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ABSTRACT

Investigation of Melting and Solidification of Thin Polycrystalline
Silicon Films via Mixed-Phase Solidification

Ying Wang

Melting and solidification constitute the fundamental pathways through which a thin-film
material is processed in many beam-induced crystallization methods. In this thesis, we
investigate and leverage a specific beam-induced, melt-mediated crystallization approach,
referred to as Mixed-Phase Solidification (MPS), to examine and scrutinize how a
polycrystalline Si film undergoes the process of melting and solidification. On the one hand, we
develop a more general understanding as to how such transformations can transpire in
polycrystalline films. On the other hand, by investigating how the microstructure evolution is
affected by the thermodynamic properties of the system, we experimentally reveal, by examining
the solidified microstructure, fundamental information about such properties (i.e., the anisotropy
in interfacial free energy).
Specifically, the thesis consists of two primary parts: (1) conducting a thorough and
extensive investigation of the MPS process itself, which includes a detailed characterization and
analysis of the microstructure evolution of the film as it undergoes MPS cycles, along with

additional development and refinement of a previously proposed thermodynamic model to
describe the MPS melting-and-solidification process; and (2) performing MPS-based
experiments that were systematically designed to reveal more information on the anisotropic
nature of Si-SiO2 interfacial energy (i.e., 𝜎𝑆𝑖−𝑆𝑖𝑂2 ).
MPS is a recently developed radiative-beam-based crystallization technique capable of
generating Si films with a combination of several sought-after microstructural characteristics. It
was conceived, developed, and characterized within our laser crystallization laboratory at
Columbia University. A preliminary thermodynamic model was also previously proposed to
describe the overall melting and solidification behavior of a polycrystalline Si film during an
MPS cycle, wherein the grain-orientation-dependent solid-liquid interface velocity is identified
as being the key parameter responsible for inducing the observed microstructure evolution.
The present thesis builds on the abovementioned body of work on MPS. To this end, we
note that the limited scope of previous investigations motivates us to perform more thorough
characterization and analysis of the experimental results. Also, we endeavor to provide more
involved explanations and expressions to account for the observed microstructure evolution in
terms of the proposed thermodynamic model. To accomplish these tasks forms the motivation for
the first portion of this thesis. In this section we further develop the thermodynamic model by
refining the expression for the solid-liquid interface velocities. In addition, we develop an
expression for the grain-boundary-location-displacement distance in an MPS cycle. This is a key
fundamental quantity that effectively captures the essence of the microstructure evolution

resulting from MPS processing. Experimentally, we conduct a thorough investigation of the MPS
process by focusing on examining the details of the microstructure evolution of
{100}-surface-oriented grains. Firstly, we examine and analyze the gradual evolution in the
microstructure of polycrystalline Si films being exposed to multiple MPS cycles. A
Johnson-Mehl-Avrami-Kolmogorov-type (JMAK-type) analysis is proposed and developed to
describe the microstructure transformation. Secondly, we investigate the behavior of grains with
surface orientations close to the <100> pole. Orientation-dependent (in terms of their extent of
deviation from the <100> pole) microstructure evolution is revealed. This observation indicates
that the microstructure of the film continues to evolve to form an even tighter distribution of
grains around the <100> pole as the MPS process proceeds.
During MPS melting-and-solidification cycles, a unique near-equilibrium environment is
created and stabilized by radiative beam heating. Therefore, the microstructure of the resulting
films is expected to be explicitly and dominantly affected by various thermodynamic properties
of the system. Specifically, we identify the orientation-dependent value of the Si-SiO2 interfacial
energy as a key factor. This being the case, the MPS method actually provides us with an ideal
platform to experimentally study the Si-SiO2 interfacial energy. In the second part of this thesis,
we perform MPS-based experiments to systematically investigate the orientation-dependent
Si-SiO2 interfacial energy. Two complementary approaches are designed and conducted, both of
which are built on examining the texture evolution of different surface orientations resulting
from MPS melting-and-solidification cycles. The first approach, “Large-Area Statistical

Analysis”,

statistically

examines

the

overall

microstructure

evolution

of

non-{100}-surface-oriented grains. By interpreting the changes in the surface-orientation
distribution of the grains in terms of the thermodynamic model, we identify the
orientation-dependent hierarchical order of Si-SiO2 interfacial energies. The second approach,
“Same-Area Local Analysis”, keeps track of the same set of grains that undergo several MPS
cycles. An equivalent set of information on the Si-SiO2 interfacial energy is extracted. Both
methods reveal, in a consistent manner, an essentially identical Si-SiO2 interfacial energy
hierarchical order for a selected group of orientations. Also, the “Same-Area Local Analysis”
provides some additional information that cannot otherwise be obtained (such as information
about the evolution of two adjacent grains of specific orientations). Using such information and
based on the grain-boundary-location-displacement distance derived using the thermodynamic
model, we further deduce and evaluate the magnitude of ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 for certain orientation pairs.
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Chapter 1 Introduction

1 Introduction
1.1

Introduction
Over the years, numerous beam-induced melt-mediated crystallization techniques have been

developed and investigated in order to produce high quality Si films for various device
applications. Specific examples include thin-film transistors (TFTs) for advanced flat-panel
displays, three-dimensional integrated circuits (3D-ICs) for advanced microelectronics, as well
as thin-Si-film-based solar cells [1-14]. Due to the rapid expansion of the usage of the
beam-induced crystallization approach in recent years, extensive amount of research continues to
be devoted to further improve the technology in terms of generating better materials using more
efficient and cost-effective schemes. Since the approach is melt-mediated, understanding the
relevant fundamental details associated with melting and solidification of thin Si films under
beam irradiation is crucial for making such improvements to the resulting materials and process
characteristics.
The present thesis centers around a particular beam-induced crystallization technique
referred to as Mixed-Phase Solidification (MPS) [15]. The method utilizes a radiative-beambased source such as a continuous-wave laser or incoherent light beams to induce melting of thin
Si films. MPS is noteworthy because (1) it is based on a highly unusual negative-feedback (as a
result of a substantial and abrupt change in the reflectivity of Si upon melting) stabilized
near-equilibrium situation; the microstructure of the resulting films is, therefore, expected to be
1
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explicitly and dominantly affected by various thermodynamic properties of the system (e.g.,
interface curvature, surface and interfacial energies, and grain-boundary energies. etc.), and (2) it
is capable, as a result of the above situation, of generating Si films with a combination of several
highly sought-after microstructural characteristics. That is, after an initially amorphous Si film
(or small-grained Si film with random crystallographic orientations) on a SiO2 substrate is
repeatedly exposed under a well-defined MPS beam-intensity interval (within which both solid
and liquid regions dynamically coexist at and near the melting point), polycrystalline Si films
consisting of highly (100)-surface-textured and intra-grain-defect-free large grains are obtained.
Such microstructural qualities of the resulting material make MPS uniquely suited for certain
important applications (such as providing seed materials for fabricating high-performance
transistors and solar cells).
This thesis builds on the recognition that the situation encountered in the MPS process
presents one with an excellent opportunity to investigate how a polycrystalline Si film undergoes
the process of melting and solidification under beam irradiation. In particular, the study of MPS
enables a nuanced examination of the ways in which the thermodynamic properties participate in
shaping the microstructure of the resulting polycrystalline Si films. Such information is essential
as it is relevant for understanding and optimizing the MPS method, as well as other
partial-melting-based beam-induced-crystallization techniques such as excimer laser annealing
(ELA) utilized in manufacturing of advanced LCDs and OLED displays. This point has become
increasingly clear through our present investigation.
2
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Furthermore, the most thermally unusual near-equilibrium environment encountered in the
MPS method can be specifically leveraged and exploited to experimentally reveal fundamental
information regarding various thermodynamic properties. The main thermodynamic property this
thesis focuses on is the interfacial energy between crystalline Si and amorphous SiO2. During an
MPS melting-and-solidification cycle, the change in the texture of the polycrystalline film is
dominantly affected by the crystallographic orientation-dependent values of the Si-SiO2
interfacial energy. As it is possible to experimentally induce such a near-equilibrium environment
using a continuous-wave laser and readily examine the microstructural details of the processed
films (including and especially the orientation of the grains), the MPS method provides one with
an ideal platform to experimentally study the Si-SiO2 interfacial energy anisotropy.
As it happens, the interface between crystalline Si and amorphous SiO2 (Si-SiO2) constitutes
an important and well-investigated topic in the field of materials science. Due to the critical role
its physical properties can play in electronic devices and material processes, the Si-SiO2 interface
has been extensively investigated over many decades. The fact that Si-SiO2 interfacial energy is
an anisotropic quantity whose value depends on the crystallographic orientation of the crystal is
well recognized, but, as it turns out, is very poorly characterized. By taking advantage of the
MPS process, we can conduct experiments to systematically reveal information on the interfacial
energy anisotropy. Such fundamental information associated with the Si-SiO2 interface is
otherwise difficult to discern, either experimentally or computationally.

3
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1.2

Organization of the Dissertation
To recap, in this thesis we will delve into thorough analysis of two main areas. (1) Conduct a

thorough and extensive investigation of the MPS process itself. (2) Perform MPS-based
experiments for direct investigation of the anisotropic nature of Si-SiO2 interfacial energy. The
subsequent chapters of this thesis are organized as follows:
Chapter 2 “Background” reviews the general aspects of beam-induced crystallization of thin
Si films, including areas of applications, materials and processing requirements, and various
techniques and approach. An extensive section is devoted to introducing the Mixed-Phase
Solidification (MPS) method. The properties of the interface between crystalline Si and
amorphous SiO2 are also reviewed. Finally, the motivation for the present study is discussed.
Chapter 3 “Thermodynamic Model of MPS” first reviews the basic aspects of the
thermodynamic model (including a general and qualitative description of the overall melting and
solidification sequence during an MPS cycle and a quantitative description of the
melting/solidification interface velocity). Then, a more thorough discussion on the interface
velocity is presented. An expression for the grain-boundary-location-displacement distance (i.e.,
a net grain-boundary “movement” distance) resulting from an MPS cycle is further developed to
capture the essence of microstructure evolution in MPS processing.
Chapter 4 and Chapter 5 deal with analyzing the evolution in the microstructure of
polycrystalline Si films undergoing MPS, with a particular focus on examining the evolution of
{100}-surface-oriented grains.
4
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Chapter 4 “Microstructure Transformation of MPS: Experiments and JMAK-type Analysis”
examines the details of the microstructure evolution observed in polycrystalline Si films as a
result of the films being exposed to MPS cycles. Based on the characteristics in the observed
changes in terms of surface fraction, grain size, and grain numbers (seed density) associated with
the {100}-surface-oriented grains, we propose and develop a Johnson-Mehl-AvramiKolmogorov-type (JMAK-type) formal analysis to describe the transformation (from small-grain
polycrystalline material with a distribution of surface orientations to (100)-surface-textured
large-grained material).
Chapter 5 “Microstructure Evolution of Near-{100}-surface-oriented Grains” compares the
microstructure evolution among the grains with surface orientation close to the <100> pole. We
subdivide the near-{100}-surface-oriented grains into a finer range of intervals in terms of their
extent of deviation from the <100> pole. Accordingly, orientation-dependent microstructure
evolution is observed and examined. And qualitative information pertaining to the dependence of
Si-SiO2 interfacial energy on the angle of deviation from the <100> pole is also extracted from
the observation.
Chapter 6 and Chapter 7 examine the evolution in the texture of the grains as they undergo
multiple MPS exposure cycles. In doing so, the chapters focus on the comparison between
{100}-surface-oriented grains and non-{100}-surface-oriented grains. By interpreting the data in
terms of the thermodynamic model, we extract information on the orientation dependence of
Si-SiO2 interfacial energy.
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Chapter 6 “Investigation of Si-SiO2 Interfacial Energy Hierarchy (1): Large-Area Statistical
Analysis” focuses on extensively characterizing the grain texture evolution associated with all
the grains that are present over a large area (i.e., Large-Area Statistical Analysis). Specifically,
different samples that have been exposed to a varying number of MPS exposure cycles are
examined in order to track how the grains with specific orientations evolve, on average, during
the MPS process. The hierarchical order of Si-SiO2 interfacial energies is extracted
correspondingly.
Chapter 7 “Investigation of Si-SiO2 Interfacial Energy Hierarchy (2): Same-Area Local
Analysis” deals with an alternative direct experimental scheme to investigate the evolution of the
grains with different orientations. Here, we have developed a way to directly keep track of the
same set of grains as the region is exposed to a different number of MPS cycles (i.e., the same set
of grains are examined between MPS exposures). An equivalent set of information on the
Si-SiO2 interfacial energy hierarchical order as obtained from the Large-Area Statistical Analysis
described in Chapter 6 is extracted. In addition, a quantitative evaluation of the magnitude of
interfacial energy difference (∆𝜎𝑆𝑖−𝑆𝑖𝑂2 ) for certain orientation pairs is performed using the
expression developed in Chapter 3.
Chapter 8 “Conclusions” summarizes the findings and results that were generated from the
present work and provides recommendations for future work in the area.
Appendix A “Partial Melting of Polycrystalline Si Films Using Continuous Non-radiative
Beam (Micro-Thermal-Plasma-Jet)” studies the similarities and differences in the melting
6
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behavior and the corresponding microstructures of the Si films irradiated by two different beam
sources (radiative vs. non-radiative). It is concluded that the overall spatial-temporal evolution
encountered in melting polycrystalline Si films using different beams is qualitatively identical
(i.e., intrinsic and beam-type independent).
Appendix B “Thin-Film Transistors Fabricated on MPS-processed Si Films: Correlation
between Device Performance and Active Channel Microstructure” evaluates the property of
n-channel TFTs fabricated on MPS-processed Si films. TFTs with ultra-high mobility are
obtained. A one-to-one correspondence between the device performance and the materials
microstructure is established. It reveals that the amount of grain boundaries at the active channel
region strongly affect various device properties.
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2 Background
2.1

Abstract
Silicon is the most widely used material in semiconductor industry. It is also the material of

choice for large-area electronic devices, such as TFTs and solar cells. In this chapter, we provide
some background information on the beam-induced-crystallization method for manipulating and
optimizing the microstructure of thin polycrystalline Si films. This includes: the technological
relevance of polycrystalline Si films in current and future electronic applications, the
corresponding materials and processing requirements, and description of presently utilized and
investigated techniques. Also, a comprehensive description of the Mixed-Phase Solidification
(MPS) method is presented, as the present thesis examines this particular process in detail. In the
second part, the properties corresponding to the interface between crystalline Si and amorphous
SiO2 are reviewed. It is revealed that systematic investigations of certain properties associated
with this Si-SiO2 interface, such as the anisotropy of interfacial energy, are lacking. Given that
such fundamental properties can affect both the processing characteristics and the microstructure
of resulting materials, especially in beam-induced crystallization of thin films, we identify the
topic as worthy of investigation.
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2.2

Beam-Induced Crystallization of Thin Si Films
Beam-induced crystallization uses a high-energy-beam source to transiently heat and melt an

as-deposited Si film on SiO2 (typically on low-cost substrates such as glass or plastics). As the
film subsequently cools and solidifies, depending on how solidification proceeds, a high-quality
polycrystalline Si film can be generated. The resulting material can be well-suited for various
applications including: high-mobility thin-film transistors (TFTs) for modern high resolution
displays (such as active-matrix liquid-crystal display (AMLCD) and organic light-emitting diode
displays (AMOLED) [1, 2]), three-dimensional integrated-circuits (3D-ICs) [3-6] and
semiconductor memories [7-9] as well as seed layers for thin-Si-film based solar cells [10-14].
2.2.1 Materials-and-processing-related considerations
From a materials point of view, microstructural characteristics of the Si films (such as grain
size, grain orientation, microstructure uniformity, intra-grain-defect density and surface
roughness) can directly affect the performance of the devices fabricated on top of them.
Therefore, certain requirements associated with the films’ microstructures need to be met.
For example, for TFTs, there are several important considerations. (1) The presence of fewer
grain boundaries in the active channel region is essential, as grain boundaries are the cause of
trapping states within the band gap of the material. (The origin of the trapping states is the
presence of dangling bonds near the grain boundary) [1, 16-20]. Reducing the number of grain
boundaries permits TFTs with high mobility. Therefore faster response (refresh rate) can be
obtained. Another reason for demanding grain-boundary-free material in the active channel
9
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region is that the existence of grain boundaries can lead to an increase in the threshold voltage
and leakage current [17, 21, 22]. (2) Uniformity is another important issue for device
applications. Uneven performance could be even more detrimental than poor but uniform
performance of TFTs [8, 23-25]. Uniform microstructure refers to uniform distribution in the
density, location and direction of grain boundaries at each device’s channel region. In this sense,
amorphous Si, small-grained Si, single crystal Si and grain-boundary- location-controlled
polycrystalline Si films show better uniformity than other general large-grained polycrystalline
Si films. (3) {100}-surface-orientation provides an additional benefit since it corresponds to the
highest electron mobility among all other orientations for n-channel field-effect devices (the
orientation-dependent mobility is explained by the orientation-dependent effective mass [26]).
Meanwhile, the {100}Si-SiO2 interface has a minimum number of trapping states among all
other orientations (the trapping states arise from the interruption of the periodic lattice structure
at the interface) [27-30]. (4) Finally, a smooth surface is necessary, as it is important for
improving the carrier mobility and reliability of gate oxide films [31, 32].
For solar cell applications, there are a few microstructure considerations as well. (1)
Large-sized and intra-grain-defect-free grains are desired since the grain boundaries and
intra-grain defects act as recombination centers. The charges created by the incident photon can
be trapped at such sites and not be separated and collected, thus leading to lower photocurrent
[19, 33, 34]. (2) {100}-surface-orientation is also preferred as it can permit a higher quality of
subsequent seeded epitaxial growth [35]. It also permits further engineering of the film’s surface
10
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morphology (e.g., anisotropic etching to form pyramidal structures) for higher efficiency light
trapping [36, 37].
The above discussion indicates that although specific microstructure requirements vary from
one application to another, it is generally desired that the functional area in the Si films should be
free of defects and have {100}-surface-orientation.
Finally, for the consideration of large volume manufacturing, low cost and high efficiency
are always being pursued. In addition, due to the usage of low cost substrates (such as glass or
plastic) in manufacturing, the process needs to be done at low temperatures [38]. For example,
the maximum processing temperature for glass substrates should be below ~600 oC [39].
Polycrystalline Si processed on temperature-sensitive substrates has been known in the industry
as LTPS, or Low-temperature polycrystalline silicon
2.2.2 Current beam-induced-crystallization methods
There are many methods that can generate polycrystalline/crystalline Si films on insulator
substrates: direct deposition [40-47], solid-phase crystallization (SPC) [8, 48-51], rapid thermal
annealing (RTA) [17, 52, 53], metal-induced crystallization (MIC) [4, 14, 54-59], solution
growth [60], wafer bonding and Separation by Implantation of Oxygen (SIMOX) [61] etc.
Beam-processing methods are advantageous since most of the above mentioned requirements
associated with materials microstructures and large volume manufacture can be satisfied at an
acceptable cost. This is done by selecting proper beam sources and processing parameters for the
process. The most widely used/studied beam crystallization methods are discussed as follows:
11
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2.2.2.1 Excimer Laser Annealing (ELA)
The melting and crystallization of a thin film using excimer lasers can be broadly termed
“excimer laser crystallization.” However, a narrower definition of excimer laser crystallization
will be described in this section, referred to as ELA. ELA uses a UV beam source (308 nm
wavelength) with typically ~25 ns pulse duration. The Si films being irradiated are 50-100 nm
thick. Such a combination (i.e., short wavelength corresponds to short absorption length; short
pulse duration corresponds to short heat diffusion distance) allows for intense heating confined to
only the surface of the Si films [62, 63]. Therefore, effectively, it’s a low temperature process, as
the substrates are not heated up. In the ELA process, a line-shaped short-pulsed beam is scanned
across the surface with laser energy that induces partial melting of the film. To achieve
sufficiently large grain sizes and good uniformity, multiple irradiations of the materials are
required (~20 times), which is realized by stepping the beam with a large overlap with the
previous scanned area on the sample surface.
The resulting polycrystalline Si films contain uniform grains with diameter of ~308 nm (as
shown in Fig 2.1). The size saturation mainly results from the interference effect that arises from
the scattering of incident light by melting-and-solidification-induced surface protrusions [64, 65].
The orientations of the grains are random or sometimes slightly (111)-surface-textured or
(100)-surface-textured depending on the film thickness [66-69]. Surface protrusions become
more significant as the number of melting-and-solidification cycles is increased. Yet for the
current application in displays, the roughness of the film after ELA processing is still acceptable.
12
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Research on excimer laser annealing has been ongoing since the 1980s [70]. The latest ELA
system produced by Coherent Inc. can deliver a homogeneous line beam with dimension of 750
mm x 0.4 mm and good pulse-to-pulse stability for large area manufacturing of LTPS. The main
challenges for ELA are: (1) the narrow processing window associated with the process; and (2)
the decreased throughput / increased cost caused by the substantial number of laser pulses. In
addition, the polycrystalline Si film obtained from ELA processing do not have locationcontrolled grain boundaries. This limitation will be an issue affecting ELA’s future applications.

