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Abstract

Microstructure control of silicon thin films through
controlling charged nanoparticles generated during hot
wire chemical vapor deposition
Sang-Hoon, Lee
Department of Material Science and Engineering
The Graduate School
Seoul National University

Silicon thin film have been extensively used in electrical devices for thin film transistors
(TFTs) and silicon thin film based solar cells. There are three kinds of silicon thin films from
the viewpoint of microstructures: hydrogenated amorphous silicon (a-Si:H), hydrogenated
microcrystalline silicon (µc-Si:H), and crystalline silicon thin film. The a-Si:H and µc-Si:H
thin film generally fabricated by plasma enhanced chemical vapor deposition (PECVD) or
hot wire CVD (HWCVD). Although low temperature (< 600 oC) direct deposition of
crystalline film is urgently needed for flexible and high performance applications, high
quality crystalline silicon film ordinarily prepared by post treatment of amorphous silicon
films. This is the important issue.
Until now, formation of nanostructures or films explained by classical crystal growth
mechanism based on atomic or molecules growth. However, many puzzling phenomena and
problems cannot be explained and solved by classical growth mechanism. Recently, many
puzzling phenomena such as low temperature formation of nanocrystalline silicon came to
the fore in PECVD or HWCVD. By the non-classical growth mechanism, namely, theory of
charged nanoparticles (TCN), which have been extensively studied for 20 years, was revealed

that the charged nanoparticles (CNPs) would be mainly involved in formation of
nanostructure during not only thermal CVD but also HWCVD. Furthermore, it could explain
many puzzling phenomena in CVD systems.
In this study, based on the TCN and its phenomenological evidences, microstructure control
of silicon thin films was studied. It was clearly shown that the silicon nanoparticles landed
on a substrate and they formed the silicon film. In addition, the retrograde solubility of Si –
H – Cl system was confirmed by capturing the silicon nanoparticles for few seconds. The
crystalline silicon nanoparticles were remained at the condition of maximum HCl
concentration. At this condition, polycrystalline silicon thin film was successfully deposited
on a flexible polymer substrate at 200 oC substrate temperature. Furthermore, properties of
silicon films increased by controlling the new processing parameter deposition delay time.
Size of nanoparticles could be controlled by HCl concentration and deposition delay time.
Moreover, small size CNPs which formed in the initial stage of reaction could be
continuously supplied by pulsing the reaction. Based on the understanding of small size CNPs’
liquid like property in diffusion, microstructure of silicon films totally controlled from high
to low crystallinity. Eventually, homo-epitaxial silicon films, which have 0.5 nm/sec growth
rate and 50 nm thickness, could be deposited using small size CNPs at substrate temperature
of 600 oC. These results indicate that diffusivity of nanoparticles could be enhanced by charge.
This means that the charge enhances the atomic diffusion, which is a newly discovered
physical phenomenon.

Keywords: silicon thin film; hot wire chemical vapor deposition; charged
nanoparticles; low temperature deposition; microstructure control; epitaxial growth;
charge enhanced diffusion
Student Number: 2008-30181
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Part I. Hot wire chemical vapor deposition for silicon thin
films

1. Hot wire chemical vapor deposition
Hot wire chemical vapor deposition (HWCVD) is a unique deposition technique that
involves thermal decomposition of precursor gases at the surface of resistively heated metal
filament (usually tungsten or tantalum). It is also called as catalytic CVD (cat-CVD) due to
the catalytic decomposition mechanism by hot wire.
HWCVD was first introduced in 1979 as ‘thermal CVD’ by Wiesmann et al. [1]. In the
1980s, HWCVD was considered as a new method for the preparation of high quality
hydrogenated amorphous silicon with high deposition rate by Doyle et al. [2] and Matsumura
et al. [3-5] . In the 1990s, Mahan et al. [6] first report that the device quality hydrogenated
amorphous silicon thin films, which contain low hydrogen bonding comparing the silicon
films prepared by PECVD. In addition, they first named this process ‘hot wire chemical vapor
deposition’. And Matsumura group firstly deposited polycrystalline silicon films using
HWCVD [7].
Since then, HWCVD widely investigated for the application of silicon thin film area such
as thin film transistors (TFTs) and thin film silicon solar cells. The HWCVD (or Cat-CVD)
technology has yielded not only high quality silicon thin films but also alloys such as aSiGe:H and a-SiC:H and dielectric layers such as silicon nitride with device-quality level. It
has extensively large application areas. For this reason, after invented HWCVD, many
research groups continuously carrying out the study for commercializing HWCVD systems.
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2. Silicon thin films deposition by HWCVD
HWCVD has attracted many researchers’ interest for many decades because it has many
advantages. First of all, it could deposit amorphous and microcrystalline silicon films with
considerably higher growth rate (about two order of magnitude) than that of generally used
radio-frequency (RF) PECVD [8]. Further advantage of the HWCVD is low-cost deposition
and installation, not due to the high deposition rate of the films, but to the elimination of
expensive equipment such as RF power supply and matching box. In addition, the structure
of the silicon films could be widely controlled from fully amorphous to completely
polycrystalline by controlling processing parameters [9-12]. Moreover, quality of fabricated
film is very high because size of particles generated during reaction is very small. Devicequality silicon films could be fabricated more easily even if processing temperature is
relatively low [8].
In spite of such numerical advantages, PECVD generally adopted in the semiconductor
industry for the large area thin film applications. Because HWCVD system did not have a
long history compared to that of the PECVD. In addition, reaction mechanism of HWCVD
could not be clearly understood. Even though many groups reported the silicon film
fabrication by HWCVD, exact mechanism for the film formation has never been mentioned.
In order to further improvement of HWCVD systems, it is necessary to understand for the
reactions in the gas phase and clear growth mechanism of the microstructure formation.

3. HW equipment and its characteristics in this study
Fig. 1 shows the HWCVD equipment using in this study. The length and width of reaction
chamber is 40 cm and 45 cm, respectively. The load lock chamber which has length of 15 cm
and width of 20 cm size connected with reaction chamber to insert samples without venting.
-3-

A showerhead with diameter of 22 cm was placed upper side of reaction chamber for the
continuous uniform supply of precursors.

Fig. 1. HWCVD systems in this study.

Fig. 2. Major part of HWCVD system.
As shown Fig. 2, three tungsten filaments with a diameter of 0.5 mm and a length of 22 cm
were used as hot wires. Filaments were heated resistively by a DC power supply (SJH-7A,
SJ power plasma, Korea). The distance between substrate and filament was controlled by
controlling substrate height from 2 to 8 cm. The substrate holder made of stainless steel of
diameter 18 cm. The shutter size of 15 cm X 15 cm completely covered deposition area of
-4-

substrate holder for controlling deposition and delay time. The filament and substrate
temperatures were measured, respectively, by an infrared optical pyrometer (marathon,
Raytek, USA) and a thermocouple in contact with a substrate controlled with a self-regulating
heating system.

Fig. 3. Gas cabinet system.
Hydrogen (H2) diluted 30 vol% silane (SiH4, 99.9999%, Wonik materials, Korea), 5 vol%
phosphine (PH3, 99.9999%, Air liquid, Japan), and 5 vol% diborane (B2H6, 99.9999%, Air
liquid, Japan) gases were used as precursors. For the polycrystalline silicon films, appropriate
amount of the HCl gas (99.999%, Tsurumi Soda, Japan) was supplied additionally. As shown
Fig. 3, all precursor gases were equipped with a gas cabinet system for safety. A mass flow
controller (MFC, Tylan, USA) controlled the flow rate of each precursor. During the process,
the reactor pressure, monitored by a baratron gauge (626A12TBE, MKS, USA), was
maintained at 0.1 torr by the pressure controller (651C, MKS, USA) equipped with a throttle
valve.
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Part II. Background and purpose of this study

1. Theory of charged nanoparticles (TCN)
The classical crystal growth model based atomic unit is well established. It was generally
believed that the thin films and nanostructures grow by individual atoms or molecules during
chemical (CVD) and physical (PVD) vapor deposition. This classical crystal growth
mechanism explained by the terrace, ledge, and kink (TLK) model. The atom first adsorbs
onto the surface on terrace, diffusion to a ledge, and finally becomes incorporated in the
crystal lattice [13, 14]. The selective accommodation of atoms at the kink results in atomic
self-assembly, which produces a crystal structure with almost perfect arrays.
Although the classical crystal growth based on TLK model well established, many puzzling
phenomena, which could not explained by TLK model, occur during CVD or PVD. One of
the puzzling phenomena in silicon deposition by PECVD or HWCVD is formation of
crystalline silicon at below 600 oC. Because the diffusivity of silicon is so low that the rate
of surface diffusion would be negligible at low temperature. Nonetheless, crystalline phases
are formed at low temperature. It was hard to explain that the formation of such puzzling
microstructure at low temperature by the conventional deposition mechanism, based on the
surface diffusion of atoms or molecules on the growing surface. This unusual phenomena
clearly explained by theory of charged nanoparticles (TCN) [15-17]. Hwang et al. suggested
that the electrically charged crystalline silicon nanoparticles, namely, silicon gas phase nuclei,
must have landed on the growing surface, which formed in the gas phase as briefly shown
the Fig. 4 [18].
TCN originally devised to explain the puzzling experimental fact that diamond is deposited
-6-

on graphite, which is being etched away. Even though its process have been relatively well
established [19, 20], its underlying principle was not clearly understood. This well-known
experimental phenomenon of simultaneous deposition of less stable diamond and etching of
stable graphite violates the second law of thermodynamics if the deposition was done by
atomic unit and was called “thermodynamic paradox”. This puzzling experimental result
could be explained without violation of the second law of thermodynamics by TCN, where
charged nanoparticles (CNPs) of carbon were generated in the gas phase [21-23]. The TCN
explains many other puzzling phenomena of diamond CVD that cannot clearly explained
based on the conventional atomic growth mechanism.

Fig. 4. Schematic for the formation of charged nanoparticles and their contribution
to film or nanostructure growth [18].
Furthermore, according to the study related TCN for the past 18 years, many films and
nanowires prepared by CVD, which have been believed to grow by individual atoms or
molecules, were found to grow by CNPs formed in the gas phase [16, 17]. Charged
nanoparticle-based crystallization come out to be very general, including the growth of
diamond [21-23], ZrO2 [24], carbon nanotubes [25, 26], Si [26-28] ZnO nanowires [29], and
-7-

Si [30] and GaN nanowires [18] by CVD. Especially, recently, Hong et al. [31, 32] measured
the CNPs generated during HWCVD by particle beam mass spectrometer (PBMS) and
confirmed that the CNPs would be mainly involved in deposition of silicon films. The
generation of CNPs in the gas phase was experimentally confirmed in many systems and
their mass distribution was shown to play a crucial role in the microstructure evolution of
films, nanowires, and nanotubes.
Remained question is how CNPs can make smooth surface even if CNPs have their inherent
orientation. The fact that CNPs can be a building block of crystals without leaving any void
behind and of nanowires with smooth surface indicates that CNPs are quasi-solid, having a
liquid-like property in diffusion. This means that the charge enhances the atomic diffusion,
which is a newly discovered physical phenomenon. Charge enhanced diffusion (CED) would
depend on the number of atoms per charge. Thus, small nanoparticles can be liquid-like even
if singly charged but large nanoparticles must be multiply charged to be liquid-like.
Previously there were many reports on the nanoparticle-based crystallization but the critical
role of charge was ignored. As a result, the phenomenon was not clearly understood.
About 30 years ago, Iijima et al. [33, 34] observed that the structural instability of gold
particles smaller than 5 nm in size takes place when they are exposed to intense electro-beam
irradiation during TEM observation. And it has been proposed that the state of such a small
particles should be called “quasi solid state”, which is neither solid nor liquid according to
the conventional concepts of matter. According to this result, the diffusivity of particles
enhanced by electron beam from the source of TEM.
Also, recently, it was reported that the real-time TEM imaging of solution growth of metal
nanocrystal architectures by nanoparticle attachment [35]. In this report, nanorods were made
from attachment of nanoparticles and its shape corrections. It was clearly shown that the
growth unit of the nanostructures was the nanoparticles. Even if excluding above two
-8-

evidences, many researchers reported that the clusters or particles are the main unit of
nanostructures in the solution or gas phase [36, 37].
In this new paradigm of crystal growth, the processing parameters such as pressure,
temperature, and the flow rate of precursors and other gases should be correlated with the
size, polarity and number density of charged nanoparticles, which again should be correlated
with the microstructure evolution of films and nanostructures. The intentional control of
electric charging in the film reactor would be important in controlling the deposition
behaviour. The electrostatic energy is a new important parameter in the crystal growth by
building blocks of charged nanoparticles. This new paradigm will complement and enhance
the existing understanding of film and nanostructure growth.

2. Purpose of this study
Silicon thin film is very useful material for the electrical applications such as thin film
transistors (TFTs) and thin film solar cells [38, 39]. There are three kinds of silicon thin films
from the viewpoint of microstructures: hydrogenated amorphous silicon (a-Si:H),
hydrogenated microcrystalline silicon (µc-Si:H), and crystalline silicon thin film. These types
of silicon thin film generally fabricated by PECVD or HWCVD using glass substrate at low
temperature (< 600 oC) for the glass substrate based low temperature applications. When it
fabricated at low temperature, it is hard to obtain the high quality crystalline silicon thin films.
Because diffusivity of silicon atom is very low at that temperature. Accordingly, crystalline
silicon thin film currently fabricated by two-step: depositing amorphous silicon and then
crystallizing it by metal induced crystallization (MIC) [40-43], excimer laser annealing (ELA)
[44-46], and, rapid thermal annealing (RTA) [47].
In general, a-Si:H and µc-Si:H thin films have been used for the active layer of TFTs-liquid
-9-

crystal display (TFTs-LCD) and for the absorption layer of silicon thin film solar cells.
Recently, however, silicon based electric devices need for higher efficiency and performance.
Silicon thin film solar cells which have a-Si:H absorption layer gradually decease its
efficiency because of thermal degradation of a-Si:H. This well-known phenomena called
‘Staebler-Wronski effect’ [48]. For this reason, silicon thin film solar cells fabricated tandem
structure consisting of a µc-Si:H bottom cell and a-Si:H top cell. Fabrication process of
tandem structure solar cells is relatively complicate. To obtain higher and stable efficiency
through simple manufacturing process, it is necessary to develop one-step fabrication method
of crystalline silicon thin films. In case of active matrix organic light-emitting diode
(AMOLED), crystalline silicon films are the key component for advanced performance
because AMOLED is current operated device different from voltage operated TFTs-LCD. In
summary, direct deposition of high quality polycrystalline silicon films is the ultimate goal
for high performance of silicon based electric devices.
The main idea of this study is microstructure control of silicon thin films by controlling the
deposition behavior of CNPs generated during HWCVD. From this, it could be possible to
satisfy recent requirement of high performance silicon thin film based electrical devices such
as low temperature deposition of polycrystalline silicon and epitaxial growth of silicon films.
Moreover, it could be possible to show the characterization of CNPs and propose the role of
CNPs for the new processing parameter during HWCVD.
In this thesis, it was shown that the microstructure control of silicon thin films based on the
TCN. By understanding of the relationship between silicon CNPs and whole microstructure
of silicon films, low temperature deposition of polycrystalline silicon, improvement of its
properties, and microstructure control of films by controlling size of nanoparticles were
described.
It was shown that the low temperature deposition of polycrystalline silicon thin films on an
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inexpensive polyimide and glass substrate by occurring retrograde solubility with HCl
addition in chapter II. For the experimental confirmation of retrograde solubility in Si – H –
Cl system, captured the particles in the gas phase were shown. The properties improvement
of silicon films by controlling the ‘deposition delay time’ was shown in chapter III.
Deposition delay time means that deposition was delayed during reaction. It is the new
experimental parameter suggested in this experiment. In chapter IV, microstructure control
of silicon film from amorphous to polycrystalline by controlling the size of silicon
nanoparticles was described. Furthermore, in chapter V, homo-epitaxial growth of silicon
films on the silicon wafer was shown using previous experimental results.
These results will be the one of the most important evidence for ‘charge enhanced diffusion’
based on ‘theory of charged nanoparticles’.
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Chapter II. Low temperature deposition of
polycrystalline silicon thin films
on an inexpensive substrate
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Part 1. Introduction

