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İlker Doğan
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1.1. INTRODUCTION 1. Framework and Overview

1.1 Introduction

1.1.1 Silicon: The Backbone of Modern Technology

Bulk crystalline silicon (c-Si) is one of the most important materials in modern tech-
nology era, which is presently exploited in the microelectronics and the photovoltaics
industry, and it will probably continue to be the backbone material of the future techno-
logical applications for years to come. An important reason for c-Si being as a widely
used material is its abundance−although Si is rarely found in pure elemental form in
the nature, it is the eighth most common element in the universe and the second most
common element in the Earth’s crust in terms of mass. Si can easily be purified, it is non-
toxic, and its natural oxide, i.e., SiO2 is a good matching insulator in device applications.
For microelectronic applications, the flexibility to control its conductivity effectively,
and to dope it easily with the group III and IV elements, and the possibility to produce
monocrystal c-Si on a large scale are important advantages. In addition, having a optical
band gap in the visible region at ∼1.12 eV (see Figure 1.1c), c-Si is a suitable material
for optical absorption, therefore could be used in photovoltaic applications.

Although a great deal of semiconductor electronics technology is based on c-Si, we
cannot postulate the same statement when it comes to the applications based on photon
management, or more generally speaking, optical applications. The optical absorption
and emission process, i.e., the radiative process efficiency is dramatically hindered as a
result of the indirect bandgap structure of c-Si (see Figure 1.1a and 1.1c): Unlike direct
bandgap semiconductors (e.g., Ge), in which a photon is required for optical absorption
and emission, a radiative process can only occur via photon-phonon coupling−a com-
bination of photon absorption/emission and momentum conservation in the k-space by
phonons. Therefore, bulk c-Si is an inefficient light emitter, even at liquid He tempera-
tures.

In order to enhance the radiative process efficiency in c-Si, several approaches have
been developed. A commonly used approach is the so-called "defect-engineering", which
concerns creating impurity-activated radiative transitions into bulk c-Si [1–3], and poly-
crystalline silicon (p-Si) [4]. In addition to the defect-engineering, light trapping schemes
with quantum collection efficiencies up to 33% has shown not only to enhance the radia-
tive process efficiency but also to demonstrate silicon-to-silicon optical coupling [5] that
could possibly pave the way to all-silicon optoelectronics. These approaches have in
common that they do not modify the optical bandgap of c-Si but enable fostering room
temperature sub-bandgap photoluminescence (PL) in the infrared range, i.e., ∼1.4-1.7
µm.
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Figure 1.1: Indirect bandgap structure of bulk c-Si (a),(c) resembles a more hydrogen

atom-like direct bandgap structure (b) when its size is downscaled to nanometer regime.

(Image credits for Figure (c): Fauchet et al. [7]).

1.1.2 Silicon Nanocrystals

In July of 1990, Leigh T. Canham, a British physicist, reported visible (red) room tem-
perature photoluminescence (PL) that is observable with naked eye from nanostructured
porous silicon nanowires (Si-NWs) [6]. In his work, he has asserted that fabricating sil-
icon structures small enough exploits quantum size effects on the bandgap structure. He
has introduced this novel idea as "bandgap-engineering". When compared to the defect-
engineering, bandgap-engineering favors visible PL from Si not by impurity-activated
subgap emission, but via a band edge emission by changing the indirect bandgap struc-
ture of c-Si to a more direct, atomic-like energy levels.

Nanostructured silicon (and also other nanostructured materials) is classified with re-
spect to its dimensionality, where charge carries (electrons and holes) are free to move.
In the dimensions that are reduced to nanometer scale, charge carriers are confined and
intrinsic optical and electronic properties exhibit size dependent features. Depending
on the number of confined dimensions, these nanostructures are classified as 2D quan-
tum wells, 1D quantum wires, or nanowires, and 0D quantum dots, or nanocrystals.
Therefore, in silicon nanocrystals (Si-NCs), charge carriers are confined in all physical
dimensions. Particularly, when the size of a Si-NC becomes smaller than its exciton-
Bohr radius, aBSi∼5.3 nm−the intrinsic size of an exciton in bulk c-Si [8], the energy
band diagram of Si is discretized. In this case, electrons and holes do not have bound
states in the k-space, which makes them behave similarly to hydrogen-like excitons. This
allows phonon-free optical transitions [9] as a result of increased oscillator strength of
"no-phonon" transition process [10] (see Figure 1.1b). The band-to-band (between the

4
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Figure 1.2: Size dependent bandgap of Si-NCs as a function of nanocrystal size. The

dashed line represents the bandgap of c-Si. Adopted from Delerue et. al [11].

valence band, VB and the conduction band, CB) absorption energy in a Si-NC can be
described by the "particle in a box" problem and formalized as follows:

Enl = Eg +
~2χ2

nl

2µa2
, (1.1)

where Eg is the bandgap energy of bulk c-Si, and the second term at the right-hand-side
corresponds to the quantized exciton energy in a spherical box (χ describes the quantiza-
tion of energy levels, i.e., χ=1,2,3, ..., µ is the reduced mass of the exciton, and a is the
nanocrystal size). n and l are the quantum numbers that describe the Coulomb electron-
hole interactions (1S, 2S, 2P, ...), and the states connected within the exciton center of
mass motion (1s, 2s, 2p, ...) under the effect of external conditions, respectively. As
can be seen from Equation 1.1, the bandgap energy Enl, or EgSi-NC

has a strong size de-
pendency. Together with the enhanced radiative transition rate, size dependent bandgap
of Si-NCs not only foster room temperature visible luminescence, but also enables tun-
ing the color of the luminescence by simply varying its size [11] (see Figure 1.2). This
unique feature of Si-NCs with respect to its bulk counterpart promotes the use of Si-NCs
in optical, optoelectronic, and photovoltaic applications.

1.1.3 Potential Technological Applications of Si-NCs

Luminescent Si-NCs have received a significant consideration for a wide range of opti-
cal, and light emitting applications, thanks to their size dependent PL with high quantum
yield. Apart from the improved optical properties, Si-NCs exhibit size dependent im-
provements in their dielectric constants, charge storage capacities, and catalytic activities,
which broadens the application areas of Si-NCs in future technologies. Particularly, Si-
NCs can be used as visible light emitters in light emitting diodes (LEDs) [12–17], charge
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storing elements in non-volatile memories [12, 18–20] and high capacity Li-ion batteries
[21–24], catalyzers in water splitting applications for hydrogen production [25, 26], bio-
markers in tissue imaging [27–29], photocurrent generating units and spectrum convert-
ers in solar cells [30–33]. In addition, increased surface reactivity of Si-NCs as a result
of high surface to volume ratio at nanoscales finds area of usage in hydrogen production,
water splitting, and catalytic reactions. In this section, some of the selected applications
of Si-NCs and the recent status of the research in these fields will be discussed in more
detail.

Light Emitting Diodes

Si-NC based LEDs attract significant interest as a result of three important advantages:
Good compatibility to complementary metal-oxide-semiconductor (CMOS) technology,
the feasibility of monolithic integration with very large scale integrated (VLSI) circuits,
and low cost fabrication. In addition, as a consequence of size dependent bandgap of
Si-NCs [11, 34], LEDs with different colors from visible to infrared spectrum [35–37]
can be realized utilizing the same material.

Earlier investigations on porous Si and Si-NCs fabricated in host matrices have re-
vealed the observation of luminescence upon electrical excitation, i.e., electrolumines-
cence (EL), from LEDs based on these structures. However, some critical issues such
as very low external quantum efficiency as low as 10-3, and instability against electrical
degradation have raised concerns about Si-NCs future in lighting applications [38, 39].
To increase the external quantum efficiency and stability of Si-NC LEDs, passivation
with organic molecules [40], textured top surface layers to enhance the extraction of
light from the active layer [41], and coupling the light to metal nanoparticles [42] have
been tried.

A critical limitation to the device performance that hinders the external quantum ef-
ficiency is the efficiency of extraction of the emitted photons from Si-NCs [43]. In 2011,
it is shown by Cheng et al. [14] that highly efficient visible EL can be obtained from Si-
NC LEDs with an appropriate choice of device architecture, i.e., via confining the charge
carriers and excitons in the nanocrystal layer by using electron and hole extraction layers
with high energy barriers with respect to the energy levels of Si-NCs. With this approach,
organic LEDs (OLEDs) prepared by plasma synthesized and organic ligand passivated
colloidal Si-NCs [14, 37, 44] reach a record external quantum efficiency of 8.6% (at 853
nm) on device level [14]. Moreover, this stable efficiency has been reported as the high-
est efficiency for NC-OLEDs based on any system including direct bandgap semicon-
ductors. This encouraging achievement has demonstrated that Si, as an indirect bandgap

6
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semiconductor, can be a very efficient light emitter when downsized to nanometer range,
and potentially open the way on the realization of "all-silicon" optoelectronics.

Battery Applications

Lithium-ion batteries (LIBs) that provide a high energy density over an extensive period
of time is a key requirement to realize a wide range of future applications. Research
on ultrahigh capacity lithium-ion batteries demonstrate that replacing standard graphite-
based anode with silicon-based materials enhances the battery capacity almost an order of
magnitude but, repeated lithiation degrades the charge storing capacity of silicon-based
material as a result of the large expansion and contraction coefficients. Researchers have
been investigating on possible solutions to promote high capacity storage by adopting
novel materials, which are cheap and also environmentally safe. Among these materials,
silicon is considered as an attractive material to be used in the anode of the next gener-
ation lithium-ion batteries. Theoretical analyses demonstrate an exceptional capacity of
silicon near 4000 mA h g-1 in its fully lithiation composition, Li4.4Si, which is an order
of magnitude larger than the commercial LIBs with graphite anode material (372 mA h
g-1) [45]. However, experimental reports on bulk silicon demonstrated that, a maximum
capacity of 800 mA h g-1 could be achieved, which is only about two times larger than
a typical lithium-ion battery with a graphite electrode [22]. This is due to the large vol-
ume expansion of almost 300% of silicon during lithiation, which introduces mechanical
defects that reduces the charge retention dramatically even after a few tens of discharge
cycles [46].

To reduce the effects of mechanical damage that results in the loss of charge retention
and stability, the use of nanostructured silicon was introduced. Nano sized silicon struc-
tures are shown to overcome the effects of volumetric expansion as a result of their ability
to relax the stress [21], thanks to their significantly increased surface to volume ratio. A
number of silicon nanostructures with high life cycles have been demonstrated in the lit-
erature. Some of the examples are silicon nanotubes [47], nanowires [48], nanocrystals
[21], porous structures [49], and silicon nanostructure based composite materials [50–
52].

Application of Si-NCs as anode materials in LIBs is by virtue of their increased
surface to volume ratio that is necessary for lithiation process. In other words, as the
average size of an ensemble of Si-NCs decreases, their charge storing capacity increases
[54]. In addition, the volume expansion is prohibited to a great extent when the average
size gets smaller [56]. Still, Si-NCs with various sizes up to tens of nanometers can
promote high charge storing capacity [54, 55] up to ∼2000 mA h g-1. Therefore, Si-

7



1. Framework and Overview 1.1. INTRODUCTIONMorphologyMorphology

Figure 1.3: Transmission electron microscope (TEM) images of Si-NCs synthesized us-

ing a remote expanding thermal plasma (ETP) [53]. Although these nanocrystals have a

non-uniform size distribution, investigations demonstrate that [21, 54, 55], they could be

used in LIBs for realizing improved charge storing capacities with respect to the standard

graphite based anodes.

NCs that are produced with a very high throughput [53] can readily be considered as
potential candidates for realizing high charging capacity in LIBs (For an inspiration of
such Si-NCs produced in a remote expanding thermal plasma (ETP), see Figure 1.3).

Water Splitting

Water splitting for hydrogen production attracts great deal of attention from the perspec-
tive of catalysis, energy storage, and fuel cell applications. Instead of conventional routes
for water splitting, e.g. electrolysis, thermolysis, and photocatalysis, water can in prin-
ciple be splitted chemically using a material that can be oxidized by water, without a
need of light, heat, electricity, or external agents. Recent research on the catalytic prop-
erties of Si-NCs have revealed that Si-NCs react with water and produce hydrogen up
to 1000 times faster than bulk c-Si [25], and up to 10 times faster than competing metal
composites like Al [57] and Zn [58].

Similar to the lithiation process, this enhancement in hydrogen production rate is a
complement of increased surface to volume ratio. As a result, regardless of their size,
any size of Si-NC can react with water to produce hydrogen [25, 59–61]. The etch rate
and hydrogen production rate of Si-NCs dramatically increases with smaller sizes (see
Table 1.1) as a result of increased surface area and more isotropic nature of the etching,
which is a determinant factor on the etch rate [25]. With these reported high hydrogen
generation rates, even higher than metal nanoparticles, can potentially be of practical use
for "on-demand" hydrogen generation, which can lead to realization of liquid hydrogen

8
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Table 1.1: Hydrogen production rates of Si-NCs and Zn nanoparticles retrieved from the

literature.

Material Size Max. Rate Required Time Total H2 Ref.
(nm) (gH2 s-1 g-1Si) (s/molH2) Produced

(molH2/molSi)

Si 10 0.06 55 2.58 [25]
Si 100 0.0004 811 1.25 [25]
Si bulk (100) 0.0003 3075 1.54 [25]
Si bulk (110) 0.00007 12.5 h 1.03 [25]
Zn 70 0.01 10 0.2 [58]

fuel cells for portable power applications [25].

Solar Cells

In solar cells, electricity is generated via conversion of photons to electron-hole pairs in
the electrically active region, which are subsequently separated by the internal field of
a p-n junction. The threshold absorption energy of a solar cell critically depends on the
bandgap energy of the absorbing material used. According to the theoretical calculations
for a bandgap energy of 1.12 eV, a single junction solar cell can reach a maximum effi-
ciency around 30%, which is known as the Shockley-Queisser limit [62]. This is due to
the fact that not all the photons are absorbed with the same efficiency. To overcome this
limit, the so-called "third generation solar cell" concept is considered. Exploiting the use
of Si-NCs in third generation solar cells can be realized in two different concepts, i.e.,
multi-junction tandem cells, and spectrum conversion.

Tandem solar cells. The first concept is the multi-junction tandem solar cell ap-
proach, which proposes to use Si-NCs as the active material. By taking advantage of
the size dependent bandgap energy, multi-junction tandem solar cells based on Si-NCs
can promote higher efficiencies by covering a wider range of the solar spectrum with
respect to a single junction solar cell [33]. In this concept, the structural arrangement of
Si-NC multilayers adjusted in such a way that the bandgap energy should decrease (or
in other words, the size of Si-NC layers should increase) from top to the bottom of the
active region achieve minimal loss during the absorption of photons with different ener-
gies, see Figure 1.4. Theoretical calculations demonstrate that efficiencies up to 42.5 and
47.5% can be feasibly realized using two and three junction tandem solar cells [63, 64].

9
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Efficient clean energy: Si-NCs in solar cells 
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Figure 1.4: Si-NCs in third generation concepts. Use of Si-NCs in solar cell application

can be done in two ways. The first way is tandem solar cells, in which Si-NCs are used

in the active region of the solar cell, generating photocurrent upon absorption of photons.

The second way is spectrum conversion, in which Si-NCs are not in electrical contact

with the solar cell. Instead, nanocrystals are embedded in top anti-reflecting layers to

absorb a high energy photon and convert it two photons that are suitable to be absorbed

by the bandgap of the electrically active material.

Realization of a multi-junction Si-NC solar cell would reduce the cost per Watt peak of
second generation thin film solar cells by increasing the efficiency at the expense of a
small increase in costs [33, 65] by still using abundant, non-toxic material.

Advanced photon management: up- and down-conversion. The second concept in
which nanocrystals can be employed is the advanced photon management, i.e., up- and
down-conversion. Up-conversion is the process of single exciton generation (SEG) with
multiple low energy photons, and down-conversion is the process of multiple exciton
generation (MEG) upon absorption of a single high energy photon. In both of these
concepts, nanocrystals are not in electrical contact with the active region of the solar
cell. Nanocrystals put in a reflective layer at the bottom of the solar cell act as an up-
converter, while nanocrystals put in an anti-reflective layer on top of the solar cell act
as a down-converter, see Figure 1.4. For the up- (down-)conversion process to occur,
photons at least half (two times) of the bandgap energy of the active absorbing material
are required. For example, an up-converter material for a c-Si solar cell with a bandgap
energy of 1.1 eV should be able to absorb photons with a minimum energy of 0.55 eV,
while a down-converter material for the same solar cell should be able to absorb the

10
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Advanced Photon Management Concepts with Si-NCs: 

Down-Conversion 

Solar Cell 

Electricity  

(Enhanced photocurrent) 

Long carrier Lifetime 

Figure 1.5: Down-conversion concept in Si-NCs.

photons with a minimum energy of 2.2 eV. In this sense, Si-NCs are not suitable materials
as up-converters, however, they could be efficient down-converters. Therefore, we will
focus on the down-conversion process in Si-NCs.∗

A remarkable discovery in Si-NCs (and in other semiconductor nanocrystal sys-
tems) is the enhancement in electron-hole pair multiplication due to the increased rate
of phonon-free transitions [9], modified carrier-cooling rates, and enhanced Coulomb
coupling between charge carriers. From the perspective of photovoltaic applications,
these features can potentially enable advanced management concepts of "hot" photons,
originating from the high energy window of the solar spectrum, via MEG process, unless
otherwise the excess energy is thermalized. MEG in Si-NCs is the counterpart of im-
pact ionization in bulk c-Si, however with a significantly increased rate [67]. In the past
decade, MEG has been confirmed in several semiconductor nanocrystal systems, such as
InAs [68], InP [69], CdSe [70], PbTe [71], PbS [72], PbSe [70, 72, 73], and SiGe [74] as
well as Si-NCs [67, 75].

Carrier multiplication can take place either within a single Si-NC [76] or between
adjacent Si-NCs [77], see Figure 1.6. The practical limitations during the extraction
of charge carriers would become an issue for a single Si-NC if the number of created
excitons in the NC exceeds 1 as a result of the so-called Auger recombination process.
As the carrier concentration increases, the lifetime of Auger recombination decreases,
which hinders the MEG efficiency as well [78]. On the other hand, closely packed Si-
NC ensembles can enable efficient carrier extraction via transferring the excess energy

∗Photochemical up-conversion has been successfully demonstrated on the rear side of an a-Si:H solar cell
via sensitized triplet-triplet-annihilation in organic molecules [66]. In this work mentioned, 600-750 nm region
of the solar spectrum is shifted to 550-600 nm with an overall solar cell efficiency enhancement of 1% at 720
nm under AM1.5 conditions.

11
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High energy region: Down-Conversion 

Figure 1.6: Multiple exciton generation (MEG) process between and within Si-NCs.

MEG is named as "space separated quantum cutting" (SSQC) when it occurs between

adjacent Si-NCs. In SSQC, a high energy photon is absorbed by a Si-NC (at least two

times of its bandgap) and the excess energy is transferred to an adjacent nanocrystal via

tunneling. Radiative recombination in these Si-NCs result in the emission of two photons

at the wavelength suitable to be absorbed by the solar cell. In a single Si-NC MEG occurs

via conversion of the excess energy to an additional exciton.

absorbed by a Si-NC to an adjacent NC creating an additional exciton (see Figure 1.6).
This type of MEG is also known as "space separated quantum cutting" (SSQC), which
provides longer lifetimes for the extraction of excitons [75, 79, 80].

The external quantum yield of an ensemble of closely packed Si-NCs as a function
of the excitation energy for a constant number of photons is a direct measure of carrier
multiplication efficiency. In principle, as we demonstrate in Figure 1.7a, the external
quantum yield increases by 100% for each multiples of the bandgap energy. However,
this enhancement can be affected by the size distribution, surface quality, and optical
properties of Si-NCs, resulting in lower efficiency enhancements, as seen in Figure 1.7b.

An important advantage of Si-NC down-converters is that, as the down-converter is a
passive layer (it does not directly contribute to charge carrier generation and conduction),
it can be integrated into the encapsulation material of solar devices. This enables routes
in which semi-finished products with multi-functionality like substrate carriers, down
conversion of high energetic photons and light trapping enhancement are integrated. In
the following manufacturing step, these semi-finished products are processed to apply
the photovoltaic device. This integration can potentially improve the costs effectiveness

12



1.1. INTRODUCTION 1. Framework and Overview

1.0 1.5 2.0 2.5 3.0
0

10

20

30

40

50

60

70

 

 

2xE
g

Q
E

(%
)

Normalized Energy (E
ph

/E
g
)

3xE
g

0 1 2 3
0

100

200

300

 

 

Q
E

 (
%

)

Normalized Energy (E
ph

/E
g
)

Step-like enhancement of QE  

𝐸𝑔 

3𝐸𝑔 

2𝐸𝑔 

MEG in colloidal Si-NCs 

a) b) 

Figure 1.7: (a) MEG process as a function of incoming photon energy. (b) MEG pro-

cess from Si-NCs synthesized in the ETP [53] (Credits for quantum efficiency analysis:

Kateřina Dohnalová, İlker Doğan).

of solar cells.

1.1.4 Synthesis of Si-NCs: Establishing a Scalable Throughput

Si-NCs can be synthesized by using several methods, which include physical vapor depo-
sition (PVD), chemical vapor deposition (CVD), plasma assisted deposition, and solution
synthesis routes. In the context of realizing the above-mentioned future applications us-
ing Si-NCs, and establishing efficient and reliable device performances, well-controlled,
scalable and cost-efficient processing techniques should be available. As the Si-NC size,
morphology, and surface chemistry substantially influence its optical and electronic prop-
erties (and therefore the device performance), realizing an effective nanocrystal size con-
trol and surface engineering is required. Establishing these requirements are sufficient for
controlled synthesis of Si-NCs in the lab-scale, however, not enough for realizing indus-
trial large-scale processing, which is the most important requirement for mass processing
of Si-NCs. To promote Si-NC synthesis to industrial scale, therefore, a high throughput
processing in a cost- and time-efficient way and an easy manipulation of synthesized
Si-NCs during post-processing are necessary. Therefore, an ideal processing technique
should meet industrial demands by enabling effective size and surface control together
with a high throughput in a cost- and time-efficient manner (see Figure 1.8).

A number of Si-NC synthesis methods have been reported in the literature. One of the
most widely used method is the sputtering technique [18, 81–84]. Using the sputtering
technique, size controlled Si-NCs with promising optical [81–83] and electronic [18]
properties have been successfully demonstrated. Another established Si-NC production
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Figure 1.8: Requirements for an idealized production route of Si-NCs. Realization of

Si-NC synthesis not only in the lab-scale but also in the industrial-scale depends on three

fundamental requirements: effective size control, surface engineering, and high through-

put. First two requirements are critical for establishing optimum device performance,

and the third requirement is critical for promoting large scale growth in a cost- and time-

efficient way (Scanning electron microscope (SEM) image credits: Sedat Canlı, İlker

Doğan).

technique is ion-implantation [85–87], in which ions of Si are implanted into a host
matrix. As a result of the dispersed projection of the implanted ions, size control is not
as effective as compared to the sputtering technique. Still, luminescent Si-NCs can be
produced [85, 86].

The common drawback of sputtering and ion-implantation techniques is that, a post-
annealing procedure is necessary for inducing nanocrystal formation, which is an addi-
tional step that brings additional time and cost. Apart from that, produced Si-NCs are
embedded in matrices, which makes them unavailable for easy handling and manipula-
tion. For instance, in order to obtain Si-NCs free from matrices, the surrounding medium
must be removed by means of etching, bringing also an additional step to production.
The most important issue of these techniques are their scalability: These techniques have
very low throughputs (usually less than tens of milligrams of Si-NCs per hour) ham-
pering large scale applications of Si-NCs using these technologies. Similarly, most of
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most of the thin film deposition techniques, as-synthesized films containing excess Si

is annealed to induce Si-NC formation. After that, this matrix is removed via etching

and surface passivation is performed on free-standing Si-NCs. An idealized synthesis

technique should realize one-step production of free-standing Si-NCs with an in situ

passivation option.

the common CVD and PVD techniques suffer from low production rate and difficulty of
post-manipulation issues, which raises concerns on their feasibility for large scale appli-
cations (see Figure 1.9).

A variety of chemical solution-based synthesis routes of Si-NCs have also been re-
ported [88–90]. A major advantage of these techniques is their capability of produc-
ing size-controlled, luminescent, free-standing Si-NCs. However, these techniques re-
quire extensive reaction time with multiple production steps still with low yields. More-
over, the chemical compounds that are used for Si-NC synthesis are generally complex
molecules, which brings along specialized expensive facilities during precursor produc-
tion. In addition, by-products of the Si-NC synthesis reactions could be toxic and envi-
ronmentally dangerous, which makes these solution-based chemical synthesis techniques
unfeasible for mass-production in a factory.

Gas-phase plasma-chemical synthesis tools are considered to have great potential
on the production of Si-NCs in a controlled and efficient way. Compared to above-
mentioned Si-NC synthesis methods, gas-phase plasma-chemical processing techniques
have unique advantages like one-step production of free-standing Si-NCs, the feasibility
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of promoting high throughput synthesis, the flexibility of using the precursor material
in any desired form (i.e., solid, liquid, or gas phase), and the freedom of modifying the
material morphology and surface chemistry by taking advantage of tunable plasma pa-
rameters. As an example, non-thermal plasmas have been reported as suitable synthesis
techniques of free-standing Si-NCs using various precursors [37, 91], where in situ pas-
sivation [37, 91, 92] and morphological modification via in situ etching [93] are also
possible. Higher throughputs up to ∼200 mg/h are reported in gas-phase plasma pro-
cessing tools [37, 94]. Therefore, this method could be considered as a step forward to
promote large scale production. However, due to the scalability issues of some of the
plasma techniques when the usual low gas flows considered, further improvement on
throughput may still be a challenge to be overcome.

1.1.5 Goal of the Thesis and Outline

The efforts on realizing the production of Si-NCs with controlled size and morphology
at scalable throughputs has initiated a great deal of interest to find alternative gas-phase
plasma-chemical synthesis techniques, including the expanding thermal plasma (ETP)
technique. ETP was developed in the Eindhoven University of Technology in the 1980’s
[95]. ETP is shown to deposit good quality thin films of several materials at very high
growth rates. Considering the emerging importance of Si-NCs in future technological ap-
plications and the demands on industrial scale production, it has been questioned whether
it is feasible to take advantage of the high growth rate of ETP to synthesize Si-NCs with
high throughputs. This research is the first effort to study the nanocrystal formation using
the ETP technique. In addition to the exploration of Si-NC formation in the ETP [53], and
their applicability for solar cells, the project has a number of fundamental goals, which
will potentially contribute to the understanding of nanoparticle formation and growth in
the so-called "dusty plasma" environments. Thus, the goals in this thesis are to explore
the optimum nanocrystal formation dynamics by understanding the role of the plasma
parameters, chemistry, flow dynamics, and gas-phase growth mechanism. In addition, an
on-demand diagnostic method that can readily analyze the Si-NC size distribution and
volume fraction of different sizes in a rapid, reliable, and non-destructive way based on
Raman spectroscopy is developed. Together with the ETP technique, such a diagnostic
method can potentially play an important role in the optimization of the process parame-
ters to gain Si-NC size control in a rapid way.

The challenges and demands discussed here and in the previous section can be listed
as fundamental research questions that will be addressed in this thesis:
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• Is it possible to establish high processing rate of Si-NCs in the ETP?

The use of the ETP for Si-NC synthesis is an unexplored field and the first re-
sults demonstrating the formation of Si-NCs in the ETP is discussed in Chapter
2. It is first discussed what are the requirements for large-scale applications of

Si-NCs from the perspective of industry. Considering the state-of-the-art Si-NC
processing techniques, it is argued whether these techniques can be compatible

for industrial-scale demands, why there is a need for a high throughput Si-NC

processing technique, and how to promote a one-step processing route, in which

nanocrystal growth, size control and surface passivation can be realized without

a need of post-processing steps. After the observation of a high throughput of
Si-NCs of about ∼100 mg/min, it is investigated how the process parameters in-

fluence the morphology, and the size distribution of Si-NCs, and it is discussed how

does the processing rate increases with up-scaling of the ETP.