Fig. 2.1TEM image showing the microstructures of ELA-processed Si films. The polycrystalline
Si films contain uniform grains with diameter of ~308 nm.
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2.2.2.2 Sequential Lateral Solidification (SLS)
Sequential lateral solidification, or SLS, also uses a short-pulsed excimer laser as beam
source. The main difference between ELA and SLS lies in the extent of melting. ELA is a
partial-melting process while SLS induces complete melting of the film under beam exposure.
The lateral growth is extended by stepping the beam so as to overlap with the crystallites formed
in the previous molten zone. The beam used in SLS process is shaped by a patterned mask.
By tuning the beam shapes (through different patterned masks) in combination with precise
micro-translation of the beam, the resulting microstructures can be well manipulated [21, 71].
There are various forms of SLS, with two-shot SLS being the most efficient [71, 72]. The beam
is shaped by equally-sized periodically-spaced parallel slits. Upon irradiation, lateral growth is
induced simultaneously in multiple regions. The beam is then translated along the lateral growth
direction, with distance between ½ -1 of the size of the molten zone from the previous irradiation.
After the second irradiation, location-manipulated grain-boundaries are regularly distributed with
a period equal to the translation distance as shown in Fig. 2.2 (a). Directional-SLS uses a
single-line-shaped beam. The lateral growth is extended through translating the subsequent beam
pulse with a step smaller than the lateral growth length [73-77]. When implemented optimally,
this process produces a directionally solidified microstructure that consists of non-equiaxed
grains of unrestricted length (Fig. 2.2 (b)). Dot-SLS uses a mask with an array of shadowed spots.
Lateral solidification is seeded from the unmelted area under the shadow. The dot shadows are
then translated within part of the laterally solidified area from the previous pulse. Consequently,
14
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upon re-irradiation, the unmelted seed region will contain a reduced number of seeds for lateral
growth. After several cycles, a single crystal grain can be obtained as shown in Fig. 2.2 (c) [71].
Chevron-SLS uses a chevron shaped beam that can self-select and extend a single grain over an
arbitrarily large area. It takes advantage of the fact that grain boundaries tend to align
approximately orthogonal to the propagating solid-liquid interface. Location-controlled single
crystal areas can thus be generated (Fig. 2.2 (d)) [78-80].

Fig. 2.2 SEM images showing various microstructures of Si films resulting from different SLS
processes: (a) two-shot SLS, (b) directional-SLS, (c) dot-SLS, and (d) chevron-SLS [71].
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The versatility and flexibility of the process, along with its ability to produce highly-uniform
materials in an efficient manner (large processing window, reduced shot number and controlled
grain boundary locations), makes SLS a viable alternative to ELA in manufacturing high
performance LTPS materials. Notably, two-shot SLS has already been used for manufacturing
high-resolution AMLCDs.
2.2.2.3 Zone Melting Recrystallization (ZMR)
ZMR uses continuous beams for irradiation, unlike the previous two methods: ELA and SLS,
which use short-pulsed beam. Several different beam sources have been employed for ZMR:
graphite strip heater [81-84], continuous-wave laser [85-87], incoherent lamp [88, 89], electron
beam [90] or micro-thermal-plasma-jet (-TPJ) [91, 92].
By locally heating the film, a narrow molten zone is created. Lateral solidification takes
place as the molten zone moves across the film. ZMR is a near-equilibrium melting-and
-solidification process and a capping layer is required in order to achieve a smooth surface,
obtain surface texturing and avoid agglomeration [83]. Initially, it was observed that the
solidified grains always contain many low-angle-sub-grain boundaries (as shown in Fig. 2.3).
Later on, it was reported that the subgrain boundaries can be eliminated by using a graphite strip
heater, which scans the film at an ultra-slow speed [84, 93]. Note that graphite strip heater is not
a highly focused beam source and therefore can generate a large molten zone with a locally
smaller thermal gradient on the sample, which improves the microstructural quality of the
processed film. Modified ZMR was developed to further improve the process. Some examples
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include fabricating gratings into the substrate (a process known as graphoepitaxy [85, 94-96]),
patterning the film itself [86, 87, 91, 97], seeded growth from Si wafer substrate [98-100] and
patterning anti-reflective coatings on top of the Si film [101].
High quality polycrystalline Si films, which consist of large grains with {100}-surfaceorientation, can be obtained through ZMR processing [81-83]. The near-SOI quality Si films
generated from ZMR process are well suited for applications in high-performance TFTs and thin
film solar cells. However, due to its requirement of extremely slow scans, ZMR cannot be used
for large area processing. Also, it’s not applicable for low temperature processing since the
elevated temperature and slow scan speed will heat up both the Si films and the substrates to
very high temperatures.

Fig. 2.3 TEM image showing the microstructure of ZMR-processed Si films (low angle subgrain
boundaries are always observed in the solidified grains, shown as the lineage structure) [95].
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2.2.2.4 Mixed-Phase Solidification (MPS)
MPS typically uses a radiative beam source (such as continuous-wave laser or flash lamp) to
irradiate thin Si films [15]. The film is processed under a well-defined beam intensity interval
(within which both solid Si and liquid Si dynamically coexist) for several cycles.
Optimally MPS-processed Si films show unique microstructure features with a combination
of various sought-after characteristics. As shown in Fig. 2.4, the film consists of large (several
micrometers in diameter), highly (100)-surface-textured and intra-grain-defect-free grains. Such
microstructure characteristics make MPS-processed Si films well-qualified for application in
both TFTs (through hybrid-dot-SLS to control the location of grain boundaries) [102] and thin
film solar cells (acting as seed layers for subsequent epitaxial thickening) [103].
Since the MPS process does not require laser or scan of a highly localized beam, a more
cost-effective beam source such as a xenon-arc flash lamp can be applied [104]. Doing this
enables MPS for high throughput and low cost processing. The only concern is that MPS also
requires substrates (such as quartz) that can sustain high temperature processing. This will raise
the cost of the process. (Note that similar MPS-type processes and observations have also been
reported by other groups. Yet systematic and consistent examination on the fundamental details
of the process was not conducted [105-108]).
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Fig. 2.4 From left to right: SEM, EBSD and TEM images showing the microstructure of
MPS-processed Si films. It is shown that the film consists of large, highly (100)-surface-textured,
and intra-grain-defect-free grains [15].

Due to the rapid expansion of the usage of the beam-induced crystallization approach in
recent years, much work continues to be devoted to further improve the technology in terms of
generating better materials using more efficient and cost-effective schemes. Taking the ELA
process for instance, the current ELA grain size (d~308 nm) is much smaller than the size of the
TFT channel. The thin film can be viewed as a uniform material for TFTs fabrication. Yet for
ultra-high resolution displays, the TFT size will shrink substantially. Eventually it will approach
the ELA grain size. Then device non-uniformity issue will play more of a factor, and thus making
grain-boundary-area-controlled polycrystalline Si a highly sought-after commodity.
To better manipulate the materials microstructure properties, and therefore improve the
performance of the resultant devices, fundamental understanding of the beam-induced
crystallization process is necessary. This ultimately leads to the understanding of melting and
19
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solidification details encountered in the process. In this thesis, we focus on one of the above
mentioned crystallization technique: MPS. Extensive investigation on the melting and
solidification behaviors of Si films undergoing the MPS process will be performed. In the next
section, we first go through more background of the MPS process.

2.3

Mixed-Phase Solidification: Background

2.3.1 Radiative beam-induced melting of Si films
The MPS method is based on an unusual melting behavior associated with Si films under
radiative beam irradiation. That is, solid Si and liquid Si can stably coexist within a wide incident
intensity interval. This phenomenon was first reported by Bosch and Lemons in the 1980s. They
observed that upon cw-laser irradiation (beam with 514 nm wavelength or 1064 nm wavelength
was used), solid Si and liquid Si can coexist dynamically within a certain laser intensity interval
[109]. The solid lamellae coexisting with the melt (shown in Fig. 2.5) were identical when
viewed from above the Si layer or through the transparent substrate, indicating that the
solid-liquid regions were continuous through the entire film thickness. Later on, Biegelsen and
Hawkins explained the origin of this unusual behavior based on the reflectivity difference
between solid Si and liquid Si [110]. The reflectivity of Si increases sharply upon melting (i.e.,
liquid Si reflects a higher percentage of the incident beam than solid Si). As a result, a negative
feedback situation is established, leading to the stable coexistence of a solid-liquid mixture (i.e.,
for a given incident intensity, the solid and liquid regions appear and disappear dynamically over
20
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the time, yet the fraction of liquid/solid does not change). Within a certain incident beam
intensity interval (shown in Fig. 2.5), increasing the beam intensity will increase the liquid
fraction, but not the net power into the sample (because the increased amount of liquid reflects
more light). Therefore, the area will remain partly solid and partly liquid at the melting
temperature within this incident beam intensity interval.

Fig. 2.5 Left images: in situ observation of a Si film under Ar+-laser irradiation: (a) Visible-light
micrograph of black body emission (BBE) from the area. (b) Same as in (a), but viewed in
reflected microscope light. (c) High-resolution BBE micrograph of the melt zone. (d) Same as in
(c), but showing the transmission of a focused 1.15 µm HeNe laser beam [109]; Right plot: Plot
of Si temperature vs. incident power indicating a wide incident power window for the
solid-liquid coexistence (the lamellae region). Within the window, the liquid fraction increases
from 0 to 1 as incident power increases [110].
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Biegelsen and Hawkins provided a macroscopic explanation for the two-phase coexistence
phenomenon. Microscopically, the solid regions are superheated and the liquid regions are
supercooled. They can only dynamically coexistent below a given phase separation distance
(where the corresponding level of superheating/supercooling can be balanced by other factors).
This distance was examined quantitatively by Jackson and Kurtze through performing
Mullins-Sekerka-type interface stability analysis later on [111]. In their analysis, a sinusoidal
time-dependent perturbation is introduced at the interface. The interface is unstable if such
perturbation would grow (it is stable if the perturbation decay). According to Jackson, there are
three terms that affects the interface stability: (1) stabilizing term: solid-liquid surface tension; (2)
stabilizing term: the perturbation causes penetration of the solid into liquid, the heat input in that
area increases, raising the temperature locally and favoring a return to the liquid. Similarly,
liquid penetration into solid reduces the local heat input favoring return to solid; (3) destabilizing
term: solid is at higher temperature than liquid. Small values of superheating and supercooling
are tolerated due to the two stabilizing terms which act against the destabilizing term. As such,
there exists a critical phase separation distance (i.e. characteristic distance) below which the two
phases stably coexist and above which the solid-liquid mixture is unstable.
2.3.2 Previous MPS investigations
In recent years, our group developed a beam-induced crystallization technique called
Mixed-Phase Solidification (MPS) based on the above special melting behavior [104]. It
involves multiple exposure of a Si film to irradiation within the solid-liquid coexistence beam
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intensity interval. It was observed that the microstructure of the film changes gradually with
increasing irradiation cycles. Both the average grain size and the degree of (100)-surfacetexturing increase with increasing irradiation cycles. A highly (100)-surface-textured
polycrystalline Si film with grain size soft-saturating around a certain value is obtained after
multiple irradiations. Previously, a comprehensive study was performed to examine how the
process is affected by various physical factors. The optimal processing conditions were identified.
The experimentally observed soft-saturation of grain size after multiple MPS cycles was further
analyzed and was found to be directly related to the solid-liquid characteristic coexistence
distance [104].
A preliminary thermodynamic model was also proposed to qualitatively describe the melting
and solidification behaviors of a polycrystalline Si film that undergoes MPS cycles. It was
concluded that each cycle is principally composed of two steps: first, melting initiates at grain
boundaries or other extended defect sites; second, with increase (decrease) in incident intensity,
the fraction of liquid increases (decreases) and melting (solidification) takes place laterally at the
transitional rates that depend on the local curvature and local temperature [104]. The lateral
solid-liquid interface velocity is identified to be the key factor in affecting the melting and
solidification process in MPS cycles. A quantitative expression for the solid-liquid interface
velocity was developed correspondingly. Details can be found in Chapter 3.
Along with the study on the MPS process, it is realized that MPS melting-and-solidification
process takes place in a near-equilibrium environment. As such, the thermodynamic properties of
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the system can significantly affect the microstructure evolution after each melting-andsolidification cycle. Particularly, the texture evolution is dominantly affected by the anisotropy of
Si-SiO2 interfacial energy. Therefore, the MPS process provides us with an ideal platform to
experimentally

investigate

the

orientation-dependent

Si-SiO2

interfacial

energy.

The

corresponding investigation constitutes the second part of this thesis. Some background about the
Si-SiO2 interface is presented in the following section.

2.4

Si-SiO2 Interface
The interface between Si and SiO2 has been intensively investigated over many decades. The

main reason is because the Si-SiO2 interface is the most important feature involved in
metal-oxide-semiconductor filed effect transistor (MOSFET), which dominates contemporary
integrated circuit (IC) technology [112-114]. Understanding and controlling the properties of the
Si-SiO2 interface can be essential in determining device performance and reliability. For example,
controlling defects at the interface is essential as interface defects are reported to cause serious
problems such as increased gate leakage current, reduced threshold for dielectric breakdown, and
oxide charging [115]. Besides the role played in electronic devices, the Si-SiO2 interface also
contributes to various phase-transformation-based or microstructure-evolution-based processes.
For the processes involving polycrystalline Si films on SiO2 (e.g., melt-mediated crystallization,
solid-phase crystallization, grain growth, solution growth, deposition, etc.), the thermodynamic
properties of the interface can directly affect the process [95]. Therefore, knowledge of the
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Si-SiO2 interface properties is also important in dictating and controlling the resulting
microstructures of the films resulting from those processes.
Over the years, extensive investigation has been conducted, with predominant focus on the
interface structure, composition and electrical/mechanical/chemical properties. In the following
section, we will review the general Si-SiO2 interfacial properties as well as various anisotropic
properties associated with the interface. A summary of previous reports on the Si-SiO2 interfacial
energy is also performed, which indicates that systematic study on this topic is still lacking.
2.4.1 Si-SiO2 interface properties
Many experimental techniques have been used to determine the structure of the interface, its
extent and its roughness, e.g., transmission electron microscopy (TEM), scanning tunneling
microscopy (STM), low-energy electron diffraction (LEED), positron annihilation, ellipsometry,
vibrational spectroscopy, Rutherford backscattering (RBS), x-ray scattering, field ion microprobe,
Auger spectroscopy, and x-ray photoelectron spectroscopy (XPS). The results range from
atomically sharp to extended interfaces [113, 114, 116]. These variations could be due to the
different probing techniques or to the differences in sample preparation. It is now generally
agreed that the interface is quasi abrupt with a so-called SiOx transition layer of about 0.2-0.3 nm
(one or two monolayers) thick [113, 116].
In terms of stress near the Si-SiO2 interface, it results from a lattice mismatch between Si
and SiO2 (intrinsic stress) as well as the difference in the thermal expansion coefficients of the
two materials (thermal stress). The structures of crystalline Si and amorphous SiO2 have already
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been determined. Bulk crystalline Si has a diamond structure, comprising of regular tetrahedra
with dSi-Si=0.234nm. The local structure of vitreous silica shows the following structure
parameters: dSi-Si=0.313nm, dSi-O=0.16nm; dO-O=0.262nm, and the range in Si-O-Si bond angles
present in the vitreous form range from 120o to 180o (computationally, continuous random
network model are usually used to represent such structure [113]). Due to the above structural
characteristics, in general, near the interface, a tensile stress is observed in Si while a
compressive stress is found in SiO2 [117-120].
In terms of electrical properties, near-ideal semiconductor-insulator interfaces can be
fabricated by high-temperature oxidation and post-annealing treatments. Therefore, a
high-quality interface with superior electrical properties, including low defect charge densities,
low interface state densities and hard breakdown fields, can be obtained. In general, (100)
orientation is used most because it shows the highest electron mobility and lowest inherent
interface trap density compared to that of other orientations [26]. The factors make the Si-SiO2
interface a central standard feature of model MOSFET technology.
2.4.2 Anisotropic property of Si-SiO2 interface
Besides the general Si-SiO2 interface properties mentioned above, various anisotropic
properties associated with Si-SiO2 interface have been observed and studied. Details are
summarized in Table 2.1. In principle, these anisotropic properties are expected to be
interconnected aspects derived from the details of the interface microstructures. Reviewing and
comparing them are useful in providing information for understanding their intrinsic origins.
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Table 2.1 Anisotropic property of Si-SiO2 interface. (surface energy is listed for comparison)

Structure and morphology
Interface area

Revealed by Si crystal plane property [27]:

atom density

{110}>{111}>{100}

Dangling bond defects

Experimental result (using ESR: electron spin resonance) [27, 29]:

(Pb) density

{110}>{111}>{100}
1. Computational result [121, 122]:

Interface roughness

{100} rough with {111} facets, {111} flat
2. Experimental result
(using HRTEM) [123]:
{100}, {111}, (110) all flat

Composition
1. Experimental result
(using XPS: X-ray photoelectron Spectroscopy) [114, 124]:
Composition (Six+)

{100}: Si2+ dominates, {111}: Si+ dominates.
2. Experimental result
(using core-level spectroscopy) [125]:
{100}: Si+, Si2+, Si3+ appear in roughly equal portion,
{111}: Si2+ state is suppressed.

Thickness and

Experimental result (using XPS) [126]:

composition

{100}: 0.75 nm thick, SiO1.4
{111}: 1.0 nm thick, SiO1.2

Electrical property
Interface trap density

Experimental result [27, 29, 30] [127]:
{111}>{110}>{100}
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Mechanical property
Structural strain

Experimental result (using FT-IR-ATR: Fourier-transform infrared

(strained Si-O-Si bonds

attenuated total reflection) [119]:

near interface)

{111}>{100}

Distortion energy

Computational result
(using ball and spoke model) [122]:
{110}>{111}>{100} (with (111) facets)

Surface stress

Experimental result

(due to adsorption of

(using stress measurements) [128]:

oxygen on Si surface)

{111} shows compressive stress -7200 dyn/cm
{100} shows tensile stress 260 dyn/cm

Surface energy
1. Computational result
surface energy

(using broken-bond model) [129]:
{221}>{100}>{310}>{113}>{012}>{331}>{112}>{110}>{111}
2. Computational result
(using modified embedded-atom method) [130]
{113}>{331}>{100}>{310}>{012}>{110}>{221}>{112}>{111}
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As revealed by Table 2.1, the {100}Si-SiO2 interface is shown to be superiority to other
orientations in various aspects. The {100}Si-SiO2 interface has narrower transition regions and is
more completely oxidized than {111}Si-SiO2. In terms of atom density, distortion energy, and
trap density at the interface, {100}Si-SiO2 interface shows the minimum value among the
orientations listed for Si-SiO2 interfaces. Structurally, Si dangling bond defects are generated at
the Si-SiO2 interface as a result of lattice-network mismatch between Si and SiO2. They are
identified as Pb-type centers (shown in Fig. 2.6) that can be detected by electron spin resonance
(ESR). In terms of Pb type defect density, the {100} face is the best of all three low-index Si
interfaces. It has been reported that for standard thermal oxidation (Tox ∼ 850◦C) of Si wafers,
the Pb defect densities are ≈1×1012 cm−2, ≈5×1012 cm−2, and ≈5.5×1012 cm−2 for (100), (111), and
(110) orientations respectively. That is, [Pb0(100)] < [Pb(111)] < [Pb0(110)] [27, 29]. All these
facts indicate that the interface between {100}-Si and amorphous SiO2 is a more
well-constructed and well-behaved interface (at least among the examined orientations)
compared with the ones corresponding to other Si orientations.
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Fig. 2.6 Schematic diagram showing the structure of Pb centers (dangling bond defects) on Si
wafers of three major orientations [113]. The hierarchical order of the Pb defect density is
reported to be: [Pb0(100)] < [Pb(111)] < [Pb0(110)] [27].