1. Background and purpose of this study
Low temperature fabrication of polycrystalline silicon thin films has attracted much
attention for decades because of its potential applications in electric devices such as active
matrix organic light-emitting diodes (AMOLED), high mobility silicon thin film transistors
(TFT) and thin film solar cells [49-52]. Recently, electric devices based on polycrystalline
silicon thin films are fabricated on a flexible substrate. The use of flexible substrate may lead
to more conformal, lightweight, portable, and inexpensive manufacturing. [46, 53-55]
A polyimide film is one of the most promising polymer substrate for flexible electronic
devices such as flexible displays and flexible solar cells [46, 53, 54, 56, 57]. It is a high
performance polymer which combines excellent physical, electrical, and mechanical
properties with high glass transition temperature (Tg) around 350 oC.
Usually, silicon films deposited on glass or polymer at low temperature by plasma enhanced
chemical vapor deposition (PECVD) or hot wire chemical vapor deposition (HWCVD) are
amorphous or microcrystalline. Furthermore, an amorphous silicon called amorphous
incubation layer (AIL) is inevitably deposited at the initial growth stage [39, 58]. Because of
this AIL formation, polycrystalline silicon films on an inexpensive substrates which are not
only glass substrate but also flexible substrate have been usually prepared by two step
processes: Amorphous silicon thin films deposit on the substrate. And then, crystallizing it
by metal induced crystallization (MIC) [40-43], excimer laser annealing (ELA) [44-46], and,
rapid thermal annealing (RTA) [47]. Since these two-step processes increase the
manufacturing cost and time of electrical devices, it is necessary to develop direct deposition
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method of silicon films with high crystalline fraction.
Recently, Chung et al. [59-62] and Lee et al. [63] reported that the polycrystalline silicon
films could be deposited on a glass substrate without post-treatment. It was possible to
deposit polycrystalline silicon films without AIL by adding and appropriate amount of HCl
gas during reaction. The addition of HCl makes the retrograde solubility in the Si – H – Cl
system. As a result, driving force become for etching of silicon at the lower temperature near
substrate. Based on the theory of charged nanoparticles (TCN) suggested by Hwang et al [16,
17], Hong et al. [31, 32] measured the charged nanoparticle generated during HWCVD by
particle beam mass spectrometer (PBMS) and confirmed that the charged nanoparticles
would be mainly involved in deposition of silicon films. Added to that, they predict that
crystalline and amorphous particles are generated at the different regions in the chamber. The
crystalline particles formed high temperature region near hot-wire, on the other hand,
amorphous particles formed low temperature region away from hot-wire. Base on this
prediction, precipitation amount of amorphous particles can be restricted by adding HCl.
In this work, for the microstructural verification of retrograde solubility, it was observed
that the effect of HCl addition on the precipitation of silicon by capturing the silicon particles
on the TEM grid membrane. From these results, it was clearly confirmed that the retrograde
solubility could make direct deposition of polycrystalline silicon films at low temperature.
As a result, we deposit polycrystalline silicon films with high crystalline volume fraction on
the polyimide films and glass substrate at below the substrate duration temperature. It was
observed that crystalline phases directly deposited without AIL on the substrate by
transmission electronic microscopy (TEM).
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2. Retrograde solubility in Si – H – Cl system
Hwang et al. reported the simultaneous nanoparticle deposition and atomic etching in Si –
H – Cl system during thermal CVD. In this report, they approached simultaneous deposition
and etching of silicon on a dielectric substrate by TCN. And selective deposition in the silicon
CVD process was also approached by electrostatic interaction between the CNPs and
substrate [64]. The similar phenomena was also reported in the diamond CVD system [17,
21]. These results motivated low temperature deposition of polycrystalline silicon by
occurring retrograde solubility in HWCVD system.

Fig. 5. Temperature dependence of solubility of silicon in the gas phase (a) in the Si –
H system and (b) in the Si – Cl – H system at the pressure of 13.3 Pa. The
thermodynamic calculation was done under the conditions: (a) 100 mol of H and (b)
10 mol of Cl and 100 mol of H [61].

Chung et al. [61] calculate the precipitation amount of silicon in Si – H and Si – H – Cl
systems, respectively, using Thermo calc. software. In the Si – H system, solubility of silicon
in the gas phase continues to decrease with decreasing temperature. In this case, even if the
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silicon nucleation occurs in the high temperature region, the driving force further
precipitation exist in the low temperature region as shown the Fig. 5(a). However, as shown
Fig. 5(b), the solubility of silicon in the gas phase decreases in the high temperature region
but increases in the low temperature region with decreasing temperature in the Si – H – Cl
system. In this case, if the silicon nucleation occurs in the high temperature region, the driving
force for etching at low temperature region. In other word, the silicon nucleation in the low
temperature region is inhibited. Therefore, if a proper amount of HCl is added to the gas
mixture of SiH4 + H2, the driving force at the substrate temperature can be made for etching.
Under this condition, the crystalline nanoparticles formed in the high temperature region
exclusively contribute to deposition whereas etching takes place atomically. Therefore,
silicon films deposited using the Si – H – Cl system are expected to contain much less
amorphous silicon than those using the Si – H system [59, 61].
Base on this thermodynamic calculation, they clearly presented that the retrograde solubility
occurred in Si – H – Cl and that makes it possible to deposit polycrystalline silicon at
relatively low temperature.
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Part 2. Experimental confirmation of retrograde solubility by
capturing the silicon nanoparticles

1. Experimental details
To confirm the retrograde solubility in Si – H – Cl systems, silicon nanoparticles were
captured on the TEM grid membrane. The distance between substrate and filament was 4 cm.
The deposition was made at filament and substrate temperatures of 1800 oC, and 200 oC,
respectively, under 0.1 torr. The filament and substrate temperatures were measured,
respectively, by an infrared optical pyrometer (marathon, Raytek, USA) and a thermocouple
in contact with a substrate controlled with a self-regulating heating system.
Hydrogen (H2) diluted 30 vol% silane (SiH4, 99.9999%, Wonik materials, Korea) and 5 vol%
phosphine (PH3, 99.9999%, Air liquid, Japan) gases were used as precursors. A varying
amount of HCl gas (99.999%, Tsurumi Soda, Japan) was supplied additionally to examine
precipitation amount of silicon. The flow rate of each precursor was controlled by a mass
flow controller (MFC, Tylan, USA). During the process, the reactor pressure, monitored by
a baratron gauge (626A12TBE, MKS, USA), was maintained at 0.1 torr by the pressure
controller (651C, MKS, USA) equipped with a throttle valve.
The flow rate of H2 diluted SiH4 was fixed at 12 standard cubic centimeters per minute
(sccm) in all depositions. The HCl concentration was controlled by the ratio of HCl to SiH4
designated as RHCl = [HCl] / [SiH4], where the bracket represents the flow rate. It should be
noted that [SiH4] represents the flow rate of pure SiH4, not H2 diluted SiH4. Similarly, the
doping concentration was controlled by the ratio of PH3 to SiH4 designated as RPH3 = [PH3] /
[SiH4].
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To confirm the existence of the silicon gas phase nuclei, Cu grids with a silicon monoxide
membrane (Ted Pella Inc., USA) for TEM (JEM-3000F, JEOL, Japan) observation were
exposed and captured for 10 sec using a shutter covering the grid membrane during HWCVD.
To examine the effect of HCl on the number density and crystallinity of these gas phase nuclei,
the capture was done at RHCl = 0, 1.39, and 3.61.

2. Results & discussion
Fig. 6(a), (b), and (c) show the TEM images of silicon nanoparticles captured for 10 sec on
the TEM grid coated with a silicon monoxide membrane during HWCVD, respectively, at
RHCl = 0, 1.39, and 3.61. Fig. 6(d), (e), and (f) show high magnification images of Fig. 6(a),
(b), and (c), respectively. In Fig. 6(a), where HCl is absent, the whole membrane is covered
with a silicon film. The high resolution image of Fig. 6(d) reveals that the film consists of the
crystalline silicon nanoparticles embedded in the amorphous silicon. As RHCl increases from
0 to 1.39, the amount of deposited silicon is reduced noticeably. In contrast to the film
formation at RHCl = 0 in Fig. 6(a), isolated individual nanoparticles are observed at RHCl =
1.39 in Fig. 6(b). Its high resolution image, Fig. 6(e) shows that the nanoparticles are
crystalline with 10 ~ 20 nm in size. At RHCl = 3.61, the number density and the size of silicon
were markedly reduced as shown in Fig. 6(c). Its high resolution image, Fig. 6(f) shows that
the nanoparticles are crystalline with 2 ~ 5 nm in size.
Fig. 6(a) and (d) show a typical microstructure of microcrystalline silicon films which
consist of amorphous phase matrix and embedded crystalline nanoparticles in the matrix.
This type of microstructure generally fabricated by HWCVD or PECVD at relatively low
temperature. However, the diffusion rate of silicon is so low that the rate of surface diffusion
would be negligible at low temperature. Nonetheless, crystalline phases are formed.
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Fig. 6. TEM images of silicon nanoparticles captured with an exposure time of 10 sec
for (a) RHCl = 0, (b) RHCl = 1.39, and (c) RHCl = 3.61 and the corresponding high
resolution images for (d) RHCl = 0, (e) RHCl = 1.39, and (f) RHCl = 3.61, respectively.

It is hard to explain that formation of such puzzling microstructure at low temperature by
the conventional deposition mechanism, based on the surface diffusion of atoms or molecules
on the growing surface. For this reason, Hwang et al. [15-17] suggested that the crystalline
nanoparticles, namely, gas phase nuclei must have landed on the growing surface which
formed in the gas phase. Furthermore, they confirmed that most gas phase nuclei are
electrically charged. This new suggestion is called TCN.
From the overall images of Fig. 6, it was clearly recognized that the precipitation amount
of silicon reduced with increasing RHCl. This result already predicted by Chung et al. [59-62]
and Lee et al. [63]. Precipitation amount of silicon totally reduced with increasing HCl
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concentration. With increasing HCl concentration from 0 to 1.36, precipitation amount of
amorphous phase which formed low temperature extremely reduced. As a result, crystalline
particles that have 10-20 nm size are remained. With increasing from 1.36 to 3.61, smaller
crystalline particles that have 2-5 nm size are remained. Finally, remained crystalline
nanoparticles work main deposition units and make polycrystalline silicon films at low
temperature. This result well matched with thermodynamic calculation of Si – H and Si – H
– Cl systems as reported in ref. [59, 61].

3. Conclusion
TEM observation of precipitation amount of silicon particles clearly shows retrograde
solubility inhibited precipitation of amorphous phase, which precipitate at low temperature.
As a result, at the maximum concentration, crystalline silicon particles remained. These
crystalline particles would be mainly contributed to the direct deposition of polycrystalline
silicon films at low temperature.
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Part III. Low temperature deposition of polycrystalline films
on a flexible polymer substrate

1. Experimental details
Silicon thin films were deposited on a flexible polyimide substrate (Kapton® Type HN,
Dupont) by HWCVD. The distance between substrate and filament was 4 cm. The deposition
was made at filament and substrate temperatures of 1800 oC, and 200 oC, respectively, under
0.1 torr. The filament and substrate temperatures were measured, respectively, by an infrared
optical pyrometer (marathon, Raytek, USA) and a thermocouple in contact with a substrate
controlled with a self-regulating heating system.
Hydrogen (H2) diluted 30 vol% silane (SiH4, 99.9999%, Wonik materials, Korea) and 5 vol%
phosphine (PH3, 99.9999%, Air liquid, Japan) gases were used as precursors. A varying
amount of HCl gas (99.999%, Tsurumi Soda, Japan) was supplied additionally. The flow rate
of each precursor was controlled by a mass flow controller (MFC, Tylan, USA). During the
process, the reactor pressure, monitored by a baratron gauge (626A12TBE, MKS, USA), was
maintained at 0.1 torr by the pressure controller (651C, MKS, USA) equipped with a throttle
valve.
The flow rate of H2 diluted SiH4 was fixed at 12 standard cubic centimeters per minute
(sccm) in all deposition conditions. The HCl concentration was controlled by the ratio of HCl
to SiH4 designated as RHCl = [HCl] / [SiH4], where the bracket represents the flow rate. It
should be noted that [SiH4] represents the flow rate of pure SiH4, not H2 diluted SiH4.
Similarly, the doping concentration was controlled by the ratio of PH3 to SiH4 designated as
RPH3 = [PH3] / [SiH4].
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To observe the cross-sectional microstructure of the polycrystalline silicon films, a TEM
specimen was prepared using a focused ion beam (FIB, Nova 200, FEI, USA). The specimen
was observed by high resolution transmission electron microscope (HRTEM, F30, FEI, USA)
operated at 300 KeV.
The film thickness was measured by the surface profile of Alpha-Step IQ (Rev. AL-1). The
crystallinity of the films at different RHCl was analyzed by Raman spectroscopy (JobinYvon,
LabRam HR Raman spectrometer). In order to prevent thermal crystallization by an incident
laser beam of Raman spectroscopy, the power of Ar ion laser (514.532 nm) was kept below
0.05 mW.
To examine the effect of HCl on the dark conductivity of the films, RHCl was varied at 0,
0.56, 1.39, 2.50, and 3.61. The dark conductivity of the intrinsic silicon films was measured
using a probe station (MST-6000C, MS Tech, Korea) with an analyzer (4145B, Agilent-HP,
USA) in the range of 25 ~ 225 oC with an interval of 40 oC after depositing a coplanar
aluminum electrode on the top of the film. For the Hall mobility measurement of PH3 doped
n-type silicon samples, the PH3 concentration was varied with RPH3 = 0.005, 0.009, 0.014,
0.021, and 0.028. Samples of 1cm x 1cm with four silver contacts at each corner were placed
in a dark chamber under a magnetic flux of 0.5 T in a Hall measurement apparatus (HL 5500,
Nanometrics, USA) using a van der Pauw technique at room temperature.

2. Results & discussion
Fig. 7 shows Raman spectra of silicon films deposited at various RHCl. The Raman spectra
consist of three peaks: amorphous phase at 480 cm-1, microcrystalline phase around 505-517
cm-1, and crystalline phase at 520 cm-1 [65, 66]. With increasing RHCl, the peak of the
amorphous phase decreased gradually. At RHCl = 3.61, which is the maximum value, the peak
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of the amorphous phase is almost absent and only a tiny peak of the microcrystalline phase
remained. These results clearly show that the crystallinity of the films increased with
increasing HCl concentration.
Fig. 8 shows the dependence of the deposition rate (Rd) and the crystalline volume fraction
(Xc) of the films on RHCl. Rd decreased with increasing RHCl. Rd was 1.94, 1.90, 1.52, 0.99,
and 0.63 nm/s respectively for RHCl = 0, 0.56, 1.39, 2.5, and 3.61. Based on the calculations
by Thermo-Calc [59, 61], Chung et al. [61] reported that the equilibrium amount of silicon
precipitation in the Si – H – Cl system is maximum at the intermediate temperature and
decreases with decreasing temperature, indicating that the Si – H – Cl system has a retrograde
solubility of silicon in the gas phase. The calculations further showed that the equilibrium
amount of silicon precipitation decreases with increasing HCl [59]. The decrease of Rd with
increasing RHCl in Fig. 8 can be explained by the decreased equilibrium amount of silicon
precipitation with increasing RHCl.
Xc is defined as Xc = (Imc +Ic)/(Ia+ Imc +Ic), where Ia, Imc, and Ic are the integrated intensity
of the peaks of the amorphous phase (480 cm-1), microcrystalline phase (505~515 cm-1), and
crystalline phase (520 cm-1), respectively. It should be noted that Xc increased with increasing
RHCl. Rd may be correlated with Xc in that both of them depend on RHCl.
Fig. 9 show the silicon film deposited on the polyimide. A silicon film could be deposited
without the thermal damage of the polyimide substrate. Any crack or delamination detectible
by naked eyes was not found even after bending the films as shown in the picture.
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Fig. 7. The crystalline volume fraction and growth rate of silicon films prepared at
various RHCl.