• What is the formation and growth mechanism of Si-NCs in the ETP?

Observation of a bimodal size distribution of Si-NCs, their growth mechanisms,
the effect of plasma chemistry and flow dynamics are discussed in Chapter 4 and
Chapter 5. For observation of a bimodal size distribution, it is investigated what is

the role of residence times on the final size of Si-NCs and how residence times vary

in different plasma zones. For the growth mechanism of Si-NCs, it is investigated
what is the chemistry that leads to silane polymerization reactions, how Si-NCs

grow further in different plasma zones, and what are the role of ions, radicals and

neutrals on the growth of small and large Si-NCs in different zones. It is further
studied what is the relation between the Si-NC size and local density of silane and

how does it relate with the growth mechanism of Si-NCs. For the studies related to
size control, it is investigated how to tune the Si-NC size and size distribution by

controlling the residence times, flow dynamics and the silane density in the plasma.

• Is it possible to develop a diagnostic to measure the Si-NC size distributions
and use this to research how to control the Si-NC size distribution?

About the size analysis method demonstrated in Chapter 3, which is developed
using Raman spectroscopy, it is asked how can we analyze the size distribution of

Si-NCs in a non-destructive, reliable, and time-efficient manner, and is it possible

to establish a diagnostic that can probe the presence of different size distribution of

Si-NCs even these distributions are mixed in a multimodal phase. Size dependent
vibrational properties of semiconductor nanocrystals are described by one-particle
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phonon confinement model (PCM). On the development of the theory, which is
used for the determination of Si-NC size distribution, the main question asked
is how to project the one-particle PCM onto a generic distribution function, and

use it to determine the Si-NC size distribution. After establishing a reliable size
analysis method, it is further investigated if is it possible to implement Raman

spectroscopy to realize a rapid process optimization for better size control, and
would it be possible to implement this technique for the size analysis of different

nanocrystal systems.

1.2 Overview of the Research

1.2.1 Introduction to the Expanding Thermal Plasma

Expanding thermal plasma (ETP) has been used for the deposition of the materials like
hydrogenated amorphous silicon (a-Si:H) [96–98], amorphous carbon (a-C:H) [99], sil-
icon dioxide (SiO2) [100], silicon nitride (a-SiNx:H) [101], carbon nitride (a-C:N:H)
[102], and zinc oxide (ZnO:Al) [103]. A major advantage of the ETP is its capability to
establish high rate deposition of these materials with good film qualities.

The ETP is a remote plasma, i.e., the plasma production, transport, and deposition
regions are geometrically separated. Unlike the other so-called remote plasmas−such
as RF-PECVD−there is no electrode at any point in the downstream deposition cham-
ber, including the substrate. The remote feature of the ETP brings major advantages in
material processing such as the absence of any downstream plasma originated effects
on the plasma production zone, absence of a direct plasma contact with the substrate,
low ion bombardment and low UV light exposure on the deposited film, and reduced
electron temperatures, typically in the non-thermal regimes, i.e., 0.1-0.3 eV. Since the
properties of plasma production and deposition zones do not affect each other, indepen-
dent variation of the process parameters in these zones enable better optimization of the
synthesized material properties. This feature enables reaching high throughputs without
a loss in the quality of the processed material.

The ETP is schematically shown in Figure 1.10. The ETP consists of two parts, a
cascaded arc, where a non-depositing plasma is generated, and a downstream deposition
chamber, where the plasma expansion and deposition/surface treatment takes place. The
cascaded arc is a high pressure plasma source in which non-depositing gasses are used
at high flow rates, typically in the range of tens of sccs (standard cubic centimeters per
second) leading to pressures in the range 0.1-0.6 bar. The discharge in the cascaded arc
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plasma source is current controlled and a DC power supply is used. Dissipated power
during the operation is typically in the range 2-5 kW. Created reactive species in the
cascaded arc are used to dissociate the precursor gas in the downstream region. In the
cascaded arc, the electron and gas temperature is about 1 eV [104, 105], meaning that
the plasma is thermal when created in the source. The electron density and the neutral
particle density in the cascaded arc occurs about ne∼1022 m-3 [105, 106] and n∼1023 m-3

[105], respectively.

Figure 1.10: The expanding thermal plasma consists of a cascaded arc and a downstream

deposition chamber. Cascaded arc is composed of electrically floating, water-cooled Cu

plates. An arc channel with a diameter of 4 mm and a length of 10 cm passes through

the center of the arc. A gas inlet is connected to introduce a non-depositing gas into the

arc channel (in this case Ar) and three cathodes are used for igniting the plasma. The

last plate, which has the nozzle opening acts as the grounded anode and no electrical

power is coupled in the downstream. The diameter of the downstream chamber is 50

cm, the total length is 80 cm, and the distance between the nozzle and the substrate is

about 40 cm. An injection ring to introduce a molecular gas (in this case SiH4) is placed

5 cm in front of the nozzle. Substrates are transferred from a load-lock via a magnetic

arm. The base pressure of the downstream chamber is about 10-6 mbar after overnight

pumping down by turbo pumps. During the operation the system is pumped down by

using root pumps. A shutter is used to protect the substrate during the startup procedure

of the plasma. A mass-spectrometer (Balzers QMS200 Prisma) is located at the side of

the reactor to analyze the residual gas before the start of the process.

The subatmospheric plasma expands from the plasma source through a nozzle into
a deposition chamber operated over the pressure range 0.1-1.5 mbar. As a result of the
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high pressure gradient between the plasma source and the downstream deposition cham-
ber, plasma expands first supersonically until a stationary shock a few centimeters down-
stream of the nozzle, after which the flow transforms into a subsonic flow [107]. After
the shock, the plasma expands with a directed velocity of about 1000 m/s. The electron
temperature and the electron density are reduced to 0.1-0.3 eV and ne∼1017-1019 m-3 de-
pending on the pressure, respectively, in the supersonic expansion and in the shock front
regions.

An injection ring, which is used for introducing the molecular gas in the downstream,
is placed in front of the shock front. The position of the shock front depends on the pres-
sure gradient between the plasma source and the downstream and moves away from the
nozzle at lower downstream pressures. In this configuration, the injection ring is posi-
tioned 5 cm in front of the nozzle, which is suited for a minimum downstream pressure
of 0.05 mbar. Injection of the molecular gas can be either done in the continuous injec-
tion mode or in the time-modulated injection mode as seen in Figure 1.10 by using a fast
valve that can operate in the ms time scale. Material synthesis is realized by the reac-
tions between the molecules, ions, and radicals formed following the dissociation of the
injected molecular gas. Deposition of the synthesized material takes place on a substrate,
which is transferred from a load-lock via a magnetic arm.

1.2.2 Formation of Si-NC in ETP and and Plasma Chemistry During
Growth

A bimodal size distribution

The first observation of Si-NC formation and investigation on their morphological prop-
erties are reported in detail in Chapter 2. Briefly, formation of silicon nanocrystals (Si-
NCs) is realized in an Ar/SiH4 gas mixture. Gas phase formation of Si-NCs is observed
under the downstream pressures in the range 0.75-1.5 mbar. Raman spectroscopy inves-
tigations and TEM images revealed that ETP produces free-standing, monocrystalline,
spherically shaped Si-NCs with a bimodal size distribution. The small nanocrystal size
distribution is in the range 2-10 nm and large nanocrystal size distribution is in the range
50-120 nm. Observation of a bimodal size distribution is a consequence of the nature of
expansion in the downstream and the limited pumping capacity. Expansion occurs from
the nozzle in the form of a central beam which is surrounded by recirculation cells of
the background Ar plasma. The residence time, i.e., the formation and transport time of
Si-NCs, in the central beam is less than ≤10 ms while the residence time in the recir-
culation cells is about 0.1-0.4 s. As expected, the limited residence times in the central
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beam allow growth of Si-NCs with limited sizes while the longer extends of the resi-
dence times in the recirculation cells allow Si-NCs reach to significant sizes of tens of
nanometers. In continuous silane flow (see Chapter 2) and time modulated silane flow
(see Chapter 4) experiments, we observed mainly large Si-NCs for the lowest amount of
silane delivered into the reactor. We observed smaller Si-NCs with an increased amount
of silane delivered. This trend is observed as a shift to lower wavenumbers from Raman
spectroscopy experiments (as a result of the size dependent shift of Si-NCs, the Ra-
man signal of Si-NCs appear at lower wavenumbers as the size, or the average size gets
smaller [108, 109]) (see Chapter 3), which concludes that nanocrystal growth mechanism
is based on nucleation and molecular level growth by means of addition of the molecular
species available in the downstream plasma without subsequent coagulation (see Chap-
ter 4). Additional evidence on the growth by nucleation is obtained from TEM images
that demonstrate the monocrystalline morphology of Si-NCs even for the largest sizes,
in which inter-particle grain boundaries would be detected if particle growth mechanism
was coagulation driven. Apart from that, the origin of small and large Si-NCs are demon-
strated by means of a spatial confinement experiment (see Chapter 5). In this experiment,
the central plasma beam is confined by employing a cylindrical quartz tube that results in
the disconnection of the central beam from the recirculation cells. As a result, the diffu-
sion of molecules, ions, radicals and Si-NCs to the recirculation cells are prevented. With
the spatial confinement, a substantial decrease in the number of large Si-NCs is observed
on the substrate while the presence and morphology of small Si-NCs are not affected.
This experiment concludes that small Si-NCs and large Si-NCs are formed in the central
beam and in the recirculation cells, respectively, and the residence time differences play
a determinant role on the final size of the Si-NCs synthesized in these zones.

Plasma chemistry

In the previous studies, small ionic Si clusters up to ten Si atoms are observed in the ETP
in an Ar/H2/SiH4 gas mixture [111, 112]. In this project, an Ar/SiH4 gas mixture is used
for the synthesis of Si-NCs. As discussed above, Si-NC formation in the plasma starts
with dissociation of SiH4 molecules. Considering the electron temperatures of 0.1-0.3
eV in the downstream plasma [105] as shown in Figure 1.11a, the electrons are far from
being energetic enough to involve in dissociation reactions (see Figure 1.11b). On the
other hand Ar+ ions have enough energy (∼15.8 eV) to initiate SiH4 dissociation. This
is a unique feature of the ETP with respect to other plasmas, in which electron induced
chemistry is dominant (see Figure 1.11b), and therefore the mechanism that lead to the
growth of Si-NCs will be different.
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Figure 1.11: (a) The electron temperature in the downstream of the ETP observed from

Thompson-Rayleigh scattering experiments of van de Sanden et al. [105]. (b) The cross-

section of electron induced ionization (Qi), dissociation (Qd), and dissociative attach-

ment processes (Qa) as a function of electron energy [110]. As seen in the figure, the

electron energies in the downstream of the ETP are insufficient to initiate electron in-

duced processes during SiH4 dissociation.

Table 1.2: Dissociation and polymerization reactions related to Si-NC growth.

Type Reaction Rate Ref.
(m3 s-1)

Disccosciation Ar+ + SiH4 −−→ SiH +
n + lH + mH2 + Ar 10-16 [113]

Dissoc. Rec. SiH +
n + e – −−→ SiHp + lH + mH2 1.3-3.0×10-13 [53]

Association SiH2 + SiH4 −−→ Si2H *
6 −−→ Si2H5 + H 4.6×10-16 [110]

As. Ch. Ex. SiH +
3 + SiH4 −−→ Si2H +

5 + H2 6.0×10-16 [110]
Abstraction H + SinHm −−→ SinHm-1 + H2 5.0×10-17 [114]
Abstraction H + SinH +

m −−→ SinH +
m-1 + H2 5.0×10-17 [114]

The plasma chemistry during the growth of Si-NCs is discussed in detail in Chapter
2 [53] and in Chapter 4, and the reactions that take place during nucleation and growth
of Si-NCs are listed in Table 1.2. Briefly, Si-NC growth starts via dissociation of SiH4

molecules with Ar+ ions in an associative charge exchange reaction that results in the for-
mation of SiH+

n≤3 ions [113]. The formed molecular ions can subsequently be involved in
two different polymerization pathways, i.e., radical polymerization and ion polymeriza-
tion. In the first pathway, SiH+

n≤3 ions react with electrons via dissociative recombination
reactions forming SiHn≤2 radicals [53]. Radical polymerization continues by addition of
SiH4 molecules via association reactions leading to formation of SinHm radicals [110].
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In the second pathway SiH+
n≤3 ions react with SiH4 molecules via associative charge

exchange reactions forming SinH+
m ions [110]. In both of the pathways, further growth

occurs via addition of the reactive species in the plasma leading to the formation of sta-
ble Si-NCs. During the nucleation, the growth reactions and atomic hydrogen association
reactions occuring on the surface of the nanocrystal sustain crystallinity of Si-NCs as a
result of the energy released from these reactions [114].
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Figure 1.12: Ion flux measurements in the ETP as a function of radial distance demon-

strates that the positive ions are localized in the central beam. Considering the lower

sticking probabilities and longer mean free paths of radicals in the plasma, the recircu-

lation cells are mostly populated by radicals, while ions are in the central beam. An ion

diffused to the walls can either stick on the wall or recombine with an electron, and form-

ing a radical. Therefore, formation of small and large Si-NCs are mostly dominated by

the addition of ions and radicals, respectively. In addition, molecular SiH4 can eventually

involve in both of the reactions, contributing the growth of Si-NCs.

According to the ion flux measurements in the downstream of the ETP under Si-NC
growth conditions, ions are mostly localized in the central beam of the plasma and the
ion flux in the recirculation cells is two orders of magnitude lower than the ion flux in
the central beam (see Figure 1.12). On the other hand, observation of large Si-NCs in
the recirculation cells (Chapter 5) imply that nanocrystal growth reactions should also
take place in the recirculation cells as well. Considering the ion flux distribution, binary
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diffusion coefficients and sticking probabilities in the plasma, radicals will have a higher
probability to diffuse to the recirculation cells and involve in growth reactions that will
result in the formation of large Si-NCs (because radical species have longer mean free
path and lower sticking probability than ions in the plasma) [115–117]. Thus, ions and
radicals play different roles during the NC growth in the plasma and this in turn affects
the final size of the Si-NCs. As we show in Chapter 4, increasing the ion density results
in an increase in the volume fraction of small Si-NCs, which is also consistent with the
ion flux measurements shown in Figure 1.12.Synthesis methods 
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Figure 1.13: When compared with to the common PVD and CVD methods, ETP can

reach dramatically higher throughputs of free-standing Si-NCs in a one-step production

route. The throughput is at least 100 mgSi-NCs min-1.

Ultrahigh throughput processing of Si-NCs

As mentioned in the previous sections, the main requirements on Si-NCs synthesis are
size control, surface engineering, and high throughput processing. According to our
observations, the control on the size distribution can be realized by creating higher ion
densities (Chapter 4). Another approach is spatially separating the formation regions of
small and large Si-NCs thus impeding large Si-NC formation (Chapter 5). The most
critical demand and one of the main motivations of this thesis is the explorations on the
throughput and scalability of the ETP. Using the ETP, at least 100 mg Si-NCs min-1 can
be synthesized, which is one of the highest throughputs ever reported in the literature for
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the synthesis of free-standing Si-NCs. Moreover, high powers and high flow rates used in
the ETP enable reaching even higher throughputs. The throughput mentioned here is the
amount of Si-NCs collected on the substrates, without accounting Si-NCs deposited on
the reactor walls. Knowing that the conversion efficiency of SiH4 molecules to Si-NCs is
more than 90% [53], only about 30% of the converted SiH4 is collected as Si-NCs on the
substrate (which has a 4 in. diameter). When all the process parameters are scaled up, the
level of throughput scales up with 1.5-2.0 mg Si-NCs cm-2 min-1 as a function of surface
area where the deposition takes place [53]. In other words, ETP is a scalable technique
that could be used one-step route, large-scale processing of free-standing Si-NCs with
controlled size and morphology (see Figure 1.13).

1.2.3 Characterization of Si-NCs

A good size control and stable surface properties cannot be established without dedicated
diagnostics. Observation of a bimodal size distribution of Si-NCs and the necessity for
getting information about small Si-NCs (due to their size dependent properties) makes
the trustability of the diagnostic tools used even more critical. An idealized diagnostic
tool for the analysis of Si-NCs should have the following requirements at the same time:

• Sensitivity to Si-NC sub-distributions in a multimodal phase.

• Ability to estimate the size and size distribution of small Si-NCs without raising
the need of separating the small Si-NCs from the multimodal phase.

• Ability to probe optically poor Si-NCs.

• Ability to provide information on the volume fraction of sub-distributions in the
multimodal phase.

• Avoids sample preparation

• Time efficient−should be easily available even in the most primitive working en-
vironment.

• Reliable−obtained results should be verified by other diagnostic tools when nec-
essary.

In this thesis, characterization of Si-NCs are performed using various techniques, i.e.,
X-ray diffraction spectroscopy (XRD), transmission electron microscopy (TEM), scan-
ning electron microscopy (SEM), atomic force microscopy (AFM), Fourier transform in-
frared spectroscopy (FTIR), Raman spectroscopy, photoluminescence spectroscopy (PL),
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and spectroscopic ellipsometry (SE). Below, we will only treat the most intensively used
diagnostic tools.

X-ray diffraction

Information on the morphology and crystal orientation of Si-NCs can be obtained using
XRD. Figure 1.14a demonstrates a typical XRD spectrum of Si-NCs with a bimodal
size distribution synthesized in the ETP. All Si-NCs synthesized using various plasma
parameters exhibit three diffraction peaks at 28.4◦, 47.3◦, and 56.2◦. These peaks are
the diffraction signals from Si(111), (220) and (311) crystal planes, respectively. The
flat background in the diffraction data implies that there is a negligible presence of a-
Si:H, if not any. XRD also provides information on the stress in Si-NCs in the form of a
deviation of the diffraction angle with respect to the unstrained silicon [118]. Observation
of the most intense diffraction peak, which is Si(111), at exactly 28.4◦ shows that Si-NCs
are under minimal or no stress. Another feature that might be useful is the ability of
size estimation from the peak broadening as a result of the scattering of the X-ray from
small Si-NC sizes using Scherrer’s formula [119]. However, Scherrer’s formula estimates
the volume average size of the size distribution, and the analysis of a multimodal size
distribution of Si-NCs using XRD gives inconclusive results as seen in Figure 1.14b.Analysis of the size distribution 
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Figure 1.14: (a) X-ray diffraction of Si-NCs synthesized using various SiH4 flow rates.

(b) Average size of small and large Si-NCs with a bimodal size distribution obtained

using the XRD data via Scherrer’s formula.

Transmission electron microscopy

TEM reveals information on the morphology and size distribution of Si-NCs. A major
advantage of TEM is that, sub-distributions of Si-NCs can be analyzed in a multimodal
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phase, see Figure 1.15. Moreover, crystallinity, and shape of the Si-NCs can also be
obtained from TEM images. In general, sample preparation and measurements require
extensive time and the measurement procedure leaves irreversible damage on the ana-
lyzed material. Unavailability of this technique makes it only suitable as a supporting
diagnostic, not a practical, on-demand solution for size analysis.

Analysis of the size distribution 
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Figure 1.15: Cross-section image of Si-NCs deposited on a c-Si substrate obtained using

TEM. TEM enables estimation of the sub-distributions in a multimodal phase, for the

expense of extensive measurement times.

Photoluminescence spectroscopy

Photoluminescence spectroscopy is a non-destructive diagnostic technique that provides
information on the optical properties of Si-NCs. PL is used for the detection of the
"photo-emitted" light from Si-NCs, which are excited using a laser. The wavelength of
the laser should at least be equal or shorter than the band edge absorption of the Si-NC
under consideration, so that the absorbed and photo-emitted light originates from the
size dependent bandgap. Using PL, the bandgap, and impurity levels, and defects can be
probed. Therefore, PL is a suitable diagnostic tool to analyse the feasibility of Si-NCs
for optical, optoelectronic, and photovoltaic applications. In addition, size dependent
emission of Si-NCs could be used to determine the size distribution of small Si-NCs [11]
(Figure 1.16). However, not all the Si-NCs can be analyzed with PL as this diagnostic
tool requires Si-NCs with good optical properties, which makes sure the luminescence
is from the bandgap emission of Si-NCs, instead of defects [120]. In addition, large Si-
NCs, which are out of the confinement regime, cannot be probed with PL as they have
indirect band structure, which hampers the rate of radiative recombination. Needless to
say, the presence of a multimodal size distribution of small and large Si-NCs cannot be
recognized using PL.
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Analysis of the size distribution 
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Figure 1.16: Size distribution of small Si-NCs determined from the PL spectrum shown

in the inset. PL spectrum of small Si-NCs with an average size of∼4 nm exhibits a broad

peak in the visible spectrum centered about 780 nm.

Raman spectroscopy

Raman spectroscopy is a sophisticated technique for the analysis of the morphology and
size distribution of Si-NCs with a bimodal size distribution. Raman spectroscopy has
major advantages over XRD and TEM and PL: It is non-destructive if the laser power
is not too high, reliable, does not require optical quality, and able to probe the sub-
distributions in a multimodal phase. In addition to these advantages, we have observed
that Raman spectroscopy can also be employed as a surface characterization technique
via surface enhanced Raman scattering (SERS) analysis of a monolayer of Si-NCs.∗

Establishing Raman spectroscopy as a standard diagnostic tool for the analysis of size,
morphology, and surface chemistry was an important outcome of this thesis. In this
section, size analysis and surface characterization results will be separately treated.

Size analysis. Amorphous and crystalline features of silicon could be independently
detected and analyzed since a-Si and c-Si have their own characteristic phonon frequen-
cies. In addition, size related effects are not only observed by peak broadening, but
also detected by a shift to lower wavenumbers from the transverse optical (TO) phonon
mode of bulk silicon located at 521 cm-1, which is known as the phonon confinement
effect (PCM) [108, 121–123]. For Si-NCs, effects of phonon confinement are signifi-
cant if Si-NC size is smaller than 20 nm [108]. For larger Si-NCs, the peak position
remains unchanged at 521 cm-1. This brings a unique advantage to separately determine

∗The observation of SERS effect on Si-NCs has been conducted as a part of a three months visit at the group
of Prof. Tomohiro Nozaki, Department of Mechanical Sciences and Engineering, Tokyo Institute of Technology
(TITECH), Tokyo, Japan. The outcomes of this work is prepared for publication under the authorship of İlker
Doğan, Mauritius C. M. van de Sanden, Ryan Gresback and Tomohiro Nozaki.
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Figure 1.17: (a) Raman spectrum of Si-NCs with a bimodal size distribution. Inset

shows the size distribution of small Si-NCs determined after deconvoluting the Raman

spectrum using the analytical phonon confinement model demonstrated by Doğan et al.

[109]. (b) Comparison of the average size of small Si-NCs using various techniques.

the volume fraction and size distribution of small Si-NCs in a multimodal phase. We
have reported an analytical approach [109] based on one-particle phonon confinement
model [108] to realize direct detection of nanocrystal size distribution and volume frac-
tion by using Raman spectroscopy. For the analysis, the analytical confinement model
is projected onto a generic size distribution function, and then used as a fitting function
to extract the required parameters from the Raman spectra, i.e., mean size and skewness,
to plot the nanocrystal size distribution. Figure 1.17a demonstrates the Raman spectrum
of Si-NCs with a bimodal size distribution. In the inset, the size distribution of small
Si-NCs is demonstrated, which is determined after deconvoluting the measured Raman
spectrum. Figure 1.17b demonstrates that the results determined using Raman spec-
troscopy agree well with the one-particle phonon confinement model, TEM results and
PL results. The approach we propose can be applied to any nanocrystal system, which
exhibit size-dependent shifts in the Raman spectrum as a result of phonon confinement.
The details of the model and verification of the approach are discussed in Chapter 3.

Surface characterization. Surface enhanced Raman scattering (SERS) is widely used
for detection of single molecules and low concentration analytes which are impossible
to detect by conventional Raman scattering. SERS is observed on special enhancing
substrates which show plasmonic effects. Some of the widely used materials can be
listed as the thin films or nanostructures of Au [124–126], Ag [127–129], and Cu [130–
132]. In (SERS) resonances between optical fields and surface plasmons lead to strongly
enhanced Raman scattering signals of molecules in the vicinity of metal nanostructures
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[133–136]. SERS at extremely high enhancement level brings the effective Raman cross-
section to a level of fluorescence cross-sections and enables the measurement of Raman
spectra from single molecules [126, 137]. The Raman signal from the detected molecules
can theoretically be enhanced as high as 1014-1015 times. The experimental observations
show up to 105 times enhancement. Here we will deal with our observations on SERS
analysis of the surface properties of Si-NCs without delving into extensive discussions.

We observed enhanced Raman scattering signal from a monolayer of Si-NCs spin-
coated on a Ag/AgOx surface under an oxygen-free environment.∗ Experimental proce-
dure is demonstrated in Figure 1.18. Figure 1.19a demonstrates the SERS analysis results
of Si-NCs on bare glass substrate and on Ag/AgOx thin films. As seen from the Raman
spectrum of a monolayer of Si-NCs on glass substrates, no signal is detected during the
30 s of measurement. However, clearly distinguishing features are observed from the
Si-NCs on Ag/AgOx films. This result proves that the signal from unoxidized Si-NCs
are dramatically enhanced by the presence of Ag/AgOx films. Apart from the first, sec-
ond and third transverse optical (TO) modes of Si (observed at ∼521, ∼998, and ∼1598
cm-1, respectively), additional peaks are observed from SiClx (∼623 cm-1) [144, 145],
SiHx (∼788 and ∼2100 cm-1), SiOx (∼1185 cm-1), and O−Si−Hx (∼2330 cm-1) [146].
Since the interior of Si-NCs are mostly composed of Si atoms as a result of ion addi-
tion and subsequent abstraction reactions of hydrogen and chlorine during their growth
in the plasma, these observed peaks are most likely the fingerprints of surface chemistry
of unoxidized Si-NCs. A very similar spectrum is also observed from the FTIR analysis
(Figure 1.19b) of the Si-NC surface chemistry [91], concluding that these features are
from the surface bonding states. This enhancement most probably originates from the
plasmonic coupling between the rough Ag/AgOx films and Si-NC surfaces. Lower en-
hancements were also observed from Si-NCs on Ag films (not shown here). Higher level
of enhancement in the Ag/AgOx films is a result of increased surface roughness upon ox-
idation, which results in more efficient localization of the surface plasmon modes. SERS
signal intensity has been observed with a noticeable decrease for oxidized Si-NCs: first
and second are still visible, however, the peaks related to the surface features are disap-
peared. This observation is a result of the absence of plasmonic coupling between the
SERS template and Si-NCs as a result of the insulating oxidized layer grown on Si-NCs.

∗Ag is intentionally selected as the highest plasmonic enhancement under 514 nm wavelength excitation
(the wavelength of the Raman laser used in this experiment) is observed from Ag, rather than Au or Cu [138].
In the literature, preparation of Ag/AgOx SERS templates using various techniques have been reported. Such
techniques include lithographical preparation [139], photoreduction of silver salts [140], chemical preparation
of silver sols [141], electrochemical roughening of silver surfaces [142], and reactive sputtering of silver/silver
oxide thin films [143].
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Figure 1.18: (a) Si-NCs are synthesized in a ultra high frequency (UHF) non-thermal

plasma in an Ar/H2/SiCl4 gas mixture [91]. (b) Ag/AgOx SERS templates are produced

via a simple thermal evaporation process of Ag beads (Ag thin film thickness was 10 nm)

followed by air oxidation. This process represents a simple and reproducible preparation

method of a SERS template, yet with high surface enhancements. The quality of the pre-

pared SERS templates are verified using Rhodamine-6G (R6G) as a reference molecule

due to its high SERS activity. SERS signal of 10-7 M R6G spin-coated on Ag/AgOx

films to verify the enhancement of the Raman signal using this template. (c) Si-NCs with

average sizes ∼3-5 nm are first dispersed in a 1:20 benzonitrile/ethanol mixture forming

a well-dispersed suspension of Si-NC ink with a density of 1 mgSi-NC/ml. AFM im-

age demonstrates a monolayer of Si-NCs spin-coated on the substrate. For observing the

effect of Ag/AgOx coatings, Si-NCs are spin-coated also on bare glass substrates in the

same way. Samples are packed in air-proof quartz cuvettes for Raman measurements.