2.4.3 Si-SiO2 interfacial energy
Si-SiO2 interfacial energy is the energy associated with creating a unit area of Si-SiO2
interfaces. It can usually be partitioned into two parts. One is of the chemical origin involving the
change in composition that occurs across the interface. The other is geometric in the sense that it
includes the energy associated with the misfit between the two lattices at the interface.
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As mentioned in section 2.2.2, some crystallization processes (ZMR and MPS) can generate
highly (100)-surface-textured polycrystalline Si films. It indirectly reveals that the {100}Si-SiO2
has the lowest interfacial energy among all other orientations. Experimentally, Atwater et al
studied the competitive growth between (100)-textured seeds and (110)-textured seeds, and
between (100)-textured seeds and (111)-textured seeds, where the relative growth velocities are
directly affected by the relative value of Si-SiO2 interfacial energy. They obtained the following
relationship: (111) - (100) = 0.069 J/m2, (110) - (100) = 0.012 J/m2 [131]. Computationally, Tu and
Tersoff employed an approach in which the Si-SiO2 system is modeled as a continuous network
of bonds connecting the atoms, and the thermodynamic ensemble of possible network topologies
was explored via Monte Carlo sampling. By constructing defect-free configurations, they
calculated the interface strain energy of {100}Si-SiO2 to be 6.81.3 meV/Å2 or 9.51.9 meV/Å2
(0.11/0.15 J/m2) based on different structure models [132]. These values were calculated without
considering the extra suboxide. They claimed that the total interface energy including the
chemical energy cost of suboxide for a monolayer of Si2+ is of order kBT higher than the above
value. In addition, Vanhellemont and Claeys investigated the SiO2 precipitate (~5 nm in radius)
in Si and reported the interfacial energy between low pressure amorphous SiO2 and Si to be 310
erg/cm2 (0.31 J/m2) [133]. The above mentioned results are the only limited ones that have been
reported on the topic of Si-SiO2 interfacial energy. The experimental and computational
difficulties in examining this buried structure hindered extensive and systematical study on
anisotropic properties of Si-SiO2 interface.
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2.5

Motivation and Summary
In summary, beam-induced, melt-mediated crystallization techniques have been widely used

to provide high-quality thin Si films for various applications. The progressing technology
requires improved process in terms of generating better materials through more efficient ways.
Therefore fundamental understanding of the melting and solidification details encountered in the
process is highly desired.
Meanwhile, the Si-SiO2 interface constitutes an important topic in the field of materials
science. It also plays a critical role in electronic devices and material processes. The fact that the
interface is a buried structure brings difficulties in studying its properties. Despite the extensive
investigations into the Si-SiO2 interface over the years, systematic investigations on certain
properties such as the anisotropy of Si-SiO2 interfacial energies are still lacking.
MPS is a crystallization technique that can generate high-quality Si films well-suited for
various applications including TFTs and solar cells. It is also a thermodynamics-dominated
process where the microstructures of the processed film are significantly affected by the
thermodynamic properties of the system. Through a comprehensive investigation on MPS in this
thesis, we aim to obtain more understanding on the melting-and-solidification details in the
process. Such information is beneficial in manipulating and optimizing the MPS process as well
as other beam-induced crystallization techniques. Furthermore, through MPS-based experiments,
we can systematically investigate the Si-SiO2 interfacial energy anisotropy. Such information is
valuable because it is otherwise difficult to discern, either experimentally or computationally.
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3 Thermodynamic Model of MPS
3.1

Abstract
Previous investigators have developed a basic thermodynamic model to describe the overall

melting and solidification behavior of a polycrystalline Si film during an MPS cycle [104]. In the
model, the grain-orientation-dependent local solid-liquid interface velocity is identified as being
a key factor in affecting the apparent evolution of the surface texture of the film. In this chapter,
we first review the basic elements of the preliminary thermodynamic model, including
qualitative description of the melting and solidification sequence and quantitative expression of
the local-melting/solidification interface velocity. Building on this basis, and utilizing a
linearized approximation to the interface response function near the equilibrium point, we
examine the melting and solidification velocities of two adjacent grains as affected by the surface
orientations of the grains. More significantly, we further develop a quantitative expression for the
net movement of a grain boundary that takes place during an MPS cycle. This is a key quantity
that effectively captures the essence of microstructure evolution in the MPS process.

3.2

Background on the Thermodynamic Model

3.2.1 Overall sequence of melting and solidification
MPS takes place under a special and unusual condition within which solid and liquid phases
coexist. When a thin Si film is melted using a radiative beam source, the film can be dynamically
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stabilized in a near-equilibrium thermal environment at and around the melting temperature. As a
consequence, MPS can be identified as a thermodynamics-dominated crystallization process.
This means that both the melting and solidification transitions are expected to be predominantly
governed by the relevant thermodynamic factors. Such characteristics are manifested in the two
stages (i.e., melting and solidification) inevitably experienced by a polycrystalline Si film when
it undergoes an MPS cycle. First, at the beginning of each melting-and-solidification cycle,
melting is initiated heterogeneously and primarily at random high-angle grain boundaries. These
locations possess the highest excess Gibbs free energies in the film (e.g., Si grain boundary
energy is 0.5-2.0 J/m2 [134]. In comparison, the (100) Si-SiO2 interfacial energy is about 0.11
/0.15 J/m2 [132]). Therefore they are expected to preferentially melt first. After that, melting and
solidification transitions take place within the radiative-beam-irradiated region where solid and
liquid areas/phases coexist (i.e., solid and liquid regions are formed periodically with a
characteristic distance within the irradiated area). During this stage, with increase (decrease) in
incident beam intensity, the fraction of liquid increases (decreases) and melting (solidification)
proceeds through lateral movement of the solid-liquid interface. The transition rates of different
interfaces are internally affected by the variable local-interface-curvature, which is, in part,
determined by the crystallographic orientation of the corresponding solid grain (more
specifically the interfacial energy of the grain and the oxide layers which sandwich the film).
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Fig. 3.1 Schematic diagram illustrating the grain-orientation-dependent microstructure evolution
that takes place after MPS cycles (cross-sectional view).
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Fig. 3.1 is a schematic diagram depicting the above-mentioned MPS melting and
solidification process in MPS cycles. Starting with randomly oriented small-grain polycrystalline
Si films with Si-SiO2 interfaces both on top and bottom sides, the {100}-surface-oriented grains
tend to enlarge in grain size after each melting and solidification cycle while grains with other
orientations tend to shrink in size and eventually get eliminated. As such, a (100)-surfacetextured film is obtained after the film is exposed to such MPS cycles for multiple times.
3.2.2 Quantitative description of the velocity of lateral moving solid-liquid interface
In the MPS process, the orientation-dependent solid-liquid interface velocity is the key
parameter that affects the overall transformation. In this section, we review the expression
developed previously to describe the lateral melting/solidification velocity during an MPS cycle.
For an atomically rough interface (where continuous growth mechanism is applicable), the
interface velocity is associated with the net flux of atoms across the interface (i.e., the difference
in the flux of atoms in the forward and backward directions across the interface). For the current
MPS process, melting and solidification both take place in a near-equilibrium environment. We
can assume that the equality established in equilibrium also holds for the near-equilibrium
condition; that is, the kinetic pre-factor 𝑐 is the same for the atom-jumping-processes in both
directions [153]. (𝑐 = 𝑓𝜔0 𝑑, where 𝜔0  is the attempt frequency, 𝑑 is the average jump
distance and 𝑓 is the fraction of active sites at the interface). Also, the radius corresponding to
the interface curvature is much larger compared to the atomic radius. We can further assume that
the pre-factor does not change much with the interface curvature. As such, the velocity of a
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solid-liquid interface can be represented by the following equation (known as the interface
response function [135]):
𝑣(𝑇)𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 𝑐 ∗ exp (−

𝑄𝑚
∆𝐺𝑙𝑠
) [1 − exp (−
)] (3-1)
𝑘𝑇
𝑘𝑇

Here𝑐 is the kinetic pre-factor as described above (note we can view it as constant here). 𝑄𝑚 is
the activation energy. 𝑘 is the Boltzmann constant. 𝑇 is temperature. ∆𝐺𝑙𝑠 is the difference in
Gibbs free energy per atom between the liquid and solid. When ∆𝐺𝑙𝑠 is small (i.e., near the
melting point), equation (3-1) can be simplified as:
𝑣(𝑇)𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 𝑐 ∗ exp (−

𝑄𝑚 ∆𝐺𝑙𝑠
)∗
(3-2)
𝑘𝑇
𝑘𝑇

For a curved surface, ∆𝐺𝑙𝑠 is refined through Gibbs-Thomson relationship by adding a
curvature term (2𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑 ∙ 𝜌𝑙𝑜𝑐𝑎𝑙 ) (The Gibbs-Thomson effect describes the variations in vapor
pressure or chemical potential across a curved surface or interface [136-138]). Correspondingly,
we obtain the following expression to describe the local velocity at a point on a curved interface:
𝑣(𝑇)𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = [

2𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑 ∙ 𝜌𝑙𝑜𝑐𝑎𝑙
𝑐
𝑄𝑚 ∆𝐻𝑓
∙ exp (−
)∙
] ∗ [(𝑇𝑚 − 𝑇𝑚 ∙
) − 𝑇](3-3)
𝑘𝑇
𝑘𝑇
𝑇𝑚
∆𝐻𝑓

Here Tm is the bulk melting temperature. ΔHf is the enthalpy of fusion per unit volume.
𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑 is the solid-Si/liquid-Si interfacial energy per unit area. local is the local mean
curvature. Equation (3-3) can be approximated as:
𝑒
𝑣(𝑇)𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 ≅ 𝐾(𝑇𝑙𝑜𝑐𝑎𝑙
−𝑇𝑙𝑜𝑐𝑎𝑙 )(3-4)
𝑐

𝑄

Here the linear coefficient 𝐾 is approximated to be constant (𝐾 = 𝑘𝑇 ∙ exp (− 𝑘𝑇𝑚) ∙

∆𝐻𝑓
𝑇𝑚

). And

𝑒
𝑒
𝑇𝑙𝑜𝑐𝑎𝑙
represents the local equilibrium temperature of a curved solid-liquid interface (𝑇𝑙𝑜𝑐𝑎𝑙
=

𝑇𝑚 − 𝑇𝑚 ∙

2𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑 ∙𝜌𝑙𝑜𝑐𝑎𝑙
∆𝐻𝑓

); 𝑇𝑙𝑜𝑐𝑎𝑙 represents the local temperature at the interface.
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Equation (3-4) indicates that, for temperature near the melting point, the interface velocity is
approximated to be linearly dependent on the difference between (1) the local equilibrium
𝑒
temperature, 𝑇𝑙𝑜𝑐𝑎𝑙
, (which depends on the specific local curvature of the interface), and (2) the

specific local temperature, 𝑇𝑙𝑜𝑐𝑎𝑙 , (which depends on the dynamically evolving local
environment) at a point on the interface.
Given that an equilibrium condition satisfying solid/liquid interface should constitute a well
behaving surface, 𝜌𝑙𝑜𝑐𝑎𝑙 can be defined as the algebraic mean of the maximum and minimum
curvatures (known as the principal curvatures) at the point (i.e., 𝜌𝑙𝑜𝑐𝑎𝑙 = (𝜌1 + 𝜌2 )/2) on the
surface. When applying to the case in which the solid-liquid interface is geometrically smooth
(i.e., not faceted), the principal curvatures can be represented using the parameters shown in Fig.
3.2. One of the principal curvatures, 𝜌1 , is a function of the involved interfacial energies (i.e.,
those between solid-Si/liquid-Si (𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑 ), liquid-Si/SiO2 (𝜎𝑙𝑖𝑞𝑢𝑖𝑑−𝑆𝑖𝑂2 ) and solid-Si/SiO2
(𝜎𝑆𝑖−𝑆𝑖𝑂2 ) interfaces and the film thickness (ℎ). (For a given film thickness and grain orientation,
𝜌1 is a constant). The other principal curvature, 𝜌2 , depends on the local shape of the unmelted
solid island (In the limiting case of a simple disc-shaped solid island, it can be identified as equal
to 1/𝑟𝑔 , where 𝑟𝑔 is the radius of the unmelted solid disc measured at the midpoint of the film).
Combing the above relations finally leads to the following expression for the lateral
solid-liquid interface velocity (𝑣(𝑇)𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 ) [104]:
𝑣(𝑇)𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 𝐾[𝑇𝑚 −

𝑇𝑚 2(𝜎𝑆𝑖−𝑆𝑖𝑂2 − 𝜎𝑙𝑖𝑞𝑢𝑖𝑑−𝑆𝑖𝑂2 ) 𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑
(
+
) − 𝑇𝑙𝑜𝑐𝑎𝑙 ](3-5)
∆𝐻𝑓
ℎ
𝑟𝑔
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Note that here we assume the interface is atomically rough. In experiments, we do observe
faceted interface occasionally; but typically the interface are not faceted. Therefore, the
continuous growth mechanism is applicable here.

Fig. 3.2 Schematic diagram illustrating the parameters that are identified as relevant in
determining the local curvature of a disc shaped grain: three involved interfacial energies
(𝜎𝑆𝑖−𝑆𝑖𝑂2 , 𝜎𝑙𝑖𝑞𝑢𝑖𝑑−𝑆𝑖𝑂2 and𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑 ), film thickness (ℎ), and the radius of the unmelted solid
(𝑟𝑔 ). Note that the actual curvature of the interface will depend on the exact value of 𝜎𝑆𝑖−𝑆𝑖𝑂2
and 𝜎𝑙𝑖𝑞𝑢𝑖𝑑−𝑆𝑖𝑂2 for that particular grain, and it can be negative for the case in which 𝜎𝑆𝑖−𝑆𝑖𝑂2 <
𝜎𝑙𝑖𝑞𝑢𝑖𝑑−𝑆𝑖𝑂2 (situation described in nucleation experiments [139]).

3.3

Extended Analysis on Interface Velocity
Based on the previous work, here we are going to conduct a more extended discussion on the

solid-liquid interface velocity. First, we examine the melting/solidification interface velocities of
two adjacent grains with different surface orientations.
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3.3.1 The effect of Si-SiO2 interfacial energy
In each MPS melting-and-solidification cycle, two adjacent grains with different surface
orientations change sizes as a result of the difference in their interface velocities. Equation (3-5)
describes how the solid-liquid interface velocity can be expressed in terms of the related
thermodynamic properties of a grain. In this equation 𝜎𝑙𝑖𝑞𝑢𝑖𝑑−𝑆𝑖𝑂2 can be viewed as constant
since it is the interfacial energy between two amorphous materials; 𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑 can also be
viewed as an arbitrary variable since the solid-liquid interface is not faceted. Therefore, on
average, they do not affect the overall systematic influence exerted by other thermodynamic
parameters. By assuming an isothermal condition (same 𝑇𝑙𝑜𝑐𝑎𝑙 ) and a constant and identical
value of𝐾for both grains, the difference in their interface velocities is represented as:
∆𝑣𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 =

𝐾𝑇𝑚 2∆𝜎𝑆𝑖−𝑆𝑖𝑂2 𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑 𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑
(
+
−
) (3-6)
∆𝐻𝑓
ℎ
𝑟𝑔
𝑟𝑔 ′

Further approximate that the interface is straight in one direction; one principle curvature (i.e.,
𝜌2 = 1/𝑟𝑔 , 𝜌2′ = 1/𝑟𝑔′ ) is zero. Equation (3-6) can be simplified as:
∆𝑣𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 =

2𝐾𝑇𝑚 ∆𝜎𝑆𝑖−𝑆𝑖𝑂2
(3-7)
∆𝐻𝑓 ℎ

Equation (3-7) explicitly points out how the lateral interface velocity difference (∆𝑣𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 )
of two adjacent grains should depend on the Si-SiO2 interfacial energy difference (∆𝜎𝑆𝑖−𝑆𝑖𝑂2 ) of
those grains. (For example, if the difference in interfacial energy is 50 mJ/m2 and 𝐾=0.0042
m/(s*K) [8], then ∆𝑣𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 is 1.3 mm/s for a 130 nm thick film, which is quite significant.)
This relationship can be viewed more intuitively in Fig. 3.3. Given two grains with different
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surface orientations ({hkl} and {h’k’l’} respectively), the one with lower 𝜎𝑆𝑖−𝑆𝑖𝑂2 (the {hkl}
𝑒
orientation) corresponds to a higher interface equilibrium temperature (𝑇{ℎ𝑘𝑙}
). At high local

temperatures, melting occurs. The {hkl} grain melts at a lower rate compared to the {h’k’l’}
grain (indicated by the red notation in Fig. 3.3). On the other hand, at low local temperatures,
solidification occurs. The {hkl} grain exhibits higher solidification rate compared to the {h’k’l’}
grain (indicated by the blue notation in Fig. 3.3). As a result, the {hkl} grain tends to expand in
size after a melting-and-solidification cycle.

Fig. 3.3 Interface velocity plot for grains with different Si-SiO2 interfacial energies (𝜎𝑆𝑖−𝑆𝑖𝑂2 ).
The grain with lower 𝜎𝑆𝑖−𝑆𝑖𝑂2 (the {hkl} grain) melts slower (indicated by the red notation), and
solidifies faster (indicated by the blue notation) during each MPS cycle.
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In the above discussion, we approximate the interface is straight in one direction (1/𝑟𝑔 =0,
1/𝑟𝑔 ′=0) to simplify the situation. In fact, the grains become large after one or two MPS cycles.
Even without any approximation on the size or shape of the unmelted solid (𝑟𝑔 ), the Si-SiO2
2∆𝜎𝑆𝑖−𝑆𝑖𝑂2

interfacial energy term (

ℎ

) in equation (3-6) still plays a dominant role in affecting the

interface velocity. That is because by the time the grain becomes large enough, the influence of
the

𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑
𝑟𝑔

or

𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑
𝑟𝑔 ′

term is already reduced. Moreover, on average, since a grain with

lower interfacial energy is expected to be larger according to our model, this term should at least
not systematically act against the expected trend dictated by the

2∆𝜎𝑆𝑖−𝑆𝑖𝑂2
ℎ

term. Therefore,

∆𝑣𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 between differently oriented grains is still predominantly affected by the difference
of their Si-SiO2 interfacial energies (∆𝜎𝑆𝑖−𝑆𝑖𝑂2 ). (Note that for the situation where grain sizes are
relatively small (typically during the first one or two MPS cycles), the influence of
𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑
𝑟𝑔 ′

𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑
𝑟𝑔

and

terms cannot be neglected. They may even play a more significant role than the Si-SiO2

interfacial energy term (

2∆𝜎𝑆𝑖−𝑆𝑖𝑂2
ℎ

) in affecting the interface velocity. An example can be found in

the experimental observations reported in Chapter 4.
In summary, our model identifies the Si-SiO2 interfacial energy of the grains as a significant
and systematic grain-specific factor that determines ∆𝑣𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 between differently oriented
grains during an MPS melting-and-solidification cycle. A highly-(100)-surface-textured film is
formed after multiple MPS cycles because {100}-surface-oriented grains possess the lowest
Si-SiO2 interfacial energy and are therefore more energetically favorable to survive.
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3.3.2 Melting initiation and interface propagation
Further examination of the interface velocity plots for two adjacent grains reveals more
details about the melting and solidification characteristics. One characteristic is that, under
certain local temperature, melting and solidification can take place simultaneously in the film. As
𝑒
𝑒
shown in Fig. 3.4, the plots indicate that under the local temperature between 𝑇{ℎ′𝑘′𝑙′}
and 𝑇{ℎ𝑘𝑙}

(such as the one shown by the red dashed line), one grain ({h’k’l’} grain) is still melting while
the other one ({hkl} grain) has already started solidifying. An extreme situation is shown by the
black dashed line where the melting velocity of one grain is the same as the solidification
velocity of the other grain. Then one would observe direct boundary movement from one {hkl}
grain towards the other {h’k’l’} grain, with a very thin layer of liquid at the boundary.
The above discussion leads to the examination of the propagation of melting. During each
MPS cycle, melting firstly initiates at grain boundaries. The exact initiation temperature is still
controversial, being either below or at the melting temperature [140-142]. Regardless of this
uncertain initiating temperature, the above discussion reveals that, in fact, melting will not
proceed until the local temperature reaches a certain value. This value can be obtained directly
from the interface velocity plot as shown in Fig. 3.4. T0 is the critical temperature (the
temperature under which melting velocity of one grain equals solidification velocity of the other
grain). Below T0, liquid cannot proceed since solidification of one grain is faster than melting of
its neighbor grain, which is not physically possible to happen. Therefore, the current examination
shows that local temperature has to be above the criteria temperature for liquid to proceed.
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Fig. 3.4 Interface velocity plot for grains with different Si-SiO2 interfacial energies (expansion of
the area between the local equilibrium temperatures of the two differently oriented grains). The
red dashed lines illustrate the condition under which one grain ({h’k’l’}) is still melting while the
other one ({hkl}) already starts solidifying. The black dashed line shows the critical temperature
T0, below which proceeding of liquid is physically not possible, as solidification front of one
grain ({hkl}) is moving faster than melting front of its neighbor grain {h’k’l’}.

3.3.3 Non-identical substrate and capping materials
Typical MPS process uses thin Si films on SiO2 substrate with a native oxide layer on top as
shown in Fig 3.1. Due to the fact that the interface between {100}-Si and amorphous SiO2
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possesses the minimum interfacial energy, highly (100)-surface-textured film is obtained after
optimal processing. In general, various substrate and capping materials can exist [86, 143]. For
example, SiC substrate layer was used for its outstanding chemical and thermal stability. Si3N4
was also used as a capping layer to prevent film agglomeration during melting. The question is
how the local interface velocity is modified when non-identical interfaces are present in the film.
The sample configuration of a Si film in contact with different capping and substrate
materials is shown in Fig. 3.5. The curvature at a point on the interface can be represented using
mean curvature, which is the average of the principal curvatures (𝜌𝑙𝑜𝑐𝑎𝑙 = (𝜌1 + 𝜌2 )/2). The
parameters used to represent the principle curvatures are illustrated in Fig. 3.5.