Fig. 8. Raman spectra of the silicon films prepared at various RHCl.
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To distinguish between deposited and non-deposited areas, one corner of the polyimide was
covered by glass. This corner is the bright area indicated by the arrow in Fig. 9, which is
distinguished from the other deposited area by contrast.

Fig. 9. A bent polycrystalline silicon films deposited on polyimide substrate. (Arrow
line indicated covered area.)
Fig. 10 shows the cross-sectional images of silicon thin films deposited at RHCl = 3.61. Fig.
10(a) is the field emission scanning electron microscope (FESEM) image of FIB sample. The
thickness of the silicon film is indicated by the two black arrows in Fig. 10(a). Generally,
during thinning the sample by FIB, both sides of sample are milled with Ga ions. During this
process, the polyimide film substrate tended to be bent because of its flexibility. The white
arrow in the lower left area in Fig. 10(a) indicates the bent part of the polyimide film. Fig.
10(b) is the low magnification TEM image, which magnifies the square designated as ‘b’ in
Fig. 10(a). In Fig. 10(b), upper black and lower white layers are respectively Pt coated for
FIB sampling and the polyimide substrate. The middle layer is the polycrystalline silicon
about 390 nm thick. Inset in the right upper part of Fig. 10(b) shows the selective area
diffraction pattern (SADP), which clearly reveals that the silicon film is polycrystalline. Fig.
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10(c) is the HRTEM image of the interfacial region between polyimide substrate and silicon
film, which magnifies the square designated as ‘c’ in Fig. 10(b); the white dashed line
indicates the interface.

Fig. 10. Cross-sectional images of polycrystalline silicon films at RHCl = 3.61 on
polyimide film substrate; (a) FESEM images of silicon films after FIB sampling, (b)
low magnification cross-sectional TEM image of silicon films (inset: SADP image of
overall silicon films). High resolution images of (c) and (d) are for the locations of the
films designated in (b).
As shown in Fig. 10(c), the crystalline silicon is deposited on the polyimide substrate with
only a 2 ~ 3 nm thick AIL. Fig. 10(d) shows the high resolution lattice image of the silicon
film, which magnifies the square designated as ‘d’ in Fig. 10(b); the lattice fringe reveals
(220) planes of crystalline silicon. Fig. 11 shows the dark conductivity of the intrinsic silicon
- 26 -

films measured in the temperature range of 25 ~ 225 oC at different RHCl. The dark
conductivity increased with increasing substrate temperature in agreement with the reported
temperature dependence of the dark conductivity of the silicon film [67]. Also the dark
conductivity of the film increased with increasing RHCl from 0 to 3.61 at all temperatures. It
should be noted that the dark conductivity at RHCl = 3.61 is as high as 1.84 x 10-6 Scm-1 at
room temperature, whose value is not much different from the dark conductivity of the
polycrystalline silicon prepared by ELA [68].
Fig. 12 shows the Hall mobility of n-type polycrystalline silicon films deposited at RHCl =
3.61 as a function of the flow rate of doping PH3 gas. For comparison, the data for the n-type
silicon film prepared at RHCl = 0 are also shown. Although the film thickness is below 300
nm, the Hall mobility as high as 5.72 cm2 V-1s-1 could be obtained. This value is slightly
lower than that of the previously reported Hall mobility of the n-type silicon films deposited
on the glass substrate by HWCVD and treated by RTA [69]. To our knowledge, this value is
the highest mobility reported for silicon films deposited on the polymer substrate without
post treatments and high enough for the TFT application based on flexible substrates.
The overall observation of captured particles Fig. 6 in Part-II, shows that the precipitation
amount of silicon decreased and crystalline fraction increased with increasing RHCl. If the
silicon film grows by the building block of these nanoparticles as suggested previously [15,
16, 70], it is expected from the TEM observation that the crystallinity of deposited films
should increase with increasing RHCl. This expectation agrees with the Raman result in Fig.
7 and the crystalline volume fraction in Fig. 8. At the same time, it is also expected that the
film growth rate would be proportional to the amount of the nanoparticles generated in the
gas phase. This expectation agrees with the result that as RHCl increases, the amount of the
nanoparticles captured for 10 sec on the TEM grid membrane decreases and the film growth
rate decreases also. The decrease in the amount of the nanoparticles generated in the gas
phase with increasing RHCl indicates that the HCl addition inhibits the precipitation of
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amorphous silicon because of retrograde solubility in Si – H – Cl system.
Fig. 6(a) and (d) in Part II show the typical low temperature (< 500oC) fabricated
microstructure of silicon films which consist of amorphous phase matrix and embedded
crystalline phases. It is hard to explain that such a puzzling microstructure formed at low
temperature by the conventional deposition mechanism, which based on the surface diffusion
of atoms or molecules on the growing surface. Because the diffusion rate of silicon at low
temperature is so low and the rate of surface diffusion would be negligible. Nonetheless, the
formation of nanocrystallites indicates that silicon atoms must have undergone diffusion.
It could be possible to explain this puzzling phenomenon by TCN devised by Hwang et al.
[15, 16, 70]. As mentioned before, they suggested that the nanoparticles, namely, gas phase
nuclei must have landed on the growing surface which formed in the gas phase. Also, they
confirmed that the most gas phase nuclei are electrically charged in many systems not only
thermal CVD [25, 26, 28-30] but also HWCVD [21-23].
From the viewpoint of TCN, crystalline silicon nanoparticles would be formed at the higher
temperature region around hot wire, whereas amorphous nanoparticles formed at the lower
temperature region away from the hot wire in the HWCVD system. At the condition of
without HCl, both nanoparticles deposited coincidentally on a substrate and then fabricate
typical silicon films. In the Si – H – Cl system, however, precipitation amount of silicon
totally decreased with increasing HCl concentration as reported by Chung et al. [61].
Furthermore, low temperature precipitation was tremendously decreased with increasing HCl
concentration [59]. As shown in Fig. 6, precipitation amount of silicon, especially,
amorphous phase formed at low temperature extremely decreased with increasing the RHCl.
Eventually, small size crystalline particles remained at the condition of RHCl = 3.61. Silicon
films have high crystalline volume fraction was deposited at the same condition as shown
Fig. 8.
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Fig. 11. Dark conductivity of intrinsic silicon films deposited with varying RHCl.

Fig. 12. Hall mobility of n-type silicon films prepared RHCl = 3.61 in comparison with
those of n-type silicon films prepared at RHCl = 0.
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It should be note that high crystallinity silicon films successfully deposited on a polyimide
substrate even if the substrate temperature was 200 oC. In addition, the 2 ~ 3 nm thick AIL in
Fig. 10(c) is in strong contrast with typical silicon films deposited in the initial stage of low
temperature deposition, which have the AIL of several tens to hundreds nanometers. It should
be noted that such a thin layer of AIL was achieved at the deposition temperature as low as
200 oC and at the film thickness of only 390 nm.
About 30 years ago, Iijima et al. [33, 34] observed that the structural instability of gold
particles smaller than 5 nm in size takes place when they are exposed to intense electro-beam
irradiation during TEM observation. And it has been proposed that the state of such a small
particles should be called “quasi solid state”, which is neither solid nor liquid according to
the conventional concepts of matter. According to this result, the diffusivity of particles
enhanced by electron beam from the source of TEM.
Recently, it was reported that the real-time TEM imaging of solution growth of metal
nanocrystal architectures by nanoparticle attachment [35]. In this report, nanorods were made
from attachment of nanoclusters and its shape corrections. We clearly have known that the
growth unit of the nanostructures was the clusters. Even if excluding above two evidences,
many researchers reported that the clusters or particles are the main unit of nanostructures in
the solution or gas phase [36, 37].
From these two evidence, we recognized that the charge helps formation the nanostructures
by enhancing surface diffusivity of the structures. Eventually, we believe that the
nanostructure formation from clusters not only colloidal system but also gas phase reaction.
In this new paradigm of crystal growth, the processing parameters such as pressure,
temperature, and the flow rate of precursors and other gases should be correlated with the
size, polarity and number density of charged nanoparticles, which again should be correlated
with the microstructure evolution of films and nanostructures. The intentional control of
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electric charging in the film reactor would be important in controlling the deposition
behaviour. The electrostatic energy is a new important parameter in the crystal growth by
building blocks of charged nanoparticles. This new paradigm will complement and enhance
the existing understanding of film and nanostructure growth.

3. Conclusion
Polycrystalline silicon films with 2 ~ 3 nm thick amorphous incubation layer could be
directly deposited on the polyimide substrate at 200oC. The dark conductivity of the intrinsic
film prepared at RHCl = 3.61 was 1.84 x 10-6 Scm-1 at room temperature. The Hall mobility of
the n-type silicon film prepared at RHCl = 3.61 was 5.72 cm2 V-1s-1. These electrical properties
of silicon films deposited on the polyimide substrate are good enough for the flexible TFT
application.
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Part IV. Low-temperature deposition of polycrystalline films
on a glass substrate
This part was published in Renewable energy 54 (2013) 85

1. Experimental details
P-type silicon films were deposited on a glass substrate (Corning Eagle XG) in a HWCVD
reactor equipped with three linear tungsten filaments aligned in parallel. The distance
between substrate and filament, the filament temperature, the substrate temperature, and the
pressure were 2 cm, 1800 °C, 500 °C, and 13.3 Pa, respectively. The temperatures of the
filament and the substrate were measured, respectively, by an infrared optical pyrometer and
the direct contact of a thermocouple with a substrate controlled with a self-regulating heating
system.
Hydrogen (H2) diluted 30 vol% silane (SiH4, 99.9999%, Wonik materials, Korea) and 5 vol%
diborane (B2H6, 99.9999%, Air liquid, Japan) gases were used as a precursor for p-type
silicon films. To study the effect of HCl, a varying amount of HCl (99.999%, Tsurumi Soda,
Japan) was supplied. The flow rate of each precursor was controlled by a mass flow controller
(MFC, Tylan, USA) and the chamber pressure by an automatic chamber pressure controller
(651C, MKC, USA).
The gas flow rate of H2 diluted SiH4 was fixed at 12 standard cubic centimeters per minute
(sccm) in all deposition conditions. The HCl concentration was controlled by the flow rate
ratio of HCl to SiH4, which is designated as RHCl = [HCl] / [SiH4], where the bracket
represents the flow rate. It should be noted that [SiH4] represents the flow rate of pure SiH4,
not the flow rate of H2 diluted SiH4. Similarly, the doping concentration was controlled by
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the flow rate ratio of B2H6 to SiH4, which is designated as RB2H6 = [B2H6] / [SiH4].
In the experiment to examine the effect of HCl, RB2H6 was fixed at 0.014 whereas RHCl was
varied at 0, 0.28, 1.39, 2.78, and 3.61. In the experiment to compare the dark conductivity of
the films deposited with and without HCl under varying doping ratio, RHCl were fixed at 0
and 3.61whereas RB2H6 was varied at 0.014, 0.028, 0.042, 0.069, 0.097, 0.125 and 0.139.
The crystalline volume fraction of the deposited films was analyzed by Raman spectroscopy
(JobinYvon, LabRam HR Raman spectrometer). In order to prevent thermal crystallization
by an incident laser beam of Raman spectroscopy, the power of Ar ion laser (514.532nm)
was kept below 0.05 mW.
To determine the growth rate, the thickness of the deposited films was measured from the
cross-section image of field emission scanning electron microscopy (FESEM, JSM-6330F,
JEOL, Japan). Since the growth rate was varied with the ratio of HCl to SiH4, to investigate
the properties of the films of the same thickness, the deposition time for each film had to be
adjusted to make the film thickness 250 nm.
The density of silicon films was measured by X-ray reflectivity (XRR). The relative density
D was calculated by the expression of Dsubstance = ρsubstance/ρreference, where ρ represents the
density.
To confirm the effect of RHCl on the number density of the silicon nanoparticles, which
landed from the gas phase, Cu grids with a silicon monoxide membrane for TEM (JEM3000F, JEOL, Japan) observation were exposed for 10 sec using a shutter above the grid
membrane during HWCVD without HCl (RHCl = 0) and with HCl (RHCl = 3.61) at RB2H6 =
0.014. The dark conductivity (σdark) of silicon films was measured at room temperature using
a probe station (MST-6000C, MSTech, Korea) with an analyzer (4145B, Agilent-HP, USA)
after depositing a coplanar aluminum electrode on the top of the film. The optical band gap
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of the deposited films was determined from transmittance and reflectance spectra of the films
by an UV-visible spectrophotometer (Varian, cary5000).

2. Results & discussion
Fig. 13(a) shows the Raman spectra of the p-type silicon films deposited at various RHCl.
The thickness of the films was made the same as 250 nm by adjusting the deposition time. In
general, Raman spectra of silicon consist of three peaks: amorphous phase around 480 cm-1,
polycrystalline phase around 505~517 cm-1, and monocrystalline phase around 520 cm-1 [65,
66]. In Fig. 13(a), a broad amorphous peak around 480 cm-1 is revealed under the deposition
condition without HCl. In the films deposited with HCl, however, the amorphous peak is
decreased gradually as RHCl increases from 0 to 3.61. Also, a sharp crystalline peak at about
520 cm-1 appears.
To estimate the crystalline volume fraction of silicon, Xc, Raman spectra of the p-type
silicon films prepared under varying RHCl were deconvoluted. For example, Fig. 13(b) shows
typical deconvolution of Raman spectra of silicon films deposited at RHCl = 1.39. Three
deconvoluted Raman spectra correspond to monocrystalline silicon, Imc, polycrystalline
silicon, Ipc, and the amorphous silicon Ia, which comprises of the amorphous phase matrix
and the interfacial region between grains. The volume fraction of the crystalline phase is
given as Xc= (Imc+Ipc) / (Imc+Ipc+Ia).
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Fig. 13. (a) Raman spectra of p-type silicon films prepared at varying RHCl. (b) The
typical deconvolution of the Raman spectra of the silicon film deposited at RHCl= 1.39
and RB2H6 = 0.014.
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Fig. 14. The crystalline volume fraction and growth rate of p-type silicon films
prepared at RB2H6 = 0.014 with varying RHCl.

From the deconvoluted peaks, the crystal volume fraction of the films was estimated to be
0.28, 0.50, 0.61, 0.71, and 0.74 for RHCl = 0, 0.28, 1.39, 2.78, and 3.61, respectively, in Fig.
14. Raman spectra clearly showed the continuous improvement of crystallinity of deposited
films as RHCl increased. The growth rate of the silicon films deposited at RB2H6 = 0.014 with
varying RHCl is also shown in Fig. 14. It should be noted that the growth rate of films was
decreased with increasing RHCl. The growth rate of the films was estimated to be 4.01, 3.13,
2.22, 1.09, and 0.63nm/sec for RHCl = 0, 0.28, 1.39, 2.78, and 3.61, respectively.
According to the TCN [16, 17], which will be explain later in detail, charged gas phase
nuclei contribute to deposition. Their amount of generation is determined by the equilibrium
amount of silicon precipitation in the Si – H – Cl system and therefore the film growth rate
would be proportional to the equilibrium amount of silicon precipitation. The calculation by
Thermo-Calc [59] showed that the equilibrium amount decreases with increasing HCl. This
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would explain the result of Fig. 14 where the film growth rate decreases with increasing HCl.
The density of the silicon films deposited at RHCl = 0, 0.28 and 3.61 was measured to be
0.78, 0.83 and 0.88, respectively, which shows that the addition of HCl also increases the
relative density of films. The density of the films appears to be correlated with the crystalline
fraction. Films with densities of 0.78, 0.83 and 0.88 had crystalline fractions of 0.28, 0.5 and
0.74, respectively.