All the process steps are performed in an oxygen-free environment. To investigate the ef-

fect of oxidation on the SERS signal, SERS analysis of Si-NCs are also performed under

ambient conditions. For the Raman measurements, an Ar+ ion laser with a wavelength of

514 nm is used. The laser power during the measurement is set as 0.3 W/mm2, and the

measurement time is set as 30 s.
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A more detailed study dealing with Si-NC size and density on SERS substrates will be
conducted in order to understand the enhancement mechanism. With this observation,
we suggest that SERS could be used for surface chemistry analysis of unoxidized Si-
NC surfaces that will be of critical importance to the analysis of passivation effects on
nanocrystal surfaces.
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Figure 1.19: (a) Raman spectra of Si-NCs spin-coated on SERS substrates. Graphs

demonstrates a clear difference between the Si-NCs on glass substrates and spin-coated

substrates. The SERS signal decreases for TO modes of Si and completely disappears for

the surface modes upon oxidation of Si-NCs. (b) FTIR analysis of Si-NCs [91] demon-

strate the similarity of results between the Raman spectra and infrared spectra.

1.3 Relevance within the JSP

Joint Solar Programme (JSP) (program number FOM-I09) was kicked off in 2005 as an
eight year project with a budget of 7.2 million Euro’s, and partnered by Shell, Nuon,
HyET Solar, and CW. In its original description, the JSP has two objectives:
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• Creating prospects for new generations of PV cells with substantially improved
characteristics, by exploring new conversion principles, device concepts, and pro-
cessing methods;

• Achieving synergy and acceleration by involving new groups and disciplines in PV
related research.

The outcomes of this thesis will benefit on the aspects of introducing cost-effective pro-
cessing steps of high quality nanostructured materials by using innovative plasma pro-
cessing concepts. The ETP is shown to be a scalable plasma processing technique. This
is an important requirement in the scope of the JSP as the outcomes of this work can be
moved from lab-scale to large-scale. The ETP is also capable of enabling NC size con-
trol as a result of the novel approaches introduced in this thesis (Chapter 4 and Chapter
5). Produced Si-NCs will be mostly relevant for down-conversion concepts within the
context of the JSP, which enables possible manufacturing routes in which this concept
is integrated in semi-finished products, e.g. transparent substrates for second and third
generation solar cells.

Improved passivation routes of Si-NCs in the ETP using various molecular gasses
will probably pave the way on the improvement of the conversion efficiency beyond the
Shockley-Queisser limit using this Si-NCs. Observation of a MEG mechanism in the
as-synthesize Si-NCs (Figure 1.7) is an encouraging result for realizing the objectives
of JSP with this innovative work. High packing densities of synthesized Si-NCs can
effectively improve the conversion efficiency via SSQC mechanism, and this could be
feasibly done using the free-standing Si-NCs synthesized in this work. If further research
efforts becomes successful, it is possible to demonstrate these down-conversion films by
integrating them in second generation thin film solar cells.

Raman spectroscopy analysis based on the analytical phonon confinement model
[109] for measuring the Si-NC size distribution in a fast and reliable way will dramat-
ically reduce the efforts spent for process optimization to establish Si-NC size control.
Such kind of approaches applicable for experimentalists from various fields are urgently
needed for direct characterization of the nanocrystal size distribution. As Raman spec-
troscope is an easily accessible tool, our method can readily be used by researchers for
the analysis of the size distribution of any semiconductor nanocrystal system. Therefore,
the developed metrology in this work fits well within the first objective of JSP.
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1.4 General Conclusions

In this thesis, various aspects of plasma processing of free-standing Si-NCs in the ETP
are addressed. The observed phenomena in the context of this project spread over a wide
range from the growth of Si-NCs to the properties of plasma dynamics, and from the
plasma chemistry to the size analysis issues. All of these aspects are dealt with separately
in four main publication chapters and these chapters have their own conclusions. In
the last part of this section, we will reconsider the research questions and draw general
conclusions:

• Free-standing, spherically shaped Si-NCs are synthesized in the ETP with ultra-
high throughputs of 100 mg Si-NCs/min. The observed throughput is found to be
feasible for large-scale processing.

• Diagnostic results demonstrated that Si-NCs synthesized in the ETP have a bi-
modal size distribution, which is closely linked with the flow dynamics in the
plasma (Chapter 2): plasma expansion occurs in the form of a central beam and it
is surrounded by background recirculation cells. The residence times, and there-
fore the growth times of Si-NCs significantly differ from each other between these
zones. The residence times in the central beam is ≤10 ms that results in the for-
mation of small Si-NCs in the size range 2-10 nm, and the residence times in the
recirculation cells are over the range ∼0.1-0.5 s, which results in the growth of
Si-NCs up to size ranges 50-120 nm. Therefore, controlling the residence times,
or growth times of small and large Si-NCs is critical for obtaining a uniform size
distribution.

• Si-NC formation starts with the dissociation of SiH4 molecules by Ar+ ions, lead-
ing to formation of SiH+

n≤3 ions. These SiH+
n≤3 ions undergo polymerization re-

actions via addition of ions, radicals and molecules until small ionic clusters are
appeared in the plasma. When these ionic clusters reach sizes of ∼1-2 nm, they
are no longer considered as clusters, but stable nanoparticles. These nanoparticles
grow further from a few to tens of nanometers as long as the residence time in their
growth zone permits (Chapter 2).

• TEM results demonstrate that all small and large Si-NCs have monocrystalline
morphology, i.e., there are no defects in their morphologies, such as irregular
atomic arrangement, and inter-particle grain boundaries. Considering the tem-
peratures in the plasma (1500 K close to the injection ring and 400 K close to
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the substrate and walls), growth of large particles with monocrystalline morpholo-
gies cannot occur via complete coalescence, which requires much higher temper-
atures with respect to the downstream temperatures. However, during the growth
of Si-NCs addition of plasma species, and hydrogen abstraction reactions on the
nanocrystal surface can heat up the particle as a result of the released energy, and
sustain crystallinity during all the stages of growth. According to these observa-
tions, coagulation mechanism is a very unlikely process in the ETP and Si-NC
growth primarily occurs via nucleation and addition of plasma species (Chapter 2
and Chapter 4).

• Transportation of dissociated reactive species and growing Si-NCs are controlled
by convective flow and diffusional forces. Since there is no power coupled in
the downstream, the plasma has a low self bias with respect to RF plasmas, and
the role of the electric field force is insignificant. The transport characteristics of
ions and radicals are observed to be different in the downstream of the ETP. As
a result of their lower sticking probabilities and longer mean-free paths, radicals
have a higher chance to diffuse to outer regions than the ionic species. This is
confirmed by the ion flux measurements showing a localized ion density peak in
the central beam, which is up to two orders of magnitude higher than the ion flux
in the recirculation cells. Therefore, growth of small Si-NCs are dominated by the
ionic contribution, while the growth of large Si-NCs is mostly favored by addition
of radicals during their extended growth time in the recirculation cells (Chapter 5).

• Considering the plasma flow dynamics, nanocrystal growth mechanism and their
growth precursors, size control can be realized in three different ways: by varying
the ion and silane density, by varying the precursor injection time, and by modify-
ing the flow dynamics of the plasma such that the recirculation cells are terminated.
As a result of nucleation dominated growth, higher local densities of silane in the
downstream triggers a rapid nucleation phase resulting in the formation of ionic
cluster with higher number densities. If the precursor injection time is limited, or
time-modulated, the consumption of nucleating species will take shorter time in
parallel with the increased surface are of the ionic clusters, which in turn limits
their growth. Limited growth is also observed in large Si-NCs, i.e., their average
size can be decreased significantly (from ∼70 to ≤35 nm, see Chapter 4), by lim-
iting the precursor injection time. In addition, spatial confinement of the plasma
beam significantly reduces the mass transport to the recirculation cells by limiting
the diffusion, and hinders the formation of large Si-NCs. This application brings
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important advantages over post-size separation steps, which means loss of mate-
rial, since a significant amount of silane consumed for the growth of large Si-NCs
are used for the growth of small Si-NCs (Chapter 5). An idealized route for better
size control would be realized via an optimized combination of these mentioned
approaches.

• In this thesis, we demonstrated the extensive usage of Raman spectroscopy, not
only size analysis but also for understanding the fundamental phenomena respon-
sible for nanoparticle growth in the plasma (Chapter 3, Chapter 4 and Chapter 5).
For the size analysis, Raman spectroscopy is able to produce quantitative results
on the size distribution and volume fraction of small Si-NCs, which is realized by
using an analytical phonon confinement model−a model developed as a part of
this thesis (Chapter 2). This analytical model also applies for other semiconductor
nanocrystal systems that exhibit a size dependent shift in the Raman spectrum as
a result of the phonon confinement effect. The results are obtained from Raman
spectroscopy in a reliable, fast, and non-destructive way and show a good agree-
ment with the results obtained from TEM. In addition, it is possible to analyze
the surface chemistry of Si-NCs via SERS. These benefits imply that Raman spec-
troscopy has the potential to become a standard diagnostic tool for the analysis of
size distribution and surface chemistry of Si-NCs.
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Abstract

We demonstrate a method for synthesizing free standing silicon nanocrystals in an ar-
gon/silane gas mixture by using a remote expanding thermal plasma. Transmission elec-
tron microscopy and Raman spectroscopy measurements reveal that the distribution has
a bimodal shape consisting of two distinct groups of small and large silicon nanocrystals
with sizes in the range 2-10 nm and 50-120 nm, respectively. We also observe that both
size distributions are lognormal which is linked with the growth time and transport of
nanocrystals in the plasma. Average size control is achieved by tuning the silane flow
injected into the vessel. Analyses on morphological features show that nanocrystals are
monocrystalline and spherically shaped. These results imply that formation of silicon
nanocrystals are based on nucleation, i.e. these large nanocrystals are not the result of
coalescence of small nanocrystals. Photoluminescence measurements show that silicon
nanocrystals exhibit a broad emission in the visible region peaked at 725 nm. Nanocrys-
tals are produced with ultrahigh throughput of about 100 mg/min and have state of the
art properties, such as controlled size distribution, easy handling and room temperature
visible photoluminescence.
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2.1 Introduction

In recent years, prominent features of silicon nanocrystals (Si-NCs) like size-dependent
optical and electrical properties, and increased surface reactivity were discovered. Ow-
ing to these findings, Si-NCs became not only scientifically interesting but also promis-
ing materials for novel applications. For instance, Si-NCs can potentially be used as
tunable light emitters in light emitting devices [1], charge storage elements in high ca-
pacity Li-ion batteries [2] and non-volatile memories [3], and spectrum converters in next
generation solar cells for higher efficiency [4]. In the context of future applications with
Si-NCs, realizing efficient and reliable devices by using scalable and low-cost techniques
is of critical importance. Therefore, main research challenges of Si-NC synthesis are size
control, surface engineering, easy handling, and high throughput processing.

In the literature, several Si-NC synthesis methods have been reported. Sputtering is
convenient for synthesizing size controlled and luminescent Si-NCs [5, 6]. A drawback
of this technique is the low processing rate, hampering large scale applications of Si-
NCs using this technology. Formation of Si-NCs is only favorable with intensive heat
treatments. Moreover, Si-NCs are embedded in a matrix and handling of nanocrystals
is difficult. Ion implantation is another method for synthesizing Si-NCs [7, 8]. In this
technique, the projected range of implanted ions has a dispersed density profile. During
annealing, therefore, a size distribution of Si-NCs is obtained. Similar to the sputtering,
the processing rate is low and handling of Si-NCs is not feasible. Apart from these tech-
niques, a variety of chemical solution-based production methods of Si-NCs have been
reported in the literature. Such Si-NC synthesis techniques include using inverse mi-
celles as reaction vessels [9], reduction of silicon halides [10] and thermal degradation of
phenyl-silane groups at high temperatures and pressures [11]. These techniques produce
free standing Si-NCs. However, most of these techniques require multiple production
steps and have low yields. Somewhere in between the physical and chemical process-
ing techniques are gas phase or plasma based synthesis techniques. Gas phase synthesis
of Si-NCs by means of high power infrared laser pyrolysis produces free standing Si-
NCs with better size control and relatively higher throughputs [12]. Yet, manipulation
of Si-NCs could be a problem as nanocrystals coagulate strongly. This can detrimentally
affect the unique properties of produced Si-NCs. Therefore utilizing this technique, an
etching route for separation of coagulated nanocrystals might be necessary [13]. In con-
trast, using plasmas for production of silicon nanocrystals has many advantages. Plasmas
offer more flexibility on size control and surface passivation during synthesis. Particle
charging in the plasma inhibits strong coagulation of synthesized Si-NCs and enables
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easy handling. Non-thermal plasmas are reported as being suitable for synthesizing free
standing Si-NCs by using various precursors [14, 15]. Moreover, in situ passivation of
Si-NCs with chlorine [14] and hydrogen [15, 16], and in situ etching [17] is possible.
When compared to the techniques mentioned above, non-thermal plasmas have higher
deposition rates with better size control and could be considered as a next step in the
context of large scale production. However, achieving the required throughputs for in-
dustrial applications is still a problem due to scalability issues of that non-thermal plasma
technology in view of the usual low gas flow used. Thus, a higher throughput, with better
compatibility of the processing tool to industry, is necessary.

A suitable and scalable plasma technique is the remote expanding thermal plasma
(ETP). ETP is a remote plasma in the sense that plasma production, plasma transport
and surface treatment regions are geometrically separated [18]. Consequently, down-
stream properties, in the region where plasma transport and Si-NC formation take place,
have no influence on the upstream plasma production region. This enables independent
variation of processing parameters (i.e., pressure, plasma power, substrate conditioning),
thus simplifying optimization of the quality and processing rate of the material to be
synthesized. Apart from that, utilizing high power and high feed gas flows injected into
downstream promote high throughput processing of silicon based thin films. Solar grade
hydrogenated amorphous silicon (a-Si:H) [19] and silicon nitride (a-SiNx:H) [20] thin
films have been reported at deposition rates up to 10 nm/s in the optimized parameter
regime. In addition to silicon based thin films, realization of silicon based nanomaterials
by using the ETP is possible. In particular, higher densities of silane related species can
initiate gas phase polymerization reaction sequences realizing formation of small molec-
ular clusters. Within the residence time of the plasma, these clusters can reach significant
sizes.

Inspired by this idea, we realize the use of the ETP for producing free standing Si-
NCs in an argon plasma with various downstream injected flow rates of silane. Formation
of primary ionic silicon clusters is favored by means of silane polymerization reactions in
which recombining interactions of ions, neutrals and silane molecules are involved [21].
Primary ionic silicon clusters that reach a critical stable size and number density in the
plasma grow further via nucleation [22]. The required high temperature for crystalliza-
tion during the growth is reached by means of growth reactions and ion recombination
on the nanocrystal surface [23], and hydrogen-hydrogen association since the removal
of surface hydrogen atoms by the atomic hydrogen is an important heating mechanism
[24]. The final size of Si-NCs is determined by the time in the plasma during which the
nucleation takes place [25]. Indeed, we find an ultrahigh processing rate of Si-NCs under
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optimum parameter regime about 100 mg/min. Synthesized Si-NCs have a bimodal size
distribution that suggests the presence of two distinct residence times in different plasma
regions. Apart from that, observed size distributions are lognormal. As we will demon-
strate, no evidence is found for coalescence of smaller nanocrystals into larger particles
as large particles have monocrystalline morphology. Size distribution of small Si-NCs
are controlled by tuning the silane flow rate.

This paper reports the formation mechanism and material properties of Si-NCs syn-
thesized in argon/silane gas mixtures by using the ETP. The second section is devoted to a
molecular level description on the formation mechanism of Si-NCs. In the third section,
the experimental details are provided. In the results section, we show the morphological
properties and size distribution of Si-NCs acquired by using X-ray diffraction (XRD),
transmission electron microscopy (TEM), Raman spectroscopy (RS) and photolumines-
cence spectroscopy (PL). Finally, important aspects, advantages, and challenges of this
technology are summarized.

2.2 Formation of Si-NCs in ETP

Formation of nano-sized silicon particles is observed and extensively studied in various
plasmas [14, 15, 26–29]. In addition to silicon, nanoparticles of germanium [30], sili-
con carbide, and carbon [31] can be synthesized in plasmas depending on the feed gases
used. Up to now several models are developed to describe the growth mechanism of
nanoparticles [32–35]. All these models have in common that nanoparticle growth starts
with initial polymerization reactions, induced by radicals or ions, leading to formation
of primary ionic clusters. Growth of particles is favorable when the primary ionic cluster
reaches a critical size of about 1-2 nm [29]. After reaching the critical size, the prob-
ability of reactive gas phase species nucleating on the cluster surface becomes higher
than the probability of diffusion losses [36]. Eventually, rapid nucleation and agglom-
eration takes place leading to formation of particles with sizes from a few to hundreds
of nanometers as long as the residence time for growth reactions permits [25]. Depend-
ing on the plasma technique used, these clusters can be neutral or positively/negatively
charged during the growth. Once the particles are formed, they are influenced by vari-
ous forces in the plasma, such as the electric field force, ion and neutral drag force, and
thermophoretic force, potentially providing longer residence times than provided by feed
gas flow and pumping speed. A particular example of this latter effect is the confinement
of negatively charged particles in RF capacitively coupled plasmas [27]. Similar longer
residence times of particles can be provided by confined recirculation cells in plasma
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chemical reactors [37].
Before discussing the particular plasma chemistry of Si-NC formation in the ETP,

the flow pattern inside the reactor needs to be briefly discussed. In Figure 2.1 the ETP
reactor is schematically shown. An argon plasma, having temperatures of around 1 eV
and an ionization degree of about 10%, is generated inside a cascaded arc at subatmo-
spheric pressures. The overall 2D flow simulation of the plasma is also shown in Figure
2.1. To obtain the picture of the flow, Navier-Stokes equations are numerically solved
with no slip boundary conditions at the walls [37], a parallel flow with parabolic velocity
distribution with U0 =900 m/s at the arc exit, i.e. where the argon gas enters the vessel.
This plasma expands supersonically into a low pressure vessel, where after a station-
ary shock front located 3 cm in front of the nozzle [37], it expands further subsonically
towards a temperature controlled substrate. Due to the finite pumping capacity, recircu-
lation cells are formed in the background of the plasma beam. It should be noted that this
flow geometry of the ETP and its remote character result in a flow dynamics in which the
residence time in the plasma beam τbeam is relatively short (the residence time within the
plasma beam depends on the axial velocity and the distance between the plasma source
and substrate) and the residence time in the recirculation cells is τrecirc relatively long.
As the recirculation cells consist of closed stream lines [37], transport between regions
of open stream lines (which end at the pumps and which encompass the plasma beam)
and closed stream lines occurs by diffusion. This results in much longer residence times
of particles in the recirculation cells than the overall residence time τres calculated based
on basis of the injected total flow, reactor volume, and pumping capacity. The following
scaling holds:

τbeam � τres < τrecirc, (2.1)

where τbeam≤10 ms and τrecirc∼0.1-0.5 s as determined from mass spectroscopy mea-
surements [38].

Previous studies on the ETP have demonstrated the observation of small ionic Si
clusters in a configuration where the arc operated in a pure argon/hydrogen plasma and
silane gas was injected in the expanding beam in the downstream region [21, 39]. Mass
spectroscopy experiments in silane/argon/hydrogen plasmas have demonstrated the pres-
ence of hydrogen-poor cationic clusters up to ten silicon atoms, limited by the range of
the mass spectrometer.

In this work, we use an argon/silane plasma for synthesizing Si-NCs. Due to the
remote feature of the expanding DC plasma, the electron temperature is relatively low
(Te∼0.1-0.3 eV) in the downstream region, and therefore, the plasma chemistry is ruled
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Figure 2.1: The expanding thermal plasma, which is used for synthesizing Si-NCs. Two

dimensional velocity simulation of the pure argon plasma expansion is also shown (bot-

tom half of the image). The plasma expands in the form of a beam surrounded by recir-

culation cells as evidenced from closed stream lines.

by Ar + ions that are produced in the cascaded arc. Produced Ar + ions initiate dissociative
charge exchange reactions with silane molecules leading to the formation of SiH +

n (n≤3)
ions

Ar+ + SiH4 −−→ SiH +
n + lH + mH2 + Ar, (2.2)

with n≤3 and l+2m+n=4. The rate of this reaction is on the order of k∼10-16 m3s-1 [38].
The molecular ion formed in Equation 2.2 can further react with an electron by means of
a dissociative recombination reaction

SiH +
n + e− −−→ SiHp + lH + mH2, (2.3)

with n≤3, p≤2, and n=l+p+2m. The rate of dissociative recombination shown in Equa-
tion 2.3 depends on the electron temperature (k∼10-13T -1/2

e m3s-1, Te in eV) [24] and for
the ETP downstream, the rate is in the range of 1.5-3.0×10-13 m3s-1. The radicals formed
in this way can undergo further polymerization reactions with silane to form polysilanes,
e.g.,
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SiH2 + SiH4 −−→ Si2H ∗6 −−→ Si2H5 + H, (2.4)

and eventually larger clusters. The rate is 4.6×10-16m3s-1 for this reaction [24]. An-
other pathway of the molecular ions formed in Equation 2.2 is to react with silane (or
the polysilane clusters formed) in an associative charge exchange reaction with a rate
of k∼6.0×10-16 m3s-1 [24], leading to formation of polysilanes ions via ion-molecule
reactions, e.g. for SiH +

3

SiH +
3 + SiH4 −−→ Si2H +

5 + H2 (2.5)

with the general form

SinH +
2n+1 + SiH4 −−→ Sin+1H +

p + lH + mH2 (2.6)

where 2n+5=l+2m+p. Since the rate of dissociative recombination is three orders of
magnitude faster than ion-molecule reaction rate, the radical pathway is dominant until
the electron density is quenched to values where the electron to ion density ratio is ap-
proximately greater than 10-3. After this point the ion-molecule route becomes dominant.

In both of these radical and ion assisted routes, addition of further species drives the
polymerization process. As a result, first ionic clusters with a few silicon atoms appear in
the plasma. When approximately 30 silicon atoms have come together to form a cluster,
the critical size (∼1 nm) is reached. Considering the partial silane pressures used in this
work with respect to our previous work [38] this is easily achieved in times much shorter
than the residence time in the plasma beam. Ionic clusters larger than the critical size
can be considered as stable Si-NCs as they survive in the plasma and grow further via
vapor growth, i.e., nucleation of silane molecules and radicals on the cluster. During
nucleation, the abundant atomic hydrogen produced in the plasma (atomic hydrogen in
Equations 2.2 and 2.3) can undergo hydrogen abstraction reactions with SinHm radicals
and SinH +

m ions

H + SinHm −−→ SinHm−1 + H2, (2.7)

H + SinH +
m −−→ SinH +

m−1 + H2. (2.8)

As these are exothermic interactions [40], the heat released from these reactions can
be considered as an important crystallization mechanism of silicon nanoparticles during
growth [24]. Other possible crystallization mechanisms are the excess energy released
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by the collisional stabilization of excited SinH *
m species (Equation 2.4) and ion recombi-

nation on the nanocrystal surface [23].

In the early stages of nucleation (particle sizes ∼1-2 nm), most of the particles are
found to be neutral [41] or even positively charged [21, 38] due to the Ar+ ion induced
chemistry. Because of this reason, the electric field force has a minor effect on the trans-
port of particles in the plasma. Therefore, in the ETP, the main force acting on Si-NCs
is by means of the flow field, i.e., in the downstream region, Si-NCs follow the trajecto-
ries dictated by the drag force. For Si-NCs diffused into recirculation cells the motion is
driven by the centrifugal force where the flow field dictates a closed loop. As a matter
of fact, the influence of flow fields overtakes the weak repulsive forces between oppo-
sitely charged Si-NCs preventing sticking and coagulation. Thus, particle growth domi-
nantly proceeds via nucleation. The absence of any grain boundaries in large Si-NCs as
observed from HRTEM images is an evidence for the fact that large Si-NCs are not the
result of coagulation of smaller Si-NCs but that each Si-NC is the result of crystal growth
upon a nucleation event starting from a primary core cluster. As expected, the charac-
teristic shape of the final size distribution of nanocrystals is influenced by the transport
of species and nanoparticles in the plasma. According to a particle nucleation model
[25], in systems where particles are transported through a finite-length growth zone by
means of diffusion and drag, a lognormal particle size distribution should be expected.
In this model the origin of the lognormal distribution is explained based on the nucle-
ation event during particle growth. Lognormal distributions of metal and semiconduc-
tor nanoparticles are experimentally observed in various nanoparticle synthesis methods
[42, 43]. Analyses on size distributions of Si-NCs synthesized in the ETP demonstrate
that, Si-NCs formed in the central beam and in the recirculation cells have lognormal
size distributions. Moreover, the observation of a single crystalline morphology of Si-
NCs correlates well with the theory in which the particle formation mechanism is based
only on nucleation [25].

2.3 Experiment

The expanding thermal plasma consists of two main parts as shown in Figure 2.1: a cas-
caded arc for generating the thermal plasma, and a cylindrical low pressure downstream
vessel for synthesizing and depositing Si-NCs. Three cathodes are used for igniting the
plasma in the arc channel which has a diameter of 4 mm. The structure of the arc is a
combination of water cooled, electrically floating copper plates. Argon gas is introduced
into the arc at a fixed flow rate of 20 sccs (standard cubic centimeters per second). The
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Table 2.1: Setup parameters for the expanding thermal plasma

Parameter Processing Values

Ar flow 20 sccs
SiH4 flow 1-10 sccs
Arc current 45 A
Arc voltage 30-40 V
Arc pressure 0.1-0.2 bar
Vessel pressure 1.0 mbar
Substrate temperature 25 ◦C
Process time 5 s

DC discharge is controlled by means of the current level and is held at 45 A during ex-
periments. The voltage on each cathode is in the range of 30-40 V, leading to plasma
powers in the range 1.3-1.8 kW. The pressure in the arc is in the range of 150-200 mbar.
The thermal plasma generated in the arc channel has an electron and gas temperature of
about 1 eV [44] and an electron density of ne ∼1022 m-3 [38]. The downstream deposition
chamber is pumped down to a pressure of 1 mbar. The plasma density in the downstream
is about 1021-1022 m-3 [45]. Silane is introduced as the reactive gas by means of an in-
jection ring, which is placed in the subsonic region, 5 cm in front of the nozzle exit. The
injection ring has a diameter of 8 cm and has eight holes each 1 mm in diameter. Silane
flow is varied in the range 1-10 sccs. The gas temperature at the injection point is about
1500 K and decreases rapidly to 400 K in the vicinity of substrate and in recirculation
cells [37]. Si (100) wafers and plexiglass substrates are transferred into the deposition
vessel from a load lock by means of a magnetic arm. The substrate holder is protected by
a shutter during the startup of the plasma. The distance from the nozzle to the substrate
holder is 40 cm. A list of setup parameters is given in Table 2.1.