Fig. 3.5 Schematic diagram showing a Si film in contact with different capping and substrate
materials. The curvature at the midpoint of the solid-liquid interface can be represented as
𝜌𝑙𝑜𝑐𝑎𝑙 = (𝜌1 + 𝜌2 )/2. The parameters needed to represent 𝜌1 and 𝜌2 are illustrated.
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According to Young’s equation [144], we can establish the relationship between contact
angle and the three involved interfacial energies:
𝜎𝑆𝑖−𝑐𝑎𝑝 − 𝜎𝑙𝑖𝑞𝑢𝑖𝑑−𝑐𝑎𝑝
(3-8(a))
𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑
𝜎𝑆𝑖−𝑠𝑢𝑏 − 𝜎𝑙𝑖𝑞𝑢𝑖𝑑−𝑠𝑢𝑏
𝑐𝑜𝑠𝜃2 =
(3-8(b))
𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑

𝑐𝑜𝑠𝜃1 =

One of the principal curvature 𝜌1 can be expressed as a function of contact angles (𝜃1 𝜃2 
and film thickness (ℎ)
𝜌1 =

𝑐𝑜𝑠𝜃1 + 𝑐𝑜𝑠𝜃2
(3-9)
ℎ

Substituting (3-8(a)(b))in equation (3-9), we have:
𝜌1 =

𝜎𝑆𝑖−𝑐𝑎𝑝 − 𝜎𝑙𝑖𝑞𝑢𝑖𝑑−𝑐𝑎𝑝 + 𝜎𝑆𝑖−𝑠𝑢𝑏 − 𝜎𝑙𝑖𝑞𝑢𝑖𝑑−𝑠𝑢𝑏
(3-10)
ℎ𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑

The other principal curvature 𝜌2 (the curvature in the orthogonal plane coming out of the
page) depends on the shape and size of the unmelted solid. We approximate the shape to be a
portion of a cone and then the curvature measured at the midpoint can be written as:
𝜌2 =

1
𝑟𝑔 2
𝑟𝑔 √1 + (
)
ℎ/2

(3-11)

Substituting 𝜌1 and 𝜌2 gives the complete expression for the local curvature 𝜌𝑙𝑜𝑐𝑎𝑙 . Then
the expression for interface velocity is obtained correspondingly. Note that the interface velocity
at a point on the interface is along the normal direction of that interface. In the current situation,
the direction varies for different orientations. Therefore, the component of the interface velocity
on the lateral direction ( 𝑐𝑜𝑠𝛼 ∙ 𝑣𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 ) should be used to compare the relative
melting/solidification rates for different orientations (shown in Fig. 3.6 and equation (3-12)).
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Fig. 3.6 Schematic diagram showing the direction of interface velocity at the midpoint of the
solid-liquid interface. The component on the lateral direction (𝑐𝑜𝑠𝛼 ∙ 𝑣𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 ) should be used
to compare the relative melting/solidification rates between grains with different orientations.

𝑙𝑎𝑡𝑒𝑟𝑎𝑙
𝑣𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
= 𝑐𝑜𝑠𝛼 ∙ 𝑣𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 =

𝐾𝑐𝑜𝑠𝛼[𝑇𝑚𝑝 −

𝑇𝑚𝑝 𝜎𝑆𝑖−𝑐𝑎𝑝 − 𝜎𝑙𝑖𝑞𝑢𝑖𝑑−𝑐𝑎𝑝 + 𝜎𝑆𝑖−𝑠𝑢𝑏 − 𝜎𝑙𝑖𝑞𝑢𝑖𝑑−𝑠𝑢𝑏
(
+
∆𝐻𝑓
ℎ

𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑
2

) − 𝑇𝑙𝑜𝑐𝑎𝑙 ]

2𝑟𝑔
𝑟𝑔 √1 + ( )
ℎ

(3-12)
In equation (3-12), 𝛼 is represented as follows (obtained through geometrical relationship):
𝛼=

𝜃1 − 𝜃2
(3-13)
2

where 𝜃1 and 𝜃2 can be calculated from equation (3-8 (a),(b)).
The above equations explicitly describe how the solid-liquid interface velocity is modified
when non-identical capping and substrate materials are presented in the film.
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3.4

Analysis of the Grain-Boundary-Location-Displacement Distance

3.4.1 Quantitative derivation of the displacement distance
After an MPS cycle, the grains in the film shrink or expand in size. For the condition where
the grains do not completely melt away during the cycle, the net transformation can be
represented by the grain-boundary-location-displacement distance (𝜆) as shown in Fig. 3.7. This
quantity directly captures the microstructure change after an MPS cycle.

Fig. 3.7 Schematic diagram illustrating the grain-boundary-location-displacement distance ()
between two adjacent grains after one MPS cycle.
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Given the interface velocity as expressed in equation (3-5), the total melting/solidification
distance can be expressed by integrating the melting/solidification velocity over the
corresponding transformation time. In order to do that, we need to know the exact
time-dependent melting/solidification velocities. However, such relationship cannot be easily
obtained since the exact velocity is dynamically varying through the whole process.
Re-examining the current condition shown in Fig. 3.7, we realized that there is a key feature
associated with the transformation. That is, melting of the two adjacent grains must start at the
same time and location (initial grain boundary location). Solidification of those grains must also
finish at the same time and location (final grain boundary location):
𝑡𝑖 = 𝑡𝑖_1 = 𝑡𝑖_2 𝑎𝑛𝑑𝑡𝑓 = 𝑡𝑓_1 = 𝑡𝑓_2 (3-14)
𝑥𝑖 = 𝑥𝑖_1 = 𝑥𝑖_2 𝑎𝑛𝑑𝑥𝑓 = 𝑥𝑓_1 = 𝑥𝑓_2 (3-15)
As such, the grain-boundary-location-displacement distance can be represented by the travel
distance of either of the grains, and both must be equal. The travel distance of either grain can be
represented by integrating the interface velocity (𝑣1 or 𝑣2 ) over the overall transformation
duration (𝑡𝑖 to 𝑡𝑓 ):
𝑡𝑓

𝑡𝑓

𝜆 = ∫ 𝑣1 (𝑇(𝑡), 𝜌𝑙𝑜𝑐𝑎𝑙_1 )𝑑𝑡 = − ∫ 𝑣2 (𝑇(𝑡), 𝜌𝑙𝑜𝑐𝑎𝑙_2 )𝑑𝑡
𝑡𝑖

𝑡𝑖

𝑡𝑓

= − ∫ (𝑣1 (𝑇(𝑡), 𝜌𝑙𝑜𝑐𝑎𝑙_1 ) − 𝛥𝑣 (𝑇(𝑡), 𝜌𝑙𝑜𝑐𝑎𝑙_1 , 𝜌𝑙𝑜𝑐𝑎𝑙_2 ))𝑑𝑡(3-16)
𝑡𝑖

Rewriting equation (3-16) leads to
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𝑡𝑓

𝑡𝑓

∫ 2𝑣1 (𝑇(𝑡), 𝜌𝑙𝑜𝑐𝑎𝑙_1 ) 𝑑𝑡 = ∫ 𝛥𝑣 (𝑇(𝑡), 𝜌𝑙𝑜𝑐𝑎𝑙_1 , 𝜌𝑙𝑜𝑐𝑎𝑙_2 )𝑑𝑡(3-17)
𝑡𝑖

𝑡𝑖

Combining (3-16) and (3-17), we can represent 𝜆 as follows:
𝑡𝑓

𝜆 = 1/2 ∫ 𝛥𝑣 (𝑇(𝑡), 𝜌𝑙𝑜𝑐𝑎𝑙_1 , 𝜌𝑙𝑜𝑐𝑎𝑙_2 )𝑑𝑡(3-18)
𝑡𝑖

Equation (3-18) reveals that for the situation that neither of the grains melt away during the
process, 𝜆 can be alternatively represented by the integration of the local interface velocity
difference (𝛥𝑣) over the transformation duration. Notably, this quantity is much easier to be
represented. Especially, from our previous discussions, 𝛥𝑣 between two adjacent grains can be
represented by a time/temperature-independent expression (equation (3-7)) by assuming:
(1) Isothermal melting/solidification condition (i.e., the same Tlocal for both grains);
(2) Constant and identical linear coefficient K for both grains;
(3) Straight interface approximation in one direction (1/𝑟𝑔 =0, 1/𝑟𝑔 ′=0); one principle curvature
(i.e., 𝜌2 ) is zero while the other principle curvature (i.e., 𝜌1 ) is constant;
With the above assumptions and approximations, the integration in equation (3-18) can be
further simplified and reduced to:
𝜆=

1
∆𝑣 ∙ ∆𝑡(3-19)
2

where ∆𝑡 = (𝑡𝑓 − 𝑡𝑖 ) represents the total/overall duration associated with an MPS melting and
solidification cycle .
It is therefore revealed that despite of all the complex details encountered in the melting and
solidification processes, the net transformation (𝜆) can be viewed primarily as being quite simply
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determined by two easily identifiable factors: the interface velocity difference (∆𝑣) and the
overall transformation duration (∆𝑡).
Furthermore, substituting equation (3-7) in equation (3-19), we obtain:
𝜆=

𝐾𝑇𝑚
∆𝑡 ∙ ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 (3-20)
∆𝐻𝑓 ℎ

For a given film thickness and transformation duration, 𝜆 is only intrinsically determined by the
difference in Si-SiO2 interfacial energies of the involved grains (∆𝜎𝑆𝑖−𝑆𝑖𝑂2 ).
It should be mentioned that, in the above derivations, we assume the involved grains to be
semi-infinite and, therefore, that they do not melt away during the cycle. In fact, grain
elimination occurs in MPS cycles, especially frequently in the first few cycles where grain sizes
are small. The grains will melt away when the lateral melting distance is larger than the grain
radius. One reason 𝜆 between two non-eliminated grains is of more interest because this
quantity is traceable and can be examined experimentally through microstructure analysis.
According to (3-20) this quantity directly reveals important information on∆𝜎𝑆𝑖−𝑆𝑖𝑂2 . In Chapter
7, we will leverage this relationship to experimentally evaluate∆𝜎𝑆𝑖−𝑆𝑖𝑂2 .
3.4.2 Graphical illustration of ; the effect of varying experimental parameters
Based on the previous discussion involving the situation described in Fig. 3.7 (i.e., the case
in which the involved grains do not fully melt away during the cycle), we can further graphically
illustrate the movement of the interfaces as well as the resulting grain-boundary-location
displacement in an MPS cycle. The resulting diagram helps to convey melting and solidification
process in an intuitive manner. Here, once again, we simplify the situation by assuming: (1) the
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solid-liquid interface is straight in one direction (i.e., 𝜌2 = 1/𝑟𝑔 = 0) and the melting and
solidification take place under isothermal condition (i.e., constant Tlocal); (2) the beam intensity
increases/decreases linearly as a function of time (i.e., a linear approximation of a Gaussian
beam profile).
In each MPS cycle, as beam power increases (decreases), the liquid fraction in the film
increases (decreases). Melting (solidification) proceeds through the movement of solid-liquid
interface. Therefore, the evolving temporal beam-intensity-profile directly affects the solid-liquid
interface velocities of the two adjacent grains. Specifically, the slope of the power-time plot is
proportional to the sum of the interface velocities of both grains. When a linear beam profile is
used (shown in Fig. 3.8 (a)), the corresponding solid-liquid interface velocity sum is constant.
For isothermal condition (i.e., the same Tlocal at both interfaces), the interface velocities
associated with both grains must show fixed values (shown as V1, V2. V1’ and V2’ in Fig. 3.8 (b)).
Correspondingly, the interface movement for both grains as well as the grain-boundarylocation-displacement distance (𝜆) in an MPS cycle can be described using the plot shown in Fig.
3.9.
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Fig. 3.8 (a) Schematic plot showing the linear increase/decrease of beam power as a function of
time. (b) The corresponding interface velocity plot (The slope associated with the melting/
solidification process in (a) is proportional to the sum of the corresponding Vinterface of both grains).

Fig. 3.9 (a) Schematic plot and (b) Schematic diagram illustrating the movement of the
solid-liquid interfaces of two adjacent grains.
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Employing the above graphs, we can further illustrate how the microstructure change
(represented by the grain-boundary-location-displacement distance, 𝜆) is affected by different
processing parameters. For example, Fig. 3.10 shows the effect of varying beam power or beam
scan speed. Essentially both increasing beam power and decreasing scan speed lead to the
increase of transformation duration (∆𝑡) and thereby increase the extent of transformation. It also
indicates that when lower beam power or higher scan speed is used for processing, more MPS
cycles are needed in order to achieve the same extent of transformation. In addition, a special
situation where ultra-slow scan speed and low beam power are used for processing is illustrated
in Fig. 3.11. It shows that, although a very small fraction of liquid is formed during the
transformation, a large extent of microstructure change is still expected to happen under such
experimental condition.
In addition, the other factor that affects the microstructure change is the interface velocity
difference (∆𝑣) of the grains (shown in equation (3-19)). Discussion on this quantity was
performed in the previous section within this chapter.
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Fig. 3.10 Schematic plots illustrating the effect of varying beam power ((a) and (c)) or beam scan
speed ((b) and (d)). The corresponding change in beam profile is illustrated in (a) and (b), and the
change in interface position plot is shown in (c) and (d). (In (a) and(c), the green plots describe
the situation where higher beam power is used. In (b) and (d), the green plots describe the
situation where lower scan speed is used.)
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Fig. 3.11 Schematic plots illustrating the situation where ultra-slow scan speed and low beam
power are used for MPS processing: (a) beam profile, and (b) interface position plot. A large
grain-boundary-location-displacement distance () is expected under such condition.

The above discussions are based on a simplified situation where the melting/solidification
velocities of the grains are constant. The real situation can be significantly more complicated.
For example: (1) The beam-intensity vs. time follows a Gaussian relationship rather than a
simple linear relationship, which will result in dynamically varying solid-liquid interface
velocities; (2) The unmelted solid islands continue to change in size as a result of the solid-liquid
interface movement, which will result in dynamically varying solid-liquid interface velocities as
well; (3) if and when the starting grain diameter gets larger than the characteristic
solid-liquid-coexistence distance, then protrusions are expected to form at the solid-liquid
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interface to satisfy the required solid-liquid-coexistence distance (for this situation, the interface
cannot be treated as planar). As such, when dealing with real situations, one needs to consider all
the relevant factors to fully account for the observed microstructure transformation in MPS.
3.5

Summary
In this chapter, we further developed the MPS thermodynamic model in a couple of ways.

First, we provided more involved explanations and a refined expression for the solid-liquid
interface velocity. Second, and more significantly, we developed an expression to represent the
grain-boundary-location-displacement distance. This quantity can effectively capture the essence
of the microstructure evolution resulting from an MPS cycle. From the derived expression, it was
found that, despite the complicated melting and solidification details that occur during the MPS
cycles, the change in the grain-boundary-location- displacement distance simply depends on two
easily identifiable factors: (1) the difference in the solid-liquid interface velocity of the involved
grains and (2) the temporal duration of the melting-and-solidification cycle.
It should also be noted that our MPS thermodynamic model is a general description for a
partial-melting situation that takes place in beam-induced melt-mediated crystallization process
(i.e., melting and solidification of the film taking place through lateral solid-liquid interface
movement). The use of a radiative beam in the MPS process is extremely beneficial in thermally
stabilizing the partial melting environment. However, similar texture evolution is expected even
for non-stabilized partial-melting situations. (An example representing such a situation is
presented and discussed in Appendix A.)
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4 Microstructure Transformation of MPS: Experiments and
JMAK-type Analysis
4.1

Abstract
In this chapter, we examine and analyze the evolution of the microstructure of polycrystalline

Si films as it is being exposed to multiple MPS cycles. First, we focus on experimentally
characterizing the gradual transformation of the surface texture of the film (from initially being
approximately
material).

random
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{100}-surface-oriented

to
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eventually
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we

being

predominantly

microstructure
propose

and

evolution
develop

a

(100)-surface-textured
characteristics

of

the

Johnson-Mehl-Avrami-

Kolmogorov-type (JMAK-type) formal analysis to describe the microstructure transformation. We
also performed the following discussions regarding the current analysis: (1) selection and
treatment of the important/necessary parameters to capture the transformation characteristics; (2)
verification of the analysis based on related experimental data; (3) comparison of the current
analysis to those that were developed for describing other transformation processes.

4.2

Introduction
Previous investigators have observed that, during MPS processing of Si films, the

microstructure of the films evolves gradually yet definitively with increasing number of
exposure/scan cycles [104]. Both the average grain size and the surface area fraction associated
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with {100}-surface-oriented grains were found to increase with increasing MPS scan numbers. A
question can be raised as to whether it is possible to develop a formal way to describe such a
transformation.
In each MPS cycle, grains with different surface orientations evolve, on average, at different
rates. According to our thermodynamic model of MPS, this is caused by different lateral interface
velocities experienced by grains with different interfacial energies; that is, the rates of differently
oriented grains are determined predominantly by the different Si-SiO2 interfacial energies
associated with the grains (i.e., due to the anisotropy of the interfacial energy). As the exact local
changes and dynamics must be subjected to a variety of complex melting and solidification details,
it would be both difficult and counterproductive to capture all the quantities associated with such
details. Instead, we note that the net change resulting from each cycle can be viewed as being quite
simple. That is, the surface fraction of {100}-surface-oriented grains increases with increasing
scan numbers. By examining the characteristics associated with this change of the
{100}-surface-oriented grains, we argue that it shows apparent similarity with a scenario that can
be captured by JMAK analysis (i.e., “thin film, site-saturation” scenario). Therefore, we suggest
and demonstrate that it is possible to quantitatively describe the transformation using a
JMAK-type analysis.
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4.3

Experimental Observation and Characterization of the Microstructure Transformation

4.3.1 Experimental Details
The laser used for the current investigation is a diode-pumped, frequency-doubled,
continuous-wave solid-state laser 2ω-Nd:YVO4 (λ=532 nm) from Coherent, Inc. Fig. 4.1 shows a
schematic diagram of the system set-up. The laser operates at 0.01-9W. The beam is shaped into
top-hat shape by a diffractive optical element (DOE) and is then focused on the sample holder by
a focusing lens. The exact beam size used for irradiation can be varied by changing the distance
between the sample holder and the focusing lens. The sample holder is mounted on a
computer-controlled linear motorized stage which moves at the speed of 0.01-100 mm/s,
permitting the sample to be scanned by the laser beam at various speeds. The scan direction is
parallel to the short-axis of the beam.

Fig. 4.1 Schematic diagram showing the cw-laser irradiation system used for this thesis.
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In the current investigation, a linearly shaped laser beam (~600 μm long, top-hat line beam
with a ~20 μm FWHM Gaussian cross section) was used for performing MPS. The samples
consisted of small-grained 285 nm thick Si films on SiO2-buffer-layer-coated quartz substrates
(Thicker film were intentionally chosen to slow down the rate at which the film becomes highly
(100)-surface-textured. As such, we were able to collect more data points to reveal the gradual
microstructure evolution of {100}-surface oriented grains). The films were obtained via solid
phase crystallization (SPC) of LPCVD (low pressure chemical vapor deposition) deposited
amorphous Si films. The samples were placed on a translation stage and scanned under the beam
at 15 mm/s. Microstructural analysis of the film was conducted using electron backscatter
diffraction (EBSD) and scanning electron microscope (SEM).
The microstructure-related quantities were obtained as follows: The grain diameter was
obtained by circular approximation of the grains. Seed density was calculated through dividing
the number of grains by the total EBSD-examined area. Surface fraction was calculated through
dividing the grain surface area by the total EBSD-examined area. Note that the total
EBSD-examined area involves both the resolved area as well as the unresolved areas. It should
also be noted that in the process of identifying {100}-surface-oriented grains using EBSD
software (Channel 5), there were quite a number of grains with diameter of one pixel size (0.3m)
and the number remains similar even after 20 scans. Existence of a notable number of such small
grains after multiple-scans is not physically possible. Therefore, they were treated as noise.
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4.3.2 Microstructure transformation characteristics
The microstructures of the film undergoing multiple beam scans under MPS condition are
shown in Fig. 4.2. As the scan number increases, both the degree of (100)-surface-texturing and
the average grain size increase.

Fig. 4.2 EBSD maps showing the gradual microstructure evolution of the Si film undergoing
multiple MPS scans (from 1 to 20 beam scans, labeled by the top-left numbers). The EBSD maps
are obtained from examining equivalent areas on the film that undergo various MPS scans.

Fig. 4.2 is re-plotted with highlights on the {100}-surface-oriented grains, as shown in Fig.
4.3. Their surface area fraction, average grain size and number of grains per unit area (seed
density) as a function of scan number are plotted.
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Fig. 4.3 EBSD maps that highlight {100}-surface-oriented grains (within 8o deviation of the
<100> pole) and the corresponding plots showing the change of their surface fraction, average
grain size and number of grains per unit area (seed density) as a function of scan number. (Each
point on the plot is the average of data obtained from three equivalent EBSD-examined areas.)

The surface fraction plot and average grain radius plot of {100}-surface-orientated grains
shown in Fig. 4.3 reveal that both quantities increase with increasing scan number. The rate at
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which they increase slows down as scan number increases. The change in the seed density of
{100}-surface-orientation is also plotted. It is observed that a certain number of
{100}-surface-oriented grains diminish after the 1st scan. After that the number does not change
much over the scans. (For comparison, the seed density of a non-{100}-surface-orientation (i.e.,
{113}) is also plotted. It keeps on deceasing until it reaches almost zero.)
It should also be noted from Fig. 4.2 and Fig. 4.3 that accompanying the expansion of
{100}-surface-oriented grains, their surrounding grains also evolve. That is, (1) the surrounding
grains are becoming more near-{100}-surface-oriented; and (2) their average grain size also
gradually increases.
4.3.3 Discussion on the observed results
4.3.3.1 Increasing-rate of {100}-surface-fraction
The current observation shows that the surface fraction of {100}-surface-oriented grains
increases gradually with scan numbers. It is consistent with our thermodynamic model where the
minimum interfacial energy associated with this orientation leads to the dominance of
{100}-surface-oriented grains in the film. It is also observed that the rate at which the {100}
surface fraction increases slows down as the scan number increases. This is mainly caused by the
evolution of its surrounding grains. As mentioned above, the surrounding grains are becoming
more near-{100}-surface-oriented as scan number increases. Therefore the difference in the
interfacial energy (∆𝜎𝑆𝑖−𝑆𝑖𝑂2 ) between the {100}-surface-oriented grains and their surrounding
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𝐾𝑇

non-{100}-surface-oriented grains decreases. Recall equation (3-20): 𝜆 = ∆𝐻 𝑚ℎ ∆𝑡 ∙ ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 .
𝑓

Because of the reduction in ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 , the {100}-surface-oriented grains become less aggressive
in their size expansion.
4.3.3.2 Microstructure evolution of non-{100}-surface-oriented grains
It is observed that the number of {100}-surface-oriented grains do not change much after the
first scan. This indicates that the increase of their surface fraction is through enlargement of the
existing grains. There is no creation of new {100}-surface-oriented grains (e.g. through
nucleation)

during

the

process.