Fig. 15. TEM images of silicon nanoparticles deposited with an exposure time of 10 sec
for (a) RHCl = 0 and (b) RHCl = 3.61 and the corresponding high resolution images for
(c) RHCl = 0 and (d) RHCl = 3.61.
Fig. 15(a) and (b) show the TEM images of the silicon nanoparticles captured for 10 sec on
a Cu TEM grid membrane during HWCVD, respectively, without HCl (RHCl = 0) and with
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HCl (RHCl = 3.61) at RB2H6 = 0.014. Although the exposure time of 10 sec was the same for
both cases of RHCl = 0 and 3.61, the amount of captured silicon is much larger when HCl is
not added. It should be noted that the TEM grid membrane is completely covered with a
silicon film in Fig. 15(a) whereas a large portion of the TEM grid membrane is not deposited
and isolated nanoparticles were scattered on the membrane in Fig. 15(b). Fig. 15(c) and (d)
are the high resolution images of Fig. 15(a) and (b), respectively. At RHCl = 0, the film consists
of the crystalline silicon nanoparticles embedded in the amorphous matrix. Most of
crystalline nanoparticles show the (111) plane lattice (Fig. 15(c)). At RHCl = 3.61, all isolated
individual nanoparticles show the crystalline lattice, being mostly (111) (Fig. 15 (d)). Fig.
15(a) and (b) show that the number of silicon nanoparticles is drastically reduced when HCl
is added. This result clearly shows that the HCl addition reduced the amount of precipitation
of solid silicon during HWCVD [59, 60]. This fact would be related with decreasing film
growth rate with increasing HCl addition as shown in Fig. 14. In Fig. 15(c), the amount of
amorphous silicon is much larger than that of crystalline silicon whereas in Fig. 15(d), only
isolated crystalline silicon nanoparticles are observed with amorphous silicon being hardly
observed. This result indicates that HCl addition inhibits the precipitation of amorphous
silicon.
Fig. 15 shows a typical microstructure of microcrystalline silicon (μc-Si) films deposited at
low temperature by HWCVD or PECVD, consisting of crystalline nanoparticles embedded
in the amorphous matrix. This microstructure is very puzzling from the viewpoint of the wellestablished theory of crystal growth in two respects. One is that the diffusivity of silicon at
temperature lower than 500 oC is so low that the rate of surface diffusion would be negligible
and only the growth of amorphous silicon is expected. However, the formation of
nanocrystallites indicates that silicon atoms must have undergone appreciable diffusion. The
other is that the amorphous surface has an atomically rough interface consisting of numerous
kink sites. Such a rough interface is known to have no barrier in atomic attachment. Therefore,
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the supersaturation for surface nucleation cannot build up on the surface of the amorphous
phase. However, an enormous amount of crystalline nanoparticles is embedded in the
amorphous matrix as if the surface nucleation occurred at a very high rate.
Hwang et al. [16, 17] suggested that such puzzling microstructure evolution cannot be
explained by the conventional deposition mechanism, which is based on the decomposition
of reactants on the growing surface and on the surface diffusion of atoms or molecules.
Instead, they suggested that crystalline nanoparticles must have been formed in the gas phase
and then those gas phase nuclei must have landed on the growing surface. They confirmed
that most gas phase nuclei are electrically charged, which induces their self-assembly and the
enhanced diffusion of atoms in nanoparticles, resulting in the evolution of dense films. This
new suggestion is called the theory of charged nanoparticles (TCN). According to the TCN,
the nanocrystalline particles in the films are contributed from the crystalline gas phase nuclei,
which are formed in the high temperature region near hot wires and the amorphous silicon is
contributed from the silicon precipitated in the low temperature region away from hot wires.
Therefore, if the low temperature precipitation is inhibited, the crystalline gas phase nuclei
can dominantly contribute to film deposition, increasing the crystalline fraction of the films.
The thermodynamic calculation of the Si – H – Cl system by Thermo-Calc indicates that the
HCl addition inhibits the low temperature precipitation of silicon if the gas phase nucleation
occurred in the high temperature region. Based on these analyses, they added HCl and could
directly deposit the crystalline silicon on a glass substrate in intrinsic and n-type silicon films
[60-62, 71].
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Fig. 16. (a) Growth rate of the p-type silicon films prepared at RHCl = 0 and 3.61 with
varying RB2H6 and (b) Raman spectra of the films prepared at RB2H6 = 0.014 and 0.125
when HCl is added (RHCl = 3.61).
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Fig. 17. Dark conductivity of p-type silicon films deposited at RHCl= 3.61 and 0 with
varying RB2H6.

Fig. 16(a) compares the growth rates of the p-type silicon films prepared at RHCl = 0 and
3.61 with varying RB2H6. The growth rate of the films prepared with HCl is much lower than
that of the films without HCl in a tested range of RB2H6. As mentioned previously, the reason
why the film growth rate for RHCl = 3.61 is lower than that for RHCl = 0 would be due to the
decrease in the equilibrium amount of silicon precipitation. When RB2H6 increased from 0.014
to 0.139, the growth rate of the ilms for RHCl = 0 increased from 3.5 to 5.18 nm/sec, whereas
the growth rate for RHCl = 3.61 increased from 0.63 to 0.84.
Fig. 16(b) compares Raman spectra of the films for RB2H6 = 0.014 and 0.139 at RHCl = 3.61.
The fraction of the amorphous phase is larger for RB2H6 = 0.139 than that for RB2H6 =0.014.
This result can explain the dependence of the dark conductivity on RB2H6, especially when
RB2H6 is relatively high as will be shown in Fig. 17. This trend was already reported by Kumar
et al. [72] for the HWCVD of silicon films where HCl was not added.
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Fig. 17 shows the dark conductivity of p-type silicon films prepared at RHCl = 3.61 with
varying RB2H6. For comparison, p-type silicon films were also prepared at RHCl = 0 under the
same condition. It is seen that the dark conductivity is increased with RHCl at all values of
RB2H6. The dark conductivity of p-type silicon films increased initially with RB2H6 and reached
a maximum and then slightly decreased with further increase of RB2H6. It is well known that
the increase of dark conductivity with increasing amount of dopants for small values of RB2H6
and then the decrease of dark conductivity with large values of RB2H6 come from the increase
of the amorphous phase above a certain range of the concentration of B doing [72]. This
result clearly shows that the amorphous silicon increases with increasing RB2H6 as shown in
Fig. 16. This increase of the amorphous silicon appears to decrease the dark conductivity.
The dark conductivity of silicon films deposited at RHCl=3.61 was about 3 orders of
magnitude higher than that deposited at RHCl=0. This enhancement of dark conductivity must
be related to the increase of the crystalline volume due to HCl addition as shown in Fig. 14.
Note that the dark conductivity of the silicon deposited at RHCl=3.61 is as high as 7.62 S cm1

at RB2H6=0.125, which is higher than that of p-type μc-Si silicon films prepared with other

conventional methods [73-75]. For example, the dark conductivity of the 10 nm thick films
deposited at RHCl = 3.61 was about 10-4 Scm-1, which is two orders of magnitude higher than
that of the p-type μc-Si:H thin films being about 10-6 S cm-1 reported by Tabata et al. [73].
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Fig. 18. Optical bad gap of p-type silicon films deposited at RHCl= 0 and 3.61 with
varying RB2H6.

The optical property of the films was measured by an UV-visible spectrophotometer. The
theoretical band gap Eoptwas determined from the Tauc formula [76], which is given as
(αһν)1/2 = (һν - Eopt), where α is the absorption coefficient and һν the photon energy. It was
determined by plotting (αһν)1/2 versus һν. The optical band gap Eopt was determined by the
intersection when the linear region of the curve was extrapolated to the һν axis in the high
absorption region. Fig. 18 shows the optical band gap of the p-type silicon films prepared at
RHCl = 3.61 with varying RB2H6. For comparison, the optical band gap of the film prepared
without HCl addition (RHCl = 0) is also obtained with varying RB2H6. As RB2H6 increased from
0.014 to 0.139, the optical band gap of the films decreased from 2.22 to 1.9 eV for RHCl = 0
and from 2.06 to 1.74 eV for RHCl = 3.61. The optical bang gap of the film deposited at RHCl
= 3.61 is narrower than that at RHCl = 0. This result can be understood by considering that the
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film deposited at RHCl = 3.61 has a higher crystalline volume fraction than that at RHCl = 0.
Generally, the optical band gap of crystalline silicon is narrower than that of amorphous
silicon [77]. The band gap as wide as ~2.06 eV could be obtained at RB2H6 = 0.014 even when
the fraction of the crystalline phase in films was increased by HCl addition.

3. Conclusion
The crystalline volume fraction of the p-type silicon films increased with increasing RHCl.
The role of HCl in inhibiting the low temperature precipitation of silicon was confirmed by
TEM observation of the silicon nanoparticles captured for 10 sec on a grid membrane. The
dark conductivity and optical band gap of silicon films deposited at RHCl = 3.61 were 7.62
Scm-1and 2.06 eV, respectively. The improvement of electrical properties by HCl addition is
promising in the application for the p-type window layer of solar cells. The HCl addition is
an easy way to control the electrical and optical properties by controlling the crystalline
volume fraction of the films.
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Chapter III. Properties improvement of silicon
films through controlling
‘deposition delay time’
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Part I. Introduction
1. Background and purpose of this study
To the higher electrical property of silicon films, crystalline volume faction of the films
should be increased. It is well known that hydrogen dilution and substrate temperature are
the main parameter to increase crystalline volume fraction of the films. With increasing
hydrogen dilution rate and substrate temperature, the crystalline volume fraction of silicon
films increased [78-82].
In general, deposited μc-Si:H films have inhomogeneous microstructure with vertical
direction, even though high crystalline volume fraction of films could be obtained with high
hydrogen dilution rate and substrate temperature. AIL which has several tens to hundreds
nanometers thick is inevitably deposited in the initial stage of the films. After then,
microcrystalline phases are followed [39, 83-87]. Such an inhomogeneous microstructure of
μc-Si:H films is the main disadvantage in applications for thin film solar cells and TFTs.
Therefore, elimination of the AIL is the most important assignment for the successful
applications.
Chung and Lee suggested that the one possibility for formation of such an inhomogeneous
structure might be the flux change during deposition [71]. Deposition flux in the initial stage
might be favorable for the formation of the amorphous phase whereas that in the later stage
might be favorable to microcrystalline phase. According to this possibility, it might be
possible to directly deposit μc-Si:H films after delaying deposition time artificially. From this
idea, they shown that microcrystalline silicon was directly deposited on the glass substrate
without AIL after appropriate delay time as shown Fig. 19 and 20 [71].

- 46 -

Fig. 19. TEM of a silicon film prepared without the delay time for (a) a bright-field
image and (b) the corresponding SADP. High resolution images of (c) and (d) are for
the locations of the film designated in (a) [71].
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Fig. 20. TEM of a silicon film prepared with the delay time of 10 min for (a) a brightfield image and (b) the corresponding SADP. High resolution images of (c) and (d) are
for the locations of the film designated in (a) [71].
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Even though HWCVD is generally used for the low temperature deposition of crystalline
silicon films, amorphous silicon inevitably deposited. The reason why amorphous phases are
formed on a glass substrate could be explained by TCN. The first is that the silicon could be
formed as an amorphous phase at low temperature region away from the hot wires. Therefore
amorphous nanoparticles contribute to deposition of amorphous phase. The second is that
even if the crystalline nanoparticles are formed in the high temperature region near hot wire,
they can be transformed simultaneously to an amorphous phase upon landing on the
amorphous glass substrate. Because of such tendency of nanoparticles; transformation from
a crystalline to an amorphous phase, the initial structure of silicon film on the glass substrate
could become amorphous.
This tendency of nanoparticles to transform to the substrate structure was studied by Lee et
al. [88]. They showed that when a small nanoparticle landed on the substrate, its orientation
was changed to orientation of the substrate whereas when a large nanoparticle landed on the
substrate, the particle tends to keep its orientation at a given substrate temperature. Such
epitaxial reorientation of a nanoparticle was enhanced with increasing substrate temperature
at a given size of nanoparticles.
Therefore, if a large crystalline nanoparticles land on the amorphous substrate, its
crystallinity would be maintained. If the next small nanoparticles land on the pre-existed
crystalline nanoparticles, it could be possible to grow as a crystalline phase continuously.
Because small particles trace its crystallinity or orientation to the substrate. Furthermore,
depending on whether the landing site of small nanoparticles is amorphous or crystalline,
they become amorphous or crystalline.
Based on this expectation, we are motivated to study the effect of delay time in the size and
crystallinity of CNPs and their effect on the film quality at the condition of adding HCl. In
this study, the effect of the delay time on the size of nanoparticles was studied by capturing
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the nanoparticles with different deposition and delay time. Besides, their effect on the film
quality is also studied.

2. Experimental concept of ‘deposition delay time’
The concept of new possible processing parameter ‘deposition delay time’ is very simple.
This concept originated from the puzzling microstructure of silicon films. Generally, crosssectional microstructure of the silicon film is vertically inhomogeneous. The AIL formed tens
to hundreds nanometers in the initial stage and then, microcrystalline phases abruptly formed
from the certain zone. This puzzling phenomenon means that the deposition flux could be
changed during deposition. In other words, size or phase of CNPs could be changed during
deposition from the viewpoint of the TCN.
In this experiment, deposition delay time adopted to conform the deposition unit at the initial
and later stage. Namely, size of nanoparticles could be confirmed by controlling the
deposition delay time. Fig. 21 shows the schematic of our HWCVD system with a shutter.
The shutter completely cover the substrate during reaction to delay the deposition. Fig. 22
shows that the experimental concept of delay time. Fig. 22(a) describes general deposition
which means deposition was start with starting reaction. Fig. 22(b) describes that the
deposition delay time with controlling the shutter. By using shutter, it could be possible to
control not only the deposition time but also control the starting point of deposition.
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Fig. 21. The schematic of HWCVD with a shutter.
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Fig. 22. The schematic of experimental concept; (a) general deposition and (b)
deposition with delay time.
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Part II. Experimental confirmation of effect of delay time by
capturing the silicon nanoparticles

1. Experimental details
To confirm the effect of delay time, silicon nanoparticles were captured on the TEM grid
membrane. The distance between substrate and filament was 3 cm. The deposition was made
at filament and substrate temperatures of 1800 oC, and 500 oC, respectively, under 0.1 torr.
The filament and substrate temperatures were measured, respectively, by an infrared optical
pyrometer (marathon, Raytek, USA) and a thermocouple in contact with a substrate
controlled with a self-regulating heating system.
Hydrogen (H2) diluted 30 vol% silane (SiH4, 99.9999%, Wonik materials, Korea) was
supplied as a precursor. HCl gas (99.999%, Tsurumi Soda, Japan) was supplied additionally
to form the crystalline phase nanoparticles and observe nanoparticles clearly. The flow rate
of each precursor was controlled by a mass flow controller (MFC, Tylan, USA). The flow
rate of H2 diluted SiH4 was fixed at 12 standard cubic centimeters per minute (sccm) in all
deposition conditions. The HCl concentration was also fixed 26 sccm. During the process,
the reactor pressure, monitored by a baratron gauge (626A12TBE, MKS, USA), was
maintained at 0.1 torr by the pressure controller (651C, MKS, USA) equipped with a throttle
valve.
To confirm the existence of the silicon gas phase nuclei, Cu grids with a silicon monoxide
membrane (Ted Pella Inc., USA) for TEM (JEM-3000F, JEOL, Japan) observation were
exposed and captured for 10 sec using a shutter covering the grid membrane during HWCVD.
To examine the effect of delay time on the number density and crystallinity of these gas phase
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nuclei, the capture was done at delay time of 0, 5, and 15 min and deposition time of 5, 10,
20 sec, respectively.