X-ray diffraction data are obtained by a diffractometer using Cu Kα radiation. 2θ
scans are recorded in the range 20-60◦ for observation of the morphology of Si-NCs.
The (111) diffraction peak of crystalline silicon is analyzed for average nanocrystal size
estimation. Transmission electron microscopy is performed after transferring the de-
posited material to holey carbon films. Beam intensities at 300 kV accelerating voltage
are chosen sufficiently low in order to prevent any electron-beam related artifacts on Si-
NCs. Raman spectroscopy measurements are done with a 514 nm laser. The step size of
the measurement is 1.7 cm-1. The laser power during the measurements is fixed at 0.3
W/mm2 with a spot size of approximately 400 µm2. This laser power is sufficiently lower
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Figure 2.2: Image of as-deposited Si-NCs on a four inch substrate. Three main regions

are recognized: a central part, a ring part and an outer part. This pattern is imposed by the

flow field in the downstream region which affects the transport of Si-NCs. Nanocrystals

are deposited on the whole substrate surface, however, because of its well defined shape

the central part is analyzed for nanocrystal properties and for comparison of the data.

than the threshold power for Fano broadening [46], which is an artificial broadening and
shift observed in the Raman spectrum of Si-NCs as a result of laser induced heating.
By means of a power series experiment, it is also verified that the selected laser power
does not induce any artificial shift and broadening in the Raman spectrum of Si-NCs.
Observed Raman spectra are deconvoluted for estimation of the nanocrystal size distri-
bution by using Lorentz and lognormal fitting functions. PL measurements are done by
illuminating the samples using a 334 nm Ar laser with continuous mode. Luminescence
is detected with a UV-grade fiber, connected to a spectrometer, coupled to a nitrogen
cooled CCD.

The processing rate of synthesized Si-NCs defined as weight/time is obtained by
measuring the weight of the deposits after the deposition. The processing rate of Si-NCs
are measured about 100 mg/min for various silane flow rates injected downstream. Figure
2.2 shows an image of the deposited Si-NCs on a four inch Si (100) wafer indicating
three different deposition areas namely, central, ring and outer regions. This pattern of
deposition is closely related to the flow of Si-NCs in different plasma regions. The yellow
colored ring-like feature with eight edges is a result of the trajectory of the injected
silane from the injection ring. The central and outer parts are the deposits under the
influence of the plasma beam and recirculation zones, respectively. Since Si-NCs with
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Figure 2.3: XRD spectra of Si-NCs as a function of silane flow rate. Three diffrac-

tion peaks are observed corresponding to the Si (111), (220) and (311) reflections. The

absence of a background signal is an indication of good crystallinity.

different sizes diffuse randomly between the reactor regions, nanocrystals are expected
to have a mixed size distribution for every position on the substrate. Therefore, in all of
the measurements, only data from the central parts are compared for better consistency
unless otherwise indicated.

2.4 Results and Discussion

2.4.1 X-Ray Diffraction

XRD is used for obtaining information about the morphology, i.e. the crystallinity and
average size of Si-NCs synthesized in the ETP. XRD spectra of Si-NCs as a function
of silane flow rate are demonstrated in Figure 2.3. From the spectra, three diffraction
peaks corresponding to Si (111), (220) and (311) crystal planes are observed at diffrac-
tion angles 28.4◦, 47.3◦ and 56.2◦, respectively. The spectra do not show any amorphous
feature as noticed from the flat background signal. The increase of XRD intensity with
silane flow under identical measurement conditions is a sign of an increased amount of
deposited material. Apart from that, observed (111) peaks of Si-NCs at 28.4◦ indicate
that Si-NCs are under minimal tensile strain as 2θ=28.4◦ is the Si (111) peak in un-
strained polycrystalline Si [47]. Strain free feature of Si-NCs produced in the ETP is
most probably related with the absence of a solid host matrix which can induce strain as
a result of lattice mismatch. Figure 2.4(a) shows Si (111) diffraction peaks analyzed for
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Figure 2.4: Si(111) diffraction peaks as a function of silane flow rate. The FWHM of

the peaks is used for calculation of the average crystallite size (a). Average crystallite

size as a function of silane flow rate as determined by using Scherrer’s formula (b).

average size estimation of Si-NCs by using the Pseudo-Voigt fitting function. The av-
erage crystal size is calculated using Scherrer’s formula [48], posing that the diffraction
peak width is inversely proportional to the crystal size

D =
Kλ

β(2θ) cos θ
. (2.9)

In Equation 2.9, D is the average crystal size, K is the Scherrer constant (∼0.9 for
spherical nanoparticles), λ is the wavelength of the X-ray (1.54 Å for Cu Kα), β(2θ) is
the FWHM in radians and θ is the position of the diffraction peak. The average crystallite
size of Si-NCs varies in the range of 35-60 nm, as shown in Figure 2.4(b). Here, lack
of a clear trend in size with silane flow rate should be interpreted carefully. First of all,
the calculated crystal sizes correspond to the average size distribution of Si-NCs and
no information can be obtained about the sub-distributions. Second, the characteristic
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Figure 2.5: TEM images of Si-NCs displaying a bimodal size distribution of free stand-

ing, spherical Si-NCs. Green color: small Si-NCs. Brown color: large Si-NCs. Colors

do not mention a scale (a). Small Si-NCs with sizes of about 4 nm (b) and 10 nm (c).

Detail from a large Si-NC with a size of about ∼80 nm with a fast Fourier transform

(FFT) image (inset) demonstrating its crystalline morphology (d). All images are taken

from a sample synthesized with 4 sccs silane flow rate.

lognormal shape of the sub-distributions cannot be probed. Thus, although providing
valuable information on the crystallinity of Si-NCs, XRD is insufficient for facilitating a
detailed size analysis of nanocrystals with a multimodal size distribution. In this case, a
more sensitive technique for analyzing the size distribution is needed.

2.4.2 Transmission Electron Microscopy

For getting more information on the size distribution, shape and arrangement of Si-NCs,
TEM is used. Figure 2.5 shows a series of TEM images of the sample deposited with
4 sccs silane flow rate. The image shown in Figure 2.5(a) depicts a random mixture of
Si-NCs. With Figure 2.5(a) we draw attention to three important points. First of all, most
of the Si-NCs visible in the image are spherically shaped and have a monocrystalline
morphology. Second, Si-NCs are observed as free standing. Third, Si-NCs do not have
one distinct size. In fact, there is a bimodal size distribution. In other words, Si-NCs are
divided into two main groups with respect to their size. The first group is composed of
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small Si-NCs with sizes in the range of 2-10 nm and the second group consists of larger
Si-NCs with sizes in the range of 50-120 nm. HRTEM images of Si-NCs are acquired to
obtain more detailed information about their crystallinity. Figure 2.5(b) shows a group
of small Si-NCs with sizes of about 4 nm while Figures 2.5(c) and 2.5(d) show individ-
ual Si-NCs with sizes of about 10 nm and 80 nm, respectively. It should be noted that
all images show defect-free Si crystal lattices without any dislocations or grain bound-
aries, implying a uniform and monocrystalline character of all Si-NCs. This observation
shows that particle growth occurs by means of nucleation instead of coagulation. The
monocrystalline particle morphology also suggests that sufficient heat is available for
heating the particles up to crystallization temperatures. As discussed above, the heat is
most probably provided by abstraction and adsorption reactions of silane molecules and
hydrogen radicals.

Figure 2.6: Statistical size distribution of Si-NCs deposited with 4 sccs SiH4 flow, based

on the size measurements performed using TEM images. Approximately 200 Si-NCs are

counted for generating the image.

The Si-NC size distribution is investigated in more detail by statistical size distri-
bution studies. Figure 2.6 plots the variation of Si-NC sizes in terms of count frequency
obtained from TEM images (approximately 200 NCs are counted from the sample shown
in Figure 2.5(a)). The measurements show the bimodal size distribution of Si-NCs. An
interesting feature of Figure 2.6 is that the size distribution of small Si-NCs is narrow
and mostly in the range 4-5 nm. In contrast, a wider size distribution of large Si-NCs
is obtained from 50 to 120 nm. Remarkably, the size distribution of small and large Si-
NCs exhibit a lognormal behavior suggesting that these nanocrystals are influenced by
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diffusion and drag forces during nucleation [25]. An important point to note here is the
difficulty of accurately measuring the diameter of the smaller Si-NCs. Resolving small
Si-NC is a challenging task since all analyzed samples are densely populated and most of
the small Si-NCs are found as large groups attached together and/or attached on the large
Si-NCs. For this reason, only the small Si-NCs that could be imaged separately are used
in the analysis. This leads to an underestimation of the relative number of small Si-NCs.
However, the result shown in Figure 2.6 provides useful information about the behavior
of the size distribution in the deposited samples.

Figure 2.7: Normalized Raman spectra of Si-NCs for various SiH4 flow rates. Inset:

Wide-range spectra from 400 to 550 cm-1 demonstrating the absence of amorphous fea-

tures. Plexiglass substrates are used in this experiment to make sure that the observed

signal is purely from the deposited material.

2.4.3 Raman Spectroscopy

A sophisticated technique for the analysis of the morphology and size distribution of
Si-NCs is Raman spectroscopy. RS has major advantages over XRD and TEM. First of
all, amorphous and crystalline features of silicon could be independently detected and
analyzed since a-Si and c-Si have their own characteristic phonon frequencies. Second,
size related effects are not only observed by peak broadening, but also detected by a shift
to lower wavenumbers from the transverse optical (TO) phonon mode of bulk silicon
located at 521 cm-1. This effect is known as the phonon confinement effect, which de-
scribes the confinement of phonons in the grain boundaries due to reduced size [49–52].
For Si-NCs, effects of phonon confinement are generally significant when the size of the
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nanocrystal is smaller than 20 nm [52]. For larger Si-NCs, the peak position remains
unchanged at 521 cm-1, however a negligible broadening of the TO mode is observed
with respect to the natural Lorentzian line shape of bulk silicon. Figure 2.7 demonstrates
the normalized Raman spectra of Si-NCs as a function of silane flow rate. The inset
shows wide-scan spectra. The presence of strong TO phonon modes and the absence
of amorphous silicon related modes, i.e. a broad peak centered at 480 cm-1, indicate
that the synthesized material is predominantly crystalline. From the spectra, a clear shift
to lower wavenumbers and a broadening of the Raman peak with increased asymmetry
is observed with increasing silane flow rate. Moreover, the high frequency tails of the
phonon peaks do not depart significantly from its actual position while the low frequency
tails shift significantly. This observation is consistent with the presence of a bimodal size
distribution since the distribution of small Si-NCs exhibits a shift to lower wavenumbers
while large Si-NCs are still present in the mixture. Therefore, contributions from small
and large Si-NCs can be estimated by deconvolution of the observed spectra. Figure
2.8(a) shows the deconvoluted spectrum of Si-NCs synthesized with 4 sccs silane flow
rate. The distribution of large Si-NCs is defined by a Lorentzian peak located at 521 cm-1.
Since we observe a lognormal size distribution from statistical studies, the remaining part
of the spectrum is defined by a phonon confinement model, which involves a lognormal
distribution function for representing the size distribution of small Si-NCs [49]. The
asymmetry of the lognormal shape is a result of size distribution and the maximum of the
peak corresponds to the peak size. The shift of the peak position from the bulk silicon
TO phonon mode is used to estimate the average size of small Si-NCs by using the size
related shift formula [49]

∆(ω) =
120.8

a
D + 0.53

×
( a

D

)2
, (2.10)

which is the analytic version of the phonon confinement model defined by Faraci et al

[52]. In Equation 2.10 ∆(ω)(D) is the average shift of the peak position, D is the peak
nanocrystal size and a is the lattice constant (aSi=0.543 nm). Figure 2.8(b) depicts the
shift in the peak position and the peak size (inset) of small Si-NCs as a function of silane
flow rate estimated after deconvolution of the raw data. As shown in this figure, the
average sizes of small Si-NCs decrease from 5.4 to 3.8 nm with silane flow rate. For the
flow rate of 4 sccs, the peak Si-NC size is estimated about 4.0 nm. This result is in close
agreement with the average size estimated from TEM analyses. The volume fraction of
small Si-NCs is estimated from the ratio of deconvoluted peak areas assigned to small and
large Si-NCs. For Si-NCs synthesized with 4 sccs silane flow rate the volume fraction is
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estimated as 60%, and in general it is found to increase from 13% to 63% with silane flow
rate. A comprehensive analysis of nanocrystal properties by using Raman spectroscopy
will be reported in an upcoming article.

Figure 2.8: A deconvoluted Raman spectrum of Si-NCs demonstrating separate contri-

butions from small and large nanocrystals. The sample deposited with 4 sccs silane flow

rate is shown (a). Figure (b) shows the peak shift and peak size (inset) of small Si-NCs

as a function of silane flow rate. Inset data are plotted according to the analytical for-

mula [49] based on the phonon confinement model [52]. Peak deconvolution routes are

performed in the same way as shown in (a).

2.4.4 Photoluminescence Spectroscopy

Photoluminescence spectroscopy is employed for further investigation of the size distri-
bution and optical properties of Si-NCs. Size dependent luminescence from Si-NCs is
observed when NCs are scaled-down to a size regime comparable to the exciton-Bohr
radius (rSi∼4.9 nm) [12, 53, 54]. Figure 2.9 presents PL spectra of Si-NCs synthesized
with 4 sccs silane flow rate. The spectra are measured at multiple points from the central,
ring and outer regions (see Experiment section for detailed information) of the sample.
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Figure 2.9: PL spectra of small Si-NCs measured from various parts of the sample

deposited with 4 sccs silane flow rate.

As shown in Figure 2.9, Si-NCs from different regions exhibit similar luminescence fea-
tures in the visible region of the spectrum centered at 725 nm. The observed emission
originates only from small Si-NCs. Large Si-NCs do not exhibit luminescence because
of their lowered external quantum efficiency. In other words, large Si-NCs absorb sig-
nificant amount of the excitation as a result of their large cross section however, they
release the absorbed energy in non-radiative ways, i.e. in the form of heat. The presence
of large Si-NCs in the deposits does not modify the characteristic shape of the emission.
However, it reduces the actual PL intensity originated from small Si-NCs because of re-
absorption of the emitted luminescence. The size distribution as a function of band gap
energy is defined as [55]

E(D) = Eg,Si +
3.73
D1.39 , (2.11)

where Eg,Si is the band gap energy of bulk silicon crystal (1.1 eV), D is the average size of
Si-NCs and E(D) is the size dependent band gap energy. The estimated size distributions
from the different positions on the substrate are similar. Figure 2.10 shows that the PL
size distribution has a similar trend with TEM size distribution at smaller sizes. The
observed deviation with increased size could be due to weakened confinement within the
larger NCs and/or due to the defects that quench the luminescence from larger Si-NCs.
Another possible reason for the observation of this deviation in the size distribution is the
formation of an oxide shell on the surface of Si-NCs, which results in a decrease in the
size of Si-NCs.
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Figure 2.10: Comparison of PL size distribution and TEM statistical size distribution for

the sample deposited with 4 sccs silane flow rate.

2.4.5 Discussion

In the introduction, it is mentioned that establishing a production technique that can reach
scalable throughputs of Si-NCs with controlled material properties is essential for real-
ization of devices based on Si-NCs. Our findings confirm that Si-NCs can be produced
with ultrahigh throughputs by using a remote expanding thermal plasma technique. It is
important to note that synthesized Si-NCs are free standing and it is possible to control
the peak size of small Si-NCs by varying the silane flow rate. The results obtained from
XRD, TEM, RS and PL analyses suggest that small Si-NCs synthesized in the ETP have
similar optical and morphological properties with respect to the Si-NCs synthesized in
other techniques that provide good control on the material properties, however with lower
throughputs [14, 15]. Observation of the bimodal size distribution is related with the sig-
nificant differences in the residence times found in the plasma regions concluding that
small and large Si-NCs are synthesized in the central beam and recirculation cells, respec-
tively. Moreover, as a result of diffusion and drag forces in both of these plasma regions,
a lognormal size distribution is observed for small and large Si-NCs. TEM images show
the presence of significantly larger Si-NCs with monocrystalline morphology implying
that they are not the result of coalescence of smaller Si-NCs, i.e., large Si-NCs are formed
from primary core clusters by means of nucleation of plasma species. If coalescence is
considered as a possible formation mechanism for large Si-NCs, the coalescence of large
particles (tens of nanometers) into larger particles (hundreds of nanometers) should be
taken into account as well as the coalescence of small particles. In this case, inter-particle
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grain boundaries should be observed in the large Si-NCs as the recirculation cells do not
have sufficient heat for triggering large particle coalescence. However, TEM images
in Figure 2.5 demonstrate that this is not the case for large Si-NCs, i.e., large Si-NCs
have monocrystalline morphology. On the other hand, small Si-NCs synthesized in the
central beam are observed as dendritic groups suggesting that the collision rate is faster
than a possible coagulation rate, leaving the nucleation as the most favorable formation
mechanism for Si-NCs. These observations are noteworthy in the sense that the par-
ticle formation in our system (and possibly in the systems where particle formation is
strongly governed by drift and diffusion in a finite growth regime [25]) does not follow
the commonly believed nucleation, agglomeration, coagulation.

According to the indications of Raman spectroscopy, there is an inverse relation be-
tween the silane flow and the average size of small Si-NCs. Higher silane densities in
the plasma beam increases the population of critical-sized clusters and promotes rapid
nucleation which results in a rapid decrease of the nucleating species in the plasma beam
due to the increased number of available sites on the surface of small clusters. Therefore,
higher silane flows increases the volume fraction of small Si-NCs in the deposits and
decreases their average size.

One of the main advantages of the ETP is the high throughput processing of Si-
NCs with a rate of 100 mg/min, which is achieved in lab-scale conditions. The level of
throughput achieved is dramatically higher when compared to other high-rate processing
techniques. In comparison, a high rate laser pyrolysis method [56] and a non-thermal
plasma method [15] are reported with throughputs up to 200 mg/h and 52 mg/h, respec-
tively. When scaled up, the ETP can potentially reach significantly higher throughputs
of Si-NCs. Generally, when all the process parameters are scaled up linearly, the level
of throughput scales up with 1.5-2.0 mg cm-2 min-1 as a function of surface area where
the deposition takes place. Even though more than 90% of the silane is converted into
Si-NCs, the practical efficiency is limited by the surface area of the deposited substrate.
When the total mass of silane injected into downstream is considered for 5 sccs flow
rate (∼350 mg min-1), the amount of throughput collected on a 4 in. diameter substrate
(100 mg min-1) is about 30% of the converted silane. Therefore, using larger substrates
can further increase the practical efficiency. For most of the technological applications,
large Si-NCs are unwanted as their presence can detrimentally affect the unique size-
dependent optical, electronic and chemical properties of small Si-NCs and decrease the
overall external quantum efficiency. Therefore, elimination of large Si-NCs is an impor-
tant subject. Assuming small Si-NCs are formed in the plasma beam and large Si-NCs
are formed in the recirculation cells, spatial isolation of recirculation cells can possibly
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prevent diffusion of small Si-NCs to these cells and potentially hinder the formation of
large Si-NCs.

2.5 Concluding Remarks

Remote expanding thermal plasma is a scalable technique which brings along high through-
put production of Si-NCs together with easy handling and average size control. The es-
tablished throughput in the lab-scale conditions is about 100 mg/min which is promoted
by utilizing high powers and high silane flow rates injected into downstream during syn-
thesis. Plasma chemistry during nanoparticle synthesis is initiated only by Ar+ ions as
the electron temperature is not high enough for dissociation of silane molecules. All
observed nanoparticles are monocrystalline and no evidence is found for coalescence
of smaller nanocrystals into larger particles. The required heat for crystallization of
nanoparticles is provided by abundant hydrogen abstraction and passivation reactions,
and by dissociative adsorption of radicals and silane molecules. Residence time distri-
bution in the plasma imposed by the flow field is an important parameter on the final
size of Si-NCs. Among the analysis techniques, Raman spectroscopy is found to be the
most useful technique as it reveals the morphology, size distribution, and average size
of Si-NCs in a non-destructive and time efficient manner. Finally, the challenge relies
on establishing a better control on the average size distribution of Si-NCs, which is a
prerequisite for realistic future applications based on Si-NCs.
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Abstract

We report a rigorous analytical approach based on one-particle phonon confinement
model to realize direct detection of nanocrystal size distribution and volume fraction
by using Raman spectroscopy. For the analysis, we first project the analytical confine-
ment model onto a generic distribution function, and then use this as a fitting function
to extract the required parameters from the Raman spectra, i.e., mean size and skewness,
to plot the nanocrystal size distribution. Size distributions for silicon nanocrystals are
determined by using the analytical confinement model agree well with the one-particle
phonon confinement model, and with the results obtained from electron microscopy and
photoluminescence spectroscopy. The approach we propose is generally applicable to
all nanocrystal systems, which exhibit size-dependent shifts in the Raman spectrum as a
result of phonon confinement.
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3.1 Introduction

Size dependent opto-electronic properties present in semiconductor nanocrystals makes
them prospective materials for applications like Li-ion batteries [1], charge storing de-
vices [2], light emitting diodes [3], solar cells [4], and spectrum converters to absorb and
manipulate the high energy region of the solar spectrum by means of carrier multiplica-
tion [5–7].

The effective control of the nanocrystal size distribution is critical as the size depen-
dency is a determinant parameter on device performance and efficiency. For instance,
the efficiency of a silicon nanocrystal (Si-NC) based tandem solar cell [8] can reach a
maximum value if the size distribution in each nanocrystal layer is monodisperse. As the
Si-NCs in each of these layers have a well-defined band-gap (as a result of monodisperse
size distribution), size variations result in inefficient absorption of photons deteriorat-
ing the device efficiency and performance. A control on the size and size distribution
could be realized in an optimized synthesis environment that involves the synthesis of
nanocrystals and analysis of the size distribution.

The lack of a fast, simple and reliable analysis technique on the size distribution
of nanocrystals precludes fulfilling the requirements of an optimized synthesis-analysis
route. A versatile analysis technique on the size distribution is essential for research
on controlled synthesis of Si-NCs, and would be practical in the study of other types
of semiconductor nanocrystal systems. The techniques reported in the literature for the
analysis of the average size and the size distribution of Si-NCs are X-ray diffraction
(XRD) [9, 10], transmission electron microscopy (TEM) [10], photoluminescence spec-
troscopy (PL) [11] and Raman spectroscopy (RS) [12, 13]. XRD provides information
on the material morphology, but data acquisition is time consuming. In addition, XRD
only provides information on the volume average size of nanocrystals from the broaden-
ing of the diffraction peak [9], due to the lack of sensitivity to the individual sizes in a
distribution−separate analysis of sizes is unfeasible in a multimodal distribution. TEM
affords analysis of multimodal size distributions and material morphology. The down-
side of this analysis method is the sample preparation procedure that is time consuming.
In addition, size distribution analysis is a challenge on densely packed nanocrystal en-
sembles due to the insufficient image resolution on individual nanocrystals. PL provides
information on the particle size distribution from the size dependent visible luminescence
of Si-NCs [11]. However, not all the Si-NCs can be analyzed with PL as this diagnostic
tool requires nanocrystals with sufficient optical properties (that makes sure the lumines-
cence is from Si-NCs, instead of defects) [14]. In addition, large nanocrystals, which

78



3.1. INTRODUCTION 3. Size distribution of Si-NCs

are out of the confinement regime, cannot be probed with PL as they have indirect band
structure, which hampers the rate of radiative recombination. The limitations of these
analysis tools raise the need for a diagnostic tool that can determine the size distribution
in a reliable, simple and time efficient way.

Raman spectroscopy (RS) is a well-established technique to analyze the morphology
and size distribution of Si-NCs. When compared with TEM, RS is a time efficient tech-
nique in the sense that sample preparation is unnecessary. A major advantage of RS is
that, different phases of the analyzed material are observed by their characteristic lattice
vibration modes, or phonons [12, 15]. Bulk crystalline silicon (c-Si) has a Lorentzian-
shaped transverse optical phonon (TO) mode at 521 cm-1 and amorphous silicon (a-Si:H)
has a broad phonon mode at 480 cm-1 [16]. In a finite size crystalline grain, the trans-
lational symmetry of the crystal lattice is no longer conserved due to the presence of
grain boundaries that results in confinement of phonons. This leads to a red-shift and
broadening of the bulk phonon mode of crystalline silicon to lower wavenumbers with
decreasing size−especially for sizes smaller than 20 nm [12, 17, 18]. Thus, unlike XRD,
Raman spectrum is influenced by the presence of each silicon nanocrystal in a size distri-
bution: the result is a red-shifted and broadened spectrum that relates to the nanocrystal
size distribution. As a vibrational spectroscopy, RS allows the analysis of large Si-NCs
out of the confinement regime and small nanocrystals with insufficient optical properties.
This property is indeed an advantage over PL, and facilitates the estimation of the volume
fraction between small and large Si-NCs [16, 19].

In the literature, a number of models are developed to describe influence of nanocrys-
tal size on the broadening and shift of the phonon peak [12, 20, 21]. Two models to
describe the nanocrystal size according to the shift of the phonon peak are the bond po-
larizability model (BPM) [21], and the modified one-phonon confinement model (PCM)
[12]. BPM describes the polarizability of a nanocrystal system calculated by the sum
of the contributions of each bond for a particular size. PCM describes the Raman spec-
trum of a nanocrystal, as a function of its crystal momentum, phonon frequency, phonon
dispersion and the degree of confinement. The degree of the phonon confinement (the
smaller the size, the stronger the confinement) influences the width and position of the
phonon peak. As these parameters are size-dependent, an equivalent representation of
the PCM that depends only on the nanocrystal size can be derived. We can exploit this
expression derived for a single nanocrystal to determine the size distribution parameters
(mean size, skewness) by projecting the PCM onto a size distribution function [17, 22].

In this work, on the basis of the PCM, we will develop an analytical approach that
is expressed in terms of nanocrystal size only, which will be used as a fitting function
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to directly determine the silicon nanocrystal size distribution. By using the analytical
PCM model developed, we will show that volume fraction of nanocrystals with different
sizes could be determined if a mixture of different size distributions are involved. We
use the benchmark results on nanocrystal sizes obtained from TEM and PL, and compare
them with RS results. We will also correlate sizes with PCM and BPM. Finally, we will
discuss and summarize the advantages and limitations of our approach on extreme cases
(monodisperse distributions, and extremely small Si-NCs), and the applicability of the
method to other nanocrystal systems.

3.2 Theory

The Raman effect is the inelastic scattering of light by lattice vibrations, which is ob-
served when these vibrations change polarization−so that the change in the polarizabil-
ity tensor with respect to the normal vibration coordinate is non-zero [15]. The active
phonon in the Raman scattering process of bulk materials is in the center of the first Bril-
louin Zone (BZ) with q∼0, where q is the crystal momentum. Classical electromagnetic
radiation theory predicts Lorentzian-shaped Raman peaks from an oscillating dipole [15]

I(ω, q) = I0

∫
(BZ)

L(ω, q) d3q, (3.1)

L(ω, q) =
1
π

Γ
2

[ω − ω(q)]
2

+
[

Γ
2

]2 . (3.2)

The Lorentzian L(ω, q) is a function of wavenumber ω (in units of cm-1), phonon disper-
sion relation ω(q), and the characteristic full width at half maximum (FWHM) Γ of the
Raman peak. For a silicon crystal, an empirical phonon dispersion relation is given by
[18, 23, 24];

ω(q) = ωSi

(
1-0.23

(qaSi

2π

)2
)
, (3.3)

where ωSi=521 cm-1 is the optical phonon peak position, and aSi=0.543 nm is the lattice
constant of bulk crystalline silicon (and the FWHM of the optical phonon peak of bulk
crystalline silicon is Γ=ΓSi=3 cm-1) [12, 13, 25].