For

comparison,

microstructure

evolution

of

a

non-{100}-surface-orientation (e.g. {113}) is shown in Fig. 4.4. As scan number increases, the
surface fraction and grain number of {113}-surface oriented grains both decrease while the
average grain size of the surviving {113} grains still keeps on increasing. Therefore, the way
those non-{100}-surface-oriented grains change with scan number is through substantial
reduction in their grain number. That is, a large portion of non-{100}-surface-oriented grains
completely melt away during each scan.
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Fig. 4.4 EBSD maps that highlight {113}-surface-oriented grains (within 8o deviation of the
<113> pole) and the corresponding plots showing the change of their surface fraction, average
grain size, and number of grains per unit area (seed density) as a function of scan number. (Each
point on the plot is the average of data obtained from three equivalent EBSD-examined areas.)
(Note the surface fraction after the 1st scan is lower than the following scans. It’s mainly because
~50% of the area is not resolved by EBSD analysis for the 1st scan.)
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4.3.3.3 Estimation of the magnitude of Si-SiO2 interfacial energy
The seed density plot in Fig. 4.3 shows that some of the {100}-surface-oriented grains
(although having the lowest Si-SiO2 interfacial energies) still melt away during the 1st scan. In
fact, this phenomenon can be well explained using our thermodynamic model. After the 1st scan,
the average grain size in the film is relatively small. Recall the interface velocity expression: the
component that affects the melting/solidification velocities of different surface-oriented solids is:
2𝜎𝑆𝑖−𝑆𝑖𝑂2
ℎ

+

𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑
𝑟𝑔

. For small grains (as is the situation for the 1st scan), the term associated with

𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑

grain size (

𝑟𝑔

) can play a more significant role than the interfacial energy term (

2𝜎𝑆𝑖−𝑆𝑖𝑂2
ℎ

)

in affecting the interface velocity. Therefore some {100}-surface-oriented grains will get
2

eliminated due to their small sizes. After the 1st scan, the average grain size is large enough (ℎ ≫
1
𝑟𝑔

). Then the microstructure evolution is governed by the interfacial energy term. As such, the

number of {100}-surface-oriented grains do not change much afterwards.
The above discussion further suggests the possibility of constructing the following argument
to estimate the absolute value of the average interfacial energy. If we assume that
𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑
𝑟𝑔

is the condition under which grain size component (

the interfacial energy component (

2𝜎𝑆𝑖−𝑆𝑖𝑂2
ℎ

𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑
𝑟𝑔

2𝜎𝑆𝑖−𝑆𝑖𝑂2
ℎ

≤

) becomes dominant over

) in affecting the interface velocity, then, incorporating

the corresponding values (the film thickness (ℎ) and the radius of the unmelted solid (𝑟𝑔 )) leads
us to identify that 𝜎𝑆𝑖−𝑆𝑖𝑂2 is less than 0.58𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑 . If we further incorporate the interfacial
energy between solid Si and liquid Si (𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑 ), which has been reported to be 0.34-0.45 J/m2
(simulation results) [147, 148], we arrive at the following estimation: 𝜎𝑆𝑖−𝑆𝑖𝑂2 ≤0.20-0.26 J/m2;
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remarkably, this roughly estimated value is rather close to that reported by Tu and Tersoff (0.11
/0.15 J/m2) using a computational method [132].

4.4

JMAK-type Transformation Analysis

4.4.1 Modification of variables and parameters
For the microstructure transformation taking place in the MPS cycles, we can view it by
focusing on the change of the {100}-surface-oriented grains. Specifically, we treat
{100}-surface-oriented grains as one “phase” while the surrounding non-{100}-surface-oriented
grains as another “phase”; then the transformation can be viewed as the scan-by-scan increase in
the fraction of the {100}-surface-oriented “phase”. Accordingly, we propose applying JMAK
analysis to mathematically describe the scenario encountered during MPS.
In general JMAK analysis is used to describe the kinetics of transformation processes
(fraction of transformation as a function of time) [145, 146]. The JMAK equation is as follows:
𝑓𝑡 = 1 − exp(−𝑓𝑒𝑥𝑡 )(4-1)
where 𝑓𝑡 is the actual fraction transformed as a function of time (𝑡), 𝑓𝑒𝑥𝑡 is the extended
fraction calculated without considering complications (such as “phantom” nuclei, impingement
of grains). The analysis of the actual fraction transformed (𝑓𝑡 ) is then simplified into finding out
the relationship between extended fraction (𝑓𝑒𝑥𝑡 ) and time (𝑡). For the transformation taking
place in a thin film with “site saturation” behavior, the JMAK equation is written as:
𝑓𝑡 = 1 − exp(−𝑁𝜋𝑟𝑡2 ) = 1 − exp[−N𝜋(𝑣𝑔 𝑡)2 ] (4-2)
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Here 𝑁 is the number of sites/seeds per unit area, 𝑟𝑡 is the extended grain radius at time 𝑡 and
𝑣𝑔 is the extended growth rate.
For the current microstructure change taking place in thin Si films, the {100} grains expand
in size in a two-dimensional manner and the number of {100} grains per unit area does not
change significantly over the scans (as shown in Fig. 4.3). Such behavior is very similar to the
“thin film, site saturation” scenario described by typical JMAK analysis. Therefore, we adapt the
JMAK model to the current situation. Certain modifications are made correspondingly:
(1) Transformation time (𝑡) is replaced by scan number (𝑛). (As we are not describing the change
as a function of time, we call our analysis JMAK-type analysis).
(2) Assign the following expression to capture the change of extended grain radius (𝑟𝑛 ) as a
function of scan number (𝑛).
𝑟𝑛 = 𝑟1 𝑛𝑚 (4-3)
Here 𝑟1 is the extended grain radius after the 1st scan. 𝑚 is a constant, which describes how 𝑟𝑛
is dependent on the scan number (𝑛). The seed density (𝜌{100} ) is also assigned to be a constant.
Based on the above settings, the {100} surface fraction after the nth scan is represented as:
𝑓𝑛 = 1 − exp[−𝜌{100} 𝜋𝑟12 𝑛2𝑚 ](4-4)
4.4.2 Parameter extraction and independent verification
Equation (4-4) can be rewritten as:
ln[− ln(1 − 𝑓𝑛 )] = 𝑙𝑛(𝜌{100} 𝜋𝑟12 ) + 2𝑚𝑙𝑛(𝑛)(4-5)
It indicates that ln[− ln(1 − 𝑓𝑛 )] and 𝑙𝑛(𝑛) should follow a linear relationship if the
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proposed JMAK-type analysis is valid. Incorporating the experimental data into ln[− ln(1 −
𝑓𝑛 )] and 𝑙𝑛(𝑛) respectively, we obtained the plot shown in Fig. 4.5. Clearly, those two
quantities have a very strong linear correlation, as suggested by equation (4-5). In other words,
the current JMAK-type analysis is applicable to describe the transformation taking place in the
MPS process. Furthermore, through linear fitting, we can extract the corresponding values. The
following equation is obtained to describe the relationship between the surface fraction of the
{100}-surface-oriented grains (𝑓𝑛 ) and the scan number (𝑛) for the current processing condition:
𝑓𝑛 = 1 − exp[−0.04𝑛1.07 ](4-6)

Fig. 4.5 Relationship between ln[− ln(1 − 𝑓𝑛 )] and 𝑙𝑛(𝑛) of {100}-surface-oriented grains
(The results from linear fitting are: Y=A+B*X, A=-3.22, B=1.07)
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Furthermore, the corresponding values extracted from linear fitting (Y=A+B*X) can be
independently verified using additional experimental data (grain size, seed density) as shown
below:
(1) A=𝑙𝑛(𝜌{100} 𝜋𝑟12 )= -3.22, therefore 𝜌{100} 𝑟12 = 0.0127.
𝜌{100} is the seed density and 𝑟1 is the extended grain radius after the 1st scan. Theoretically,
the extended value and the actual value for those two quantities should be very similar. Therefore,
we can use the actual value obtained from experimental analysis to verify the extended value
obtained from the linear fitting. EBSD analysis shows that 𝜌{100}_𝑎𝑐𝑡 ≈ 0.025 m-2, 𝑟1_𝑎𝑐𝑡 =0.49
2
m respectively, leading to 𝜌{100}_𝑎𝑐𝑡 𝑟1_𝑎𝑐𝑡
= 0.006. This experimental value is smaller than the

fitting value. The discrepancy mainly arises from two factors. (1) For the extended growth, we
only consider a fixed number of {100}-surface-oriented grains continue to expand in size as scan
number increases. However, in the actual experiments (especially during the 1st scan), the
{100}-surface-oriented grains do not evolve that systematically. As mentioned previously, they
may shrink in size or even melt away during the 1st scan. (2) The data extracted from the 1st scan
exhibits relatively large uncertainties since a large portion of the area is not resolved by EBSD
analysis (data from those unresolved areas is lost). Because of the above two facts, the
experimental value of 𝜌{100} 𝑟12 is not very close to the fitting value.
(2) B=2m=1.07, therefore 𝑟𝑛 = 𝑟1 𝑛0.535 ;
First, we have 𝑚=0.535, which is in the range of 0~1. Qualitatively, this value of 𝑚 is valid
and reasonable since it captures the fact that the grain radius increases with a reduction in rate.
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(Note 𝑟𝑛 = 𝑟1 𝑛0.535 describes the change of extended grain radius. The actual grain radius will
show a further reduction in rate because of grain impingement during solidification).
Second, during the first few scans (i.e., 1 to10 scans), no significant grain impingement has
happened yet (as shown in Fig. 4.3). Therefore, the actual grain radius can be viewed as similar
to the extended grain radius (𝑟𝑛_𝑎𝑐𝑡 ≈ 𝑟𝑛 ). As such, we could use the experimentally obtained
𝑟𝑛_𝑎𝑐𝑡 − 𝑛 relationship to verify the value of 𝑚 (here we only use the data from 2 to10 scans
because the data extracted from the 1st scan exhibits relatively large uncertainties).
In order to perform the verification, the 𝑟𝑛 − 𝑛 relationship (𝑟𝑛 = 𝑟1 𝑛𝑚 ) is rewritten as:
ln(𝑟𝑛 ) = 𝑚𝑙𝑛(𝑛) + ln(𝑟1 ) (4-7)
Incorporating the experimental data into ln(𝑟𝑛 ) and 𝑙𝑛(𝑛) respectively, we obtain the plot
shown in Fig. 4.6. From linear fitting, we get 𝑚 =0.57, which is very close to the value obtained
from the JMAK-type analysis (𝑚 =0.535). Thus, through using the additional experimental data
associated with the average grain sizes after each MPS cycle, the value of m is validated.
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Fig. 4.6 Relationship between actual average grain radius (ln(𝑟𝑎𝑐𝑡𝑢𝑎𝑙 )) and scan number (ln(𝑛))
of {100}-surface-oriented grains. (Linear fitting results: y=a+b*x, a= -0.43, b= 0.57).

4.4.3 Comparison to traditional JMAK analysis
In summary, in the MPS process, microstructure transformation takes place through multiple
melting-and-solidification cycles in Si films. Due to the effect of Si-SiO2 interfacial energy
anisotropy in affecting the melting and solidification process, all the grains in the film evolve,
resulting in a new orientation distribution and grain boundary locations after each cycle. It is
observed that despite of the complex details associated with the melting and solidification
process, the net change after each melting-and-solidification cycle is quite simple. That is, the
{100}-surface-oriented grains systematically evolve, with their surface fraction continuously
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increasing after each MPS cycle. This change can be mathematically described through a
JMAK-type analysis. In this analysis, the surface fraction increase of {100}-surface-oriented
grains is described as a function of scan number. Meanwhile, the grain size expansion is also
scan-number-dependent and is captured by assigning the following function to it: 𝑟𝑛 = 𝑟1 𝑛𝑚 .
Traditionally, JMAK analysis is used to describe the kinetics of phase-transform based
processes. It has also been used to describe other similar transformation process such as
secondary grain growth and recrystallization. When dealing with transformations taking place in
thin films, it should be noted that thin films exhibit the unique characteristics of having a high
surface/interface area ratio. Accordingly, properties associated with those surface/interfaces
(surface/interface energy anisotropy, mechanical properties and roughness) can significantly
affect the transformation process.
Some typical transformation processes and the corresponding mathematical analyses are
summarized along with the current MPS process and JMAK-type analysis (shown in Fig. 4.7 and
Table 4.1). Through comparison, it can be found that the current MPS transformation and the
corresponding JMAK-type analysis distinguish themselves from others in many ways. Details
are shown below.

74

Chapter 4 Microstructure Transformation of MPS: Experiments and JMAK-type Analysis

Fig. 4.7 Schematic diagram showing the processes of different transformations [95, 149, 150].
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Table 4.1 Comparison between the current MPS process and JMAK-type analysis and other
transformation processes and the corresponding mathematical analyses.
Transformation

Mathematical description

Driving force

JMAK-type Analysis

Effective “driving

Multiple melting

(consider the varying grain-size-

force” is the

& solidification

expansion rate: rn =r1nm)

reduction in total

cycles

(the surrounding microstructure

Si-SiO2 interfacial

evolves over time)

energy

Mixed-Phase
Solidification

JMAK Analysis [145, 146]
Nucleation and
(constant growth rate (vg) at

Nucleation &
growth of solid

linear dimension for isothermal

Growth
in liquid matrix

condition: r=vgt)

Reduction in Gibbs
free energy
(Gsolid< Gliquid)

Other Analysis [151]
Grain boundary
Normal Grain

(rn-r0n = Ct, n~2)

migration

Reduction in total
grain boundary

(grain growth slows/stops when

Growth
in solid

energy
grain size reaches film thickness)
JMAK Analysis [149]

Surface-Energy

Grain boundary

Reduction in total
(constant growth rate for

- Driven

migration

Secondary

in solid

isothermal condition r ∝t)

surface energy and
grain boundary

(the surrounding microstructure
energy

Grain Growth
does not change over time)
JMAK Analysis

Reduction in total

(consider varying growth rate

defect energy

v=Ct-x) [152] (the surrounding

(generated through

Nucleation and
Recrystallization growth of solid
in solid matrix
microstructure change over time) deformation)
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4.5

Summary
We examined the gradual microstructure evolution of a polycrystalline Si film as it is exposed

to multiple MPS cycles. By viewing the scan-by-scan microstructure change with focus on the
surface area fraction change of the {100}-surface-oriented grains, we conducted JMAK-type
analysis to mathematically describe the transformation. We also verified the validity of the
analysis by comparing the fitting data (obtained from the JMAK-type analysis) to the additional
experimental data (regarding grain size and seed density). It is concluded that the JMAK-type
analysis is a viable approach to describe the microstructure transformation in MPS cycles.
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5 Microstructure Evolution of Near-{100}-Surface-Oriented Grains
5.1

Abstract
This chapter focuses on the behavior of near-{100}-surface-oriented grains undergoing MPS

cycles. Instead of examining the overall and average behavior of near-{100}-surface-oriented
grains collectively (as was done in Chapter 4), we subdivide in this chapter the
near-{100}-surface-oriented grains into a finer range of intervals in terms of their extent of
deviation from the <100> pole. The corresponding orientation-dependent microstructure
evolution characteristics of these near-{100}-surface-oriented grains are examined and followed
in detail. The findings reveal that the grains with a greater degree of deviation tend to become
less stable and disappear more promptly as the process proceeds, thereby leading to a tighter
distribution of grains around the <100> pole. This observation is consistent with what is
expected from the thermodynamic model, provided that the value of interfacial energy of
Si-SiO2 decreases and reaches a minimum value as the orientation approaches the <100> pole.

5.2

Introduction
An optimal MPS process involves multiple scanning of Si films (100-150 nm thick) under a

radiative beam (such as cw-laser). Microstructural analysis of the resulting films reveals that
both the {100} surface fraction and the average grain size increase with increasing MPS scan
number and reach a saturation after a few scans (as shown in Fig. 5.1).
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Fig. 5.1 Left plot: Microstructure evolution plot showing the change of {100} surface fraction
and average grain diameter of a Si film as it undergoes optimal MPS processing. The {100}
surface fraction reaches >99% and the average grain size reaches a soft saturation value after ~5
scans. Right images: EBSD maps showing the microstructure of the film after 1 and 5 scans.
(Here {100}-surface-orientation is defined to be within 15o deviation of the <100> pole) [104]

In our previous studies, the grains with surface orientation located within 15o deviation of
the <100> pole are grouped together and represented as {100}-surface-oriented grains. When
defined as such, the {100}-surface-oriented grains surface fraction comes to >99% after ~5 scans.
In addition, the average grain size also reaches a soft saturation after ~5 scans. While useful and
convenient in terms of illustrating the overall behavior of the grains in the above way, one can
expect, based on the thermodynamic model discussed in Chapter 3, there should be variations in
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the behavior among the grains within this wide range. Specifically, within this range,
orientation-dependent microstructure-evolution behavior is expected. It also means that the
microstructure evolution plots should show distinct values and dependence as a function of how
“near-{100}” the grains are (in terms of deviation angle from the <100> pole). Such details have
not been examined and scrutinized previously. In this chapter we examine the microstructure
evolution details of the near-{100}-surface-oriented grains.
Theoretically, the free surface energy has been extensively investigated over the years. The
“broken bond” model is used to calculate the free surface energy for different crystallographic
orientations. It is found that the close-packed orientation lies at a cusped minimum in the energy
vs. angle plot (as shown in Fig. 5.2). It is also argued that a similar situation can be applied to
any crystal structure for rotations about any axis from any reasonably close-packed plane [153].
Accordingly, we expect that similar characteristics should be observed in the Si-SiO2 interfacial
energy vs. deviation angle relationship, as the Si-SiO2 interfacial energy is at least partially
related to the interface broken bonds. Through the microstructure analysis in this chapter, we
expect to obtain some qualitative information of the dependence of Si-SiO2 interfacial energy on
the angle of deviation from the <100> pole.
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Fig. 5.2 (a) The “broken bond” model that schematically illustrates the orientation dependence of
surface energy. (b) Variation of surface energy as a function of  (angle to the close-packed plane)
for the situation described in (a),illustrating a cusped minimum in the energy vs. angle plot [153].

5.3

Experimental Details
A continuous-wave laser (2ω-Nd:YVO4 , 532 nm wavelength) was utilized. A linearly

shaped laser beam (~700 μm long, top-hat line beam with a ~35 μm FWHM Gaussian cross
section) was used for performing MPS. In order to obtain sufficient data of the
near-{100}-surface-oriented grains, we performed optimal MPS process by using thin Si films.
The samples consisted of 130nm thick amorphous Si films on SiO2-buffer-layer-coated quartz
substrates. The films were obtained via PECVD (plasma enhanced chemical vapor deposition).
They were annealed (at 500 oC for ~2 hours in vacuum or an inert atmosphere) to remove excess
hydrogen content before crystallization. The samples were placed on a translation stage and
scanned at 15 mm/s. Microstructural analysis of the film undergoing various MPS cycles was
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conducted using EBSD and SEM.
The surface fractions for different orientations were calculated by dividing their exact
surface area by the EBSD-resolved area. In the process of grain identification, grains with
1-pixel size (d=0.3m) were disregarded. It is because the existence of a large amount of small
grains should not be possible in the current optimal MPS process. In addition, the EBSD mean
angle deviation can be up to 1o. Therefore, during the process of dividing the deviation angles
into smaller ranges, different bin sizes were selected (3o, 4o, 5o bins respectively). In fact they all
show similar trend. In the current chapter, only the results corresponding to the 3o bin are shown.

5.4

Results

5.4.1 Orientation-dependent surface fraction evolution
Fig. 5.3(a) shows the typical EBSD maps of a polycrystalline Si film undergoing optimal
MPS process. Both the condition of 5 scans and 13 scans show identical characteristics; that is,
the film primarily consists of near-{100}-surface-oriented grains. In Fig. 5.3(b), we re-plot the
typical EBSD maps. The near-{100}-surface-oriented grains are “colored” according to their
extent of deviation from the <100> pole. As a result, more details associated with the
microstructure evolution are revealed. As shown in Fig. 5.3 (b), the grains in the film become
more reddish (i.e., their surface orientations are getting closer to the <100> pole) as scan number
increases. This trend is further confirmed by the IPF figures shown in Fig. 5.3 (c), where the
grains in the film show a tighter distribution around the <100> pole as scan number increases.
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Fig. 5.3 (a) EBSD maps showing the surface-texturing after 5 MPS scans (left) and 13 MPS
scans (right). (b) Re-plotting of (a), where the near-{100} grains are “colored” according to their
surface orientation (the less deviation from the <100> pole, the more reddish). (c) Inverse pole
figures showing the orientation distribution of the grains after 5 (left) and 13 (right) MPS scans.
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In order to examine the orientation-dependent microstructure evolution of the near-{100}
grains more systematically, we divide them into subgroups (namely, 0o-3o, 3o-6o, 6o-9o, 9o-12o
deviation from the <100> pole). Their normalized surface fraction evolutions are plotted, as
shown in Fig. 5.4. It is observed that the microstructure evolutions show orientation-dependent
behavior. The grains with orientations closest to the <100> pole continue to increase in surface
fraction while the ones furthest away from the <100> pole continue to decrease. In between, the
surface fractions first increase and then decrease as scan number increases.