2. Results & discussion
Fig. 23 shows the captured silicon particles on a Cu TEM grid membrane with different
delay time and capturing time. Capturing the silicon nanoparticles for 5, 10, and 20 sec after
0, 5, and 15 min delay time, respectively. With increasing delay time from 0 to 15 min, size
of silicon nanoparticles increased at each capturing time. At the condition of 10 sec capturing
and 15 min delay time, almost all TEM membrane covered with large size silicon particles.
Based on the Fig. 23, it was clearly confirmed that the silicon films fabricated by the silicon
nanoparticle deposition.
The magnified images of silicon particles captured for 10 sec after delay time of (a) 0 min,
(b) 5 min, and (c) 15 min presented in Fig. 24. HRTEM images show that all silicon particles
are crystalline, which is attributed to HCl addition.
The size increase of silicon particles with increasing delay time could be explained by the
TCN [16, 17], which suggests that the CNPs tend to be formed in the gas phase during CVD
with their subsequent deposition into films. The generation of charged silicon nanoparticles
in the gas phase was experimentally confirmed in the silicon HWCVD process [31, 32, 89].
The size of gas phase nuclei is expected to increase with time especially in the initial period
of deposition because the steady state is not reached in the reactor. This fact might be related
partly with microstructural inhomogeneity of silicon films in the growth direction; the
crystallinity of the film surface is getting better with increasing thickness.

- 54 -

Fig. 23. Microstructure of silicon particles captured for 5, 10, and 20 sec after delay
times of 0, 5, and 15 min, respectively.

Fig. 24. Magnified images of silicon particles captured for 10 sec after delay time of (a)
0 min, (b) 5 min, and (c) 15 min, respectively.
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3. Conclusion
The size of crystalline silicon particles tend to increase with increasing delay time. This
tendency might be related partly with microstructural inhomogeneity of silicon films in the
growth direction; the crystallinity of the film is getting better with increasing thickness.
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Part III. Effect of deposition delay time on the film deposition

1. Experimental details
P-type silicon films were deposited on a Corning Eagle XG glass substrate in a HWCVD
reactor equipped with three linear tungsten filaments aligned in parallel. Thickness and length
of filament are 0.5 cm and 22 cm, respectively. The filament temperature, substrate
temperature, pressure, and distance between the substrate and filament were 1800 °C, 500 °C,
0.1 torr, and 3 cm respectively. The temperatures of the filament and the substrate were
measured, respectively, by an infrared optical pyrometer and the direct contact of a
thermocouple with a substrate controlled with a self-regulating heating system.
The deposition time of silicon films was 720 sec. Estimated thickness of prepared silicon
films was about 290 nm. The deposition of the film was processed after delay time by
covering the glass substrate for 0, 1, 3, 5, 10, 20, and 30 min by shutter. The initial silicon
particles deposited on silicon monoxide TEM grid for 10 sec after delay time for 0 and 30min
to observe the size distribution.
Hydrogen (H2) diluted 30 vol% silane (SiH4, 99.9999%, Wonik materials, Korea) and 5 vol%
diborane (B2H6, 99.9999%, Air liquid, Japan) gases were used as a precursor for p-type
silicon films. The pure hydrogen chloride (HCl, 99.999%, Hongin chemical, Korea) was also
supplied for the formation of crystalline silicon. The HCl and B2H6 doping concentration
were determined by expression RHCl = [HCl] / [SiH4] and RB2H6 = [B2H6] / [SiH4], respectively.
Bracket means flow rate of supplied precursors. RHCl was fixed at 3.61 whereas, confirming
the effect of initial deposited particle under different doping condition, RB2H6 was varied
0.014 and 0.056 (1sccm and 4sccm). The flow rate of each precursor was controlled by a
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mass flow controller (MFC, Tylan, USA) and the chamber pressure by an automatic chamber
pressure controller (651C, MKC, USA).
The crystalline volume fraction of the deposited films was analyzed by Raman spectroscopy
(JobinYvon, LabRam HR Raman spectrometer). In order to prevent thermal crystallization
by an incident laser beam of Raman spectroscopy, the power of Ar ion laser (514.532nm)
was kept below 0.05 mW. The size distribution of the initial deposited silicon particles was
observed by high resolution transmission electron microscopy (HRTEM, JEM-3000F, JEOL,
Japan). The dark conductivity (σdark) of silicon films was measured at room temperature using
a probe station (MST- 6000C, MSTech, Korea) with an analyzer (4145B, Agilent-HP, USA)
after depositing a coplanar aluminum electrode on top of the film.

2. Results & discussion
Fig. 25 shows the TEM image of captured particles with different delay time. Fig. 25(a) and
(b) show the initial particles deposited on the silicon monoxide TEM grid membrane for 10
sec with delay times of 0 and 30 min under RB2H6 = 0.056, respectively. The average sizes of
silicon particles in Fig. 25(a) and (b) are, respectively, 7.7 nm and 16.8 nm. Number density
of the silicon particles is also markedly increased with increasing delay time. Fig. 25(c) and
(d) are the HRTEM images of silicon particles of Fig. 25(a) and (b), respectively. It was
clearly confirmed that silicon particle has the (220) plane lattice from Fig. 25(c). Fig. 25(d)
shows silicon particle after delay time for 30 min. It was also clearly shown that the silicon
particle has (111) plane lattice in Fig. 25(d). It is possible to identify that the small crystalline
particles with different orientation agglomerate together to form the larger clusters. There are
some amorphous phases in the larger clusters. It is well known that the increase of the
amorphous phase above a certain concentration of B doping and it affect to the electrical
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properties of p-type silicon films [63, 74]. It was clearly confirmed that the size and number
density of the silicon particles increased with increasing delay time from Fig. 25.

Fig. 25. TEM images of silicon particles deposited for 10 sec after delay times of (a) 0
min and (b) 30 min and magnified views (c) and (d) showing the high-resolution
images of (a) and (b), respectively.

Fig. 26 (a) and (b) show the Raman spectra of silicon films using different delay time (0, 1,
5, and 30 min) at RB2H6 = 0.014 and 0.056, respectively. In general, Raman spectra of silicon
consist of three peaks: amorphous phase around 480 cm-1, polycrystalline phase around
505~515 cm-1, and monocrystalline phase around 520 cm-1 [66, 90]. Amorphous phase
around 480 cm-1 is decreased gradually as increasing the delay time in both conditions at
RB2H6 = 0.014 and 0.056.
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Fig. 26. Raman spectra of the silicon films deposited at various delay times of 0, 1, 5,
and 30 min under different doping condition, RB2H6 = 0.014(a) and 0.056(b).
Fig. 27 represent the deconvoluted Raman spectra and crystalline volume fraction of the ptype silicon films. Fig. 27(a) shows typical deconvoluted Raman spectra of silicon films
deposited at RB2H6=0.014 without delay time. Three deconvoluted Raman spectra correspond
to monocrystalline silicon, Imc, polycrystalline silicon, Ipc, and the amorphous component Ia,
which comprises of the amorphous phase matrix and the interfacial region between grains.
The volume fraction of the crystalline phase is given as equation Xc= (Imc+Ipc) / (Imc+Ipc+Ia).
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Fig. 27(b) shows the crystalline volume fraction of silicon films from the deconvoluted
Raman spectra. From the deconvoluted peaks, the crystalline volume fraction of the films
estimated to be 0.73, 0.76, 0.83, and 0.87 at RB2H6 = 0.014 and 0.71, 0.75, 0.78, and 0.82 at
RB2H6=0.056 for delay time of 0, 1, 10, and 30 min, respectively. This result clearly shows
continuous improvement of crystallinity of deposited silicon films with delay time. However,
the crystalline volume fraction of the p-type silicon films decrease with increasing the RB2H6
from 0.014 to 0.056. It is well known that the amorphous phase of silicon increase above a
certain concentration of B doping as mentioned before [63, 74]. As a result, crystalline
volume fraction of the films deposited at RB2H6 = 0.056 is lower than that of the films at RB2H6
= 0.014
Fig. 28 shows the dark conductivity of the deposited silicon films as a function of delay
time at different RB2H6 condition. As increasing the delay time, dark conductivity of the films
increased at the both doping conditions. Dark conductivities of the films were increased from
1.83 x 10-2 S cm-1 to 6.56 x 10-1 S cm-1, respectively, for the delay time of 0 and 30 min at
RB2H6 = 0.014. At RB2H6 = 0.056, dark conductivity of the films increased from 1.05 S cm-1 to
8.01 S cm-1 for the delay time of 0 and 30 min, respectively. It tends to be saturated after a
delay time of 20 min. It should be noted that such a high dark conductivity of the films
without delay time is due to HCl addition. And the value of 8.01 S cm-1 is higher than the
dark conductivity of 1μm thick p-type silicon films prepared common HWCVD or PECVD
[73, 75] . From Fig. 28, it could possible to recognize that deposition delay time affect to dark
conductivity of the films.
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Fig. 27. (a) The typical deconvolution of the Raman spectra of the silicon film
deposited at delay time of 0 min. (b) crystalline volume fraction of the films prepared
at various delay time under different doping conditions.
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Fig. 28. Dark conductivity of silicon films plotted as a function of delay time at RB2H6
= 0.014 and 0.056.

The effect of delay time with increasing the size of particles could be explained by TCN
[16, 17]. From the TCN, the CNPs are formed in the gas phase during CVD. Moreover, the
CNPs are main building block of nanostructures. It was experimentally confirmed that the
generation of charged silicon nanoparticles in the gas phase not only atmospheric chemical
vapour deposition (APCVD) but also HWCVD [31, 89, 91, 92]. The size of gas phase nuclei
is expected to increase with time in the initial stage of deposition because the steady state is
not reached. This phenomenon might be related with microstructural inhomogeneity of
silicon films in the vertical growth direction; the crystallinity of the film surface is getting
better with increasing thickness. When the deposition is done as soon as the filament is tuned
on, the gas phase nuclei of small size would land on the substrate, which determines the initial
structure of silicon. If the deposition is delayed for an arbitrary time period by covering the
substrate with a shutter, the gas phase nuclei of large size would land on the substrate. This
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difference in the initial particle might affect the quality and the electrical property of the
grown films.

3. Conclusion
The size of silicon particles tend to increase with increasing delay time during p-type silicon
thin films deposition. The large silicon particles with long delay time produced higher
crystallinity and dark conductivity films than the smaller silicon particles with short one. The
initial particles by controlling delay time are new possible processing parameter during
silicon film preparation process by CVD.
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Chapter IV. Microstructure control of silicon
films through controlling the size of
silicon nanoparticles
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1. Introduction
Although low temperature (< 600 oC) direct deposition of high quality crystalline films is
recently needed for flexible and high performance application, crystalline silicon films
generally prepared by post treatment of amorphous silicon films [44, 93, 94].
As shown the previous studies in this thesis, however, polycrystalline silicon films
successfully deposited on a polyimide film at 200 oC substrate temperature from the selective
deposition of crystalline particles by occurring retrograde solubility in Si – H – Cl system.
Furthermore, size of crystalline silicon nanoparticles could be controlled by controlling the
HCl concentration and deposition delay time.
Lee et al. [88] reported that the tendency of gold nanoparticles to transform to the substrate
by molecular dynamics (MD) simulation. Size effect of nanoparticles on the accommodation
shows in Fig. 29. Gold crystalline clusters containing 321, 1055, and 1985 atoms were
deposited on the (110) gold surface at the specified deposition temperature. They showed that
when a small nanoparticle landed on the substrate, its orientation was changed to the
orientation of the substrate whereas when a large nanoparticle landed on the substrate, the
particle tends to keep its orientation at a given substrate temperature. These simulation results
indicate that epitaxial recrystallization is favored by small clusters and high deposition
temperatures.
In addition, iijima et al [33, 34] reported that the small size gold particles continually change
its shape during real time observation of TEM as shown Fig. 30. This shape change was
induced to some extent by irradiation and electron beam. It has been proposed that the state
of a small particle should called ‘quasi-solid’ or ‘liquid-like’.
From the viewpoint of TCN, CNPs naturally generated during CVD. If the size of charged
nanoparticles getting smaller, it will come to liquid-like state. Moreover, small size
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nanoparticles tend to accommodate orientation of substrate from the simulation result in ref.
[88]. Totally, diffusivity of small size CNPs could be enhanced because of charge.
Therefore, if a large crystalline nanoparticles land on the amorphous substrate, its
crystallinity would be maintained. If the next small nanoparticles land on the pre-existed
crystalline nanoparticles, it could be possible to grow as a crystalline phase continuously.
Because small particles trace its crystallinity or orientation to the substrate. Furthermore,
depending on whether the landing site of small nanoparticles is amorphous or crystalline,
they become amorphous or crystalline. From the phenomenological evidences presented
above, it will be possible to control the whole microstructure of the silicon films by
controlling the size of initial or lateral CNPs.
In this study, microstructure control of silicon film was studied based on the characteristics
of small size CNPs. As mentioned before, small size particles tend to accommodate to the
substrate orientation. Thus, if small size particles electrically charged, it will be the state
called liquid like. For microstructure control of silicon films and confirm the size effect, we
fabricated silicon film at the different conditions. Low crystallinity silicon films fabricated
under the condition that the small particles continuously deposited on a glass substrate. On
the contrary, high crystallinity silicon films fabricated at the condition that the small particles
deposited on a large seed particles.
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Fig. 29. (110) plan views of a 321, b 1055, and c 1985 gold atom clusters after 320 ps of
deposition by soft landing without any acceleration at 300 K: 321 atom cluster
undergoes complete epitaxial recrystallization, 1055 atom cluster produces (111) twin,
and 1985 atom cluster produce grain boundaries [88].