Equation 3.1 represents the Raman spectrum for semi-infinite crystals−systems un-
der long range translational symmetry. In a finite-size crystal, the translational symmetry
of the lattice is no longer conserved due to the presence of grain boundaries that results
in confinement of phonons, and triggers a red-shift (to the lower wavenumbers) of the
characteristic phonon mode with decreasing size. The red-shift of the Raman spectrum
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with decreasing nanocrystal size is explained by the phonon confinement model (PCM)
[12], where the infinite phonon wave function is projected on the first BZ of a finite-sized
nanocrystal by a suitable weighting function Ψ(kn, r) (Here we use a sinc function [12].
A variety of other weighting functions leading to different degrees of confinements are
also reported [20, 26–28]. However, these confinement functions are arbitrarily chosen
and lack a physical basis):

Ψ(kn, r) =


∑

n
sin(kn,r)

kn,r
, r ≤ D

2

0, r > D
2

, (3.4)

Ψ(kn, r) is valid within the nanocrystal and vanishes at the boundary (kn=nπ/D, n=

2,4,6...nmax < 2D/aSi). With this form of Ψ(kn, r), the phonon wave function in a
nanocrystal is represented as a weighted superposition of sinusoidal waves, which de-
scribes the vibration of an atomic chain of length D. This ensures that the single phonon
wave vector is strongest at the center of the nanocrystal and decays rapidly zero at the
nanocrystal surface [12]. We employ the Fourier transform of the weighting function
to switch from k-space to q-space so that the Fourier coefficients Cn(q,D) are used to
account for the size effects in the Raman spectrum [12]

Cn(q,D) = 3
sin( qD

2 )

π3D3q
(
k2

n − q2
) . (3.5)

Therefore, we define the single particle Raman spectrum of a spherical nanocrystal as

I(ω,D, q) ∝ ρ[ω]

∫ qmax

qmin

|C(q,D)|2L(ω, q)4πq2 dq, (3.6)

where ρ[ω] is the Raman scattering efficiency [29], which depends on the occupation
distribution factor:

ρ[ω] ∼ n(ω) + 1
ω

=
exp

(
hω
kT − 1

)-1
+ 1

ω
. (3.7)

In Equation 3.6, q is limited to in the range [(nπ - 1)/D, (nπ + 1)/D] due to the momentum
conservation [12]. Raman intensity of a nanocrystal can be approximately determined by
considering the first component of the weighting function (n=2), as the other compo-
nents strongly decay in intensity [30]. We remove the size dependency of the integral
boundaries with a change of variables, i.e.,Q=qD. Thus, the Raman intensity of a single
particle reads as

I(ω,D) ∝ ρ[ω]
1
πD3

∫ 2π+1

2π−1

4πQ2
∣∣∣3 sin(Q/2)
π3Q(4π2−Q2)

∣∣∣2 Γ
2[

ω − 521
(

1-0.23
(QaSi

2πD

)2
)]2

+
(

Γ
2

)2
dQ. (3.8)

81



3. Size distribution of Si-NCs 3.2. THEORY

Figure 3.1: Calculated Raman spectra of silicon nanocrystals with various sizes by em-

ploying the phonon confinement model (PCM) used in Equation 3.8.

Figure 3.1 shows the results of the integral in Equation 3.8 for various Si-NC sizes. PCM
leads to peak shifts when the nanocrystal size is smaller than 20 nm. In other words,
silicon nanocrystals with sizes larger than 20 nm resemble bulk-like behavior.

Equation 3.8 enables the experimental analysis of single particles and particles with
a monodisperse distribution. If a size distribution is involved, Equation 3.8 needs to
be projected onto a distribution function that is integrated over the size range in the
following way:

I(ω) =

∫ Dmax

Dmin

Φ(D)I(ω,D) dD, (3.9)

Where Φ(D) is a general unknown particle size distribution function. In principle, one
can set the integral boundary as [0,∞].

One should use Equation 3.9 and fit to the experimental data to extract the parameters
that will define the distribution function−the mean size D0, and the width parameter, or
skewness σ−to determine the nanocrystal size distribution. Before that, one should also
evaluate the single particle PCM I(ω,D), to project it onto a generic size distribution
function. The challenge here is that, the average peak shift, peak broadening, and peak
intensity depend on the nanocrystal size D through a complicated expression (Equation
3.8). In fact, we can re-define this expression in such a way it contains the size depen-
dency in an explicit manner. As we know from the electromagnetic radiation theory,
optical phonon mode of bulk silicon has a symmetric generalized Lorentzian peak shape
[15]. For silicon nanocrystals, this symmetric shape of the Lorentzian function is con-
served for the sizes down to 3.0 nm and an increased asymmetry is observed as the sizes
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3.2. THEORY 3. Size distribution of Si-NCs

Figure 3.2: (a) Peak intensity, (b) average shift, (c) and the average broadening of silicon

nanocrystals as a function of size. Data points are obtained by fitting Equation 3.8 with

Equation 3.10 for different sizes from 2.0 to 20.0 nm . The exponents on the particle

sizes are set as fixed.

get smaller (see Figure 3.1). Our strategy here is to show that, in a Raman spectrum of
silicon nanocrystals with a size distribution, the one particle Raman spectra can be ex-
pressed as symmetric Lorentzian functions for sizes as small as 2.0 nm. In this way, it
is possible to demonstrate an analytical and non-integral expression of the one particle
PCM by means of a Lorentzian function for nanocrystals, where the particular parame-
ters, i.e., peak intensity, peak broadening and peak position, are expressed as functions
of silicon nanocrystal size. We define the generalized Lorentzian LSi(ω,D) for silicon
nanocrystals as follows:

LSi(ω,D) =
A(D)

π

ΓNC(D)/2
[ω − ωNC(D)]2 + [ΓNC(D)/2]2

. (3.10)

Equation 3.10 contains explicit expressions for the intensity A(D), peak broadening
ΓNC(D), and peak position ωNC(D), which could be expressed in terms of nanocrystal
size by means of fitting Equation 3.8 with Equation 3.10 for various sizes (The fitting
replicates the original model well, i.e., the coefficient of determination is R2 > 0.99 for
sizes down to 3.0 nm, R2 > 0.98 for 2.5 nm and R2 > 0.96 for 2.0 nm. The coefficient of
determination decreases as a result of increased asymmetry at smaller sizes). The deter-
mined values for the peak intensity, average broadening and average shift as a function
of silicon nanocrystal size are demonstrated in Figure 3.2. The parameters of LSi(ω,D)

resemble a linear behavior when plotted on a double logarithm plot. We observe a devi-
ation from the linearity in the peak intensity and average broadening for Si-NCs smaller
than 3.0 nm. This deviation may result in misinterpretation of the actual particle size (for
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sizes smaller than 3.0 nm) in the case of a monodisperse distribution. However, as we
will show (in Figure 3.3), if a size distribution is involved, the Raman spectrum could be
replicated as long as the smallest sizes occupy the tail of the distribution. We determine
the size dependent parameters from Figure 3.2, which will be used for replicating the one
particle Raman spectrum, as follows:

A(D) = 1.4× 10-2D-3,

ΓNC(D) = ΓSi + 60.0D-4,

ωNC(D) = ωSi − 34.8D-2.

(3.11)

In Equation 3.11 the exponents on the particle sizes are set as fixed. For large, or
semi-infinite silicon nanocrystals, which are outside of the phonon confinement regime,
ΓNC(D)∼ΓSi and ωNC(D)∼ωSi, and Equation 3.10 converges to the Lorentzian shape of
bulk silicon.

According to Equation 3.11, the intensity of the phonon peak of individual silicon
nanocrystals is roughly proportional to the D-3, where D is the nanocrystal size. On the
other hand, the absolute scattering efficiency depends on the density of phonons, which
scales with the interaction volume, or D3 for spherical nanocrystals. Therefore, the Ra-
man scattering intensity of a silicon nanocrystal is independent of the nanocrystal size,
but is dependent on the number of nanocrystals with that size. The size distribution of
nanocrystals can be determined by setting the intensity term independent of nanocrystal
size, i.e., dropping the intensity term to unity in Equation 3.10. Therefore, we can cor-
relate the intensity of phonon frequencies of different sizes with their relative number of
nanocrystals in a size distribution. Now using the exact expressions in Equation 3.11 for
LSi(ω,D) we can determine the size distribution of silicon nanocrystals in the confine-
ment regime by fitting the experimental Raman spectrum using the following relation:

I(ω) =

∫ Dmax

Dmin

Φ(D)LSi(ω,D) dD. (3.12)

Equation 3.12 explicitly contains size dependent terms, and analytical non-integral
form of the one particle PCM can be projected onto the particle size distribution func-
tion. As a demonstration, we compare the calculated Raman spectra of silicon nanocrys-
tals with a size distribution by using the PCM (Equation 3.9) and the analytical PCM
(Equation 3.12). We use a lognormal function to represent the nanocrystal size distribu-
tion:

Φ(D) =
1

σD
√

2π
exp

{
− log [D/D0]2

2σ2

}
. (3.13)
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3.3. EXPERIMENT 3. Size distribution of Si-NCs

Figure 3.3: Calculated Raman spectrum of silicon nanocrystals by using the PCM and

analytical form of the PCM. Solid line: Raman intensity calculated from Equation 3.9,

in which I(ω,D) is defined by Faraci et al. [12]. Dashed line: Raman intensity calcu-

lated from Equation 3.12, in which LSi(ω,D) is defined in this work. Inset shows the

corresponding size distributions.

In Equation 3.13, D0 is the mean size and σ is the width parameter for shape profile, i.e.,
skewness of the distribution.

Figure 3.3 demonstrates the calculated Raman spectra of silicon nanocrystals with a
lognormal size distribution. For the similar shape of the Raman peak, the mean size of
the distribution is determined as 4.25 nm from PCM used by Faraci et al. [12] and as
4.30 nm from our analytical PCM. The width parameters are determined as the same,
i.e., σ=0.3. Inset of Figure 3.3 shows the size distribution of Si-NCs determined from
the two models. From these size distributions, we prove that analytical PCM replicates
the PCM [12] well when a size distribution is involved. The slight difference in mean
sizes is due to the deviation of the one particle analytical PCM for sizes smaller than 3.0
nm.

3.3 Experiment

Free standing spherical silicon nanocrystals (Si-NCs) with a bimodal size distribution are
synthesized in an argon/silane gas mixture by using a remote expanding thermal plasma
deposition technique (ETP) [31]. During synthesis, an argon flow of 20 sccs, and a vary-
ing silane flow from 1 to 10 sccs are used with a total gas pressure of 1 mbar. Synthesized
material is collected on copper substrates. Raman spectroscopy (RS) measurements are
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performed with a Renishaw Raman microscope equipped with a 514 nm laser, a grating
with 1800 lines/mm, and a CCD detector, and with a measurement step size of 1.7 cm-1.
The laser power during measurements is fixed at 0.3 W/mm2. This laser power is suffi-
ciently lower than the threshold power (1 mW/µm2) for the Fano effect [32, 33], which
is an artificial broadening and red-shift as a result of laser induced heating. It is also
experimentally verified that the selected laser power does not induce any artificial shift
and broadening in the Raman spectrum of Si-NCs. XRD is performed by a diffractome-
ter using Cu Kα radiation. The (111) diffraction peak of crystalline silicon is analyzed
for the morphology of Si-NCs. Transmission electron microscope (TEM) images are
obtained after transferring the deposited nanocrystals to holey carbon films. Statistical
analyses are performed on the TEM images to estimate the size distribution of Si-NCs.
Photoluminescence spectroscopy (PL) is used to analyze the optical emission from the
size distribution of Si-NCs. Samples are illuminated using a 334 nm continuous wave
Ar laser. Luminescence is detected with a UV-grade fiber, connected to a spectrometer,
which is coupled to a nitrogen cooled CCD. Size distribution of silicon nanocrystals is
obtained by correlating their optical emission with their size dependent band-gap ener-
gies using the empirical formula shown in the work of Delerue et al. [34].

3.4 Results and Discussion

We start with discussing the effect of stress on free standing Si-NCs. Stress on silicon
nanocrystals induces a peak shift in the Raman spectrum and the absolute size dependent
shift can only be determined by eliminating the stress-related shift. The origin of the
stress is reported as [35] the lattice mismatch between the silicon nanostructure and the
host matrix. Figure 3.4(a) demonstrates the characteristic (111) XRD diffraction peak of
crystalline silicon centered at 2θ=28.4◦. Observed (111) peaks of Si-NCs at 2θ=28.4◦

indicate that small and large Si-NCs are under minimal, if not no strain as 28.4◦ is the Si
(111) peak in unstrained polycrystalline Si [9]. Stress-free nature of Si-NCs synthesized
in gas phase reactions are by virtue of their free standing morphology [31]. Therefore, we
rule out stress-related shifts in the analysis of Raman spectrum of free standing Si-NCs.
Increase of the XRD intensity is a sign of increase of the amount of deposited material
on the substrates. Size analysis of nanocrystals using XRD is possible [36]−a volume-
averaged size value can be determined. Employing XRD could work in monodisperse
size distributions, or in size distributions with a single mode to find the average size. If a
multimodal size distribution is involved, using XRD provides unreliable results [31] due
to the lack of sensitivity on modes of the distributions.
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Figures 3.4(b) and 3.4(d) show the TEM images of Si-NCs synthesized using a silane
flow rate of 4 sccs. TEM images reveal the presence of small and large Si-NCs in the
deposits (Figure 3.4(b)) as reported previously [31]. Fast Fourier transform (FFT) (in-
set of Figure 3.4(b)) and high resolution images (Figure 3.4(d)) conclude the spherical
shape and monocrystalline morphology of small and large Si-NCs. Statistical size analy-
sis (Figure 3.4(c)) demonstrates a bimodal size distribution: small Si-NCs are in the size
range 2-10 nm (with a peak size of about 4-5 nm), and large Si-NCs are in the size range
50-120 nm (with a peak size of about 70 nm). In addition, both distributions have log-
normal shape−an expected observation considering the method in which nanocrystals
are synthesized under the influence of diffusion and convection forces in well-defined
residence times [31]. We observe the bimodal size distribution of Si-NCs with lognor-
mal distribution profiles from all samples. We will use this feature while analyzing the
measured Raman spectra in detail.

Figure 3.4: (a) Si (111) diffraction peaks observed from XRD as a function of silane flow

rate. (b) TEM images of Si-NCs synthesized with 4 sccs SiH4 flow. Inset of (b) shows

the fast Fourier transform (FFT) image from large Si-NCs. (c) Statistical size distribution

data that reveals the presence of bimodal size distribution acquired from TEM images.

(d) HRTEM of a small Si-NC with spherical and monocrystalline morphology.
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Figure 3.5 demonstrates measured Raman spectra for various silane flow rates. As
observed from Figure 3.5, the analyzed Si-NCs are predominantly crystalline (Additional
support: inset of Figure 7 in Reference 31). The peak position of the Raman spectra red-
shifts with silane flow rate, and indicates a decrease in the average Si-NC size [31]. In
addition, we observe a peak broadening with increased silane flow. These broad peaks are
asymmetric and demonstrate dissimilar behavior than the Raman spectra in Figure 3.1.
For individual, or monodisperse Si-NCs, both the low and high wavenumber (LW and
HW, respectively−demonstrated in Figure 3.5) parts of the full width at half maximum
(FWHM) shift with decreasing nanocrystal size according to the PCM (Figure 3.1) [12].
However, in Figure 3.5, the position of the LW red-shifts while the position of the HW
remains almost unchanged for silane flow rates from 2 to 10 sccs. This finding states that
the distribution of Si-NCs is not monodisperse−smaller Si-NCs are involved while large
Si-NCs are still present in the deposits with increased flow rates of silane. Therefore, the
experimental Raman spectra should be deconvoluted to determine the contributions from
small and large Si-NCs.

Figure 3.5: Normalized Raman spectra of free standing Si-NCs for various silane flow

rates. The asymmetry, broadening and the shift of the Raman peak increase with silane

flow. Raman spectrum of the bulk c-Si is also shown for comparison.

To estimate the size distribution of small Si-NCs, we use the following strategy:
First, we use the unshifted Lorentzian (the one-particle analytical PCM) to represent
large silicon nanocrystals (D & 20 nm), which is the semi-infinite size approximation of
Equation 3.10; with ΓNC=ΓSi=3 cm-1, and ωNC=ωSi=521 cm-1. As large Si-NCs do not
demonstrate a shift in the Raman spectrum, the projection of the unshifted Lorentzian
onto a size distribution function is unnecessary. We label the Raman spectrum of large
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Si-NCs as Ilarge. Second, we use the one-particle analytical PCM to represent small
silicon nanocrystals, and project it onto a size distribution function. In the present case
[31] and in most of the other cases [37–43], the particle size distribution is observed to
be a lognormal distribution. Therefore, we use the lognormal function (Equation 3.10)
in Equation 3.12).

The next step is setting the integral boundaries within the frame of physical reason-
ing. According to the results we demonstrate in Figure 3.1, setting the largest size Dmax,
greater than 20 nm does not change the shape of the distribution for the particular case
of silicon nanocrystals as larger sizes resemble bulk-like behavior (unshifted Lorentzian
peak with no broadening). On the other hand, for most of the synthesis tools, the smallest
Si-NCs that could be produced is about 1.0-2.0 nm as the smaller nanocrystals are con-
sidered as non-stable clusters [44]. Therefore, we set the integral boundaries from 2.0 nm
to 20.0 nm. These integral boundaries are particular for the case of silicon nanocrystals,
and differ for other nanocrystal systems depending on the minimum stable size and on
the degree of confinement. For small Si-NCs, we label the Raman spectrum as Ismall. The
experimental Raman spectrum of silicon nanocrystals with bimodal size distribution is
therefore defined as:

Ibimodal = CsmallIsmall + ClargeIlarge, (3.14)

where Csmall and Clarge are the coefficients determined from the fitting procedure. Equa-
tion 3.14 has two physical parameters to be determined from the fitting of the experi-
mental Raman spectrum of Si-NCs with bimodal size distribution: the mean size D0,
and the skewness σ, which are the essential parameters to determine the nanocrystal size
distribution.

Figure 3.6 demonstrates the deconvoluted Raman spectra for various silane flow rates.
By exploiting Equation 3.14, we determine the mean sizes as 5.8, 4.8, and 3.7 nm (with
error values of ±0.1 nm); and skewness factors as 0.23, 0.26, and 0.27 (with error val-
ues of about ∼0.02) for Si-NCs synthesized with silane flow rates of 1, 2, and 4 sccs,
respectively. We insert the parameters in Equation 3.13 to plot the size distribution of
small Si-NCs. The result is shown in the insets of Figure 3.6. We stress that, the mean
size of the particle size distribution differs from the peak position if the distribution is
skewed. In a similar way, peak position of Raman spectrum for small Si-NCs differs
from the position of the mean size and corresponds to the peak, or mode, of the particle
size distribution. We estimate the modes of the size distributions as 5.5, 4.5, and 3.5 nm
for the distributions demonstrated in Figures 3.6(a), 3.6(b), and 3.6(c), respectively.

An important parameter on the analysis of synthesized nanocrystals with a multi-
modal size distribution is the volume fraction. From the deconvoluted Raman spectra,
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Figure 3.6: Deconvoluted Raman spectrum of Si-NCs with a bimodal size distribution.

Equation 3.11 and Equation 3.13 are used for deconvolution of the data of large and

small Si-NCs. Inset shows the size distribution of small Si-NCs which is plotted after

estimation of the parameters D0 (mean size) and σ (skewness). Size distributions and

skewness factors are determined with error values of about ±0.1 nm, and about ∼0.02,

respectively.

we can determine the volume fraction of small Si-NCs, ηsmall, in the analyzed volume. As
a consequence of fact that the Raman scattering intensity is a volumetric information, we
simply divide the integrated peak areas of small Si-NCs with the total integrated area of
the small and large Si-NCs ( ηsmall = Ismall/(Ismall + Ilarge)). We determine the volume frac-
tion of small Si-NCs roughly as 33%, 82%, and 84% for the Raman peaks demonstrated
in Figures 3.6(a), 3.6(b), and 3.6(c), respectively.

In order to benchmark the reliability of our results, we compare the peak sizes of
small Si-NCs obtained from Raman spectroscopy to the sizes obtained from TEM and
PL measurements. Figure 3.7 demonstrates the change in the peak size of small Si-
NCs as a function of Raman shift estimated by employing Equation 3.14. Each Raman
measurement from a different sample (stars) is accompanied by its corresponding TEM
(triangles) and PL (circles) data in the vertical direction. In addition to the experimen-
tal estimations, we demonstrate size dependent Raman shifts according to the PCM [12]
and the BPM [21]. As evidenced from Figure 3.7, peak sizes of small Si-NCs obtained
from TEM and PL are within close proximity of the sizes obtained from RS. In addition,
exploiting our analytical PCM produces similar results to the PCM, which is also demon-
strated in Figure 3.3. As the experimental data from TEM and PL follow the PCM trend,
we conclude that using PCM-based approach for size determination yields more realistic
results with respect to the BPM.

The analytical formulation of the PCM, which we introduce in this work, enables
accurate determination of the size distribution of confined silicon nanocrystals, even in
the case of a multimodal distribution. In addition, it agrees well with the PCM in the
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case of size distributions, even though the smallest sizes are involved. This is due to the
fact that, the smallest sizes usually occupy the tail of a size distribution. Using symmet-
ric Lorentzian function preserves the shape of the size distribution, but probably leads
to a deviation in the low end tail of the distribution. In the case of monodisperse sizes,
Equation 3.10 could still be used for determination of the nanocrystal size from the ex-
perimental Raman spectrum. However, as the peak shape becomes more asymmetric for
sizes smaller than 2.0 nm, use of Equation 3.10 could result in deviation of the deter-
mined size with respect to the actual nanocrystal size. In this case, we suggest to use
Equation 3.8 for size determination. In most cases, 2.0 nm is the critical limit for a
silicon cluster to be considered as a stable nanocrystal−especially for the gas phase syn-
thesis methods [11, 44–47]−and synthesis of silicon nanocrystals (either monodisperse
or dispersed) smaller than 2.0 nm is unlikely. For this reason, exploiting Equation 3.10
to analyze Si-NCs with small sizes and monodisperse distributions produces correct re-
sults. On the other hand, using the set of formulations in Equation 3.11 is sufficient for
estimation of the nanocrystal size if the distribution is monodisperse.

Figure 3.7: Change in the peak size of small Si-NCs as a function of the absolute Ra-

man peak shift to the lower wavenumbers with respect to the peak position of bulk c-Si

(521 cm-1) according to our approach based on the PCM. RS, PL and TEM data are rep-

resented as stars, circles, and triangles, respectively. Each Raman measurement (stars)

from a sample is accompanied by its corresponding PL and TEM data in the vertical

direction. For comparison with PCM [12], the BPM [21] is also demonstrated in the

plot.

Equation 3.12 is a rigorous formulation as it consist of two separately usable parts:
an analytical, non-integral Lorentzian definition of Raman intensity; and a distribu-
tion function, which needs to be integrated over the size. The flexibility of exploit-
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ing Equation 3.12 is the freedom of selecting any type of distribution function in the
integral−depending on the nanocrystal size distribution, e.g., lognormal, normal, or lo-
gistic distribution−by keeping the one-particle analytical PCM unaffected from the in-
tegration. The method we use here could be applied to other nanocrystal systems such
as Ge [27], SnO2 [48], TiO2 [49], and diamond [50]. The task one should achieve is the
re-formulation of Equation 3.11 for the particular nanocrystal system to be analyzed.

Figure 3.7 concludes that, Raman spectroscopy can be preferred for the size esti-
mation of Si-NCs instead of photoluminescence spectroscopy and transmission electron
microscopy. When compared with these techniques, Raman spectroscopy does not re-
quire sample preparation and provides the information in a time-efficient manner. These
features provide rapid feedback to the synthesis technique about the size distribution.
This advantage possibly enables better optimization of the process parameters to achieve
the absolute control on the size and size distribution.

3.5 Conclusion

In conclusion, we use Raman spectroscopy for the direct analysis of the size distribution
and volume fraction of silicon nanocrystals (Si-NCs). These analyses are performed de-
convoluting the experimental Raman spectra by using a rigorously derived one-particle
analytical approach based on the phonon confinement model. Estimated peak sizes of
small Si-NCs are in close agreement with the sizes obtained from transmission elec-
tron microscopy and photoluminescence spectroscopy. These results demonstrate that,
Raman spectroscopy can potentially be a standard diagnostic tool for the accurate size
analysis of confined nanocrystals with free-standing morphology. Moreover, as a fast
and simple analysis technique, Raman spectroscopy can potentially enable rapid process
optimization route during nanomaterials synthesis, which is a critical requirement for
reaching optimum size control for any synthesis tool.
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4. Nucleation of Si-NCs

Abstract

We report on the growth mechanism of spherical silicon nanocrystals (Si-NCs) in a re-
mote expanding Ar plasma using a time-modulated SiH4 gas injection in the microsecond
time range. Under identical time-modulation parameters, we varied the local density of
the SiH4 gas by changing its stagnation pressure on the injection line over the range 0.1-
2.0 bar. We observed that nanocrystals were synthesized in a size range from ∼2 to ∼50
nm with monocrystalline morphology. Smaller nanocrystals (∼2-6 nm) with narrower
size distributions and with higher number densities were synthesized with an increase
of the SiH4 gas-phase density. We related this observation to the rapid depletion of the
number density of the molecules, ions and radicals in the plasma during nanocrystal
growth, which can primarily occur via nucleation with no significant subsequent coag-
ulation. In addition, in our remote plasma environment, rapid cooling of the gas in the
particle growth zone from ∼1500 to ∼400 K significantly reduces the coalescence rate
of the nanoparticles, which makes the coagulation process highly unlikely. Our obser-
vations indicated that commonly accepted nanoparticle formation mechanism in plasmas
via nucleation and subsequent coagulation is not always valid.
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4.1 Introduction

Size dependent properties of nanoparticles and their potential technological applications
have boosted interest in these materials among researchers from various disciplines [1–
3]. As a result of the multi-disciplinary approach on nanoparticles, a variety of syn-
thesis techniques have been developed, which include solution synthesis [4], sputtering
[5], ion implantation [6], laser pyrolysis [7], and microfluidic synthesis [8]. In addition
to these techniques, plasma-chemical synthesis techniques are particularly appealing as
these techniques have potential to reach higher throughputs [9, 10] with respect to the
other techniques while still preserving size dependent optical, electronic, and chemical
properties. Various nanoparticle systems, including silicon nanocrystals (Si-NCs) have
been synthesized in inductively coupled plasmas [11], radio-frequency discharge plas-
mas [12], direct-current discharge plasmas [13], remote plasmas [10, 14], atmospheric
pressure plasmas [15], non-thermal plasmas [9, 16, 17], and very high frequency plasmas
[18, 19]. These plasmas offer much flexibility on varying the process parameters and ma-
terial morphology, and there is basically no limit on the type of the gas mixture used and
the plasma environment created. An important consideration on the plasma synthesis of
nanoparticle systems, however, is the dynamics of nanoparticle formation.

In the literature, detailed experimental analyses and theoretical approaches with dif-
ferent nanoparticle formation dynamics in plasmas are reported [20–23]. A widely re-
ferred theory claims that formation of nanoparticles starts with nucleation of stable small
clusters from polymerization of the monomer species of the feed gas. Once stable nuclei
start to appear in the plasma, a nucleation burst occurs until reaching an almost complete
depletion level of the nucleating species [24, 25]. Following this nucleation burst, sub-
sequent growth up to the sub-micrometer scale particles occurs by means of coagulation
[26–29].

Nanoparticle morphologies can greatly differ at different stages of the growth, es-
pecially in their crystal structures. As a result of the exothermic nature of the growth
reactions [30–32] that take place during nucleation, nanoparticles have monocrystalline,
defect-free morphology. On the other hand, during post-nucleation stage, depending on
the temperature, nanoparticles coagulate that ends up with polycrystalline morphology,
which contains defects and discontinuities due to the grain boundaries. In this case, em-
bodied individual nanoparticles can be imaged by using electron microscopy.