Fig. 5.4 Microstructure evolution plots showing the change of normalized surface fraction as a
function of scan number for different subgroups (defined by the extent of deviation from the
<100> pole).
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The surface fraction, average grain diameter, and number of grains per unit area (seed
density) of each subgroup are plotted in Fig. 5.5 to reveal more details.

Fig. 5.5 Microstructure evolution plots showing the change of (a) surface fraction, (b) average
grain diameter, and (c) number of grains per unit area (seed density) as a function of scan
number for each subgroup (defined by the extent of deviation from the <100> pole).
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As shown in Fig. 5.5, three different trends for the microstructure evolution are observed. (1)
For the orientations closest to the <100> pole (0o-3o), their surface fraction keeps on increasing
with scan number. The average grain size also continuously increases with scan number. And the
seed density does not change much over the scans. (2) For the 3o-6o, 6o-9o groups, their surface
fractions increase first and then decrease. Their average grain sizes also show the trend of
increasing with scan number. The rate of increase is lower compared to the 0o-3o group. The
corresponding seed density initially does not change much, and then decreases as more scans are
conducted. The point (in terms of scan number) at which the value of surface fraction and seed
density start to drop is earlier for 6o-9o group than 3o-6o group. (3) For the orientation group
furthest away from the <100> pole (9o-12o), its surface fraction and seed density both keep on
decreasing rapidly with scan number and approach 0 after a few scans. The average grain size of
the surviving grains in this group continues to increase, yet at an even slower rate.

5.4.2 Orientation-dependent grain size distribution
An EBSD map of an optimally MPS-processed area is shown in Fig. 5.6 (a). The
corresponding grain size distribution diagram is shown in Fig. 5.6 (b). It illustrates that the grain
sizes show a quite centralized distribution. Most of the grains have diameters in the range of 2
m to 4 m, with a mean value at 2.93 m.
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Fig. 5.6 (a) EBSD map and (b) grain size distribution of an optimally MPS-processed area.

Fig. 5.7 (a) Re-plotting of Fig. 5.6 (a), where the near-{100} grains are “colored” according to
their surface orientation (the less deviation from the <100> pole, the more reddish). (b) Mean
grain diameter of each subgroup (defined by the extent of deviation from the <100> pole).
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The EBSD map (Fig. 5.6 (a)) is re-plotted where the near-{100}-surface-oriented grains are
“colored” according to their extent of deviation from the <100> pole (as shown in Fig. 5.7 (a)). It
is observed that the grains with larger grain size are the ones that are depicted as more reddish
(i.e., the larger grains show surface orientations closer to the <100> pole). To reveal this trend
more systematically, we extracted the average grain diameter of each subgroup (namely, 0o-3o,
3o-6o, 6o-9o, 9o-12o deviation from the <100> pole). As shown in Fig. 5.7 (b), the grain size
increases systematically as the surface orientations get closer to the <100> pole.

5.5

Discussion

5.5.1 Factors affecting grain size distribution
As revealed in Fig. 5.7 (b), the average grain sizes of different subgroups show orientationdependent distributions. This distribution is an accumulated result of microstructure evolutions
from the previous melting-and-solidification cycles, which is further affected by: (1) Si-SiO2
interfacial energies of the grains in each subgroup; (2) characteristic solid-liquid coexistence
distances (This factor constrains the further enlargement of large grains.); (3) grain elimination
during melting (Some small grains, especially the grains associated with the subgroups with
larger deviation from the <100> pole, will melt away during the cycles. This is not captured by
the apparent average grain size measured by microstructure analysis). Excluding the effect of (2)
and (3), one would expect that the individual effect of Si-SiO2 interfacial energy anisotropy will
lead to a more rapid increase in average grain size as surface fraction approaches the <100> pole.
88

Chapter 5 Microstructure Evolution of Near-{100}-Surface-Oriented Grains

5.5.2 Interpretation via the MPS thermodynamic model
As we divide the near-{100}-surface-oriented grains into subgroups in terms of their extent
of deviation from the <100> pole, distinct microstructure evolution characteristics associated
with surface fraction evolution and grain size distribution are observed. Both reveal that, as the
MPS scan goes on, the film continues evolving towards having a tighter distribution of grains
around the <100> pole. The above evolution characteristics are all consistent with our MPS
thermodynamic model which assigns Si-SiO2 interfacial energy (minimum for the
{100}-surface-orientation) as the key parameter influencing the microstructures evolution in the
MPS process. Although the film becomes highly {100}-textured after a few scans, the grains in
the film still have different surface orientations (corresponding to different Si-SiO2 interfacial
energies). Therefore, “competition” among those grains will continue as governed by the Si-SiO2
interfacial energy anisotropy. The above observation also indicates that we can potentially obtain
Si films with an improved degree of (100)-surface-texturing through increasing the number of
MPS cycles.
In addition, interpreting the microstructure evolution characteristics among the
near-{100}-surface-oriented grains in terms of our thermodynamic model, we can qualitatively
demonstrate the dependence of Si-SiO2 interfacial energy on the angle of deviation from the
<100> pole. We suggest that the value of Si-SiO2 interfacial energy decreases and reaches a
minimum value as the orientation approaches the <100> pole (as shown in Fig. 5.8).
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Fig. 5.8 Schematic plot showing the variation of Si-SiO2 interfacial energy as a function of
deviation angle from the <100> pole. The current observation shows that the situation described
by the solid line (more cusp-like shape) is more likely to occur than the one in dashed line
(relatively flat shape).

5.6

Summary
In this chapter, we focused on the microstructure evolution of near-{100}-surface-oriented

grains. Orientation-dependent (in terms of the extent of deviation to the <100> pole)
microstructure evolution as well as grain size distribution were observed and examined. Both
reveal that as the MPS process proceeds, the film show a tighter distribution of grains around the
<100> pole. The current observation associated with the microstructure evolution of the
near-{100}-surface oriented grains is consistent with what is as expected from our
thermodynamic model. It also implies that the value of Si-SiO2 interfacial energy does indeed
functionally decrease and reach a minimum value as the orientation approaches the <100> pole.
90

Chapter 6 Investigation of Si-SiO2 Interfacial Energy Hierarchy (1): Large-Area Statistical Analysis

6 Investigation of Si-SiO2 Interfacial Energy Hierarchy (1):
Large-Area Statistical Analysis
6.1

Abstract
This chapter presents an effort designed and executed in order to reveal, through

“non-optimal” MPS, the surface-orientation dependence of the Si-SiO2 interfacial energy for a
selected group of orientations. This is achieved by starting with small-grained polycrystalline Si
films with various surface orientations, and then intentionally inducing gradual transition into
(100)-surface-textured polycrystalline material (by using a combination of thicker films and
lower beam intensities). We do this in order to permit statistically meaningful characterization
and analysis of non-{100}-surface-oriented grains. In contrast to the alternative and novel
technique presented in the next chapter, this chapter performs the “conventional” analysis of
samples that are processed at different number of cycles. We examine a sufficiently large area so
as to yield statistically sufficient information. An orientation-dependent trend in the evolution of
the grains is observed. By interpreting the changes in the surface fraction evolution of
those non-{100}-surface-oriented grains in terms of our MPS thermodynamic model, we identify
and rank the hierarchical order of Si-SiO2 interfacial energies for the examined orientations.
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6.2

Introduction

6.2.1 Motivation of Si-SiO2 interfacial energy analysis
Si-SiO2 interface is one of the more heavily investigated phase boundaries in the field of
materials, as its properties can often play a critical role in electronic devices and material
processes [113]. For various phase-transformation-based or microstructure-evolution-based
processes involving polycrystalline Si films on SiO2 (e.g., melt-mediated crystallization,
solid-phase crystallization, grain growth, solution growth, deposition, etc.) [95], the
thermodynamic properties of the interface can directly affect the process, and, in doing so,
dictate the resulting microstructure of the films. The fact that crystal Si-SiO2 interfacial energy
(𝜎𝑆𝑖−𝑆𝑖𝑂2 ) is an anisotropic quantity whose value depends on the crystallographic orientation of
the crystal is well recognized, but poorly characterized; this stems from the fact that it is difficult
to systematically discern, either experimentally or computationally, the relationship between the
interfacial energy and the orientation.
6.2.2 Background: investigation of 𝝈𝑺𝒊−𝑺𝒊𝑶𝟐 hierarchical order using MPS
The MPS thermodynamic model indicates that the transitions during MPS cycles take place
in a near-equilibrium environment. Being that the case, a minute thermodynamic difference can
lead to dramatic microstructure changes. Therefore, the MPS process provides one with a unique
opportunity to study the thermodynamic properties of the film.
Recall equation (3-7) which describes the difference in the interface velocities between two
differently oriented grains:
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∆𝑣𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 =

2𝐾𝑇𝑚 ∆𝜎𝑆𝑖−𝑆𝑖𝑂2
(3-7)
∆𝐻𝑓 ℎ

It explicitly points out that ∆𝑣𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 is strongly dependent on ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 . Therefore, on
average, the survivability of a grain after MPS cycles should reflect the relative magnitude of its
interfacial energy. A correlation between an experimental-accessible quantity and a theoretical
thermodynamic quantity is thus established. As such, it is possible to experimentally investigate
the orientation dependence of the Si-SiO2 interfacial energy by analyzing and comparing the
microstructure evolution of different orientations during MPS cycles (as illustrated in Fig. 6.1).

Fig. 6.1 Schematic diagram illustrating the grain-orientation-dependent microstructure evolution
of a Si film after an MPS cycle. The increase/decrease in the sizes of the grains is dominantly
affected by the orientation-dependent Si-SiO2 interfacial energies.

6.3

Experimental Details
A continuous-wave laser (2ω-Nd:YVO4 , 532 nm wavelength) was utilized. A linearly
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shaped laser beam (~600 μm long, top-hat line beam with a ~20 μm FWHM Gaussian cross
section) was used for performing MPS. The samples consisted of small-grained 285 nm thick Si
films on SiO2-buffer-layer-coated quartz substrates; the films were obtained via solid phase
crystallization (SPC) of LPCVD deposited amorphous Si films (which presumably contained a
high density of as-deposited microcrystalline clusters). The samples were placed on a translation
stage and scanned under laser beam at 15 mm/s. Microstructural analysis of the film undergoing
various MPS cycles was conducted using EBSD and SEM. The cross-sectional TEM analysis is
performed by researchers at KAIST (Korea Advanced Institute of Science and Technology).
For the current experiments, “non-optimal” MPS samples and experimental conditions (i.e.,
a thick polycrystalline Si film with various grain orientations, and low laser intensity) were
intentionally chosen. (Recall equation (3-7): ∆𝑣𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 =

2𝐾𝑇𝑚 ∆𝜎𝑆𝑖−𝑆𝑖𝑂2
∆𝐻𝑓 ℎ

. Increasing film

thickness (ℎ) can make the contribution of ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 less significant). As such, the rate at which
the film becomes dominated by {100}-surface-oriented grains was reduced, permitting a more
comprehensive detection and analysis of the non-{100}-surface-oriented grains.

6.4

Results

6.4.1 Overall texture evolution
In the current Large-Area Statistical Analysis, it should be noted that, in order to obtain
statistically significant data points, we mainly focus on examining the evolution of the first 10
scans. After 10 scans, only a few non-{100}-surface-oriented grains remain in the film.
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Therefore, the observed results are more individual-behavior, which depend on the local
environment (actual local temperature and grain size, orientations of its neighboring grains, etc.).
As such, examining the first 10 scans is more effective in showing an average behavior of the
microstructure evolution trend that’s dominantly affected by Si-SiO2 interfacial energies. EBSD
analysis results are shown in Fig. 6.2.

Fig. 6.2 (a) EBSD maps showing the microstructures of the Si films undergoing multiple MPS
scans (scan number is labeled by the number in the image), and (b) the corresponding inverse
pole figures showing the texture evolution in the film after 1 to 10 MPS scans (from left to right).

From Fig. 6.2, it’s observed that the initial films must have consisted of relatively small and
essentially randomly oriented grains, as the grain size after the first exposure is still small, and
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the orientation distribution does not indicate any preferential texturing. As the film is repeatedly
scanned, both the average grain size and the surface fraction of {100}-surface-oriented grains
increase gradually at the expense of non-{100}-surface-oriented grains. In addition, and more
importantly for the current analysis, the rate at which the {100}-surface-oriented grains become
dominant in the film is substantially reduced. As further indicated in Fig. 6.3 (a), after 10 scans,
the surface fraction is still less than 40%. Therefore, examination of the microstructure evolution
of non-{100}-surface-oriented grains is possible.
6.4.2 Texture evolution of selected orientations
A series of low-indexed orientations ({100}, {110}, {111}, {331}, {113}, {310}, {221},
{112} and {210}) were selected and the corresponding surface fractions of these orientations
were plotted as a function of scan number. As shown in Fig. 6.3, the evolution in the surface
fraction of the grains is dependent on their surface orientations. It can be discerned from the plot
that the fraction of {100}-surface-orientation is the only one that continues to grow with
increasing scan number, starting from 6.1% to 39.0% after 10 scans. In contrast, the surface
fraction of {110}-surface-orientation starts at a relatively low value (2.8%) and quickly decreases
to ~0% after around 10 scans. In general, the surface fraction of all other non-{100}-surfaceorientations starts at relatively high percentages (>10%) after the first scan but they all decrease,
and do so more gradually than that of the {110}-surface-orientation, at various
orientation-dependent rates. The sole exception to the above trend corresponds to the {111}surface-orientation; it starts low and essentially fluctuates around 3.5% as scans are performed.
96

Chapter 6 Investigation of Si-SiO2 Interfacial Energy Hierarchy (1): Large-Area Statistical Analysis

Fig. 6.3 Change of surface fractions corresponding to a selected set of surface orientations
(within 8o deviation of the (a) <100>, (b) <111>, <110>, (c) <221>, <112>, <210>, and (d)
<331>, <113>, <310> poles) as a function of scan number. (The error bars come from different
data sets collected from EBSD measurements on three equivalent areas of the film).
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6.5

Discussion

6.5.1 𝝈𝑺𝒊−𝑺𝒊𝑶𝟐 hierarchical order extraction
When interpreted within the context of the thermodynamic model, the observed changes in
the surface fractions reflect, on average, varying interfacial energies for the corresponding
surface orientations. As addressed previously, the observation of gradual increase in the surface
fraction of {100}-surface-oriented grains identifies the {100}-surface-oriented grains as
possessing the lowest Si-SiO2 interfacial energy. This is in contrast to other orientations where
the surface fractions continue to decrease with increasing scans.
It should be noted that the result obtained after the first scan is dependent on the
microstructure of the initial pre-MPS polycrystalline Si film; MPS is a partial-melting-based
process in which grains with new orientations are not created. Being that the case; the changes
that take place from thereon can be identified as being more relevant for the purpose of
evaluating the relative thermodynamic strengths associated with grains with different
orientations. The survivability of each orientation can be represented by how fast the surface
fraction decreases with increasing scan numbers. Correspondingly, the normalized surface
fractions of the selected non-{100}-surface-orientations are plotted in Fig 6.4. The rate at which
the surface fraction of each orientation decreases is indicated by the slope of each plot. The
descending order for this rate is as follows:
{310} < {113} < {112} < {221} < {210} < {331} < {110}.
Correlating them with the thermodynamic model, we therefore suggest the Si-SiO2 interfacial
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energy hierarchy for the examined orientations as:

{310} < {113} < {112} < {221} < {210} < {331} < {110}.

Fig. 6.4 Change of normalized surface fraction as a function of scan number for the selected
non-{100} orientations (The inset plot shows the exact surface fraction change of the selected
orientations). The solid/dashed lines correspond to the first order exponential fitting of each set
of data, which is used to represent the trend of the normalized surface fraction evolution. The
survivability of each orientation is represented by the slope of each plot.

A sole exception here is the behavior observed with {111}-surface-oriented grains. Its
surface fraction keeps fluctuating around a low value. We currently consider two factors, which
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are not considered in the thermodynamic model, as being responsible for this anomaly: (1) that
{111}-surface-oriented regions can be occasionally generated through twinning during the
growth of the prevalent {100}-surface-oriented grains, and (2) that the boundaries between {111}
and {100} regions appear to be highly melt-resistant (and thereby stabilize the
{111}-surface-oriented regions). When these dynamic tendencies are factored in, it is possible to
deduce that the “innate” survivability (as depicted in the model) is quite low and is similar to that
of {110}-surface-oriented grains. As such, {111}-surface-orientation should also show larger
interfacial energy.
The above discussions finally lead to the following ascending order of Si-SiO2 interfacial
energies for the selected orientations here:

{100} < {310} < {113} < {112} < {221} < {210} < {331} < {111}, {110}.
Graphically, this hierarchical order is represented on an inverse pole figure as shown in Fig. 6.5.

Fig. 6.5 Representing the hierarchical order of Si-SiO2 interfacial energies (𝜎𝑆𝑖−𝑆𝑖𝑂2 ) for the
selected orientations on an IPF figure.
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It should be noted that the data from which these relationships are derived are subject to
statistical limitations and variations (associated with the examined size of the area and the
number of the grains). We will present more direct ways to experimentally extract the equivalent
set of information in the next chapter.
6.5.2 Formation and microstructures of the current Si-SiO2 interface
Since we are examining Si-SiO2 interface, it’s worthwhile to learn about how the interface
forms. As mentioned before, the high quality thin Si film is obtained through chemical vapor
deposition (PECVD/LPCVD). Typically a thin (several nanometers thick) native oxide is
spontaneously formed on top of Si surface. In our experiments, we are heating the film up to the
melting point of Si (~1685K), and as a result the oxide is thickened through thermal oxidation
(as shown in the cross-sectional TEM image for an MPS-processed sample in Fig. 6.5). On the
bottom side, the SiO2 buffer layer is generated through PECVD deposition. During MPS melting
and solidification cycles, both interfaces are heated up and become relaxed under the high
temperature environment. Therefore, the features we are examining in the current experiments
should apply to a well-structured Si-SiO2 interface at the temperature near the Si melting point.
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Fig. 6.6 Cross-sectional TEM images of a 165nm thick MPS-processed Si film (The very top
gray layer is a Pt layer, used for protecting the sample from damage by the ion beam; the dark
layer beneath it is an amorphous carbon layer used to prevent diffusion of Pt.)

6.6

Summary
We experimentally examined the gradual microstructure changes taking place in

polycrystalline Si films through Large-Area Statistical Analysis. By doing so we were able to
discern the evolution of non-{100}-surface-oriented grains. Their surface fractions were found to
change gradually and reproducibly with scan number in a surface-orientation-dependent manner.
Interpreting the results using our thermodynamic model, where the local interface transition rate
of a grain is related, among other factors, to Si-SiO2 interfacial energy of the grain, we
determined the hierarchical order of 𝜎𝑆𝑖−𝑆𝑖𝑂2 for a selected set of orientations: {100} < {310} <

{113} < {112} < {221} < {210} < {331} < {111}, {110}.

102

Chapter 7 Investigation of Si-SiO2 Interfacial Energy Hierarchy (2): Same-Area Local Analysis

7 Investigation of Si-SiO2 Interfacial Energy Hierarchy (2):
Same-Area Local Analysis
7.1

Abstract
In Chapter 6, the Large-Area Statistical Analysis is performed to obtain the hierarchical

order of the Si-SiO2 interfacial energy. In this chapter, an alternative experimental method
(Same-Area Local Analysis) is developed and employed in order to provide further information
about the quantity. This alternative method allows one to directly keep track of a set of grains as
the region is exposed to different number of MPS cycles (i.e., the same set of grains are
examined between MPS exposures). An equivalent set of information on the Si-SiO2 interfacial
energy hierarchical order is experimentally extracted. In addition, through the current analysis,
the grain-boundary-location-displacement distance (𝜆) can be obtained experimentally. By
employing the relationship developed in Chapter 3 (i.e., the relationship between 𝜆 and
difference in the interfacial energy (∆𝜎𝑆𝑖−𝑆𝑖𝑂2 ) of the involved grains), the values of ∆𝜎𝑆𝑖−𝑆𝑖𝑂2
for certain orientation pairs are evaluated.