Fig. 30. Electron micrographs showing various shapes of an ultrafine particle of gold
20 Å in diameter reproduced from a VTR. The shape of the particle itself was
changing continually under electron-beam irradiation. The lattice fringes appearing in
the particles correspond to d111 = 2.35 Å. The particles in (a), (d), and (i) are single
twins. Single crystals with cuboctahedral shape are seen in (e), (f), and (i). From the
size of the cuboctahedral (j), the particle theoretically contains 459 gold atoms. The
particle also transforms into a multiply twinned icosahedral particle, (b) and (h) [33].
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2. Experimental details
Microstructure control of the silicon films by controlling the size of CNPs was studied using
the HWCVD system as described chapter I - part I. The distance between substrate and
filament was 3 cm. The deposition was made at filament and substrate temperatures of 1800
o

C, and 500 oC, respectively. 100 vol% silane (SiH4, 99.9999%, Wonik materials, Korea) and

5 vol% phosphine (PH3, 99.9999%, Air liquid, Japan) gases were used as precursors. H2 gas
was supplied as a carrier gas and diluted gas. HCl gas (HCl, 99.999%, Hongin chemical,
Korea) was supplied additionally to deposit the crystalline phase nanoparticles. The flow rate
of each gases was controlled by a mass flow controller (MFC, Tylan, USA). The flow rates
of SiH4, H2 diluted PH3 and H2 were fixed at 5 sccm, 1.6 sccm, and 12 sccm, respectively, at
all conditions. The HCl flow rate was also fixed 24 sccm.
Microstructure control by controlling the size of charged nanoparticles studied at four
different deposition procedures. These conditions described in Fig. 31 and 32. The condition
1 is general deposition (GD) for 180 sec. It was clearly revealed that the size of nanoparticles
increased with increasing deposition time as shown the schematic of Fig. 32 (a). The
condition 2 is deposition with delay time (DD). In this condition, silicon film deposited 180
sec after 5 min deposition delay time. The larger particles than particles generated at
condition 1 will be deposited as described Fig. 32(b). The condition 3 is 30 sec deposition
after 5 min deposition delay time and pulsing deposition for 30 sec 5 times (DD + PS).
Pulsing means that the HWCVD reactor rebooted for small particles generated at the initial
stage of reaction. After 5 min delay time, large seed particles deposited on a glass substrate.
And then, small particles supplied continuously on a seed particles by pulsing as described
Fig. 32 (c). The condition 4 is pulsing deposition (PS) for 30 sec 6 times. Small particles
continuously deposited on a glass substrate by pulsing as described Fig. 32 (d). During the
process, the reactor pressure, monitored by a baratron gauge (626A12TBE, MKS, USA), was
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maintained at 0.1 torr by the pressure controller (651C, MKS, USA) equipped with a throttle
valve. The crystallinity of the films was analyzed by Raman spectroscopy (JobinYvon,
LabRam HR Raman spectrometer). To observe the cross-sectional microstructure of the
silicon films, a TEM specimens were prepared using a focused ion beam (FIB, Nova 200,
FEI, USA). The specimens were observed by high resolution transmission electron
microscope (HRTEM, F30, FEI, USA) operated at 300 KeV. The dark conductivity of the
silicon films was measured using a probe station (MST-6000C, MS Tech, Korea) with an
analyzer (4145B, Agilent-HP, USA) in the range of 30 ~ 190 oC with an interval of 40 oC
after depositing a coplanar aluminum electrode on the top of the film.
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Fig. 31. Schematics of experimental procedure of microstructure control of silicon
films; (a) 1: general deposition (GD), (b) 2: deposition with delay time (DD), (c) 3: 30
sec deposition after 5 in delay time and pulsing deposition 30 sec 5 times (DD+PS), and
(d) pulsing deposition 30 sec 5 times (PS).
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Fig. 32. Schematic illustrations describing expectation of deposited particles at four
conditions shown in Fig. 31.
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3. Results and discussion
Fig. 33 shows the Raman spectra of silicon films deposited at four different conditions. Fig.
33(a) is silicon films deposited at condition 1: general deposition (GD). In this condition,
high crystallinity silicon film could be directly deposited because of HCl addition. At
condition 2: After 5 min deposition delay time (DD), crystallinity of silicon films slightly
increased as shown Fig. 33(b). Fig. 33(c) shows deposited films at condition 3: 30 sec
deposition after 5 min delay time and pulsing deposition for 30 sec 5 times (DD+PS). Fig.
33(d) shows films deposited films at condition 4: pulsing deposition (PS) for 30 sec 6 times.
Crystallinity of films continuously increased from condition (a) to (c). Crystalline volume
fraction of the films prepared at condition 1, 2, and 3 is 0.73, 0.75, and 0.78, respectively. At
the condition 4 in Fig. 33(d), however, crystalline volume fraction of film decreased to 0.25.
As mentioned in chapter III, deposition delay time could be the new processing parameter
for increasing crystallinity of films by increasing size of nanoparticles. Crystalline fraction
of the films increases with increasing size of nanoparticles at condition of DD. At the
condition of DD+PS, relatively large particles which works seed layer deposited after 5 min
delay time. From the phenomenological evidences in chapter III and simulation by Lee et al
[88], large crystalline particles tend to keep their orientation even though they land on an
amorphous substrate. On the contrary, small size particles easily change their orientation and
accommodate to the substrate orientation. In this study, small size particles which supplied
by pulsing deposited on the large seed particles. According to previous report, these small
particles tend to accommodate to the orientation of seed large particles. Moreover, if the
particles electrically charged, accommodation could be enhanced by enhancing diffusivity.
As a result, silicon film has large grain size and high crystallinity could be fabricated. At the
condition of PS, however, small size particles continuously deposited by pulsing.
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Fig. 33. Raman spectra of the silicon films deposited at four different conditions; (a) 1:
general deposition (GD), (b) 2: deposition with delay time (DD), (c) 3: deposition with
delay time and pulsing (DD+PS), and (d) 4: deposition with pulsing (PS).

Even though it was crystalline particles, they lost their crystallinity because of
accommodation to the amorphous substrate. As a result, crystallinity of film extremely
decreased. Fig. 34 shows dark conductivity of the films at temperature range from 30 to 190
o

C with an interval of 40 oC. Dark conductivity of the film increased from condition of GD

to DD+PS. In the condition of PS, however, dark conductivity is relatively low in all
temperature ranges. Dark conductivity of films are 2.42, 3.69, 4.78, and 0.49 in GD, DD,
DD+PS, and PS, respectively, at 30 oC substrate temperature. The tendency of dark
conductivity data matched with Raman spectra of the films. As increasing the substrate
temperature, dark conductivity of the films were increased. It is well known that the effect of
the temperature on the dark conductivity of the silicon film [67].
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Fig. 34. Dark conductivity of the silicon films deposited at four different conditions;
(a) 1: general deposition (GD), (b) 2: deposition with delay time (DD), (c) 3: deposition
with delay time, and pulsing (DD+PS), and (d) 4: deposition with pulsing (PS).
Distinction of dark conductivity at each conditions increased with increasing substrate
temperature. Cross-sectional TEM images of selected films deposited at the condition 3
(DD+PS) and 4 (PS) show in Fig. 35. Fig. 35(a) shows low magnification TEM image of
film at condition 3 (DD+PS), (b) shows low magnification TEM image of film at condition
4 (PS), respectively. HRTEM image of interface between glass substrate and silicon films in
Fig. 35(a) is shown (c). HRTEM image of interfacial region of Fig. 35(b) is shown (d). In
low magnification images of (a) and (b), upper black and grey dotted sides are the Pt coating
layers for the FIB sampling. The middle is the silicon film layer and the bottom is glass
substrate. Especially, dot line indicates the interface between glass and film. It was clearly
shows that crystalline phases directly deposited on a glass substrate from crystalline lattice
in Fig. 35(c).In addition, the SADP inset image of (c) clearly shows that the deposited film
is polycrystalline silicon.
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Fig. 35. Cross-sectional TEM images of selected silicon films deposited at the condition
3 (DD+PS) and 4 (PS); (a) low magnification TEM image of condition 3 (DD+PS), (b)
low magnification TEM image of condition 4 (PS), (c) HRTEM image of interface
region of condition 3 (DD+PS), and (d) HRTEM image of interface region of condition
4 (PS).
In the contrary, amorphous phases deposited on a glass at the condition 4 (d). SADP image
inset shows that the film is almost amorphous. This result matched with Raman spectra and
dark conductivity of the films. At the condition 3 (DD+PS), large size crystalline particles
deposited for seed layer and then small size particles deposited on that. Large particles could
keep their orientation even though they landed on an amorphous layer as shown Fig. 35 (c).
However small particles tend to accommodate to the orientation of substrate. If the small
particles landed on a crystalline substrate, it could be possible to accommodate to the
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crystalline lattice. In case of condition 3 (DD+PS), small size particles deposited on a
crystalline seed layer. The small particles could be reoriented to orientation of the large
particles. As a result, grain size and crystallinity of films could be increased. In case of
condition 4 (PS), small particles continuously deposited on a glass substrate. Small particles
lose its crystallinity since they tend to accommodate to the substrate. As a result, crystallinity
of the films could be extremely decreased as shown Fig. 35(d). As mentioned before, CNPs
generated during HWCVD and would be mainly involved deposition of silicon films. When
the small size charged nanoparticles deposited on a glass and crystalline seed layer, tendency
of accommodation could be enhanced because small size particles tend to be a liquid-like
state when they electrically charged.

4. Conclusion
Microstructure control of silicon films studied based on the phenomenological evidences of
size effect of nanoparticles on the accommodation to the substrate orientation and liquid-like
property of small charged nanoparticles. Large particles generated by controlling deposition
delay time and small particles supplied by pulsing the reaction for the initially generated
small particles. When small particles deposited on large size crystalline seed particles,
deposited film has high crystallinity. On the contrary, when small crystalline particles
deposited on a glass substrate, the film has low crystallinity. If small size particles supplying
continuously, it would be possible to control the microstructure of silicon films from
polycrystalline to amorphous by controlling crystallinity and size of the seed particles. This
is the one of the critical evidence for charge enhanced diffusion.
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Chapter V. Homo-epitaxial growth of silicon films
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1. Introduction
Low-temperature (below 700 oC) epitaxial growth of silicon has been studied for many
decades because of its potential applications in electronics and photovoltaics. Silicon
epitaxial layers are widely used in the fabrication of advanced metal – oxide – semiconductor
(MOS), the ultralarge-scale integrated circuit (ULSI) technology, and absorption layer in thin
film silicon solar cells. An epitaxial silicon layer grown at a low temperature has many
advantages, such as the formation of high quality silicon layers with low defect density and
the suppression of undesirable dopant diffusion [95, 96].
Many fabrication technologies such as electron-cyclotron resonance chemical vapor
deposition (ECR-CVD), molecular beam epitaxy (MBE), and ion-assisted deposition (IAD)
have been proposed for the direct epitaxial growth of silicon films at low temperature [97100]. However, it was hard to obtain high quality epitaxial silicon film and formation
mechanism couldn’t be explained clearly. All these kind of techniques have many difficulties
in the scale-up, and are not likely to be cost-effective manufacturing. Because of this reason,
many researchers studied that the low temperature silicon epitaxy on a seed layer or template
which formed glass substrate by post-treatment such as thermal or laser annealing [101-105].
They reported that large-grained thick epitaxial layers successfully deposited on a treated
layer. However, this kind of deposition method is very complicate.
Takagi et al. [106-111] reported that many types of epitaxial films could be deposited by
ionized cluster beam deposition (ICBD). From their report, ionized clusters accelerated with
a few kV to the substrate increase nucleation of source material on the substrate. Their
interactions are strongly confined to the surface as the cluster hits and breaks apart, spreading
its constituent atoms radially across the surface. As a result, epitaxial film or high quality
films could be deposited at low temperature. According to TCN, CNPs naturally generated
in HWCVD system and would be mainly involved in deposition of nanostructures and films
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[16, 17, 32]. If the CNPs accelerated on the substrate by inducing substrate bias, it will be
possible to increase quality of films. Based on this possibility, substrate bias was induced in
this study.
In this study, we have investigated the influence of size of CNPs on the epitaxial growth by
HWCVD at 600 oC, where the epitaxial silicon films have been successfully grown at the
condition of small size CNPs supplied continuously by pulsing the reaction. Moreover, we
try to suggest new deposition method for epitaxial growth of silicon film based on the TCN.
In the particular, we present new results on the beneficial role small size CNPs plays in
improving the epitaxial film quality. Furthermore, it was found that the size of CNPs is
critically affect to the epitaxial growth of silicon film. The development of this technology
should allow the deposition of high quality film at low temperature.

2. Experimental procedure
Size effect of CNPs on the homo-epitaxial growth of silicon films was studied using
HWCVD system as described chapter I – part I. The distance between substrate and filament
was 3 cm at all conditions. Also, filament and substrate temperatures were fixed at 1800 oC,
and at 600 oC, respectively. 100 vol% silane (SiH4, 99.9999%, Wonik materials, Korea) and
5 vol% phosphine (PH3, 99.9999%, Air liquid, Japan) gases were used as precursors.
Hydrogen gas (H2, 99.99%, Wonik materials, Korea) was supplied as a carrier gas. HCl gas
(HCl, 99.999%, Hongin chemical, Korea) was supplied additionally to deposit the crystalline
phase nanoparticles. The flow rate of gases was controlled by a mass flow controller (MFC,
Tylan, USA).
Table 1 shows specific experimental conditions for homo-epitaxial growth of silicon
through controlling size of CNPs. Flow rate of precursor gases, deposition delay time, and
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pulsing the reaction were controlled to examine the effect of particle size, whereas other
experimental parameters were fixed. All experiments were performed at the DC substrate
bias voltage of +200V to increase the fraction of CNPs and additional bias effect that enhance
epitaxial growth of films as mentioned before. At the experimental condition 1, flow rate of
SiH4 and HCl were 5 and 23 sccm, respectively. To examine the effect of flow rate of
precursors on the particle size and epitaxial growth, flow rate of SiH4 and HCl were reduced
to 2.5 sccm and 11 sccm, respectively, at condition 2. At condition 3, to supply small particles
continuously, reaction was pulsed 5 times for 20 sec at each pulsing. At the condition 4,
deposition was delayed for 5 min before each pulsing under same pulsing condition with
condition 3 to confirm the effect of large particles deposition on the epitaxial growth. Totally,
deposition was done for 100 sec at all experimental conditions.
P-type (100) silicon wafers were used as a substrate in this study. The wafers used for
substrate were cut to 20 mm X 20 mm size. The wafers were dipped in a 5% HF solution in
order to remove organic residues and a native oxide that might hinder the epitaxial growth.
After this process, surface of wafers was immediately cleaned with DI water and remove
residual water using dry nitrogen gun. Following this, wafers were immediately loaded into
a load lock chamber.
During experimental process, the reactor pressure, monitored by a baratron gauge
(626A12TBE, MKS, USA), was maintained at 0.1 torr by the pressure controller (651C,
MKS, USA) equipped with a throttle valve. To confirm the effect of flow rate on the size of
particles, 10 sec captured particles which formed at different flow rate conditions as
represented in Table 1- condition 1 & 2, simply observed by TEM. To observe the crosssectional microstructure of the deposited films, a TEM specimens were prepared using a
focused ion beam (FIB, Nova 200, FEI, USA). The specimens were observed by high
resolution transmission electron microscope (HRTEM, F30, FEI, USA) operated at 300 KeV.
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Table 1. Experimental conditions for homo-epitaxial growth of silicon films.