As we mentioned before, size dependent features of nanoparticles can potentially be
used in various technological applications. Particularly for crystalline silicon nanopar-
ticles, or silicon nanocrystals (Si-NCs), these properties depend on the structure of the
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nanocrystal−grain boundaries and disordered crystal structures within a nanocrystal can
alter its optical and electronic properties, or even completely suppress them. There-
fore, we should consider plasma-chemical techniques as possible environments where
nanoparticle coagulation is an unfavorable mechanism during the growth. This can be
possible either if the nanoparticles are strongly charged with the same polarity, or if the
nanoparticle growth occurs in a low temperature, rapidly cooling zone. In the first situ-
ation, the electrostatic repulsion forces between small nanoparticles prevent coagulation
[33], and in the latter situation, coalescence rate of small nanoparticles is lower than
their collision rate−so that the nanoparticles form web-like dendritic structures without
merging into each other [10, 19].

In our previous work, which concerns the formation of Si-NCs in a remote expanding
thermal plasma (ETP) using an Ar/SiH4 gas mixture [10], we elaborated that nucleation
favors the growth of Si-NCs in low temperature growth zones with well-defined residence
times that ends up with spherical shapes and monocrystalline morphologies according to
the results obtained from transmission electron microscopy (TEM). This work deals with
the systematic analysis of the Si-NC growth mechanism, which will show that nucle-
ation is the primary nanoparticle formation mechanism in ETP. We synthesized Si-NCs
in an Ar/SiH4 mixture using a time modulated injection of SiH4 to vary the local density
of SiH4 injected into the downstream plasma. We analyzed the depletion of SiH4 from
mass spectrometry, and the morphology and size distribution of Si-NCs using transmis-
sion electron microscopy (TEM) and Raman spectroscopy. TEM analyses demonstrated
the formation of small and large Si-NCs that are monocrystalline and free from any de-
fects. Analysis of Raman spectroscopy data showed that there is an inverse relationship
between the average Si-NC size and size distribution with the local density of SiH4 in
the downstream plasma, which indicated Si-NC growth by nucleation process without
subsequent coagulation as a result of rapid depletion of the nucleating molecules, ions,
and radicals at higher local densities of SiH4 injected into the downstream plasma. In
addition, we will comment on the role of different plasma species, i.e., positive ions and
radicals, on polymerization and growth reactions of small and large Si-NCs grown in
different parts of the downstream plasma.

This paper is organized as follows: Following the introduction, we will discuss the
particular silane chemistry leading to synthesis of monocrystalline Si-NCs via nucleation.
After that, the ETP and the experimental details will be provided. We will show the
results obtained from mass spectroscopy, TEM and RS in the results section and discuss
the observations. Finally we will summarize and draw conclusions.
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4.2 SiH4 Chemistry in the Downstream Region of ETP

Formation of nanoparticles is observed in various plasmas. Although the formation
mechanism may differ in different plasma environments, a general formation mechanism
of nanoparticles can be envisaged, see Figure 4.1: First, dissociation of the precursor gas;
second, polymerization reactions of the plasma species (i.e., ions, radicals, and neutrals
containing one Si atom) on the molecular scale; and finally, nucleation and subsequent
growth of stable nanoparticles. In this section, we will describe the particular plasma
chemistry that leads to formation of Si-NCs in the expanding thermal plasma (ETP).

Figure 4.1: Formation of Si-NCs in the ETP. Nanocrystal formation starts with dissocia-

tion of SiH4 molecules via Ar+ ions. These silicon-containing ions and radicals undergo

polymerization reactions, and form the first ionic clusters that will eventually be the cores

of the stable clusters at the later stage of nanocrystal formation. When the stable size is

reached, these clusters act as sinks for nucleation. A nucleation burst starts from this

stage until the density of the nucleating species is quickly depleted. The final size of the

nanocrystals is determined by the extent of the nucleation, and nucleation depends on the

residence times in the plasma.

Figure 4.2a shows a schematic of the ETP setup. An Ar plasma generated in a cas-
caded arc with approximately 10% ionization degree expands supersonically into a low
pressure downstream cylindrical vessel. After a stationary shock front located ∼3 cm in
front of the nozzle, the plasma expands subsonically (with a directed velocity of υ ∼1000
m s-1), in the form of a central beam. As a result of the limited pumping capacity in the
background of the plasma beam recirculation cells develop. This flow pattern in the ETP
creates significant differences in residence times between the beam and background re-
gions [10, 34]: the directed flow in the central beam has a residence time of τbeam ≤10.0
ms, whereas the closed streamlines in the recirculation cells have residence times in the
range τrecirc ∼0.1-0.5 s. The residence times determine the final size of the nanoparticles
synthesized in these plasma zones, and therefore, a bimodal size distribution of small

102



4.2. SIH4 CHEMISTRY IN THE DOWNSTREAM REGION OF ETP 4. Nucleation of Si-NCs

and large nanoparticles is expected [10]. The transport of Si-NCs between these two
zones occurs via a diffusional process. However, large Si-NCs are strongly influenced
by the convective processes that traps these nanocrystals in the recirculation cells for the
duration of above-mentioned residence times.

Figure 4.2: (a) The remote expanding thermal plasma setup. Due to the particular reac-

tor geometry and processing parameters, the Ar plasma expands in the form of a central

beam that is surrounded by background recirculation cells [10]. SiH4 was pulsed through

an injection ring located 5 cm downstream from the arc nozzle. A fast valve attached to

the SiH4 injection line, was used to modulate the gas flow. The amount of SiH4 delivered

in each pulse was controlled by varying the stagnation pressure, Ps, measured upstream

the fast valve (Ps=0.1-0.2 bar). (b) SiH4 was pulsed for 10 ms and the time interval

between each pulse was 10 s. (c) The time interval of 10 s was chosen to ensure that

each pulse was isolated, that is, there was no residual silane signal (m/z=31) observed by

the quadrupole mass spectrometer prior to the next pulse. Five pulses were performed

for each processing parameter to collect enough Si-NCs for transmission electron mi-

croscopy and Raman spectroscopy.

The chemistry in the ETP is different from the usual electron dominated chemistries
[35]. As a result of the remote character of the ETP, the electron temperature in the
downstream region is relatively low, i.e., Te∼0.1-0.3 eV. Therefore, dissociation of SiH4

by electron impact is inefficient and the plasma chemistry is initiated by Ar+ ions ema-
nating from the cascaded arc. Dissociation of molecular SiH4 downstream of the ETP
starts with Ar+ ions by means of dissociative charge exchange reactions that leads to the
formation of SiH +

n (n≤3) ions via

Ar+ + SiH4 −−→ SiH +
n + lH + mH2 + Ar, (4.1)

with a reaction rate k∼10-16 m3s-1 [36], where l+2m+n=4. The dominant product of this
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reaction is SiH+
3 ions (Formation of SiH +

n ions with n≤2 requires Ar+ ions with kinetic
energies above 2.0 eV [31], and in the downstream of the ETP, the kinetic energy of Ar+

ions is less than 1.0 eV). Produced SiH+
3 ions can involve in two different polymerization

reaction pathways depending on the electron density to SiH4 density ratio (ne/nSiH4
) [10].

When ne/nSiH4
< 10-3-10-2 the first reaction pathway is a radical polymerization path that

starts with a dissociative recombination reaction of an SiH+
3 ion with an electron;

SiH +
n + e− −−→ SiHp + lH + mH2, (4.2)

(k∼10-13 m3s-1 [10], p≤2, and l+2m+p=3) and proceeds further with the addition of
SiH4 molecules, e.g. for p=2:

SiH2 + SiH4 −−→ Si2H5 + H, (4.3)

with a reaction rate of k∼10-16-10-15 m3s-1 [31]. In the second pathway, when ne/nSiH4

> 10-3-10-2, SiH+
3 ions initiate an ion polymerization path−they react with SiH4 via an

associative charge exchange reaction:

SiH +
3 + SiH4 −−→ Si2H +

5 + H2 (4.4)

with a reaction rate k∼6.0×10-16 m3s-1 [31]. Further addition of radicals and ions drives
the polymerization, and first molecular clusters (SinH+

m and SinHm) appear in the plasma.
During silane polymerization, atomic H is generated abundantly in association reac-

tions, which can abstract an H from the molecular SinH+
m and SinHm clusters, forming H2

molecules, e.g. for SinH+
m;

H + SinH +
m −−→ SinH +

m−1 + H2,

H + SinH +
m−1 −−→ SinH +

m−2 + H2.
...

(4.5)

Starting from the polymerization phase, H abstraction reactions produce H poor Si clus-
ters, which are indeed observed experimentally [37, 38].

Growth of molecular clusters proceeds until these clusters reach sizes, which can no
longer be considered molecular. Beyond this critical size, these clusters become stable
nanoparticles with well-defined surfaces that provide sites for further nucleation of the
molecules, ions, and radicals in the plasma (the critical size for Si-NCs is ∼1 nm [26]).
Nucleation of nanoparticles continues until the density of nucleating species is depleted.

During the nucleation of silicon nanocrystals (Si-NCs) in the ETP, all reactions (rad-
ical and ion polymerization reactions, hydrogen abstraction reactions, and collisional
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stabilization of excited species) involved in growth are exothermic [30, 32, 39]. The en-
ergy released from these reactions locally heats the particles at their nucleation sites and
most probably is responsible for maintaining the crystallinity during the growth process
[10, 33].

Further growth of nanocrystals can be possible depending on the plasma temperature.
At high plasma temperatures, in which colliding nanocrystals are in a molten state, coa-
lescence (mutual merging of particles) rate is high [27]. As a result of collision between
small nanoparticles, large nanoparticles with sizes of hundreds of nanometers can be
formed. This process is defined as the coagulation phase of the particle growth. During
the coagulation, large particles roughly maintain a spherical shape and individual small
nanoparticles are distinguished. If the temperature in the plasma is not high enough
to initiate the coalescence, collided nanoparticles do not coagulate. Instead, they stick
to each other and form web-like dendritic structures [10, 22]. Individual nanoparticles
could be decomposed via a post-separation process without affecting their morphology.
Thus, in a low-temperature plasma, nucleation and further growth by monomer addition
on the nanocrystal surface (growth by molecular collisions) are the primary nanoparticle
growth processes.

4.3 Experiment

Silicon nanocrystals (Si-NCs) were synthesized in a remote expanding thermal plasma
(ETP) by using an Ar/SiH4 gas mixture (see Figure 4.2a). A DC plasma was generated
in a cascaded arc with a fixed Ar flow rate of 20.0 sccs under subatmospheric pressures
(Parc=0.1-0.2 bar). The total power generated in the arc was over the range of 1.3-
1.8 kW. Both electron and gas temperatures in the cascaded arc were ∼1.0 eV, with an
electron density of ne∼1022 m-3 [36]. The downstream region is pumped down to a
pressure of ∼1.0 mbar. The diameter of the cylindrical vessel was about 50 cm, and the
distance between the nozzle and the substrate holder was 40 cm. The plasma density
in the downstream region is about 1021-1022 m-3 [40]. SiH4 gas was injected via an
injection ring, which was placed in the subsonic region, 5 cm downstream. A valve was
attached on the SiH4 injection line, which was used for time modulation of the SiH4

flow. The amount of SiH4 injected downstream at each pulse was controlled by varying
the stagnation pressure, Ps, upstream of the valve, in the range of 0.1-2.0 bar. Stagnation
pressure was monitored by using a baratron gauge. SiH4 injection time during each pulse
was τpulse=10.0 ms. A time interval of 10.0 s with no SiH4 flow between each isolated
pulse ensured that residual SiH4 in the vessel was pumped out prior to the next pulse
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(Figure 4.2b). The depletion of SiH4 was determined by means of a quadrupole mass
spectrometer by monitoring the ion current signal at m/z=31 (Figure 4.2c). Our previous
studies with similar processing parameters showed that, the gas temperature is ∼1500 K
at the location of injection ring and decreases down to ∼400 K close to the substrate and
the reactor walls [34]. Si-NCs were collected onto plastic or crystalline silicon substrates
and transferred via a load lock. Substrates were protected by a shutter during the startup
of the plasma. A list of setup parameters are provided in Table 4.1.

Table 4.1: Process parameters for the expanding thermal plasma

Parameter Processing Values

Ar flow 20 sccs
Plasma power 1.3-1.8 kW
Arc pressure 0.1-0.2 bar
SiH4 stagnation pressure 0.1-2.0 bar
Downstream pressure 1.0 mbar
Pulse ON time 10 ms
Pulse OFF time 10 s
Number of pulses 5
Substrate temperature 25 ◦C

Transmission electron microscopy (TEM) was performed after transferring the Si-
NCs to carbon grids. Beam intensities were chosen sufficiently low to prevent any
electron-beam related artifacts on Si-NCs. Raman spectroscopy was performed by us-
ing a 514 nm Ar+ laser. During the Raman measurements, laser power was fixed at 0.3
W mm-2, which is sufficiently low to prevent any laser induced shift and broadening on
the Raman spectra of silicon nanocrystals. The Raman spectra were deconvoluted us-
ing Lorentzian line shapes to determine the size distribution of small Si-NCs using an
analytical, size-dependent phonon confinement model [41].

4.4 Results and Discussion

4.4.1 Mass Spectrometry

Figure 4.3 demonstrates the amount of SiH4 delivered into the downstream region for
each pulse and its depletion as a function of the stagnation pressure, Ps. The absolute
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amount of SiH4 molecules delivered increases from ∼5.0×1018 to 1.0×1020 with an
increase of the stagnation pressure from 0.1 bar to 2.0 bar. Thus, we were able to control
the SiH4 density injected in the downstream plasma by tuning the stagnation pressure.
We determined the depletion of SiH4 from the relative amount of dissociation, D, (by
the Ar+ ions emanating from the arc) with respect to the SiH4 content under plasma-off
condition using Equation 4.6:

D =
Ioff − Ion

Ioff
(4.6)

where Ion and Ioff are the ion current signals at m/z=31 when the plasma was on and off,
respectively.

Figure 4.3: (a) Absolute number of SiH4 molecules delivered into the downstream region

of the plasma during each pulse, (b) the percent depletion of SiH4, and (c) the absolute

amount of depleted SiH4 in the downstream region of the expanding Ar plasma as a

function of SiH4 stagnation pressure.

The depletion of SiH4 (Figure 4.3b) decreased from∼80% to∼40% with an increase
in the absolute number of the SiH4 molecules in the downstream region from∼5.0×1018

to 1.0×1020. Note that, the equivalent SiH4 flow within 10.0 ms corresponds to a flow
rate of ∼20-400 sccs, which was much higher than the SiH4 flow used under continuous
plasma condition reported earlier [10]. At the high equivalent flow rates, we expect rela-
tively less efficient depletion of SiH4 molecules since the number of Ar+ ions emanating
from the arc was limited by the plasma source settings (depletion decreases when the
initial ratio of the Ar to SiH4 density is reduced) [35]. By knowing the absolute amount
of variation of SiH4 and its depletion, the absolute amount of SiH4 in the downstream
increased from 5.0×1018 (for Ps=100 mbar) to almost 4.0×1019 (for Ps=2000 mbar)
with a linear trend.

Note that the absolute increase of the amount of depletion (which quenches the elec-
tron density) and the absolute amount of SiH4 species in the plasma is in favor of ion-
molecule reactions (Equation 4.4), which promote ion polymerization path. Here we
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compare the ratio of electron to SiH4 density (ne/nSiH4
). To demonstrate a simple com-

parison, we only consider the events that take place during SiH4 injection (τpulse=10.0
ms). We know that electrons were produced only by the ionization of Ar in the cas-
caded arc. Assuming 10% ionization degree and 10 ms interaction time with injected
SiH4 in the central beam (Ar flow is 20.0 sccs, 1 sccs is 2.5×1019 particles per second
under standard conditions), 5×1017 electrons (and also Ar+ ions) are available to initi-
ate dissociative recombination reactions during 10 ms of interaction time (Equation 4.2).
Referring back to the mass spectroscopy data, the amount of SiH4 molecules increased
from 1018 to 6.0×1019 with stagnation pressure in the gas line. In other words, ne/nSiH4

decreases from 10-1 to ∼1.6×10-3. Thus, ion polymerization path (Equation 4.4) was
promoted at higher stagnation pressures on the gas line. According to Figure 4.3c, the
depleted amount of SiH4 has a linear dependency on the stagnation pressure, i.e., D∝Ps.
As we will discuss later on, this linearity of D together with decreased Si-NC size at
higher stagnation pressures is an important indication that addition of SiH4 plays a criti-
cal role on the growth of Si-NCs in the ETP.

4.4.2 Transmission Electron Microscopy

We used transmission electron microscope (TEM) to analyze the morphology and size
distribution of Si-NCs. Figure 4.4 demonstrates Si-NCs synthesized in ETP, which have
a spherical shape and a fully crystalline morphology. First, we show Si-NCs synthesized
using a continuous SiH4 injection (Figure 4.4a) as a benchmark. As we discussed above,
and showed in our previous work [10], Si-NCs (Figure 4.4a) have a bimodal size distri-
bution as a result of the specific reactor geometry: small Si-NCs with sizes in the range
2-10 nm are synthesized in the central beam (beam residence time, τbeam ≤10.0 ms) and
large Si-NCs with sizes in the range 50-120 nm are synthesized in the recirculation cells
(τrecirc ∼0.1-0.5 s). Figure 4.4b demonstrates that the size distribution of Si-NCs was still
bimodal in the time modulated SiH4 gas injection experiments. However, in contrast to
the continuous SiH4 flow experiments, the size of large Si-NCs synthesized in the time-
modulated SiH4 injection experiments were noticeably smaller (20-50 nm, see Figure
4.4d) than the sizes observed in continuous silane gas injection (50-120 nm, Figure 4.4c)
as a result of the finite amount of SiH4 present in the downstream region−the averaged
flow between two pulses varies in the range 2×10-4-4×10-3.

The decrease in the size of the large Si-NCs is also related to the duration of SiH4 in-
jection. The stream lines in the recirculation cells were almost identical in the continuous
and in the time-modulated injection of SiH4 as the downstream properties were mainly
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determined by the supersonic Ar plasma expansion in the axial direction, and by the lim-
ited pumping capacity, resulted in the formation of the recirculation cells. However, one
key difference is that, the duration of SiH4 injection in the time-modulated injection was
much shorter with respect to the characteristic residence times (τpulse � τrecirc), which
also limited the growth of large Si-NCs in the recirculation cells. An analysis of the
size distribution in Figure 4.4c and Figure 4.4d shows that large Si-NCs had a lognormal
distribution. Lognormal distribution in gas phase synthesis reactors is observed when
convective flow and diffusion processes are responsible for particle transport through a
finite growth regime in well-defined residence times [10, 23]. Depending on the compe-
tition between the convective flow and diffusion processes, the shape of the distribution
could be either highly asymmetric (limited convection), or almost symmetric (limited
diffusion).

Figure 4.4: Transmission electron microscope images of silicon nanocrystals. As a

benchmark, we show a comparison of (a) Si-NCs synthesized using continuous SiH4

injection with (b) Si-NCs synthesized using time-modulated SiH4 injection. Time modu-

lation of the SiH4 flow does not prevent the formation of large Si-NCs, which are formed

in the recirculation cells. However, the final size of the large Si-NCs in (b) is considerably

smaller than the sizes observed in (a). The average size of large Si-NCs synthesized us-

ing continuous silane injection is about (c) ∼70 nm. On the other hand, the average size

of large Si-NCs synthesized using time-modulated SiH4 injection is about (d) ∼40 nm.

Both of the distributions resemble a lognormal behavior (Skewness of the distribution in

(c) is 0.16, and in (d) is 0.15).
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As we mentioned above, all Si-NCs synthesized in the ETP have fully crystalline
morphology. High resolution TEM images in Figure 4.5 demonstrate that large Si-NCs
have ordered crystal structures. In other words, Figure 4.5 concludes that, these large
Si-NCs do not have polycrystalline morphology, indeed they have monocrystalline mor-
phology. In addition, the dendritic shape of small and large Si-NCs (Figure 4.4b) implies
that the temperature in the plasma was insufficient to initiate particle coalescence. This
observation concludes that the rate of a possible coalescence mechanism was lower than
the rate of collision during the transport of nanocrystals in the downstream plasma [27].

Figure 4.5: (a) Transmission electron microscopy images of large Si-NCs demonstrate a

spherical morphology without any internal defects in the structures. Scale bar is 50 nm.

High resolution transmission electron microscopy images of large Si-NCs in (b) and (c)

demonstrate the monocrystalline morphology that indicates the primary growth mecha-

nism was nucleation in ETP. Scale bars in (b) and (c) are 10 nm and 5 nm, respectively.

Size analysis of small Si-NCs with TEM is only possible if only these nanocrystals
could be separately distinguished. As small Si-NCs were found in dense dendritic-like
structures, size analysis was unreliable and time consuming by using TEM. Nonetheless,
an accurate analysis of the average size and size distribution of small Si-NCs is essential
to understand the particle formation mechanisms in the plasma beam. As we demon-
strated in a previous paper, Raman spectroscopy can be excellently used as an alternative
analysis tool [41].

4.4.3 Raman Spectroscopy

Figure 4.6 demonstrates Raman spectra of Si-NCs synthesized at various stagnation pres-
sures of the gas line during time-modulated SiH4 flow experiments. Raman spectroscopy
revealed that the analyzed material was fully crystalline as the broad Raman peak cen-
tered at 480 cm-1, which is the fingerprint of the amorphous silicon (a-Si:H), was not
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Figure 4.6: Raman spectra of Si-NCs for different stagnation pressures in the gas line.

The Raman peak position shifts to the lower wavenumbers with increasing stagnation

pressure, indicating a decrease in the average size of the Si-NCs. Moreover, increased

asymmetry of the line shapes, which is especially apparent for stagnation pressures of

1500 and 2000 mbar, indicates that a bimodal size distribution still exists.

detected. The peak position of Raman spectra departed from the optical phonon mode
of bulk crystalline silicon, which is located at ωc-Si=521 cm-1, starting with the stagna-
tion pressure of 0.2 bar (∼2×1019 SiH4 molecules per injection). Moreover, we observed
that the red-shift increases with an increase in the stagnation pressure. In other words, the
average size of Si-NCs had an inverse relation with the density of SiH4 injected down-
stream. In addition, we observed an asymmetric peak broadening together with the peak
shift: for each Raman spectra, the average shift in the low wavenumber part of the peak
was more pronounced than the average shift in the high wavenumber part (Figure 4.6).
Observed peak shapes differ from the peak shape of Si-NCs with monodisperse size dis-
tribution [42], and indicates the presence of a bimodal size distribution, which was also
observed from TEM images. We observed smaller Si-NCs at higher stagnation pressures
on the SiH4 gas line (which shift the low wavenumber part of the spectra), however, large
Si-NCs were still present in the mixture (which makes the high wavenumber part of the
spectra almost unshifted). The presence of bimodal size distribution became clearer from
the Raman spectra as the stagnation pressure, or SiH4 density, got higher.

The way to determine the size distribution of small Si-NCs is to deconvolute the
measured Raman spectra to find the particular Raman peaks of small and large Si-NCs,
and determine the parameters required to plot the size distribution. The deconvolution
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Figure 4.7: Size distribution of small Si-NCs for different SiH4 stagnation pressures

in the gas line. Their size distribution was obtained via deconvolution of the Raman

spectra using the analytical phonon confinement model demonstrated in our previous

work [41]. Increasing stagnation pressure−or increasing the local density of SiH4 for

each pulse−results in smaller Si-NCs with a narrower size distribution.

procedure is explained in detail in our previous work [41]. Figure 4.7 demonstrates
the size distribution of small Si-NCs as a function of SiH4 stagnation pressure. Results
of the analyses conclude that, at higher stagnation pressures, the average size of small
nanocrystals decreased and nanocrystals had possession of a narrower size distribution,
e.g., at Ps=0.2 bar, we observed Si-NCs in the size range from 2.5 nm to almost 16.0
nm, however, at Ps=2.0 bar, the sizes were in the range from 2.0 nm to 6.0 nm. In addi-
tion, we estimated the volume fraction of small Si-NCs with respect to the total analyzed
volume using the integrated areas of the deconvoluted peaks. For the lowest (5.0×1018)
and highest (1.0×1020) amount of SiH4 molecules injected into the downstream, we de-
termine the volume fraction of small Si-NCs as 60% and 85%, respectively. Figure 4.8
shows that higher stagnation pressures on the SiH4 gas line reduced the peak size and
the distribution width of Si-NCs from 6.2 nm to 3.2 nm, and from 5.0 nm to 1.7 nm,
respectively. Size distributions became less asymmetric at high stagnation pressures.
Decreased asymmetry of the nanocrystal size distribution indicates that the contribution
of diffusion as a key process in Si-NC formation became smaller with respect to con-
vective flow (limited diffusion) at higher local densities of the SiH4 gas injected into
downstream region.
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Figure 4.8: The peak size and with of small Si-NCs determined from the Raman spec-

troscopy analyses. Figure demonstrates that the peak size and the width of small Si-NCs

decrease with increased stagnation pressure, i.e., higher local densities of SiH4 injected

in the plasma. This observation is related with the formation of a higher number den-

sity of critical-sized clusters with increased local density of SiH4. These critical-sized

clusters serve as sinks for additional nucleation and quickly reduce the level of saturation

by depleting the density of the nucleating species in the plasma. Observation of smaller

nanocrystals for higher local densities of SiH4 also indicates that, nucleation of Si-NCs

does not proceed with coagulation in the later stages of nanocrystal formation. Indeed,

nanocrystal collision rate is faster than a possible coagulation rate and therefore collided

nanocrystals form dendritic structures as seen from the TEM images in Figure 4.4.

4.4.4 Discussion

From the results of TEM and Raman spectroscopy, we observed distinctive phenom-
ena, which helped us to reveal the underlying mechanism, on the formation of silicon
nanocrystals (Si-NCs) in the remote expanding thermal plasma (ETP). First of all, we
observed a bimodal size distribution of spherically shaped small and large Si-NCs. Con-
sidering the residence time differences in the plasma as mentioned above, small Si-NCs
were synthesized in the central beam and large Si-NCs were synthesized in the recircula-
tion cells. TEM images demonstrate that, together with small Si-NCs, large Si-NCs had
monocrystalline morphology. In other words, large Si-NCs were free from any discon-
tinuities in their crystal structures, such as dislocations, grain boundaries, or randomly
distributed atomic planes (Figure 4.5). The dendritic behavior indicated that individual
nanocrystals did not combine and form large Si-NCs. Downstream expanding plasma
cools rapidly from ∼1500 (at the position of the injection ring) to ∼400 K in the vicinity
of the substrate and in the recirculation zones [34]. These temperatures in nanocrys-
tal formation regions were insufficient to promote the coalescence that might result in
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the formation of Si-NCs with various sizes. Therefore, under these observations, we
conclude that nucleation and subsequent growth of these nuclei via SiH4 addition with
suppressed coagulation is the only responsible formation mechanism of small and large
Si-NCs in the ETP. Indeed, the residence times and the density of SiH4 available in the re-
circulation cells are sufficient for the nucleation and growth of nanocrystals via monomer
addition up to hundreds of nanometers in size [10].

Another remarkable observation is the inverse relation between the amount of SiH4 in
the plasma and the average size of small Si-NCs formed in the central beam. According to
the Raman spectroscopy results, average size of small Si-NCs was 6.2 nm when 5.0×1018

SiH4 molecules were injected, and 3.2 nm when 1.0×1020 SiH4 molecules were injected
in the downstream plasma. In addition, the volume fraction of small Si-NCs increase
from ∼60% to ∼85% as the SiH4 amount in the plasma increases. Instead of reaching
larger sizes at higher local densities of the feed gas injected in the downstream region,
nanocrystals got smaller and their number densities increased. The question is why and
how?