7.2

Introduction and Experimental Designs

7.2.1 Same-area local analysis experimental designs
In order to enable the Same-Area Local Analysis, the following technical requirement should
be met: (1) Conduct non-destructive microstructural examinations before and after laser
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processing; (2) Locate the positions on the Si films with m-scale accuracy; (3) Control the
microstructures of the starting material (in terms of grain size, grain location and surface
orientation) to enable systematical comparison of the grains microstructure evolution. The
current Same-Area Local Analysis is designed to meet all the above requirements. The respective
details are discussed as follows:
(1) EBSD is used for microstructural analysis. Through experimental examination, we confirmed
that the EBSD-examined area behaves similarly as the unperturbed Si films (i.e., starting with
amorphous Si films, the area will become highly (100)-textured after MPS processing.).
Therefore, EBSD analysis is assumed to be not significantly affect the melting behavior of the
film. (2) Dot-SLS-processed thin Si film is used as starting material. As shown in Fig. 7.1, it
contains large grains that are regularly distributed in a matrix. Starting with such materials allows
one to easily locate the grains at m-scale accuracy by taking advantage of the features at the
non-irradiated area as reference. (3) Another reason of using Dot-SLS-processed thin Si film is
that it consists of equally-shaped, large, non-{100}-surface-orientated grains. And they are in
contact with identical surrounding grains (i.e., small randomly-oriented grains). Because of the
relative large initial size, it is possible to keep track of how those non-{100}-surface-oriented
grains evolve with increasing MPS scan number. By examining the microstructure evolution of
grains with different surface orientations, one could systematically compare the relative
magnitude of their Si-SiO2 interfacial energies.
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Fig. 7.1 Sample layout for the Same-Area Local Analysis: (a) Optical image of a
dot-SLS-processed area which consists of regularly located large grains. (b) EBSD maps of the
non-{100}-surface-orientated grains and its surroundings (the black area is the EBSD-unresolved
area which consists of small grains generated from nucleation and growth process). (c) Optical
image of the film after laser irradiation. The features at the non-irradiated area are used as
reference to locate the irradiated grains at m-scale accuracy.
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7.2.2 Background for quantitative evaluation of ∆𝝈𝑺𝒊−𝑺𝒊𝑶𝟐
Discussion in Chapter 3 shows that for the case that grain elimination does not happen
during an MPS cycle, the grain-boundary-location-displacement distance after one cycle can be
represented as:
𝑡

𝜆 = 1/2 ∫𝑡 𝑓 𝛥𝑣 (𝑇(𝑡), 𝜌𝑙𝑜𝑐𝑎𝑙_1 , 𝜌𝑙𝑜𝑐𝑎𝑙_2 )𝑑𝑡(3-18)
𝑖

Fig. 3.7 Schematic diagram illustrating the grain-boundary-location-displacement distance ()
between two adjacent grains after one MPS cycle.
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When the following assumptions are met:
(1) Isothermal melting/solidification condition (i.e., the same Tlocal for both grains);
(2) Constant and identical linear coefficient K for both grains;
(3) Straight interface approximation in one direction (1/𝑟𝑔 =0, 1/𝑟𝑔 ′=0); one principle curvature
(i.e.,𝜌2 ) is zero while the other principle curvature (i.e.,𝜌1 ) is constant;
the grain-boundary-location-displacement distance can be expressed as:
𝜆=

𝐾𝑇𝑚
∆𝑡 ∙ ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 (3-20)
∆𝐻𝑓 ℎ

Here 𝐾, 𝑇𝑚 and ∆𝐻𝑓 are all constant. And ℎ is the thickness of the film, which is also
constant for a given film. Therefore, if the grain-boundary-location-displacement distance (𝜆)
and transformation duration (∆𝑡) can be measured experimentally, then the magnitude of
∆𝜎𝑆𝑖−𝑆𝑖𝑂2 can be evaluated.
Note that assumptions (1) and (2) can be viewed as being valid in general. Assumption (3) is
the most challenge one to satisfy experimentally. Recall equation (3-6):
∆𝑣𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 =

𝐾𝑇𝑚 2∆𝜎𝑆𝑖−𝑆𝑖𝑂2 𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑 𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑
(
+
−
) (3-6)
∆𝐻𝑓
ℎ
𝑟𝑔
𝑟𝑔 ′

Through straight-interface-approximation ( 1/𝑟𝑔 =0, 1/𝑟𝑔 ′ =0), the
𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑
𝑟𝑔 ′

𝜎𝑆𝑖−𝑙𝑖𝑞𝑢𝑖𝑑
𝑟𝑔

term and

term can be eliminated, leading to the simple expression as equation (3-20) shown

above. In fact, this “straight interface” condition can be hardly satisfied. Alternatively, starting
with grains with similar initial size can be viewed as having the same outcome. Therefore, an
alternative choice is to use polycrystalline Si films with grains having similar grain sizes.
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Meanwhile the initial sizes should not be too small; this is to avoid grain elimination (i.e., melt
away) during one MPS cycle. Here we still apply dot-SLS-processed material to conduct the
quantitative evaluation. Details will be discussed in the results section.

7.3

Experimental Details
A continuous-wave laser (2ω-Nd:YVO4 , 532 nm wavelength) was utilized. A linearly

shaped laser beam (~600 μm long, top-hat line beam with a ~20 μm FWHM Gaussian cross
section) was used for performing MPS. The samples consisted of 130 nm thick amorphous Si
films on SiO2-buffer-layer-coated quartz substrates. The films were obtained via PECVD
deposition followed by annealing (at 500 oC for ~2 hours in vacuum or an inert atmosphere) to
remove excess hydrogen content. Large non-{100}-surface-orientated grains were obtained
through 4-shot-dot-SLS process [71] using an excimer laser (308 nm wavelength, ~30 ns pulse
duration). Dot-SLS-processed grains with diameter of ~7 m lay regularly in a 10 x 10 matrix
with a spacing of 30 m. Those grains were all surrounded by small and randomly oriented
grains generated from nucleation and growth. The samples were placed on a translation stage and
scanned under the cw-laser beam at 15 mm/s. Microstructures of the Si films before/after each
MPS cycle were characterized using EBSD and SEM.
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7.4

Results

7.4.1 Microstructure evolution of non-{100}-surface-oriented grains
Fig. 7.2 shows the grain area evolution of a non-{100}-surface-oriented dot-SLS grain and
its surroundings. As expected, the small grain region around the dot-SLS grain undergoes typical
MPS processing and becomes highly (100)-surface-textured after a few scans. Meanwhile, as
scan number increases, the size of the dot-SLS grain shrinks gradually as a result of the
expansion of its surrounding {100}-surface-orientated grains.

Fig. 7.2 (a) EBSD maps, and (b) the corresponding SEM images showing the evolution of a
non-{100}-surface-oriented grain and its surrounding grains, as they undergo multiple MPS
scans (from left to right: the number of scan increases).
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Fig. 7.3 (a) EBSD maps showing the evolution of the selected non-{100}-surface-oriented grains
and their surroundings as they undergo MPS scans. (b) The corresponding plots showing the
evolution of the normalized grain area of the selected non-{100}-surface-oriented grains.
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Several non-{100}-surface-orientated grains are selected (the orientations similar to the ones
in the Large-Area Statistical Analysis are selected in order to compare the results from the two
methods). As shown in the EBSD maps in Fig. 7.3 (a), the size of the dot-SLS grains changes
gradually with increasing scan numbers, resulting from the “competition” with their surrounding
grains. The expansion/shrinking of their grain sizes takes place in a surface-orientationdependent manner. One could observe that some grains do not decrease much in size (e.g. {126})
while some are almost eliminated after a few scans (e.g. {012}). The change of the normalized
grain surface area as a function of scan number is plotted in Fig. 7.3 (b). The extent of surface
area reduction for the selected orientations shows the following order:
{126} (near-{310}-oriented) < {113} < {112} < {012} < {056} (near-{110}-oriented).
In addition, the surface area evolution of a near-{111}-surface-oriented grain is shown is Fig.
7.4. It is observed that its grain shape does not change much over the scans.

Fig. 7.4 EBSD maps showing the evolution of a {111}-surface-oriented grain and its surrounding
grains, as they undergo multiple MPS scans (from left to right: 0, 7, 11 scans).
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7.4.2 Quantitative evaluation of ∆𝝈𝑺𝒊−𝑺𝒊𝑶𝟐
As mentioned above, based on certain assumptions, the grain-boundary-locationdisplacement distance (𝜆) can be expressed as:
𝜆=

𝐾𝑇𝑚
∆𝑡 ∙ ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 (3-20)
∆𝐻𝑓 ℎ

This equation shows that we can evaluate the magnitude of ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 when the other parameters
in the equation are known. Various values of 𝐾 have been reported: 0.25 m/(s*K) [135], 0.0042
m/(s*K) [131], 0.067 m/(s*K) [154]. For the current analysis, 𝐾=0.0042 m/(s*K) is used to
compare with similar work done by Atwater et al. 𝑇𝑚 =1685 K (bulk Si melting temperature) and
∆𝐻𝑓 = 4.184x109 J/m3 (the enthalpy of fusion per unit volume), respectively. ℎ is the film
thickness (130 nm). ∆𝑡 is estimated by: the effective beam width divided by beam scan velocity.
(In the current experiments, the effective beam width is obtained through measuring the size of
the irradiated area using a static laser beam. It is ~20 m. Scan velocity is: 15 mm/s). Lastly, the
average grain-boundary-location-displacement distance can be represented by the grain radius
variation (𝛥𝑟), which is experimentally extracted through microstructural analysis. Incorporating
all the numbers and parameters, we have:
∆𝜎𝑆𝑖−𝑆𝑖𝑂2 = 57.7 ∙  ∆𝑟(7-1)
Here the units for ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 are in mJ/m2, while the units for ∆𝑟 are in m.
Starting with the dot-SLS-processed Si films, we performed certain numbers of MPS scans
on it. The resulting microstructures are shown in the first row of Fig. 7.5. It is observed that each
non-{100}-surface-oriented grain is primarily surrounded by {100}-surface-orientated grains,
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and both of which have similar grain size. Such microstructures qualify the material for
quantitative evaluation of ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 . Therefore, the sample was further irradiated under the beam
for multiple times, and the grain radius reduction of the non-{100}-surface-orientated grains
were measured (summarized in Table 7.1). Substituting 𝛥𝑟 in equation (7-1), values of
∆𝜎𝑆𝑖−𝑆𝑖𝑂2 between an {hkl} orientation and the {100} orientation are obtained consequently
(shown in Table 7.1).

Fig. 7.5 EBSD maps showing the grain size evolution of several non-{100}-surface-orientated
grains and their surrounding grains as they undergo multiple MPS cycles (row 1: areas that
undergo 7 MPS scans, row 2: the same areas that undergo 11 MPS scans).
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Table 7.1 Grain radius evolution of several {hkl} grains, and the calculated ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 between
the {hkl} orientation and {100} orientation
{012}
Grain radius (m)
(after the 7th scan)
Grain radius (m)
(after the 11th scan)
𝜟𝒓 (m)
(undergoing 4 scans)

7.5

{113}

{225}

2.7

2.9

2.5

2.8

2.8

1.2

2.2

1.0

2.4

2.0

1.5

0.7

1.5

0.4

0.8

{045}-{100}

{113}-{100}

{225}-{100}

21.6

5.8

11.5

{012}-{100}
∆𝝈𝑺𝒊−𝑺𝒊𝑶𝟐 (mJ/m2)

{045}

21.6

10.1

Discussion

7.5.1 Microstructure evolution characteristics
As shown in Fig. 7.3, some non-{100}-surface-orientated grains initially increase in size.
Such phenomenon is as expected from our thermodynamic model. It is primarily caused by the
fact that the dot-SLS-processed grains initially have much larger grain size than their
surrounding grains. As such, the unmelted dot-SLS grains also exhibit larger size (i.e., smaller
1/𝑟𝑔 ). Besides, as scan number increases, the shape of the dot-SLS grains indicates that the
curvature associated 𝑟𝑔 is negative at certain locations on the interface (i.e., negative 1/𝑟𝑔 ).
Both factors will reduce the solid-liquid interface curvature of the dot-SLS grains (through
reducing 1/𝑟𝑔 ) and thus lead to better survivability of those non-{100}-surface-oriented grains.
As a result, they tend to survive and even expand in size during the first few scans. However, as
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the number of MPS cycle further increases, they all end up shrinking in size. The surrounding
{100}-surface-orientated grains, benefiting from their lower Si-SiO2 interfacial energy, can keep
on increasing in size until the non-{100}-surface-orientated grains are eliminated. This
observation further confirms that {100}-surface-orientation corresponds to the minimum Si-SiO2
interfacial energy.
The microstructure evolution of a near-{111} grain (Fig. 7.4) shows that it does not shrink
much as scan number increases. In combination with the observation in the Large-area statistical
analysis, we suggest that this behavior is not internally affected by the corresponding Si-SiO2
interfacial energies. The fact that the {111} grain shape does not change much suggests that
boundaries between {111} and {100} grains are highly melt-resistant and thereby stabilize the
{111}-surface-oriented grains.
7.5.2 𝝈𝑺𝒊−𝑺𝒊𝑶𝟐 hierarchical order extraction
From previous discussions in Chapter 6, the relative magnitude of Si-SiO2 interfacial energy
is revealed by how quickly the surface area of those non-{100}-surface-orientated grains
decrease with increasing scan number. The ones that shrink faster in size should correspond to
higher Si-SiO2 interfacial energies. As such, from the current analysis, we obtain the following
hierarchical order of Si-SiO2 interfacial energy as a function of surface orientation:

{100} < {310} < {113} < {112} < {012} < {110}.
Recall the hierarchical order from Large-Area Statistical Analysis:

{100} < {310} < {113} < {112} < {221} < {210} < {331} < {111}, {110}.
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Very consistent results are revealed from the two complementary experimental analyses. It is
worth mentioning that, through the current MPS-based experiments, we experimentally extracted
information on the hierarchical order of Si-SiO2 interfacial energy as a function of surface
orientation. Such information is otherwise difficult to systematically discern, either
experimentally or computationally.
7.5.3 Advantages and limitations of the quantitative evaluation method
From the current analysis, we are able to evaluate the magnitude of ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 between a
specific non-{100}-surface-orientation and {100}, as summarized in Table 7.1. Previously,
Atwater et al has studied growth velocity anisotropy of thin film bi-crystals in
zone-melting-recrystallization (ZMR), through which they estimated the interfacial energy
anisotropy for Si-SiO2 interface to be: {111} - {100} = 69 mJ/m2 and {110} - {100} = 12 mJ/m2
[131]. Using the same value of K, our analysis reveals ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 in the same order of magnitude.
Meanwhile, our method shows advantages in sample preparation, as it allows evaluation of
∆𝜎𝑆𝑖−𝑆𝑖𝑂2 for a variety of orientations without complicated procedures associated with bi-crystal
preparation.
One concern here is that the values of ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 obtained from the current analysis show
quite large error bars. As shown in Table 7.1, two {012}-surface-orientated grains are examined
and the corresponding values of ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 are 21.6 mJ/m2 and 10.1 mJ/m2 respectively. This
large error bar mainly comes from the limitations associated with the current analysis. First, the
sizes of unmelted solid (𝑟𝑔 ) of the involved grains are in fact not exactly the same for all the
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involved grains (even if they start with the same size, the real-time sizes during the melting and
solidification cycle cannot be the same). Second, the sign (positive/negative) of the principle
curvature associated with 𝑟𝑔 is also different at different locations on the interface. Both factors
unavoidably affect the solid-liquid interface velocity (through affecting the 𝑟𝑔 term in equation
(3-6)). And we did not include them in the current analysis. In addition, although we tried to
apply a uniform distribution of the local beam intensity in order to avoid the effect of local
thermal environment non-uniformity. This requires uniform distribution of the local beam
intensity, experimentally it is very challenging to create such an ideal uniform thermal
environment. These extrinsic factors can play a non-negligible role in affecting the grains
microstructure evolution. All the above effects add up and lead to the relative large error bars in
the current investigation.
7.5.4 Comments on the grain-melting-temperature model
Previously, the observation of the (100)-surface-texturing in beam-processed Si films is
mainly explained using a model that assigns specific melting temperatures to grains with
different orientations. It was argued that (100)-surface-textured crystallites have a slightly higher
melting temperature and are the last to melt as temperature is raised [66, 83, 108, 155, 156].
Based on this model, one would expect the grain with lower Tm to fully melt away after one
melting-and-solidification-cycle. However, from our observations (shown in Fig. 7.2), it is found
that the non-{100}-surface-oriented grain gradually shrinks in size with increasing scan number,
rather than simply melting away after one scan. Therefore, the grain-melting-temperature model
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is not appropriate in describing the microstructure evolution in the MPS process.
On the other hand, our model assigns an orientation-dependent and local-temperatureaffected solid-liquid interface velocity to account for the microstructure evolution. The change
after each cycle is a result from the movement of the solid-liquid interface. It effectively captures
the gradual grain size evolution after an MPS cycle and it also thoroughly considers the effect of
local thermal environment and grain shape in affecting the evolution. As such, our model is more
appropriate in describing the microstructure evolution in the MPS process.
A schematic diagram illustrating the difference between the interface-velocity model and the
grain-melting-temperature model is shown in Fig. 7.6.

Fig. 7.6 Schematic diagram showing the difference between the interface-velocity model and the
grain-melting-temperature model. The interface-velocity model can effectively capture the
gradual grain size evolution in MPS while the grain-melting-temperature model cannot.
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7.6

Summary
In this chapter, Same-Area Local Analysis was designed and performed to directly keep

track of the microstructure evolution of the same set of grains undergoing MPS cycles.
Interpreting the results using our thermodynamic model, we determined the hierarchical order of
𝜎𝑆𝑖−𝑆𝑖𝑂2 for a selected set of orientations: {100} < {310} < {113} < {112} < {210} < {110}, which
is consistent with the results obtained from Large-Area Statistical Analysis. In addition, through
the current analysis, we extracted the grain-boundary-location-displacement distance ( 𝜆 )
experimentally. From that, the magnitude of ∆𝜎𝑆𝑖−𝑆𝑖𝑂2 between {100} and several non-{100}surface-orientations are estimated.
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8 Conclusions
8.1

Summary
Beam-induced, melt-mediated crystallization techniques have been widely used to provide

high-quality thin Si films for various applications. We have investigated in this thesis how a thin
polycrystalline Si film undergoes the process of melting and solidification under beam irradiation
(using the MPS process). By leveraging the unique radiative-beam-heating-stabilized
near-equilibrium environment encountered in the MPS process and basing on our understanding
of the environment as captured in the thermodynamic model, we have designed and performed
specific MPS-based experiments to investigate the anisotropy of Si-SiO2 interfacial energy.
Theoretically, the MPS thermodynamic model forms the basis for describing and dictating
the melting and solidification behavior of thin Si films during MPS cycles. Through the
additional thermodynamic analysis carried out in this thesis, we provide more involved
explanations and expressions associated with the model. We further elaborate on involved
understanding of the interface velocities based on the thermodynamic model. We have also
refined the expression for the interface velocities corresponding to the case in which a thin Si
film is in contact with non-identical capping and substrate materials. Most significantly, we have
developed an expression to represent the grain-boundary-location-displacement distance
resulting from an MPS cycle. This quantity effectively captures the essence of the microstructure
evolution resulting from MPS processing. From the expression we derived, it was found that
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despite the complicated melting and solidification details that occurred during the MPS cycles,
the change in the grain-boundary-location-displacement distance is simply dependent on two
easily identifiable factors: the difference in the solid-liquid interface velocity of the involved
grains and the temporal duration of the melting-and-solidification cycle.
Experimentally, an extensive characterization of the microstructure evolution (from initially
random and small grains to eventually large and highly (100)-surface-textured grains) that takes
place with increasing number of MPS cycles has been performed. First, by viewing the gradual
transformation with focus on the surface area fraction change of the {100}-surface-oriented
grains,

we

have

proposed

and

conducted

a

Johnson-Mehl-Avrami-Kolmogorov-type

(JMAK-type) analysis to mathematically describe the transformation. We have also verified the
validity of the analysis by comparing it to the experimental data (regarding grain size and seed
density). Second, we examined the microstructure evolution of the near-{100}-surface-oriented
grains. Orientation-dependent (in terms of the extent of deviation to the <100> pole) evolution of
the grains was observed; this is entirely consistent with what can be expected from our MPS
thermodynamic model. It was found that the microstructure of the film evolves towards having a
tighter distribution of larger grains around the <100> pole. This observation also implies that the
value of Si-SiO2 interfacial energy does indeed functionally decrease and reach a minimum value
as the orientation approaches the <100> pole.
The second part of this thesis presents MPS-based experiments, which were designed and
performed in order to systematically study the anisotropy of Si-SiO2 interfacial energy. Two
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complementary approaches (Large-Area Statistical Analysis and Same-Area Local Analysis)
were designed and conducted. Both methods enabled the examination of the gradual
microstructure evolution of non-{100}-surface-oriented grains as the Si film underwent multiple
MPS cycles. The microstructure of the film evolved gradually and reproducibly with the
increasing scan number in a surface-orientation-dependent manner. Interpreting the results using
our thermodynamic model, where the transition rate of a grain is related, among other factors, to
𝜎𝑆𝑖−𝑆𝑖𝑂2 of the grain, we determined the hierarchical order of the Si-SiO2 interfacial energies.
Both methods generated results that were consistent with each other: {100} < {310}< {113} <

{112} < {221} < {210} < {331} < {111}, {110}. These relationships are noteworthy in that it is the
first time such information is obtained through an experimental work. Moreover, in the second
method, the Same-Area Local Analysis, we directly and explicitly keep track of the evolution of
a single grain as it is repeatedly exposed to MPS cycles. Based on the relationship established in
the thermodynamic model, and the observed evolution of the grains with various orientations, the
relative magnitude of the Si-SiO2 interfacial energy (between a specific {hkl} orientation and
{100}) has been estimated.
In summary, this thesis firstly provides a more comprehensive understanding and
quantitative treatment on the melting and solidification details of thin polycrystalline Si films
encountered in the MPS process. Such knowledge will be beneficial for further optimizing the
MPS process (as well as other partial-melting-based beam-induced crystallization techniques,
such as the excimer laser annealing (ELA) method). Secondly, by leveraging the stabilized
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near-equilibrium environment encountered in MPS, we also experimentally examined the
anisotropy of Si-SiO2 interfacial energy; such information is valuable because it is difficult to
systematically discern, either experimentally or computationally.