3. Results and discussion
Fig. 36 show the cross-sectional TEM images of silicon film deposited at condition 1. In
this experiment, silicon film deposited by general deposition method, which means without
pulsing and delay time. Cross-sectional TEM image of the FIB sample represented in Fig.
36(a). The dark bottom layer is p-type (100) silicon wafer. And red dotted line indicate that
interface between silicon film and wafer. Pt layer which shown upper side of white dotted
line deposited on the silicon film for FIB sampling. Thickness of deposited film was about
150 nm.
Fig. 36(b) shows cross-sectional HRTEM image of magnified interfacial region between the
silicon wafer and the film with [011] direction view. The red arrow indicates that clearly
observed epitaxial growth region with (111) plane lattice of 0.313nm lattice distance. Inset
of Fig. 36(b) shows the SAPD image of interfacial region. The SADP image indicates lattice
of epitaxial layer well matched with that of silicon wafer. From overall observation of
interfacial region, it was found that about 10 nm thick epitaxial layer was formed. Above 10
nm thick, epitaxial breakdown was observed. HRTEM image of middle region of the film
above the epitaxial layer shows in Fig. 36(c). In this region, epitaxial growth already have
broken down and polycrystalline silicon film was observed. In addition, inset SADP image
also shows that the polycrystalline silicon film deposited in this area.
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In this condition, deposition was done by general deposition method. In this case, size of
CNPs increases with increasing deposition time as shown chapter III. If the small size CNPs,
which generated in the initial stage, landed on the wafer substrate, it tends to accommodate
to the orientation of wafer substrate. In this study, substrate bias was induced at all
experimental conditions. Therefore, epitaxial growth of silicon film could be enhanced.
However, epitaxial lay of silicon films grows just about 10 nm because size of CNPs increases
with deposition time. As mentioned before, large particle tend to keep their orientation even
though they electrically charged. As a result, epitaxial growth of film was broken down and
polycrystalline film was deposited.
Fig. 37 shows TEM imaged of captured silicon particles at condition 1 (SiH4, 5 sccm; HCl,
23 sccm) and condition 2 (SiH4, 5 sccm; HCl, 23 sccm). Fig. 37(a) shows silicon particles
captured for 10 sec at condition 1. Fig. 37(b) shows silicon particles captured for 10 sec at
condition 2. With deceased flow rate of precursors, size of particles decreased. Mean free
pass of silicon nanoparticles could be increased with decreasing flow rate of gases. So,
collision possibility of particles could be decreased. Possibility of size increasing and
opportunity of charging could be decreased with decreasing flow rate. If the silicon film
deposit in this condition, accommodation of particles could be increased because size of
nanoparticles is smaller than that of particles deposited at condition 1.
Cross-sectional TEM images of silicon films prepared at condition 2 (2.5 sccm of SiH4, 11
sccm of HCl) by general deposition method show in Fig. 38. All images are [011] direction
view in Fig. 38. Fig. 38(a) shows low magnification TEM image of sample prepared by FIB.
Upper dotted and black areas are coated Pt layer for FIB sampling. The middle bright grey
layer is deposited silicon film at this condition. Bottom dark grey layer is p-type (100) silicon
wafer. Red dotted line indicates the interface between silicon wafer and deposited film.
Thickness of silicon film was about 50 nm. Thickness of films decreased compare to the
thickness of films deposited at condition 1. Flow rate of precursor affect to the growth rate
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of silicon films because generated silicon particles in the gas phase reduced with decreasing
flow rate of precursors as shown Fig. 37.
Fig. 38(b) shows the TEM image of deposited silicon film. White and red dotted line
indicate upper end of the film and interface between silicon wafer and film, respectively.
Orange dotted line indicates the transition region from epitaxial to mixed phase
polycrystalline + epitaxial. Briefly explain, epitaxial layer break down from this region.
Thickness of the epitaxial silicon layer is about 25 nm. After break down, the film grows as
mixed phase with epitaxial and polycrystalline.
Interface region between silicon wafer and deposited film shows in Fig. 38(c). As mentioned
before, red dotted line indicates the interface. Lattice images of silicon wafer and film clearly
observed in Fig. 38(c). It can be easily recognized that the lattice of layers connected
continuously each other. Namely, epitaxial growth of silicon films successfully deposited at
the interface region. But, epitaxial growth of film couldn’t be maintained to end of the film.
It was observed that the epitaxial growth of film transits to mixed phase at the specific
thickness as shown in Fig. 38(d). Fig. 38(d) is magnified image of transition area explained
in Fig. 38(b).
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Fig. 36. Cross-sectional TEM images of silicon films deposited at condition 1 (5 sccm
of SiH4, 23 sccm of HCl, without delay time, and pulsing); (a) low magnification TEM
image of sample (b) HRTEM image of interfacial region between silicon wafer and
silicon film (c) HRTEM image of the middle of the silicon film.
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This result well matched with our expectation that increasing thickness of epitaxial growth
layer. Since the overall particle size decreased in this condition with decreasing flow rate of
precursor gases, thickness of epitaxial layer increased. However, it is hard to maintain the
epitaxial layer to end of the film. Even though overall particle size was decreased, it would
be increased with increasing deposition time. Size increment during deposition trigger the
transition of the film from the epitaxial to mixed phase at the middle region. Fig. 39 shows
cross-sectional TEM images of silicon films prepared at condition 3 (2.5 sccm of SiH4, 11
sccm of HCl) by pulsing deposition method to supply small particle continuously. As
explained before, all experimental conditions are same with that of condition 2 whereas
reaction was pulsed for 20 sec 5 times. Fig. 39(a) reveals that low magnification TEM image
of sample prepared by FIB. Thickness of film is about 50 nm similar with that of film
deposited at condition 2.

Fig. 37. TEM images of captured silicon nanoparticles for 10 sec; (a) condition 1 (5
sccm of SiH4, 23 sccm of HCl) and (b) condition 2 (2.5 sccm of SiH4, 11 sccm of HCl).
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Fig. 38. Cross-sectional TEM images of silicon films deposited at condition 2 (2.5 sccm
of SiH4, 11 sccm of HCl, without delay time, and pulsing); (a) low magnification TEM
image of sample (b) low magnification image of silicon thin film (c) HRTEM image of
interfacial region between silicon wafer and silicon film (d) HRTEM image of the
epitaxial break down area of silicon film.
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Fig. 39. Cross-sectional TEM images of silicon films deposited at the condition 3 (2.5
sccm of SiH4, 11 sccm of HCl, without delay time, and with 20 sec 5 times pulsing); (a)
low magnification TEM image of sample (b) low magnification image of the film (c)
HRTEM image of interfacial region between silicon wafer and the film (d) HRTEM
image of end of the film.
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Upper dotted and black areas are coated Pt layer for FIB sampling. The middle bright grey
layer is silicon film. Bottom dark grey layer is p-type (100) silicon wafer. All images are [011]
direction view in Fig. 39. Red dotted line indicates the interface between silicon wafer and
deposited film.
HRTEM image of whole film shows in Fig. 39(b). White and red dotted line indicate upper
end of the film and interface between silicon wafer and film, respectively. It was clearly
shown that the silicon film is fully epitaxially grown from wafer substrate to upper end.
However, some stacking faults are observed in the film. Inset SADP image certainly shows
that the deposited film is epitaxial film.
Fig. 39(c) shows interface region between silicon wafer and film. As mentioned before, red
dotted line indicates the interface. Lattice images of silicon wafer and film clearly observed
in Fig. 39(c). It can be easily recognized that the lattice of layers connected each other with
(111) lattice plane. Namely, epitaxial growth of silicon films successfully deposited at the
interface region. Fig. 39(d) shows the upper end area of film. White dotted line indicates end
of film. It should be noted that the epitaxial layer is maintained to the end of the film.
In this condition, small size particles continuously supplied by pulsing the reaction. As a
result, homo-epitaxial silicon film successfully deposited. In generally, homo-epitaxial
silicon films could have been guaranteed only through many steps or high temperature
deposition or annealing [101-105]. Moreover, deposited film has limit epitaxial thickness
(hepi) [100, 104, 112]. Above the hepi, epitaxial films transits to amorphous or microcrystalline
phase. This type of film couldn’t be used for electric devices. In spite of low substrate
temperature, however, epitaxial silicon film directly deposited in this experiment. Some
stacking faults are observed in the epitaxial film. Usually, residual native oxide on the surface
of silicon wafer plays an important role of seed for stacking faults [113]. Further studies are
needed for perfect epitaxial growth without stacking fault by using this method.
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To examine the role of large particles on the epitaxial growth of silicon studied in the
experimental condition 4. Fig. 40 shows cross-sectional TEM images of silicon films
prepared at the condition 4 (2.5 sccm of SiH4, 11 sccm of HCl) with 5 min delay time before
every pulsing. As explained before, all experimental conditions are same with that of
condition 3 whereas deposition was delayed before every pulsing. Fig. 40(a) shows that low
magnification TEM image of sample prepared by FIB. Upper dotted and black areas are
coated Pt layer for FIB sampling. The middle layer is deposited silicon film. Bottom layer is
p-type (100) silicon wafer as explained before.
Fig. 40(b) shows interface region between silicon wafer and film. As mentioned before, red
dotted line indicates the interface. Lattice images of silicon wafer clearly observed. However,
epitaxial layer of film couldn’t find at the interface region. Polycrystalline silicon film
deposited on silicon wafer. The upper end area of film shows in Fig. 40(c). White dotted line
indicates end of film. Same with interface region, polycrystalline silicon deposited. Inset
SADP image shows that the film is polycrystalline. In this condition, large size particles
continuously deposited by using the method of deposition delay time. The 5 min delay time
before deposition makes large particles in every pulsing. Large size particles tend to keep
their orientation. Therefore, if they landed on the silicon wafer, they keep their orientation.
These results clearly shows that the epitaxial growth critically depends on the size of CNPs.
From the viewpoint of TCN, diffusivity of large size CNPs is lower than that of small size
nanoparticles when they are singly charged. At the same time, when sizes of nanoparticles
are same, multiply charged nanoparticles have higher diffusivity that singly charged
nanoparticles. Because charge enhanced diffusion would depend on the number of atoms per
charge.
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Fig. 40. Cross-sectional TEM images of silicon films deposited at the condition 4 (2.5
sccm of SiH4, 11 sccm of HCl, with 5 min delay time, and with 20 sec 5 times pulsing);
(a) low magnification TEM image of sample (b) HRTEM image of interfacial region
between the silicon wafer and the film (c) HRTEM image of end of the film.
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Thus, small nanoparticles can be liquid-like even if singly charged but large nanoparticles
must be multiply charged to be liquid-like. If it is possible to obtain multiply charged small
size particles, it would be possible to deposit epitaxial film at the extremely low temperature.
The generation possibility of multiply charged nanoparticle is higher in PECVD system
than that of in HWCVD system, because plasma naturally contains charged particles: positive
ions and negative electrons or ions and they totally mixed in that system different from the
HWCVD system. In short, this method could be applied PECVD system. Effect of size and
charge could be tremendously increased in PECVD system. The development of this
technology should allow the deposition of high quality film at low temperature onto a wide
variety of substrate.

4. Conclusion
Effect of size of CNPs on the homo-epitaxial growth of silicon film was studied based on
the understanding of small size CNPs’ liquid like property in diffusion. To obtain the epitaxial
silicon films, small size CNPs which formed in the initial growth stage continuously supplied
by pulsing the reaction. Epitaxial silicon thin film, which has 50 nm thickness and 0.5 nm/sec
growth rate, successfully deposited at 1800 oC of filament temperature and 600 oC of
substrate temperature. This result could be one of the critical experimental evidence for
charge enhanced diffusion. In addition, the sensational deposition method excogitated in this
study could be a new deposition method for epitaxial growth of thin films.
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Chapter VI. Summary and conclusion
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Silicon thin films have been widely used in electrical devices. Microstructure of silicon
films generally controlled by controlling common experimental parameters such as substrate
and reactor temperature, hydrogen concentration, pressure, etc. In this study, however, based
on the TCN and its phenomenological evidences, microstructure control of silicon films
successfully studied by controlling the generation and characteristics of CNPs.
By capturing the silicon nanoparticles, it was clearly shown that the silicon nanoparticles
deposited and it fabricates the silicon films. It was also confirmed that the retrograde
solubility of Si – H – Cl system and crystalline nanoparticles which formed high temperature
region landed on a substrate. Furthermore, polycrystalline silicon thin film successfully
deposited on a polyimide substrate at 200 oC substrate temperature by selective deposition of
crystalline nanoparticles in Si – H – Cl system. In addition, properties of silicon films
increased by controlling the new processing parameter deposition delay time.
Based on the understanding of small size CNPs’ liquid like property in diffusion,
microstructure control of silicon film was studied. Size of nanoparticles could be controlled
by HCl concentration, deposition delay time, and flow rate of precursors. Moreover, small
size CNPs could be continuously supplied by pulsing the reaction. From this method,
microstructure of silicon films totally controlled from high to low crystallinity using the
tendency of substrate accommodation of the quasi-solid state small size CNPs. Eventually,
homo-epitaxial silicon films which have 0.5 nm/sec growth rate and 50 nm thickness, could
be deposited at substrate temperature of 600 oC. The development of this technology should
allow the deposition of high quality film at low temperature onto a wide variety of substrate.
These results indicate that diffusivity of nanoparticles could be enhanced by charge. This
means that the charge enhances the atomic diffusion, which is a newly discovered physical
phenomenon.
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Chapter VII. Independent topic
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Synthesis and Optical Properties of
Controllable ZnO Microstructures from
Monodispersed Polyhedral Zn

Abstract
Hollow opened Zn/ZnO and 2D star-like microstructure ZnO have been successfully
synthesized through post-annealing under different atmospheric conditions with
monodispersed polyhedral Zn particle as a precursor. C-plane opened hollow structures
obtained after post-annealing under nitrogen atmosphere. Nanowires which have specific
growth direction were grown on the side surface of the polyhedral Zn particles after postannealed with oxygen. At 90% oxygen conditions, 2D star-like ZnO structure successfully
synthesized. The products were characterized by scanning electron microscopy, transmission
electron microscopy, and X-ray diffraction. Influence of post-annealing conditions on the
room-temperature photoluminesence also discussed. These structures could be used as lightsemitting devices for the optoelectronic applications.

Introduction
ZnO has a wide band gap of 3.37eV at room temperature and large exciton binding energy
of 60meV. The optical properties of ZnO have received considerable attention over many
decades for its promising applications in micro- and nanoscale optoelectronic devices such
as solar cells, light-emitting diodes, gas sensors, and nanolasers [114-117]. Micro- and
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nanosized ZnO structures: wires, rods, comb, springs, needles, belts, tetrapods, and hollow
balls have been synthesized and shown to be potential candidate in optoelectronic
applications [118-123]. Many researchers have been paying attention to the fabrication of
materials with specific morphologies for the last few decades because it was generally
believed that the properties of micro- and nanostructures are strongly dependent on their
shapes and size [124]. Furthermore, understanding growth process and controlling the
morphology is important for many proposed applications of micro- and nanostructures.
In this study, we report microstructural and optical properties of various morphologies, such
as hollow ZnO ball and 2-D star-like structures post-annealed under different atmospheric
conditions to investigate the effect of post-annealing condition on the morphology changes
and photoluminescence spectra.

Experimental Procedure
Polyhedral Zn were synthesized by typical carbothermal reduction process by heating the
mixture of ZnO (Aldrich, 99.99%, < 2 μm) and graphite (Aldrich, synthetic grade, < 20 μm)
powders in an alumina boat placed at the center of 60 mm wide and 1.2 m long quartz tube.
We have initially studied the optimum deposition conditions to obtained monodispersed
polyhedral Zn balls. High purity nitrogen gas (99.999 %) was supplied as a carrier gas at 500
standard cubic centimeters per minute (sccm). ZnO and graphite mixture (1:1 weight ratio)
is placed in an alumina boat kept at the center of furnace at 1000 oC for 30min. Cleaned Si
wafer was placed at the 55cm from the center of quart tube. During reaction, gray products
were deposited on the Si wafer. On the Si wafer, we got the monodispersed Zn balls. This
monodispersed Zn balls were annealed under different atmospheric conditions which are 0,
50, 150, and 450 sccm oxygen (0 %, 10 %, 30 %, and 90 %) with 500 sccm nitrogen as carrier
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gas at 500 oC for 30 min. The post-annealed products on the Si wafer were characterized by
X-ray diffractometer (XRD, Bruker Miller co. D8-Advance) with CuKα radiation, field
emission scanning electron microscopy (FESEM, JEOL-6330F), and photoluminescence (PL,
SPEX1403) spectra at room temperature in a range of 300-700 nm using a He-Cd laser with
a wavelength of 325 nm as the excitation source.