Nucleation of nanoparticles starts with polymerization reactions of the molecules,
ions, and radicals in the plasma, which leads to formation of stable ionic clusters [26].
Formation of these clusters and their population in the growth region depends on the su-
persaturation degree of the feed gas (including ions, radicals, and neutrals) in the plasma
[22, 25]. Higher local densities of SiH4 (i.e., higher stagnation pressure on the SiH4

gas line) shortens the required time for appearance of stable clusters, and increase their
number densities in the growth region as a result of the increased supersaturation de-
gree. These clusters act as sinks for the nucleation of the species available in the plasma
during the nucleation burst [25]. A high number density of clusters provide a large sur-
face area for further nucleation, which in turn depletes the density of plasma species in
the growth zone faster than a depletion by a low number density of clusters. Therefore,
higher number density of clusters results in rapid depletion of plasma species that reduces
the nucleation time and results in the formation of smaller nanocrystals. These observa-
tions from Raman spectroscopy can only be explained in such a way if nucleation is the
responsible nanocrystal formation mechanism in the ETP.

According to the mass spectroscopy data, total absolute amount of directly consumed
SiH4 increases with stagnation pressure with a linear relationship. However, depletion
of SiH4 decreases from ∼80% to ∼40%. In other words, the absolute number of SiH4

molecules also increases with stagnation pressure. If SiH4 molecules are consumed by
addition reactions, the total surface area of Si-NCs should compensate for the available
SiH4 molecules. Considering ∼40 nm average size of large Si-NCs, and the volume

114



4.4. RESULTS AND DISCUSSION 4. Nucleation of Si-NCs

fractions of 85% and 60%, respectively, the available surface area during the growth of
3.2 nm Si-NCs was 2.4 times larger than that of 6.2 nm Si-NCs. This observation indeed
indicates that, addition reactions of SiH4 molecules play an important role on the growth
of small Si-NCs at higher stagnation pressures.

Raman spectroscopy also demonstrated that, the width of the nanocrystal size distri-
bution decreases with increased amount of SiH4 injected downstream. In addition, the
distribution shapes became less asymmetric when their widths became narrower. Ob-
servation of a finer size distribution is related to the nucleation time. We illustrate this
with the following assumption [23]: Consider a constant flux φ, of plasma species on
a newly formed nanocrystal with surface area A. We can describe the increase of the
nanocrystal volume per unit time as dV/dt=φA. According to this assumption, the radius
of the nanocrystal scales with time, i.e., r ∝ t. If there is an asymmetric residence time
distribution for nanocrystal growth, which is observed when the nanocrystal transport is
governed by convective flow and random diffusion, the size distribution of nanocrystals
will also be asymmetric, i.e., lognormal under present conditions [23, 41]. Linked with
the reasons stated above, smaller Si-NCs with a narrower size distribution is observed
when nanocrystal growth stops in a shorter time, which was observed for a higher num-
ber density of clusters. On the other hand, depletion of the SiH4 density in the plasma
takes longer if the number density of clusters is lower as a result of reduced nucleation
area on the cluster surfaces. Thus, differences in sizes increase and the final size distri-
bution becomes wider and more asymmetric, and average size of Si-NCs increases.

We should also address the role of various plasma species on the formation of small
and large Si-NCs as their mean free path, sticking coefficient and reaction rate signifi-
cantly differ from each other. Two groups of plasma species, i.e., radicals and positive
ions, mainly react with each other, or with SiH4 during the initial polymerization and sub-
sequent nucleation process in the ETP. Radicals have longer mean free path and lower
sticking coefficients than positive ions [43, 44]. For instance, the sticking coefficient of a
SiHn radical is 0.27-0.33 for n=3 [44–46] and 0.35-0.40 for n=2 [47]. For the polysilane
radicals, the sticking coefficient roughly equals to 0.10-0.20 [48]. On the other hand, the
positive ions have almost unity sticking coefficient and once they appear in the plasma,
they immediately undergo ion-molecule reactions [49]. During the plasma expansion
process, therefore, one can expect that the radicals have a higher chance of reaching
the recirculation cells via diffusional process, where the polymerization reactions and
subsequent nucleation form large Si-NCs. Positive ions, however, likely stay within the
central beam and undergo polymerization reactions that end up with the formation of
small Si-NCs. Molecular ion creation rate becomes dominant over the radical creation
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rate if electron to SiH4 density ratio, ne/nSiH4
< 10-3-10-2, as mentioned earlier. This is

observed at higher amount of SiH4 injections. Indeed, increased surface area for SiH4

addition, and linear dependency of SiH4 depletion with stagnation pressure concludes
that, creation of molecular ions by charge exchange process is in favor of the formation
of small Si-NCs since these species mostly stay within the central beam.

We finally discuss the main differences between the continuous and time-modulated
injection of SiH4 into the downstream region. First of all, with time modulation of the
SiH4 injection, we had a full control on the time, and the amount of SiH4 molecules in-
jected via varying the stagnation pressure in the gas line. Time-modulation experiment
tracked the change of particle size and size distribution as a function of SiH4 amount
injected per unit time interval, and therefore revealed the underlying formation mecha-
nism. In the case of continuous SiH4 injection [10], these parameters are not very well
defined. Although a bimodal size distribution of Si-NCs is observed both in the contin-
uous and time-modulated SiH4 injection, the final size of the large Si-NCs synthesized
in the time-modulated injection was smaller. Another difference is the final size and
size distribution of small Si-NCs. A high local density of SiH4 in the downstream re-
sults in smaller Si-NCs in both cases as a consequence of growth via nucleation. In
continuous SiH4 injection, the maximum possible SiH4 injection is in the order of tens
of standard cubic centimeters per second (∼101 sccs). During the time-modulation, as
we mentioned before, we reached equivalent SiH4 flows over the range 20 to 400 sccs.
In relation with the discussions on the particle size and size distribution, therefore, time
modulated injection produces smaller nanocrystals during nucleation, with a narrower
size distribution. This is a critical requirement for technological applications of Si-NCs,
in which the size dependent properties of nanocrystals are used for promoting optimum
device performance.

4.5 Conclusion

According to the results from transmission electron microscopy (TEM) and Raman spec-
troscopy, silicon nanocrystals (Si-NCs) synthesized in the remote expanding thermal
plasma had monocrystalline morphology, and they formed dendritic groups. Analyses
on size distribution of small Si-NCs showed an inverse relation between the SiH4 density
and the final nanocrystal size under identical SiH4 injection times. In addition, nanocrys-
tal size distributions were lognormal and their widths became narrower at smaller sizes.
Under these conditions, we conclude that, formation of large Si-NCs with monocrys-
talline morphology via coagulation is highly unlikely. Therefore, the only possibility
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of Si-NCs to reach sizes from a few to tens of nanometers is via nucleation and further
growth of the molecules, ions, and radicals available in the plasma. These nanocrys-
tals have monocrystalline morphology as the molecular exothermic reactions maintain
crystallinity during growth. In addition, observed dendritic structures were easily sepa-
rable, e.g., by means of sonication of Si-NCs. The observations of this work apply for all
kind of plasma environments, where nucleation is the primary mechanism of nanocrystal
formation.
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∗To be submitted as: İlker Doğan, René H. J. Westerman, and Mauritius C. M. van de Sanden

121



122 5. Spatial Confinement of Si-NCs



5. Spatial Confinement of Si-NCs

Abstract

This work demonstrates the role of flow dynamics and the particular chemistry on the
formation of small (2-10 nm) and large (50-120 nm) silicon nanocrystals (Si-NCs) syn-
thesized in a remote expanding plasma, in which the flow dynamics are determined by the
expanding central plasma beam and surrounding recirculation cells. Continuum fluid dy-
namics (CFD) simulations reveal a significant mass flow to the recirculation cells, which
can be gradually reduced upon confinement of the central beam flow, preventing the
mass transport to the outer zones during expansion. Transmission electron microscopy
and Raman spectroscopy analyses demonstrate that the volume fraction of large Si-NCs
decrease from ∼77% to below 45% in parallel with the decrease of mass flow to the
recirculation cells upon confinement, which evidenced that large Si-NCs are synthesized
in the recirculation cells and small Si-NCs are synthesized in the central beam. Spa-
tially resolved ion flux analyses demonstrate that the ions are localized in the central
beam despite the mass flow to the recirculation cells, indicating that small Si-NC growth
is governed by ion assisted growth while the growth of large Si-NCs are governed by
radical-neutral assisted growth in the absence of ions. According to these observations,
a better uniformity in the size distribution of Si-NCs can be obtained by creating a more
uniform plasma flow and controlling the density of plasma species in the plasma.

123



5. Spatial Confinement of Si-NCs 5.1. INTRODUCTION

5.1 Introduction

Gas-phase plasma chemical processing techniques are efficient ways to synthesize nano-
particles with various size and shape. When compared to the other nanoparticle synthesis
techniques, gas-phase plasma processing techniques have superior features such as the
advantage of one-step production, the capability of reaching very high process rates, the
flexibility of using the precursor material in the solid, liquid or gas phase, and the freedom
of altering the plasma chemistry and material morphology by tuning plasma parameters.
Some examples of nanoparticles synthesized using plasmas include silicon [1, 2], ger-
manium [3], boride/silicide [4], and silicon carbide [5]. These nanoparticles are suitable
to be used in various applications, such as solar cells [6], light emitting diodes [7], water
splitting [8], or lithium-ion battery applications [9], due to their size dependent proper-
ties. For instance, the optical [10] and electronic [11] properties of a silicon nanocrystal
(Si-NC) can be tuned by changing its size in the quantum confined size regime. Need-
less to say, therefore, the control of the size and size distribution of nanoparticles during
gas-phase synthesis is a critical requirement to facilitate their size dependent properties
and to promote the use of these nanoparticles in technological applications.

To establish size control on nanoparticles, the effect of plasma forces acting upon
the nanoparticles, and chemistry in different regions of the plasma and their role on
the nanoparticle growth mechanism should be known. Depending on the type of the
plasma; molecules, ion, and radical fragments, and nanoparticles can be subject to var-
ious forces [12, 13] such as convective flow, diffusion, electric field forces, gravitation,
and thermophoretic forces [14]. Although nanoparticle growth depends on the type of
the plasma, we can draw a generic nanoparticle growth scheme for gas-phase plasma
synthesis techniques. In the gas-phase plasma-chemical reactors, nanoparticle forma-
tion starts with the dissociation of the precursor material by a background plasma of a
non-chemical gas [1, 15, 16], which is first followed by formation of an ionic cluster,
then nucleation and subsequent growth of these clusters that results in the formation of
stable spherical nanoparticles [17]. The final size of the synthesized nanoparticles de-
pends on their residence time [1, 15]−the time interval, during which the nanoparticles
travel through the growth zone [18] until they reach the substrate or to the walls of the
reactor−in the plasma. Due to the small masses of initially formed nanoparticles, they
follow the streamlines in the plasma dictated by the convective flow [19, 20]. Therefore,
the flow geometry and velocity field predominantly determine the residence time in the
plasma, and the final size of nanoparticles.

It is shown that, controlled synthesis of nanoparticles in large quantities can be ef-

124



5.1. INTRODUCTION 5. Spatial Confinement of Si-NCs

ficiently realized−from the vapor phase via gas condensation [21–23]−in expanding
plasma jets by adjusting the expansion speed, i.e., the residence time [15, 24]. An exam-
ple of such kind of plasmas is the remote expanding thermal plasma (ETP). The ETP is a
remote plasma in the sense that the plasma production, transport, and deposition regions
are separated. The transport and deposition regions have no influence on the plasma pro-
duction zone. There is no power coupled to the downstream region, where transport and
deposition takes place. This feature dramatically reduces the deteriorating effects of ion
bombardment, and ultraviolet radiation on the synthesized material. As a result of the
low ion and electron temperature (∼2 eV, and ∼0.1-0.3 eV, respectively), the self-bias in
the downstream is relatively low [25] with respect to the other plasmas, e.g., radio fre-
quency chemical vapor deposition techniques (RFPECVD) have ion energies in the range
20-30 eV, and electron energies in the order of ∼1-4 eV. We reported that using a remote
expanding thermal plasma (ETP) enables one-step route formation of free-standing sili-
con nanocrystals (Si-NCs) with ultrahigh throughputs of ∼100 mg/min [1]. Due to the
remote character of the ETP as mentioned above, the effect of electric field forces on the
transport of nanoparticles are negligible, and particle transport is dominated by the con-
vective flow and the diffusional processes. In the ETP, the plasma expands in the form
of a central beam, which is surrounded by recirculation cells [26–28]. The streamlines in
the central beam draws a linear trajectory for the growth of nanoparticles under convec-
tive transport, particularly with a beam residence time of τbeam∼10 ms leading to growth
of small Si-NCs in the size range 2-10 nm. On the other hand, the streamlines in the
recirculation cells dictates a closed loop for particles during their growth with residence
times of τrecirc∼0.1-0.5 s [26], until they reach significant sizes in the range 50-120 nm,
and eventually reach the substrate via diffusion. Residence time differences are the main
reason of observing a bimodal size distribution of small and large Si-NCs. In our previ-
ous work, we concluded that the volume fraction of large Si-NCs with respect to small
Si-NCs could be decreased if long residence times are shortened, or the plasma zones are
spatially isolated [1]. In addition, time-modulation of the SiH4 flow in the millisecond
range reduces the size of large Si-NCs by virtue of the limited SiH4 injection time with
respect to the growth times of these large Si-NCs in the recirculation cells.

In this work, we deal with the origin of small and large Si-NCs in the ETP by a spatial
confinement approach of the central plasma beam, to geometrically separate it from the
recirculation cells. We will show that, when the central plasma beam is spatially confined,
the large Si-NCs are outnumbered and their volume fraction decreases with respect to the
volume fraction of small Si-NCs. We will also demonstrate that the conversion efficiency
of the precursor silane gas into small Si-NCs increases with the spatial confinement of
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the central plasma beam, which also stands as an additional evidence that small Si-NCs
are synthesized in the central beam, and large Si-NCs are synthesized in the recirculation
cells. In addition, in order to investigate the chemistry during the growth of small and
large Si-NCs, we will present spatially-resolved ion flux analyses in the ETP obtained
by using a planar capacitive probe, or ion probe [29, 30], and discuss the role of ion and
radical fragments that contributes to the growth of Si-NCs in different plasma regions.

The paper will be structured as follows: In the simulation part, we will first deal with
a simplified 2-dimensional model of the velocity fields and streamline functions in the
ETP to investigate the expansion dynamics and mass flow in the central beam and in the
recirculation cells. Then, we will dwell on the nanocrystal growth mechanisms in an
Ar/SiH4 plasma, which involves the chemical reactions between SiH4 molecules (as the
precursor gas), ions, and radical fragments, that leads to formation of Si-NCs. After a
brief explanation of the experimental details, we will demonstrate the results obtained
by using transmission electron microscopy (TEM), Raman spectroscopy, and capacitive
probe; and discuss the correlation of the experimental results with the analysis based on
the simulation results of the gas flow dynamics. Finally, we will summarize the work and
draw conclusions.

5.2 Theoretical Aspects

5.2.1 Simulation of the Plasma Expansion

In this section we analyze the effect of spatial confinement on the streamline function and
velocity fields during the plasma expansion (Figure 5.1). In the ETP, the plasma expands
supersonically from an ionizing plasma source as a result of the large pressure gradient
between the cascaded arc plasma source and the downstream expansion chamber. Super-
sonic expansion then rapidly compresses through a stationary shock-wave (Mach disk)
and the expansion zone is surrounded by a barrel shaped shock-wave (barrel shock). Be-
hind the stationary shock-wave, plasma expands subsonically in the downstream region.
As a result of the limited pumping capacity and cylindrical shape of the downstream
chamber, recirculation cells appear at the background volume of the expanding central
beam. It is found that, rarefaction effects, which are the invasion of the central beam by
background particles migrating from the recirculation cells, play an important role on the
flow dynamics [27, 28]. On the other hand, migration of particles from the central beam
to the recirculation cells via diffusional processes is also expected [28]. These processes
play a determinant role on the velocity distribution and plasma chemistry in the down-
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stream. Therefore, it is essential to investigate the velocity and mass flow dynamics in
the downstream region of the ETP in order to understand their effects on the synthesis of
nanoparticles via gas-phase growth reactions.

Figure 5.1: The expanding thermal plasma (ETP) setup. The overall 2D flow of the

plasma, which was obtained by numerically solving the Navier-Stokes equations with

no slip boundary conditions at the walls, is demonstrated at the bottom half of the ETP

image. At the upper half, formation of small and large Si-NCs are demonstrated. Small

nanocrystals are synthesized in the central plasma beam within the beam residence times

of τbeam∼10 ms, and large nanocrystals are synthesized in the recirculation cells within

residence times of τrecirc∼0.1-0.5 s. Si-NCs are transported in the downstream by means

of convective flow and diffusional processes, and as a result, a mixture of small and large

Si-NCs are observed on the substrate. A cross-sectional TEM image of Si-NCs on the

substrate are shown at the right (for details of the cross-sectional image see Experimental

part). The scale bar of the TEM image is 2 µm.

The flow dynamics of plasma expansion in the ETP were analyzed in depth exper-
imentally via laser-induced fluorescence (LIF) measurements [28]; and by employing
continuum fluid dynamics (CFD) [26], direct simulation Monte Carlo (DSMC) [26], and
hybrid CFD-DSMC modeling [27]. These modeling studies enable high level under-
standing of the flow dynamics in the ETP, and successfully explained the experimental
results on the detailed plasma expansion dynamics, including non-thermal velocity dis-
tributions of the carrier gas argon [28]. However, our aim here is not to delve into such
comprehensive analyses of the plasma, but to briefly demonstrate the effect of the spatial
confinement experiments on the velocity and streamline function fields of the expansion.
From the more complete modeling [26, 27] we know that these simplified simulations
catch the prevailing flow dynamics rather well, for the present studies this is a sufficient
requirement to make a good comparison with the results presented in this paper.

We simulate the plasma flow using an axisymmetric model [26, 31–33]. Since the
ionization degree is low (∼10%) [1, 25], and the plasma becomes recombining in the
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downstream of the expanding plasma jet [26] the plasma flow dynamics can be modeled
assuming a neutral hot gas expansion. 2D flow dynamics we present here will include
expansion of a hot argon gas with and without spatial confinement of the central plasma
beam. Ar, which determines the main characteristics of the streamline function and ve-
locity fields, is the main carrier gas because of its relatively large mass with respect to
the SiH4 molecules. The confining boundary is a cylindrical tube and covers the injec-
tion ring and the central beam. We will not consider the effect of chemical reactions of
electrons or ions since these reactions do not significantly affect the velocity field [26].

Simulations were performed using a commercial finite element analysis solver (COM-
SOL Multiphysics). Configuration of the cylindrical reactor, in which we solved the 2D
Navier-Stokes equations in cylindrical coordinates [34], is demonstrated in Figure 5.1.
Due to the low Reynolds number in the subsonic part of the downstream (Re∼300) the
flow is laminar. The boundary conditions are: the inlet velocity is V∼1000 m/s, outlet
pressure at the pumps is equal to the reactor pressure, and non-slip conditions on the
walls and on the substrate (Vwall=Vsubs=0). The length of the confining boundary is set
according to the tube lengths used in the experiment, i.e. L=0 cm, L=20 cm, L=25 cm,
and L=30 cm.

Figure 5.2: 2D velocity field V for different lengths of the cylindrical tube around the

central plasma beam. (a) L=20 cm, (b) L=25 cm, (c) L=30 cm. Argon flow: 20 sccs,

downstream pressure: 1 mbar, Inlet velocity: 1000 m/s. For a clear vision of the beam

velocities in the central beam, the color bar is scaled down to 100 m/s.

The results of the simulations are demonstrated for the expansion without spatial con-
finement in Figure 5.1, and with spatial confinement for various lengths of the cylindrical
tube around the central plasma beam in Figure 5.2. The streamlines (white lines) clearly
demonstrate the flow characteristics in the central plasma beam and in the background
recirculation cells. For different cylindrical tube lengths, a clear difference in the patterns
of the streamlines was observed. Without spatial confinement (Figure 5.1), the recircu-
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lation velocities reach up to ∼40 m/s, whereas with spatial confinement (Figure 5.2),
the recirculation velocities decrease below ∼1 m/s for the longest tube size and become
almost stationary. Another important observation is that, the streamlines follow a closed
loop as the confinement boundary becomes longer, disconnecting from the central beam.
In addition, smaller recirculation cells develop within the cylindrical tube at L=25 cm.

Figure 5.3 demonstrates the streamline function Ψ for various lengths of the cylin-
drical tube. Without a spatial confinement around the plasma beam as seen in Figure
5.3a, the streamline function exhibits a sink and a hump in the recirculation cells, both
surrounded by the streamlines (black lines). The absolute magnitude of the sink, which
is the amount of mass flow into the recirculation cells, is about 0.06 m3/s. For various
tube lengths, on the other hand, we observe a change in the streamline (black lines) pat-
terns. When the length of the tube increases, the sink of the streamline function moves
into the tube (Figure 5.3b, 5.3c, and 5.3d) and its absolute magnitude decreases almost
an order of magnitude, i.e., down to 0.009 m3/s. In addition, the streamline function in
background zones exhibit almost a uniform pattern as seen in Figure 5.3c and 5.3d. This
is a key observation in the sense that, confinement of the central beam substantially re-
duces the flow through the background zones, which presumably have an impact on the
nanocrystal growth dynamics in the downstream region.

Figure 5.3: The streamline function Ψ for different lengths of the cylindrical tube around

the central plasma beam. (a) No confinement, (b) L=20 cm, (c) L=25 cm, (d) L=30 cm.

Argon flow: 20 sccs, downstream pressure: 1 mbar, Inlet velocity: 1000 m/s. Scale bars

are in the units of m3/s.

5.2.2 Plasma Chemistry

In the downstream region of the ETP, chemical reactions start via dissociation of injected
SiH4 molecules [1, 35, 36]. Due to the remote feature of the ETP, electrons do not have

129



5. Spatial Confinement of Si-NCs 5.2. THEORETICAL ASPECTS

the energy (Te∼0.1-0.3 eV [1, 25]) to initiate dissociative attachment of SiH4, unless
SiH4 molecules are highly vibrationally excited [37]. Therefore, the SiH4 chemistry is
governed by Ar+ ions emanating from the arc via dissociative charge-exchange reactions
with a reaction rate of k∼10-16 m3s-1 [38, 39], forming SiH+

n≤3 ions [1, 35, 36]. SiH+
n≤3

ions can undergo two different reaction pathways during the polymerization process. In
the ion polymerization pathway, SiH+

n≤3 ions formed after dissociative charge-exchange
reactions react with SiH4 molecules in an associative charge-exchange reaction, e.g., for
SiH+

3

SiH +
3 + SiH4 −−→ Si2H +

5 + H2 (5.1)

with a reaction rate k∼10-16-10-15 m3s-1 [37, 40, 41]. The growth of larger clusters via ion
polymerization pathway continues by addition of SiH4 molecules [1]. SiH+

n≤3 ions also
interact with electrons via dissociative recombination reactions with a rate of k∼10-13

m3s-1 [1]

SiH+
n≤3 + e− −−→ SiHp≤2 + · · · , (5.2)

which initiates the radical polymerization pathway. The radicals formed in Equation 5.2
can react with SiH4 to form polysilane radicals [1], e.g., for SiH2

SiH2 + SiH4 −−→ Si2H5 + H, (5.3)

with a reaction rate of k∼10-16 m3s-1 [37]. The growth of larger clusters via radical
polymerization pathway continues by addition of SiH4 molecules [1]. Apart from the
cationic clusters and neutral clusters, anionic clusters can be formed in the ETP, with a
relatively low density with respect to the cationic and neutral clusters as a result of the
low electron temperature in the downstream region [36, 38].

The reaction probability and sticking coefficient of ionic and radical silanes (SiH +
n /

SiHn) and polysilanes (SinH +
m / SinHm) determine their interaction length and therefore

their population at different regions in the ETP. The sticking probability of SinH +
m ions

is almost unity [42, 43], which reduces their interaction length as they rapidly undergo
polymerization reaction as soon as they are created (assuming the electron density is
quenched [1]). Although the sticking probability of SinHm radicals depend on the m

value, they have values much lower than unity. The sticking probability of SiH3 is in
the range 0.26-0.33 [42, 44, 45] and the sticking probability of SiH2 is about 0.35-0.40
[46]. In general, when m≤2n, the sticking probabilities increase with decreasing m, and
when m=2n+1, the sticking probabilities remain in the range ∼0.1-0.2 [47]. Therefore,
radicals have longer interaction length and they have a higher probability to reach closer
to the walls in the ETP. The knowledge of ion and radical distributions in the plasma gives
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information on the growth precursor and reaction pathways of nanocrystals at different
regions of the plasma in the ETP.

5.3 Experimental Details

5.3.1 Expanding Thermal Plasma Setup

The expanding thermal plasma (Figure 5.1) consists of a cascaded arc, in which an argon
plasma was generated; and a cylindrical downstream chamber, where the plasma expan-
sion took place. The arc channel has a diameter of 4 mm, and three cathodes were used
for generating the plasma. The DC discharge was controlled by varying the arc current,
which was fixed at 45 A. The total plasma power dissipated in the cascaded arc was in the
range 1.3-1.8 kW. The pressure in the cascaded arc was subatmospheric, which was in the
range 100-600 mbar, depending on the gas flow. In this experiment, argon gas was used
at a fixed flow rate of 20 sccs (standard cubic centimeters per second). The generated
plasma is thermal with an electron and ion temperature of ∼1 eV [32]. The electron and
ion density is n∼1022 m-3 [38]. The downstream deposition chamber was pumped down
to a pressure of 1 mbar. The plasma expands supersonically with a directed velocity of
V∼1000 m/s at the exit of the nozzle and proceeds subsonically at ∼3 cm in front of the
nozzle [1]. The plasma density in the downstream chamber is about ∼1017 m-3 [25]. An
injection ring was positioned 5 cm downstream to inject the silane at a fixed flow rate of 5
sccs. The diameters of the injection ring are 8 cm and 0.5 cm, respectively. The injection
ring has eight holes each 1 mm in diameter. The radius of the downstream chamber is
50 cm and the distance between the nozzle and the substrate holder is 40 cm. Plexiglass
substrates were transferred into the downstream chamber from a load lock. A shutter was
used to protect the substrate before the startup of the plasma. For the spatial confinement
of the central plasma beam, a quartz tube with a diameter of 10 cm as employed. The
tube covered the central plasma beam completely, including the nozzle exit and the in-
jection ring. The size of the tube could be adjusted in the range 20-30 cm along the axial
direction. The maximum length of the tube was adjusted to provide enough space for the
movement of the automated shutter. A list of setup parameters is provided in Table 5.1.

5.3.2 Ion Probe

In order to perform measurements on the positive ion flux, a capacitive probe, or an
ion probe was employed. Ion probe is an effective tool to measure ion fluxes in the so
called dusty plasma conditions, in which conventional Langmuir probes are unable to
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Table 5.1: Setup parameters for the expanding thermal plasma

Parameter Processing Values

Ar flow 20 sccs
SiH4 flow 1-10 sccs
Arc current 45 A
Arc voltage 30-40 V
Arc pressure 0.1-0.2 bar
Ring diameter 8 cm
Tube length 20-30 cm
Vessel pressure 1.0 mbar
Substrate temperature 25 ◦C

perform reliable measurements as a result of the depositing nature of the plasma [30].
The use of ion probe in depositing plasmas is described in detail elsewhere [29]. Briefly,
the ion probe consists of a disk-shaped inner collecting area, which is surrounded by a
ring-shaped outer surface. The disk-shaped collecting area is connected in series to a
capacitor Cp (1.5 nF). The outer surface is connected in series to another capacitor Cr

(5.0 nF). The collection area and ring are electrically separated by a ceramic dielectric
and placed in a grounded cup. A periodic waveform with a short pulse in combination
with a linear and longer voltage ramp was used in order to prevent a charge accumulation
on the surface of the probe [29]. A constant bias voltage of -10 V was applied using a
Hewlett Packard 32120 waveform generator. The measurements were performed radially
from the expansion axis to the walls, and axially along the expansion, namely 30 (10),
35 (5) and 38 (2) cm from the nozzle (substrate). The ion flux, Γi, was calculated from
the following equation:

Γi =
Cp

eAinner

(
dV

dt

)
measured

, (5.4)

where the time derivative of the voltage is the measured drop over the capacitor Cp, which
was determined by linearly fitting the ramp of the output signal [29]. During the ion flux
measurements, the plasma beam was not confined in order to be able to measure the ion
flux along from the central beam to the recirculation cells.
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5.3.3 Post-Deposition Diagnostics

Transmission electron microscopy images were obtained by transferring sufficient nano-
crystals from the substrate to the carbon grids. During the measurements, the TEM ac-
celerating voltage was fixed at 300 kV. TEM images were used to determine the size
distribution of large Si-NCs. The cross-section of the deposited nanocrystal film was
obtained by conserving the actual morphology and distribution of deposited nanocrys-
tals. First, two holes with an approximate distance of ∼20 µm were drilled by using
focused ion beam (FIB) etching from the surface of the deposit down to the interior of
the crystalline silicon substrate. These holes were filled with platinum to create two sup-
porting columns. These columns were connected from their tops at the surface of the
nanocrystal film by depositing a platinum line, creating a self-standing frame. The frame
of nanocrystals were taken by removing the frame from its surroundings via a regular
FIB etching route. Raman spectroscopy measurements were conducted using a 514 nm
Ar+ ion laser. The step size of the measurement was 1.7 cm-1. The laser power was
fixed at 0.3 W/mm2. The measurement time of 60 s was enough for obtaining a clear
peak for each sample. Recorded Raman spectra were deconvoluted to determine the size
distribution of small and large Si-NCs and their volume fraction [48].