8.2

Suggestions for Future Work
MPS has revealed itself to be a unique and useful process both for the purposes of enabling

fundamental research and generating engineered material. For future MPS-related investigations,
some suggested work is listed below.
In Chapter 7, we showed through the Same-Area Local Analysis that the MPS method
provides a general and simple way to quantitatively estimate the value of ∆𝜎𝑆𝑖−𝑆𝑖𝑂2  for a series
of orientations. Due to several experimental limitations associated with the current set-up and
materials, the result from the present work still shows large error bars. Since the generated
information is quite meaningful, a well-controlled process should be developed in order to
evaluate this quantity more systematically. One possible experiment is to generate and utilize
bi-crystals with a planar grain boundary, and design an experiment in which the grain boundary
displacement after an MPS cycle is explicitly tracked. In addition, a more uniform irradiation
system should be used to perform the above analysis.
In Appendix B, we present preliminary results from the work involving fabrication and
characterization (done by our collaborators at Hiroshima University) of TFTs on MPS-processed
Si films, and subsequent microstructure characterization of the active channel regions of the
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devices. We argue that such an investigation of fabricating devices on the MPS material and
correlating the device performance to the exact microstructure (as revealed by EBSD) of each
characterized device can significantly enhance our understanding of the effect of grain
boundaries on these devices. This is the case because the polycrystalline-Si films generated by
the MPS process consists of large grains that are {100}-surface-oriented and intra-grain-defect
free, and, therefore, there is essentially only one microstructural property that can significantly
affect the TFTs performance (i.e., the grain boundary). Such a simple microstructure-device
correlation enabling opportunities did not previously exist, as all previously obtained
polycrystalline Si films contained grains (typically much smaller than the devices) that had a
distribution of orientations as well as various extended defects within the grains. Our preliminary
study indicates that the TFTs mobility and threshold voltage characteristics are strongly
dependent on the presence and number of grain boundaries within the active channel region of
the devices. Since this preliminary work represents a direct correlation between the device
performance characteristics and the active channel microstructure, a more systematic and
extensive study on this correlation should be performed in the future.
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Appendix A Partial Melting of Polycrystalline Si Films Using
Continuous Non-radiative Beam (Micro-Thermal-Plasma-Jet)
A.1

Abstract
In this Appendix, we employ two particular beam sources with contrasting beam

characteristics (radiative vs. non-radiative) to examine how a polycrystalline Si film undergoes
melting transition. Specifically, a set of low-power/constant-velocity scans over thin Si films is
performed using both solid-state continuous-wave (CW) laser and micro-thermal-plasma-jet
(-TPJ) beam. The similarities and differences in the melting behavior and corresponding
microstructural characteristics of the film are discussed correlatively and comparably. From the
present findings, fundamental melting-transition-related details constituting essential and general
information for melt-mediated crystallization techniques are obtained.

A.2

Introduction
Over the years, various energy-beam sources have been explored to induce melt-mediated

crystallization of Si films on SiO2 for electronic and photovoltaic applications. In this appendix,
two particular beam sources (radiative vs. non-radiative) are used to study how a polycrystalline
Si film undergoes melting transition correspondingly.
A cw-laser is used as radiative beam source. As can be expected from the long-recognized
optical-property-change-induced effect that accompanies the solid-liquid transition of Si, a
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two-phase coexisting condition can be realized using cw-laser. The MPS thermodynamic model
concludes that, under such irradiation condition, (1) melting initiates primarily at high-angle
random grain boundaries and proceeds laterally into the grains, and (2) changes in the grain size
during a melting-solidification cycle depend at least partially on the Si-SiO2 interfacial energies
of the involved grains. Therefore, highly-(100)-surface-textured Si films can be obtained after
optimal MPS processing. Notice that both transition details do not depend on the type of beam
sources used (i.e. these melting scenarios should be “intrinsic”). This motivates us to investigate
if identical behaviors can be observed under thermal/non-radiative heating. Micro-thermalplasma-jet (-TPJ) is selected as a non-radiative beam source. It is a recently developed low-cost,
simple atmospheric-pressure beam source that is reported to be effective in the lateral
crystallization of Si strips. The optimally processed TFTs on 2 m-wide Si strips show very high
mobility [157]. The melting behavior and the microstructure of the film irradiated by the above
two beam sources will be examined in detail in this Appendix.

A.3

Experimental Details
A set of low-power/constant-velocity scans over solid-phase-crystallized polycrystalline Si

films (100nm thick film on quartz substrate) was performed using both cw-laser (2ω-Nd:YVO4 ,
532 nm wavelength) and micro-thermal-plasma-jet (-TPJ). A schematic diagram of the
micro-thermal-plasma-jet (-TPJ) system set-up is shown in Fig. A.1. The -TPJ beam power
shows Gaussian distribution. For the generation of thermal plasma jet (temperature is ~10,000 K),
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arc discharge was generated by supplying a DC power (0.8-1.7 kW) between electrodes at an Ar
gas flow rate of 1.0-4.2 L/min. During -TPJ irradiation, samples were placed on a moving stage
with scan speed of 250-700 mm/s. The melting behavior of Si films under -TPJ irradiation was
recorded by black body in situ observation using a high speed camera (3000-25000 fps). The
resulting microstructure was characterized using SEM and EBSD and atomic force microscopy
(AFM).

Fig. A.1 Schematic diagram of the micro-thermal-plasma-jet (-TPJ) system set-up
(the experiments were done at Hiroshima University) [157].
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A.4

Results

A.4.1

Observation of partial-melting phenomenon

The black body in situ images are shown in Fig. A.2, where dark regions within the
irradiated area correspond to liquid and bright regions correspond to solid. The in situ images of
the 2nd and 3rd scans clearly reveal that the irradiated area consists of both solid and liquid, which
indicates that it is possible to induce partial melting using the non-radiative -TPJ beam.
However, experimentally it is very challenging to obtain such observations, as the power window
associated with the partial melting is very narrow.

Fig. A.2 Black body in situ images of the Si films irradiated by -TPJ with DC power at 0.98kW
and scan speed at 700 mm/s for 1, 2, 3 scans. (Within the irradiated area, dark regions correspond
to liquid and bright regions correspond to solid.)
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A.4.2

Microstructures of the -TPJ-processed films

Microstructural analysis is performed on the area exposed under the center of the beam,
where the beam power can be viewed as spatially uniformly distributed. The microstructure
characteristics after 10 scans are shown in Fig. A.3.

Fig. A.3 Microstructure characteristics of Si films after 10 scans. (a) EBSD map, (b) AFM image,
(c) re-plot of (a), showing the grain boundary location, and (d) grain size distribution diagram.

The EBSD map in Fig. A.3 (a) illustrates that the resulting film contains a large percent
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(56.1% surface fraction) of {100}-surface-oriented grains. Correlating the AFM image (Fig. A.3
(b)) and the EBSD image (Fig. A.3 (c)) shows that protrusions (which correspond to the last
places to solidify) are mainly at grain boundaries. Meanwhile, the surface morphology revealed
by Fig. A.3 (b) indicates that the unmelted regions are at the center of the grains. The grain size
distribution diagram in Fig. A.3 (d) reveals a wide distribution of grain size in the -TPJprocessed Si films (for comparison, the grain size distribution in typical MPS-processed film is
shown in Fig. 5.6 (b)).
Further comparing the surface morphology of large grains generated by -TPJ and cw-laser
irradiation (Fig. A.4), one distinct difference is observed: lamellar structures are seen within the
cw-laser-processed large grains while they cannot be seen in the -TPJ-processed large grains.

Fig. A.4 AFM and EBSD maps of (a) -TPJ-processed, and (b) cw-laser-processed large-grained
Si films. Lamellar structures can be seen within the cw-laser-processed large grains, and they
cannot be seen in the -TPJ-processed large grains.
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A.5

Discussion

A.5.1

Similarities in melting behavior and microstructures

Similarities are observed both in the melting behavior and the microstructures of the films
irradiated by radiative and non-radiative beams. First, using -TPJ to irradiate polycrystalline Si
films, we are still able to observe a partial-melting phenomenon. Second, the resulting film is
highly (100)-surface-textured as well. This observation is due to the fact that melting of the film
under non-radiative beam irradiation takes place in the same manner as under radiative beam
irradiation. Both are composed of two steps: (1) melting initiates at grain boundaries; and (2)
melting and solidification proceeds through lateral solid-liquid interface movement.

Fig. A.5 Schematic diagram showing the energy deposition on Si films using radiative vs. non
radiative beams. (Note that using radiative beam, both emission and reflection are significantly
affected by phase change (l<s, Rl>Rs) while by using non-radiative beam, only emission is
affected by phase change.)
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The heat source function below describes how the beam energy is absorbed by the film.
𝑄𝑖 = 𝐼(1 − 𝑅𝑖 ) − 𝜖𝑖 𝜎𝑇𝑖4 − 𝐽𝑐𝑜𝑛𝑑 (A-1)
Here 𝑄𝑖 is the net amount of heat input into the Si film, 𝐼 is the incident intensity of the beam,
𝑅𝑖 is the reflectivity of the film, 𝜖𝑖 is the emissivity of the film, 𝜎 is the Stefan-Boltzmann
constant, and 𝐽𝑐𝑜𝑛𝑑 is conduction heat loss term. A schematic diagram illustrating the energy
deposition on Si films using radiative vs. non radiative beams is shown in Fig. A.5.
As illustrated in Equation A-1 and Fig. A.5, when cw-laser is used for irradiation, due to the
abrupt increase of reflectivity upon melting (𝑅𝑠𝑜𝑙𝑖𝑑 < 𝑅𝑙𝑖𝑞𝑢𝑖𝑑 ), a negative feedback condition
(𝑄𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑄𝑠𝑜𝑙𝑖𝑑 < 0) is established. Therefore solid and liquid regions can coexist stably, at
which point we can easily observe the partial-melting phenomenon. While for the case of -TPJ
thermal heating, ∆𝑅-led negative feedback effect is not present. ∆𝜀-led positive feedback effect
(an effect that destabilizes solid-liquid coexistence) is also not so significant under the current
fast scan condition. The income and outcome of 𝑄𝑖 are mainly from 𝐼 and 𝐽𝑐𝑜𝑛𝑑 , both which
are not phase-dependent. As a result, the net heat input into solid Si and liquid Si are similar.
Under such conditions, the thermal effect becomes significant; that is, the random high angle
grain boundaries with high-excess-free energies tend to melt more easily. And it leads to the
observation of partial melting where liquid primarily initiates at the grain boundaries.
The highly (100)-surface-texturing observed in the multiple -TPJ-scanned Si film can be
explained by the MPS thermodynamic model presented in Chapter 3. After melting initiation, the
consequent melting and solidification process is essentially the same as the typical MPS process.
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The solid-liquid interface proceeds laterally with interface velocity dominantly affected by the
Si-SiO2 interfacial energies. {100}-surface-oriented Si grains show minimum interfacial energy
and therefore have higher survivability after each melting-and-solidification cycle. Highly
(100)-surface-textured films are thus formed after multiple exposures.
A.5.2

Differences in melting behavior and microstructures

Besides the similarities, different melting behavior and microstructure characteristics
corresponding to -TPJ processing are observed:
(1) The partial-melting power window associated with -TPJ irradiation is much smaller:
It mainly results from the fact that only the beam intensity corresponding to the transient melting
initiation at grain boundaries (which is very small) is effective for inducing partial melting.
(2) Grain size distribution is wider compared to the typical MPS-processed material:
In the current -TPJ irradiation condition, the grain sizes resulted from each scan are essentially
determined by the various solid-liquid interface velocities associated with different
surface-oriented grains. The grains expand/shrink in size in each melting and solidification cycle,
without any additional restrictions. This is in contrast to the radiative-melting process, where
further expanding in grain size is restricted by a well-defined characteristic solid-liquid
coexistence length. Therefore, a wider grain size distribution is observed in the -TPJ-processed
film comparing to the MPS-processed film.
(3) Lamellar surface structures are not observed within the -TPJ-processed large grains:
The lamellar structure in the cw-laser processed large grains results from the characteristically
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spaced solid-liquid region during solidification. Therefore, it cannot be seen in the non-radiative
-TPJ-processed large grains.

A.6

Summary
We employed both radiative (cw-laser) and non-radiative beam sources (-TPJ) to examine

how a polycrystalline Si film undergoes melting transition. It is showed that we were able to
induce partial-melting of the film using a non-radiative -TPJ beam; yet the power window is
very narrow. This observation corresponds to the transient behavior of melting initiation at the
grain boundaries of the polycrystalline Si film. Microstructure analysis revealed that the
irradiated area was populated with large-sized (100)-surface-textured grains, which can be
explained using the MPS thermodynamic model.
From the present findings, we conclude that the overall spatial-temporal evolution
encountered in melting polycrystalline Si films using different beams is qualitatively identical
(i.e., intrinsic and beam-type independent): (1) melting initiates at grain boundaries (2) lateral
melting and solidification proceeds with interface velocities strongly affected by Si-SiO2
interfacial energy. They are determined by the innate thermodynamic and kinetic factors of the
film. The primary benefit of using a radiative-beam in MPS corresponds to the ease with which
the partial-melting environment can be obtained and stabilized over a wide beam-power interval.
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Appendix B Thin-Film Transistors Fabricated on MPS-processed
Si Films: Correlation between Device Performance and Active
Channel Microstructure
B.1

Abstract
In this Appendix, we evaluate the properties of n-channel thin-film transistors (TFTs)

fabricated on MPS-processed polycrystalline Si films (with channel size close to the grain size).
Very high quality TFT is obtained, with mobility of 896 cm2/Vs. One-to-one correspondence
between the TFT transfer characteristics and the microstructure of the active channel region is
established. It is found that the TFTs mobility and threshold voltage characteristics are strongly
dependent on the presence and number of grain boundaries within the active channel region of
the devices.

B.2

Introduction
For future high resolution displays, TFTs with high mobility, good uniformity and stability

are highly desired. This requires an improvement on the quality of material that TFTs are
fabricated on. For the TFTs fabricated on polycrystalline Si films, two factors are essential. (1)
To have high mobility TFTs, we need Si films with less electron trapping locations, such as grain
boundaries and intra-grain defects. In addition, {100}-surface-orientation is required since it’s
been reported to show the highest electron mobility among all orientations. (2) In terms of
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device-to-device uniformity, the grain boundary distribution plays a significant role. Especially,
when the channel size approaches the grain size, a random grain boundary distribution will result
in very diverse device performance (poor uniformity) [8, 24, 25].
The polycrystalline-Si films generated by the MPS process consist of large grains that are
highly (100)-surface-textured and intra-grain-defect free. A high quality TFT should be expected
using the MPS-processed films. This motivates us to fabricate and characterize TFTs on
MPS-processed Si films. In addition, due to the unique microstructure characteristics associated
with the MPS-processed Si films, there is essentially only one microstructural property that can
significantly affect the TFTs performance (i.e., the grain boundary). Such a simple
microstructure-device correlation did not previously exist, as all previously obtained
polycrystalline Si films contained grains (typically much smaller than the devices) that had a
distribution of orientations as well as various extended defects within the grains. As such, the
MPS-processed Si films provide us a unique opportunity to separately and systematically study
the effect of grain boundaries on the TFTs performance.

B.3

Experimental Details
The TFT fabrication process is shown in Fig. B.1. It was performed at Hiroshima University.

The MPS-processed Si films (100 nm thick) were patterned into islands to form source and drain
regions by chemical dry etching. P+ was first implanted in the n-channel region. It was then
implanted at a much higher dose using a resist mask at the source and drain regions. A 100 nm
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thick gate SiO2 film was deposited by PECVD. After that, dopant atoms in the source and drain
regions were activated by µ-TPJ irradiation. Source, drain, and gate electrodes were formed by
DC sputtering of Al after contact holes were generated by wet etching. Finally, post-metallization
annealing was performed. After fabrication, electrical characteristics of the TFTs were measured.
Then the gate electrodes and gate insulators were removed by wet etching. And the sample was
coated with carbon layer for microstructure analysis (SEM, EBSD).

Fig. B.1 TFT fabrication process and a schematic diagram showing the cross-section structure of
the TFT (TFT fabrication and characterization are done at Hiroshima University) [92].
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B.4

Results

B.4.1

Ultra-high mobility TFT

Fig. B.2 shows the transfer characteristics of the best TFT (out of twenty-five TFTs)
fabricated on MPS-processed Si films. The channel size is 2m x 2m, which is the size close to
the grain size of the film. A high electron mobility of 896 cm2/Vs is obtained. The threshold
voltage is close to 0 V and swing value is 0.395 V/dec. The corresponding microstructure
characteristics are shown in Fig. B.3, which reveals that the channel region is located within a
defect-free grain and the grain shows {100}-surface-orientation.

Fig. B.2 Transfer characteristics of the best TFT fabricated on MPS-processed Si films.
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Fig. B.3 (a) SEM image showing the top view of the TFT (channel size: L=2m, W=2m). (b)
EBSD maps of the channel area (indicated by the white squares): Left image shows the surface
orientation and right image shows the in-plane orientation (with respect to the vertical direction).

B.4.2

Correlation between the device performance and the microstructures

Twenty-five TFTs are evaluated. Their mobility distribution is shown in Fig. B.4. A wide
distribution is observed ranging from 430 cm2/Vs to 896 cm2/Vs. Six TFTs are selected among
them to represent the characteristics corresponding to different mobilities. Their transfer
characteristics are shown in Fig. B.5, and the corresponding device parameters are summarized
in Table B.1. It is observed that, as the mobility increases, the threshold voltage decreases, and
the swing value fluctuates. Correlating the microstructures (Fig. B.6) to the device parameters
(Table B.1), it is observed that the TFTs with lower mobility and higher threshold voltage are the
ones with larger amount of grain boundaries at the active channel region.
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Fig. B.4 Distribution of mobility of twenty-five TFTs fabricated on MPS-processed Si films.

Fig. B.5 Transfer characteristics of six TFTs with different mobilities.
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Table B.1 Device parameters of six TFTs with different performance
(FE: electron mobility, Vth: threshold voltage, S: swing value)
TFTs

TFT-1

TFT-2

TFT-3

TFT-4

TFT-5

TFT-6

FE (cm2/Vs)

449

510

656

708

797

896

Vth (V)

1.13

1.01

0.63

0.19

0.21

0.08

S (V/dec)

0.519

0.173

0.220

0.249

0.212

0.395

Fig. B.6 EBSD maps of six TFTs with different mobilities (active channel regions are indicated
by the white squares). In each set, the left image shows the surface orientation and the right
image shows the in-plane orientation (with respect to the vertical direction).

B.5

Discussion: TFT performance vs. grain boundaries at the active channel region
The high mobility obtained using the current MPS-processed-material is as expected. It is
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because of the near-SOI quality material at the active channel region. For comparison, TFTs
fabricated through similar procedures at Hiroshima University show the maximum mobility of
300-400 cm2/Vs [92]. Those TFTs also have single crystal area at the active channel region. Yet,
the material exhibits non-{100}-surface-orientation and is reported to have intra-grain defects as
well. Therefore, the mobility is much lower than the current TFT fabricated on the
{100}-surface-oriented, intra-grain-defect-free material. In addition, TFTs fabricated on
small-grained polycrystalline Si film through ELA and two-shot-SLS processes show mobility of
100-150 cm2/Vs and 200-300 cm2/Vs respectively. TFTs fabricated on SOI materials were
reported to have mobility up to ~900 cm2/Vs [61, 158]. The above values associated with TFTs
on different materials indicate that the TFT mobility reported in this Appendix (896 cm2/Vs) is
notably high. Although the exact TFT mobility depends on the details of fabrication (such as film
thickness, channel size etc), the current results demonstrate that TFTs fabricated on the
MPS-processed Si films show significantly-improved device performance. Furthermore, the
device-to-device uniformity issue can be solved by controlling the grain boundary location
through hybrid-dot-SLS process [102].
More significantly, from the current analysis, we are able to demonstrate the correlation
between TFT performance and grain boundaries at the active channel regions. As is known, grain
boundaries are the cause of trapping states which can significantly reduce electron mobility. The
existence of grain boundaries can also lead to an increase in the threshold voltage. However, all
previously obtained polycrystalline Si films contain grains that are typically much smaller than
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the devices, and/or had a distribution of orientations as well as various extended defects within
the grains. Notably, MPS-processed film contains grains that are primarily {100}-surfaceoriented and free of intra-grain defects. Therefore, there is essentially only one microstructural
property (i.e. grain boundary) that can significantly affect the TFTs performance. Through
fabricating TFTs with channel size close to the grain size, we are able to examine the effect of
grain boundary in detail. The present result (shown in Table B.1 and Fig. B.6) directly
demonstrates that: as the number of grain boundary at the channel increases, the mobility of the
TFT decreases and the threshold voltage increases correspondingly.

B.6

Summary
We fabricated n-channel TFTs on MPS-processed Si films, with channel size close to the

average grain size of the film. For the TFTs fabricated on a single-crystal region, ultra-high
mobility was obtained (as high as 896 cm2/Vs). We also performed one-to-one correspondence
between the TFTs transfer characteristics and the microstructures of the film at the active channel
region. A consistent correlation was directly revealed; that is, increasing the number of grain
boundaries at the active channel region leads to a reduction in mobility and an increase in
threshold voltage.
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