Results and Discussion
Fig. 1 show that polyhedral Zn particles synthesized by conventional carbothermal
reduction process on the Si substrate. Zn vapor source in vapor transition is from the mixture
of ZnO and graphite powders whereby carbon is used as a reduction agent to produce Zn
vapor. The formation process of the polyhedral Zn particles can suggest to the vaporization,
recombination and solidification of Zn vapors. The vapor Zn sources from carborthermal
reduction process moved to the low temperature zone and formed liquid droplets by the
nitrogen carrier gas. These individual liquid droplets solidified to the polyhedral Zn particles.
As can be seen Fig. 1(a), size of the particles is fairly uniform in the range of 3 ~ 4μm and
no further structures. Most of particles have surfaces with hexagonal shaped {0001} top
planes and their side {0-110} planes show a layered structure. Fig. 1(b) shows the XRD
pattern of synthesized monodispersed particles. As labeled in Fig. 1(b), all diffraction peaks
match with standard database of hexagonal structure Zn (ICDD PDF-4 card No. 00-0040831). No trace of other components is detected, revealing that the products consist of pure
hexagonal Zn. These monodispersed polyhedral Zn particles were used for the precursor to
form the following ZnO microstructures.
Representative SEM images of post-annealed ZnO structures fabricated under different
conditions can be seen in Fig. 2(a)-(c). As can be seen Fig. 2(a)-(c), the morphology of post- 98 -

annealed structure is extremely different with changing the post-annealing atmospheric
condition. Fig. 2(a) exhibits a c-face opened hollow ZnO structures after annealing under 0%
oxygen atmospheres. Hollow Zn and ZnO structures have been studied for the last decade
[119-123]. Observation of hollow ZnO structures is similar to the results reported by Gao et
al [120]. and Fan et al.[121]. The residual oxygen in the chamber can oxidize the surface of
the polyhedral Zn. All of the post-annealing conditions, the top {0001} surfaces sink inward
or expended outward instead of growing nanowires. Because the oxidation rates are different
for various crystallographic surfaces, the surfaces with the high energy are more easily
oxidized than the low energy surfaces. For the same reason, the top {0001} surfaces are easily
oxidized because these are also high energy surfaces. During the temperature increase,
oxidized top {0001} surfaces are broken because of strains between easily oxidized {0001}
top surface and {01-10} side surfaces. Furthermore, the Zn inside crystals can be sublimated
through the broken top faces. In the present cases, nanowires are grown on the outside surface
of hollow ZnO structures. Sublimated Zn sources are re-condensate on the surfaces of hollow
ZnO structures during temperature decreasing. Finally, ZnO nanowires are formed outside
surface of the structures.
Increasing oxygen ratio, from 10% to 90% [from Fig. 2(b) to (c)], nanowires which have
specific growth direction grown on the side surfaces. At low oxygen ratio, polyhedral Zn
swelled and stepped surfaces are destroyed with protrusions all around side surfaces [Fig.
2(b)]. As increasing oxygen ratio, number of nanowires was increased with specific growth
direction. Moreover, grown nanowires formed layer structures [Fig. 2(c)]. This layered
structure is formed from the step of initial polyhedral Zn balls. In case of 90% oxygen ratio,
formation of ZnO nanowires crossover each other with high density. Although the vaporliquid-solid (VLS) and vapor-solid (VS) crystal growth mechanisms has been widely used
for semiconductor nanowire growth [117, 125, 126], oxide nanowires growth through the
VLS or VS mechanisms couldn’t be clearly explained by the presence of the oxygen since
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most oxides have very high melting points and some other cases. Recently, charged clusters
generation during synthesis of ZnO nanowires was reported by Kim et al.[29].

Fig. 1. Polyhedral Zn particles prepared by carbothermal reduction: (a) SEM images
of polyhedral Zn micro particles. (Inset) Enlarge view of polyhedral particles (b) XRD
pattern of the as-synthesized monodispersed polyhedral Zn particles.
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Fig. 2. The images of ZnO structures after post-annealing: FESEM images of the
structures posted annealed under (a) 0%, (b) 10%, and (c) 90% oxygen concentration.
(d) TEM image of nanowires outside of the 2-D star like structure. (e) HRTEM image
of the nanowire.

They suggest that it would be an important factor for the growth of ZnO nanowires. In order
to understand the growth mechanism of the oxide nanowires, further investigations are still
needed. Fig. 2(d) show low magnification TEM image of ZnO nanowires. The diameter of
the nanowires ranges from 100 to 200nm. As can be seen Fig. 2(d), the angle between the
different nanowires are 60º. Fig. 2(e) shows the HRTEM image of the tip of nanowires.
Typically, ZnO has three types of fast growth directions: <2-1-10>, <01-10>, and <0001> (±
[0001]) [118]. In this report, grown ZnO nanowires have <2-1-10> direction. The formation
of the ZnO nanowires from the edge of initial Zn particles is supposed to the melt and growth
of the polyhedral Zn particles by post-annealing treated above melting temperature. The
center region welled and hasn’t nanowires because of shrinkage in the vertical <0001>
directions. A similar mechanism of forming dendritic growth of ZnO nanowires is briefly
explained by Fan et al. [127]. In this report, however, high density short and thick ZnO
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nanowires obtained after post annealing under lower temperature with high oxygen
concentrations. It is important to note that the morphology of post-annealed structures totally
depends on the annealing conditions. Moreover, I can be controlled through desire way. Fig.
3 shows the XRD spectra of microstructures under different post-annealing conditions. The
diffraction peaks can be indexed wurtzite hexagonal ZnO (ICDD PDF-4 card No. 04-0032106) and hexagonal Zn (ICDD PDF-4 card No. 00-004-0831).

Fig. 3. The XRD spectra of post-annealed structures under different oxygen
concentrations: (a) 0%, (b) 10%, (c) 30%, and (d) 90%.

Zn (110), (101) and (102) peaks are remained even after annealing under 0% oxygen
condition. Under 10% and 30% oxygen conditions, it is hard to fully oxidate. However, as
oxygen concentrations is increasing, remained Zn peaks disappear in regular sequence.
To investigate the optical properties of representative structures, photoluminescence
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experiments were conducted with an excitation source (325nm He-Cd laser) at roomtemperature. Fig. 4 shows PL spectrum measured at room-temperature, which consists of two
emission bands: an UV emission center at 380nm, green and yellow emission band around
500~600nm, respectively.

Fig. 4. Photoluminescence spectra of ZnO structures prepared under different oxygen
concentrations.

Commonly, ZnO photoluminescence has a UV emission and three kinds of visible
emissions: yellow, green, and blue [128]. UV emission intensities increase relatively to their
green emission intensities as oxygen ratio of post-annealing condition increase. High oxygen
ratio treat resulted in a better UV emission characteristic. The UV emission corresponds to
the near band edge emission of the wide band gap of ZnO due to the excitonic recombination
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[129]. The increase of UV emission at the higher oxygen ratio condition indicated that the
nanowire on the surface is indeed ZnO and may be polycrystalline. It was reported that
nanostructure size affected the ratio of UV to green emission [130].
However, no clear evidences on the size versus ratio of UV intensity to green emission can
be seen in our results. Various mechanisms have been proposed for the green luminescence
of ZnO. It was founded that singly ionized oxygen vacancies are responsible for the green
luminescence in the ZnO by Vanheusden et al.[131]. In their study, single ionized oxygen
vacancy is responsible for the green emission of the ZnO and the emission products from the
recombination of a photogenerated hole with an electron occupying the oxygen vacancy.
Green emission intensities of the photoluminescence properties on the ZnO microstructures
increased with decreasing oxygen ratio in our results. These results indicated that the
protrusions on the outer surface of post-annealed ZnO have high density oxygen vacancies
[Fig. 2(b)]. In our case, especially low oxygen ratio condition, since the post-annealing
process of the Zn microparticles carried out relatively low temperature and low oxygen ratio
the point defect density of post-annealed ZnO is probably higher than those at higher
conditions.
In contrary, the nanowire structures post-annealed under 90% oxygen ratio may have high
Zn:O stoichiometry as mentioned above. Consequently, it was reasonable to believe that the
green light emission from the ZnO structures in our results could be attributed to the previous
mentioned single oxygen vacancy. Exceptionally, UV and green emission are relatively low
in the nitrogen condition. We believe that Zn microparticles couldn’t fully oxidate because
relatively small amount of oxygen was remained in tube. This result shown by XRD analysis
that Zn peak is remained after post-annealing. In case of 90 % oxygen condition, green
emission center shifting to high energy yellow emission center. Regularly, yellow emission
related with a doubly ionized oxygen vacancy [128]. In order to identify the reason of the
visible emission shifting in our results, further investigations are still needed.
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Conclusion
ZnO microstructures have been prepared under different oxygen concentration condition
from monodispersed polyhedral Zn particles, and effects of post-annealing atmosphere
(oxygen ratio) on the microstructure and photoluminescence of the interesting
microstructures have been investigated. Monodipersed Zn particles which have hexagonal cplane and stepped side surface were synthesized by carbothermal reduction. C-plane opened
hollow ZnO structure was obtained in nitrogen atmosphere. Increasing oxygen ratio from 10
to 90 %, stepped side surfaces were destroyed and nanowires were grown with <2-1-10>
growth direction. Photoluminescence spectra were mainly composed of UV emission and
green emission located at 380nm and 538nm respectively. As increasing oxygen ratio, UV
emission intensities increase relatively to their green emission intensities as oxygen ratio of
post-annealing condition increase. Photoluminescence spectra change attributed to single
ionized oxygen vacancy. By varying the post-annealing condition, the morphology and
optical properties of ZnO microstructures could be controlled. Moreover, we believe that
these structures could be used as lights-emitting devices in nano- and microscale
optoelectronic applications.
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국문초록

실리콘 박막은 박막형 태양전지와 박막형 트랜지스터를 대표적으로 하여 매
우 넓은 분야에 사용되는 중요한 재료이다. 이러한 실리콘 박막은 미세구조적
관점에서 비정질, 미세결정질, 그리고 결정질의 세가지 종류로 구분이 가능하다.
비정질과 미세결정질 실리콘 박막은 일반적으로 잘 알려진 플라즈마 화학기상
증착법 (plasma chemical vapor deposition, PECVD)과 열선 화학기상증착법 (hot
wire chemical vapor deposition, HWCVD)을 통해 증착이 가능하다. 그러나 결정
질 실리콘 박막의 경우 직접적으로 증착이 힘들어 비정질 실리콘 박막을 증착
후 excimer laser annealing (ELA), metal induced crystallization (MIC), 그리고
rapid thermal annealing (RTA)과 같은 후처리 공정을 통해서만 얻을 수 있다.
이러한 후처리를 거치게 되면 박막기반의 디바이스 제작비용이 추가될 뿐만 아
니라 제작시간도 길어지게 되는 문제점이 발생되게 된다.

기존의 박막 및 나노구조체의 형성은 원자 혹은 분자단위의 증착기구로 설명
되어 오고 있다. 하지만 저온결정질 박막 증착을 대표로 하는 박막 혹은 나노구
조체 형성 시의 발생하는 여러가지 문제점들과 현상들은 기존의 원자단위 혹은
분자단위의 증착기구로는 해결 및 설명이 불가능하다.

본 연구에서는 HWCVD를 이용하여 실리콘 박막을 증착함에 있어 기존의 원
자 혹은 분자단위의 형성기구와 달리, 기상에서 형성되는 하전된 나노입자가 박
막 또는 나노구조체가 형성에 크게 기여한다는 ‘하전된 나노입자 이론’을 바
탕으로 결정질 실리콘 박막의 저온 직접증착법을 개발 하였다. 증착된 박막의
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미세구조 분석을 통해 증착되는 시간동안 하전된 입자의 상태가 변하는 것을
알게 되었으며 이러한 이해를 바탕으로 증착을 지연시켜 박막의 미세구조를 조
절, 물성을 향상 시킬 수 있었다. 또한 하전된 나노입자 이론과 그 현상학적 증
거들을 바탕으로 전체 실리콘 박막의 미세구조를 조절 하였음은 물론이고 새로
운 증착법을 통해 저온(600oC)에서 실리콘 에피텍시박막을 성장시킬 수 있었다.
600oC 이하의 저온에서는 실리콘의 확산성이 매우 낮기 때문에 결정질 실리
콘이 형성되는 것은 불가능하다. 그러나 저온에서 형성된 일반적인 실리콘 박막
의 미세구조는 비정질 기반(matrix)에 결정질 입자들이 박혀서 이루어진 것을
볼 수가 있다. 하전된 입자이론을 바탕으로 이 독특한 현상을 분석해보면, 고온
부분에서는 결정질의 하전된 나노입자가 형성되며 반대로 저온부분에서는 비정
질의 하전된 나노입자가 형성되어 두 종류의 입자들이 동시에 증착되어 이 같
은 미세구조가 형성된다고 볼 수 있다. 만약 저온부분에서 형성되는 비정질 입
자의 형성을 억제할 수 있다면, 결정질 박막을 저온에서 증착 할 수 있을 것이
다.

기존의 Si – H 시스템에 HCl이 첨가되면 저온에서 석출량이 감소하게 되는
retrograde solubility가 형성되는 것을 열역학 계산을 통해 알게 되었으며 실제
입자를 포획해본 결과, 계산결과와 마찬가지로 Si – H – Cl 시스템에서 결정질
입자만이 증착된다는 것을 알 수 있었다. 이런 방법을 통해서 저온에서 유리기
판과 폴리머 기판 위에 결정질 실리콘 박막을 성공적으로 증착할 수 있었다.

실리콘 박막이 증착 될 때 증착방향으로 미세구조의 불균일성을 가지게 된다.
이는 증착되는 동안 하전된 입자의 상태가 변한다는 것이다. 실제 증착되는 입
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자의 사이즈를 시간에 따라 포획, 관찰한 결과 시간이 지날수록 입자의 크기가
증가 된다는 사실을 알게 되었다. 이를 통해 일정시간의 지연시간 (delay time)
을 주어 박막의 물성을 증가 시킬 수가 있었다.

하전된 입자의 크기가 작아질수록 하전에 의해 입자의 확산성이 증가되고 고
체의 특성을 잃어버리는 ‘quasi-solid’ 혹은 ‘liquid like’ 한 상태가 되는 것
을 알게 되었다. 작은입자가 결정질 초기입자 위에 내려앉게 되면 작은입자가
결정질 초기입자의 영향을 받아 결정질 실리콘 박막이 증착될 것이며 반대로
비정질 위에 내려앉게 되면 결정질 입자가 증착 되더라도 비정질로 변하게 될
것이다. 작은입자를 지속적으로 공급할 수 있다면 초기에 증착되어 있는 층의
결정성 혹은 결정방향에 따라 전체 박막의 미세구조를 조절 할 수 있을 것이다.
본 실험에서는 반응초기에 형성되는 작은입자를 얻기 위해 반응을 켰다가 일정
시간 후 꺼주는 펄싱과정을 통해 작은입자를 지속적으로 공급해 줄 수 있었다.
Liquid like한 상태의 작은입자가 초기입자 혹은 기판의 영향을 크게 받아 결정
질 입자 위에서는 높은 결정성을 가진 박막이, 반대로 유리기판위에 결정성이
매우 낮은 박막이 형성되었다.

위에서 얻은 결과들을 바탕으로 실리콘 웨이퍼 위에 작은입자를 지속적으로
떨어뜨려 저온 에피텍시 박막을 증착할 수 있었다. 작은입자의 liquid like한 특
성을 이용함은 물론이고 하전된 입자의 특성을 극대화 시키기 위해서 와이어와
기판간에 바이어스를 인가하였다. 그 결과 기판온도 600 oC, 필라멘트온도 1800
o

C, 기판거리 3 cm, 압력 0.1 torr의 조건에서 증착속도 0.5 nm/sec, 두께 50nm

를 가지는 에피텍시 박막을 증착하였다.
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본 연구를 통해 얻어진 결과들은 하전된 나노입자이론을 기반으로 한 ‘하전
에 의한 확산성 강화’를 보여주는 중요한 증거가 될 수 있을 것이다.

주요어: 실리콘 박막; 열선 화학 기상 증착법; 하전된 입자; 저온증착; 미세구조
조절; 에피텍시 박막; 하전에 의한 확산강화
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