5.4 Results

5.4.1 Spatial Confinement

We analyzed the morphology of Si-NCs using TEM. Figure 5.4 demonstrates a series of
TEM images of Si-NCs synthesized in the ETP without spatial confinement of the central
beam. As we discussed in our previous work [1], Si-NCs have a bimodal size distribution
of small and large nanocrystals over the range 2-10 nm and 50-120 nm, respectively.
Figure 5.4a demonstrates that Si-NCs synthesized using the parameters listed in Table 5.1
have a bimodal size distribution, as expected. In addition, Si-NCs have spherical shapes
and free standing morphology. Figure 5.4b and 5.4c show a small and a large Si-NC
with sizes ∼10 nm and ∼100 nm, respectively. As seen from the figures, both the small
and the large Si-NC have mostly defect-free, monocrystalline structures. We related
this observation with the nucleation growth [1] (also see Chapter 4), which explains the
growth by addition of molecules, ions and radicals in the plasma on the surface sites of
the nanocrystals. Nucleation of nanocrystals takes place as long as the growth reactions
proceed, which is related with the residence times in the different growth regions of the
plasma. Considering the residence times in different plasma regions, small nanocrystals

133



5. Spatial Confinement of Si-NCs 5.4. RESULTS

were presumably synthesized in the central beam (τbeam∼10 ms) while the background
recirculation cells (τrecirc∼0.1-0.5 s) served as the formation region of large nanocrystals
(see also Figure 5.1). As we discussed before1, the transport of nanocrystals is mainly
driven by the convective flow, and in between these zones diffusional processes govern
the nanocrystal transport.

Figure 5.4: (a) TEM images of free-standing Si-NCs collected on a carbon grid after

deposition. Image demonstrates that Si-NCs are found in dense groups and consists of a

bimodal size distribution of small and large nanocrystals. Scale bar: 0.5 µm. (b) A Si-NC

with a size ∼10 nm. TEM image shows that the observed nanocrystals were monocrys-

talline and spherical. Scale bar: 5 nm. (c) A close-up image of a large Si-NC with a size

greater than 50 nm. According to this image, large Si-NCs have mostly defect-free, and

monocrystalline morphology, which indicate that these nanocrystals are synthesized via

nucleation and they are not the result of coalescence of smaller nanocrystals. Scale bar:

5 nm. (d) Size distribution of large Si-NCs obtained from TEM images. The distribution

of nanocrystals spans a range from 40 nm to 110 nm with a lognormal shape.

Figure 5.5 demonstrates the TEM images of Si-NCs as a function of tube length from
L=20 cm to L=30 cm. From the TEM images, we observed a decrease in the number
of large Si-NCs as a function of increased tube length. This observation falls in with
the discussion on the formation region of large Si-NCs. An increase in the tube length
isolated the expanding central plasma beam from the recirculation cells, which reduced
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the diffusion of plasma species into and out of the recirculation cells, and hindered the
number of large Si-NCs. The observed large Si-NCs even in the case of longest tube size
could be either due to the reduced diffusion from the stationary background zones at the
edge of the tube in Figure 5.2c and Figure 5.3d, or due to the small recirculating volume
within the confined region.

Figure 5.5: TEM images of Si-NCs obtained as a function of increased confinement of

the central beam. The tube sizes are, (a) 20 cm, (b) 25 cm, (c) 30 cm, respectively. As

seen from the figure, with the increasing confinement level, the number of large Si-NCs

were outnumbered.

We analyzed the nanocrystal size distribution and their volume fraction in a quan-
titative way using Raman spectroscopy. Size distribution of small nanocrystals can be
determined using a phonon confinement model [48, 49] from their size dependent shifts
observed in the Raman spectrum. Large Si-NCs with sizes D&20 nm, however, do not
exhibit a peak shift and observed in the Raman spectrum at the same peak position with
the bulk crystalline silicon at ωSi=521 cm-1. Using this fact, we determined the volume
fraction via deconvolution of the measured Raman spectra for small and large Si-NCs
as discussed in detail elsewhere [48]. Figure 5.6 demonstrates the Raman spectra of Si-
NCs synthesized in the case of spatial confinement of the central plasma beam. Here,
we highlight two points that stress the formation regions of small and large Si-NCs in
the ETP. First, the mean size, and the shape of the size distribution of small Si-NCs were
not affected by the confinement of the plasma beam. Mean sizes of small nanocrystals
remained within the range D0∼4.5-4.6 nm, similar to the case of no confinement [1].
The skewness of the nanocrystal size distributions did not change considerably and re-
mained close to each other for different tube lengths, i.e., σ∼0.18-0.21. This observation
concludes that small Si-NCs were synthesized in the central beam since the beam size
was unaffected by the confinement, which was also revealed by the velocity field in Fig-
ure 5.2. Second, 2D velocity and streamline fields in Figure 5.1, 5.2, and 5.3 indicate
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that; the convection and mass flow in the recirculation cells became significantly weaker
when the confining tube was introduced, which affected the chemistry and the nanocrys-
tal formation mechanism in these zones. Figure 5.6 and 5.7 demonstrates that the volume
fraction of large Si-NCs decreased from ∼77% to below 45% in parallel with the weak-
ening in the background recirculation, concluding that large Si-NCs were formed in the
recirculation cells.

Figure 5.6: Raman spectroscopy analyses of Si-NCs as a function of the confinement of

the plasma beam. (a) 20 cm, (b) 25 cm, (c) 30 cm. Insets of (a), (b), and (c) demonstrates

the size distribution of small Si-NCs, which represent a lognormal shape. The mean

size and the skewness of the small nanocrystal size distribution were not affected by the

level of confinement and remained within the range D0∼4.5-4.6 nm, and σ∼0.18-0.21,

respectively. On the other hand, with increasing confinement of the plasma beam, the

volume fraction of small Si-NCs with respect to the whole nanocrystal mixture increased

from 23% to 55%. These observations conclude that small Si-NCs were synthesized in

the central beam and large Si-NCs were synthesized in the recirculation cells.

Figure 5.7: Change of (a) the skewness (σ), the mean size (D0), and (b) the volume

fraction of small Si-NCs as a function of tube size. This figure shows that, the parameters

related to the size distribution of small Si-NCs, i.e., σ and D0 remains almost unchanged

with increasing tube lengths while the volume fraction of small Si-NCs increases.
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5.4.2 Ion Probe Measurements

We demonstrated that the plasma expansion geometry and velocity field in the down-
stream of the ETP are influential factors on the growth of Si-NCs in the central plasma
beam and in the recirculation cells. Furthermore, a difference in the governing chemistries
and the nanocrystal growth precursors in these regions, if any, can influence the nanocrys-
tal growth kinetics. Knowing that most of the ionic species contributing to the nanocrys-
tal growth are mainly cations, an investigation on the spatially resolved ion fluxes may
give an insight on chemistries in different regions in the downstream. Figure 5.8 demon-
strates the ion flux measurements in the downstream for various SiH4 flow rates and for
various axial positions as a function of radial distance. From Figure 5.8a, we see a clear
decrease of the positive ion flux from Γi=1018 cm-2 s-1 to Γi=1016 cm-2 s-1 at the expan-
sion axis when the SiH4 flow rate was increased from 0 to 10 sccs. Apart from that, the
ion flux profiles became narrower along with the increase of the SiH4 flow rate. Figure
5.8b shows that, the ion fluxes decrease from Γi=5.5×1016 cm-2 s-1 to Γi=3.0×1016 cm-2

s-1 away from the nozzle. In addition, as a result of the increased beam cross-section, the
ion flux profiles became broader when the probe was moved away from the nozzle. The
decrease in the ion flux with an increase of the SiH4 flow in Figure 5.8a is related to the
less efficient dissociation of SiH4 as the number of Ar+ ions emanating from the arc are
limited by the plasma source parameters. However, even for the highest SiH4 flow, the
ion flux in the center of the expansion axis is about 102 times more than the ion flux at
the outer parts of the reactor.

As the radial distribution of ions become confined (Figure 5.8a), the chemistry in the
central plasma beam is mostly dominated by the reactions in which ions are involved. In
other words, ion polymerization channel start to play an important role on the growth of
small Si-NCs [1]. On the other hand, despite the fact that the volume fraction of large
Si-NCs in the deposits are in the range ∼45-77%, the ion flux in the recirculation cells
is only ∼1% of the ion fluxes in the central beam. Apparently, ions can only partially
be responsible for the growth of large Si-NCs. On the other hand, radicals, which are
formed via dissociative recombination reactions (Equation 5.2), can be transported fur-
ther to the recirculation cells via diffusional processes as a result of their longer mean free
path (or lower sticking probability) with respect to that of ions, and can trigger radical
polymerization channel [1] for the growth of large Si-NCs. Even though their low stick-
ing probability, polysilane radical clusters reach sizes of tens of nanometers since the
available residence times in the recirculation cells (∼0.1-0.5 s [1, 26]) are long enough
for large nanocrystal growth.
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Figure 5.8: Ion flux measurements in the downstream of the ETP during Si-NC growth

conditions without a spatial confinement. (a) Ion fluxes for various SiH4 flows injected

into the downstream as a function of radial distance. 0 cm corresponds to the expansion

axis. The distance of the probe to the substrate was 5 cm. (b) Ion flux measurements at

various axial positions on the expansion axis as a function of radial distance. The SiH4

flow was kept constant at 4 sccs.

5.5 Discussion

Here, we will discuss further on the formation regions of small and large Si-NCs, and the
amount of SiH4 converted to small Si-NCs based on the cross-sectional image, and the
Raman spectroscopy results shown in Figure 5.1, 5.6 and 5.7, respectively.

The cross-sectional image in Figure 5.1 gives an important hint on the formation re-
gion of small and large Si-NCs: nanocrystals closer to the substrate (at the lower half
of the cross-section image) are dominantly small in size, and we see a mixture, which
is dominated by large Si-NCs at the upper half of the image. This observation indicates
that, at the beginning of the deposition process, only small nanocrystals reached the sub-
strate and incorporation of large nanocrystals were observed with a time lag. This is
expected if growth, and transport of large Si-NCs to the substrate take longer time with
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respect to small Si-NCs. Our observations are indeed in agreement with the differences
in the beam residence time and the residence time of the recirculation cells. Since small
Si-NCs are synthesized in the central beam, they reach the substrate about ∼10 ms. On
the other hand, the residence times in the recirculation cells are about hundreds of mil-
liseconds and large Si-NCs trapped in these regions spend this time recirculating in the
background until the time they move away via diffusional processes. Therefore they
reach the substrate with a time lag.

According to Figure 5.6 and 5.7, the Raman peak intensity of small Si-NCs increases
while the peak intensity of large Si-NCs decreases, meaning that number of large Si-NCs
were reduced on the substrate with increasing tube length. This is observed as a shift
of the Raman peaks to lower wavenumbers at longer tube lengths, where the dominant
signal comes from small Si-NCs. In addition, the absolute intensities of measured Raman
peaks (not shown here) also increase together with the peak shift. The increase of the
Raman intensity at a certain point in the spectrum means a leverage on the produced
number of Si-NCs with that specific size. Therefore, spatial confinement increases the
conversion ratio of SiH4 into small Si-NCs at longer tube sizes. This will reduce the
amount of waste in a possible post-separation process, in which only small Si-NCs are
desired−by virtue of their technologically interesting size-dependent properties. Tuning
the size of small Si-NCs can be realized by varying the residence time, i.e., the expansion
speed, by varying the silane flow rate, or by time-modulated injection of silane to limit
the time for growth as described in our previous reports [1] (also see Chapter 4).

Another point of discussion is the relative intensities of the small and large Si-NCs,
or their volume fractions. The volume fraction of large Si-NCs for the longest tube
size, which is 45% with respect to the total volume, may seem contradictory to what
TEM image shows in Figure 5.5c. First of all, the volume fraction is not a measure
of number, and the number of scattering units, i.e., phonons, scales with r3, where r is
the nanocrystal radius. Therefore, volume fractions of 45% corresponds to a much less
number of large Si-NCs with respect to smaller ones. Second, Si-NCs roughly larger than
∼20 nm resemble bulk behavior [48], which means that their peak position is same as the
nanocrystals with hundreds of nanometers in size. The ensemble of nanocrystals shown
in Figure 5.5c has nanocrystals about ∼20 nm in size or larger (at the right region of the
ensemble), which also contributes to the signal of large Si-NCs in the Raman spectrum
of Figure 5.6c. Relatively smaller nanocrystals with sizes ∼20 nm are possibly formed
in the small recirculating volume within the confined region demonstrated in Figure 5.2
and 5.3.

Under current synthesis parameters, we observed that the ion fluxes is highest in the
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beam. However, in the remote Ar/NH3/SiH4 plasma, off-axis peaks were observed in
the radial ion flux profile, which were attributed to the charged clusters [30]. The dif-
ference between these two works is presumably due to the difference in the downstream
pressures, which is about 3-4 times higher in the present case than our previous work
[30]. High background pressure confines the ions round the expansion axis, resulting in
merging of the off-axis peaks with the central beam. The movement of the off-axis peaks
closer to the central beam at higher pressures was also observed by Petcu et al. [30].

5.6 Conclusion

In this work, we demonstrated the origin of the bimodal size distribution of small and
large Si-NCs in a remote expanding thermal plasma, with sizes over the range 2-10 nm
and 50-120 nm, respectively. To do this, we performed spatial confinement of the central
plasma beam to isolate the central beam from the recirculation cells. CFD modeling of
the velocity field and the streamline function demonstrated that the velocity and the mass
flow in the recirculation cells decreases when the central beam is spatially confined. In
addition, TEM and Raman spectroscopy analyses revealed a decrease in the number of
large Si-NCs, and an increase in the number of small Si-NCs in parallel with the spatial
confinement of the central plasma beam. Under these observations, we conclude that
the origins of bimodal size distribution of small and large Si-NCs are the central plasma
beam and the recirculation cells, respectively. In addition, ion probe analyses elucidated
that the growth of small Si-NCs is probably governed by the ion polymerization route,
while the growth of large Si-NCs is favored by a radical polymerization route, where
addition of molecular silane also contributes to the growth (in both of the polymerization
routes). A high SinH +

m density can therefore increase the number of small Si-NCs in the
downstream of the ETP. These results stand as a benchmark not only on the origin of
nanocrystal formation regions and their governing growth reactions, but also on the route
for effective size separation of nanocrystals during remote plasma processing of small
nanocrystals.
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Summary

Remote Plasma Synthesis of Silicon Nanocrystals: plasma
processes, nanocrystal growth, and diagnosis

Silicon nanocrystals (Si-NCs) draw attention for their size dependent properties, and
are considered as possible candidates for a wide spectrum of future technological ap-
plications. The size dependent optical properties of Si-NCs can be used to increase the
efficiency of solar cells, where Si-NCs could be used as spectrum down converters by
converting the excess energy of a hot photon to generate multiple electron-hole pairs. In
addition, Si-NCs can be used in various chemical applications such as hydrogen produc-
tion via water splitting, high capacity lithium-ion batteries, and biolabeling, as a result of
their improved catalytic and electronic properties, and non-toxicity, respectively. How-
ever, for successful applications, the main issues on Si-NC synthesis are size control and
surface engineering for improved control on their size dependent properties, easy han-
dling, and high throughput processing. Among these points, the amount of throughput
is highly critical for large scale applications. This thesis described the processing of Si-
NC using a remote expanding thermal plasma (ETP), which is a promising approach for
realizing high throughput synthesis of Si-NCs.

The research question addressed in this thesis is the controlled synthesis and charac-
terization of Si-NCs as well as the investigation of the plasma chemistry during nanocrys-
tal growth. Si-NCs were synthesized in an argon/silane gas mixture by using a remote
expanding thermal plasma (ETP) via dissociation of molecular silane initiated by argon
ions and subsequent polymerization reactions of plasma species, i.e., ions, radicals and
neutrals. This realizes nearly complete conversion of silane into Si-NCs with through-
puts of about 100 mg/min, which is up to two orders of magnitude higher than the rates
reported so far in the literature. During the synthesis, ETP provides the freedom of tuning
the nanocrystal size by controlling the local density of silane, and the residence times in
the plasma, however, at the expense of a bimodal size distribution as a result of different
residence times in different plasma regions. Therefore, understanding the plasma envi-
ronment, in which nanocrystal growth takes place, and improving the uniformity of the
size distribution with effective size control was one of the main topics of this research.

To investigate the morphology and size distribution of Si-NCs, Transmission electron
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microscopy (TEM), and Raman spectroscopy (RS) were used. According to TEM results,
All Si-NCs were observed as spherically shaped and free standing with monocrystalline
morphology. Raman spectra of synthesized nanocrystals solely contained phonon signal
of crystalline silicon located in the range 515-521 cm-1 depending on the size, without
any amorphous silicon signal located at 480 cm-1, concluding that synthesized material
was predominantly crystalline. Statistical size analysis on TEM images revealed the
presence of the bimodal size distribution, which is related with the flow field pattern
in the plasma: the plasma expands in the form of a central beam (with residence times
of less than 10 ms), however, due to the finite pumping capacity, recirculation cells are
formed in the background of the beam (with residence times in the range 0.1-0.5 s). As
a result of the differences in the residence times in the different reactor regions, Si-NCs
in the central beam reached sizes in the range 2-10 nm, and Si-NCs in the recirculation
cells reached sizes in the range 50-120 nm. According to the TEM results, small and
large Si-NCs followed a lognormal size distribution in perfect agreement with predictions
reported in the literature, in which the lognormal distribution is the result of a competition
between convective and diffusion processes during nanocrystal transport.

In order to determine the size distribution of small Si-NCs in a reliable, non-destructive
and time efficient manner, a phonon confinement model was reformulated to directly de-
termine the size distribution of Si-NCs from the size dependent shift in the Raman spec-
tra. RS also provided information on the volume fraction of small and large Si-NCs in the
bimodal size distribution. We observed that, the peak size and width of the determined
distribution decreased with increased local density of silane injected into the plasma. In
addition, volume fraction of small Si-NCs increased with respect to large Si-NCs with
silane density. These results suggest that, particle formation occurs only via nucleation,
and remarkably, coalescence is highly unlikely in the ETP.

In conclusion, the results presented in this thesis show that ETP promotes the high
throughput processing of free standing Si-NCs. Local density of silane and the residence
time in the plasma are the parameters that enable the control over the peak nanocrystal
size and the width of the distribution. We conclude that, small Si-NCs and large Si-NCs
are formed in the central beam, and in the recirculation cells in the background of the
central beam, respectively. We found additional evidence for this conclusion by spatially
confining the central beam from the recirculation cells, which significantly reduced the
background volume and hindered the formation of large nanocrystals. Additionally, we
observed that small Si-NCs exhibit room temperature visible luminescence, which makes
them possible to implement in photovoltaic, and opto-electronic applications. These
observations suggest that Si-NCs synthesized in the ETP can be potentially used in the
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abovementioned future technological applications.

147





Samenvatting

Plasma Synthese van Silicium Nanokristallen:
plasma-processen, nanokristalgroei en -diagnostiek

Silicium nanokristallen (Si-NC) staan vanwege hun grootte-afhankelijke eigenschap-
pen volop in de belangstelling voor een breed scala van toekomstige technologische
toepassingen. De grootte afhankelijke optische eigenschappen van Si-NC kunnen on-
dermeer worden gebruikt voor het verhogen van de efficiëntie van zonnecellen, zoals
zonnespectrum omlaag-omzetters, waarin de overtollige energie van een hoog energetisch
foton ten opzichte van de optische bandkloof om wordt gezet in twee of meerdere elektron-
gat paren. Daarnaast kunnen, als gevolg van de verbeterde katalytische eigenschappen,
Si-NC worden gebruikt in verschillende chemische toepassingen zoals bijvoorbeeld in
waterstofproductie door de efficiënte oxidatie van Si-NC door water. Verder zijn er mo-
gelijke toepassingen in lithium-ion batterijen met hoge opslagcapaciteit doordat Si-NCs
een tienmaal hogere Lithium opslagcapaciteit heeft dan het nu gebruikte grafiet.

Voor een succesvolle toepassing van Si-NC is een van de belangrijkste uitdagin-
gen de synthese van Si-NC met een goede controle over de grootte en de oppervlakte-
eigenschappen. Vanwege de voorziene grootschalige toepassingen, zoals voor o.a. bat-
terijen en zonnecellen, is een productieproces met hoge doorvoersnelheid essentieel. De
in dit proefschrift beschreven synthese van Si-NC met behulp van een expanderend ther-
misch plasma (ETP) is een veelbelovende techniek voor het realiseren van synthese van
Si-NC met hoge doorvoersnelheid.

Een belangrijke onderzoeksvraag in dit proefschrift derhalve is: "Welke plasma-
chemische en fysische aspecten van belang zijn voor een gecontroleerde synthese van
Si-NC onder condities waarbij de synthese-snelheid van Si-NC groot is. Si-NC wer-
den gesynthetiseerd in een expanderend thermisch plasma geactiveerd argon/silaan gas-
mengsel via dissociatie van silaan, geïnitieerd door argon-ionen geproduceerd in de plas-
mabron. De daaropvolgende polymerisatiereacties van ionen, radicalen en neutralen en
de additie van silaan leidt uiteindelijk tot Si-NC, met een bimodale grootteverdeling als
gevolg van verschillende verblijftijden in verschillende zones van het plasma. Dit proces
realiseert nagenoeg in een volledige omzetting van silaan naar Si-NC met doorvoersnel-
heden van meer dan 100 mg/min, twee orden van grootte hoger dan de doorvoersnelhe-
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den die tot dusver gerapporteerd zijn in de literatuur. De synthese door middel van het
ETP biedt de mogelijkheid de nanokristalgrootte en verdeling te variëren door de ma-
nipulatie van de lokale dichtheid van het silaan en het beïnvloeden van de verblijftijd in
het plasma. Het belangrijkste resultaat van het onderzoek in dit proefschrift is daarom
het begrip van deze complexe processen zodat de nanokristalgroei kan worden gecon-
troleerd, resulterend in een verbetering van de uniformiteit van de grootteverdeling met
behoud van controle over de deeltjesgrootte.

Om de morfologie en grootte van Si-NC te onderzoeken is gebruik gemaakt van
transmissie elektronen microscopie (TEM) en Raman spectroscopie (RS). Uit de TEM
resultaten is geconcludeerd dat alle Si-NC sferisch van vorm waren en geen coagulatie
vertoonde en een monokristallijne structuur hadden. De Raman spectra van de gesyn-
thetiseerde nanokristallen bevatte uitsluitend een (grootte afhankelijk) Raman piek van
kristallijn silicium in het bereik 515-521 cm-1, terwijl het brede Raman spectrum van
amorf Silicium rond 480 cm-1, afwezig was. Hieruit kan geconcludeerd worden dat de
Si-NC eenkristallijn zijn. Uit statistische analyse van de grootteverdeling van de TEM
metingen volgde de aanwezigheid van een bimodale grootte-verdeling. Deze verdel-
ing is het gevolg van het stromingsveldpatroon in de plasmareactor: het plasma ex-
pandeert in de vorm van een centrale bundel (met verblijftijden van minder dan 10 ms),
met daaromheen vanwege de beperkte pompcapaciteit recirculatiecellen (met een deelt-
jesverblijftijd tussen de 0.1-0.5 s). Als gevolg van verschillen in de verblijftijden tussen
de verschillende reactorzones bereiken de Si-NC groottes tussen 2-10 nm in de bundel
zone terwijl de Si-NC in de recirculatiecellen 50-120 nm groot kunnen worden. Uit
de TEM resultaten bleek verder dat de kleine en de grote Si-NC een lognormaal groot-
teverdeling hebben. Dit is in overeenstemming met modeleringen gerapporteerd in de
literatuur, waarin de lognormale verdeling het resultaat is van een competitie tussen con-
vectie en diffusie processen tijdens het transport van de groeiende nanokristallen.

Om de grootteverdeling van de kleine Si-NC op een betrouwbare, non-destructieve en
tijdsefficiënte wijze te bepalen werd een model geformuleerd waarin het Raman spectrum
van Si-NC beschreven wordt. Met behulp van dit model kan direct de grootteverdeling
van Si-NC bepaald worden gebruikmakend van de grootteafhankelijke verschuiving van
het een Si-NC deeltje Raman spectra. Ramanverstrooiing geeft ook informatie over de
volume fractie van kleine en grote Si-NC in de bimodale grootte verdeling. Een belan-
grijk resultaat, welke voortkomt uit deze studie, is dat de piekgrootte en -breedte van
de verdeling afhangt van de verhoogde lokale dichtheid van silaan door het lokaal geïn-
jecteerd silaan in het plasma. Bovendien neemt de volume fractie van de kleine Si-NC
in verhouding tot de grote Si-NC toe met de lokale silaandichtheid. Deze resultaten sug-
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gereren dat de vorming van Si-NC alleen optreedt via nucleatie en opmerkelijk genoeg
coalescentie, d.w.z. agglomeratie van kleine Si-NC resulterend in grote Si-NC, zeer on-
waarschijnlijk is in het ETP.

Tot slot kan worden gesteld dat de resultaten in dit proefschrift laten zien dat het
mogelijk is om Si-NC te produceren met een hoge doorvoersnelheid met behulp van
het ETP. De grootte van de nanokristallen en de spreiding in de grootte kunnen worden
gecontroleerd door manipulatie van de lokale dichtheid van het silaan en de verblijftijd
van de deeltjes in het plasma. Kleine Si-NC worden gevormd in de centrale bundel-
zone en de grote Si-NC worden gevormd in de recirculatiecellen daaromheen. Addition-
eel bewijs voor deze conclusie is geleverd door de centrale bundelzone ruimtelijk af te
schermen van de recirculatie cellen. Deze afscherming heeft een significante impact op
het stromingspatroon in de plasma reactor waardoor de vorming van grote nanokristallen
wordt belemmerd. Daarnaast hebben is geconstateerd dat de kleine Si-NC bij kamertem-
peratuur zichtbare luminescentie vertonen. Dit biedt mogelijkheden voor implemen-
taties van Si-NC in fotovoltaïsche, en opto-elektronische toepassingen. Deze waarne-
mingen duiden op potentiele toepassingen van de Si-NC gesynthetiseerd in het ETP in
de bovengenoemde toekomstige technologische toepassingen.
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Özet

Karşı Plazma Sentezlemeli Silisyum Nanokristaller:
plazma süreçleri, nanokristal büyümesi ve tanılama

Silisyum nanokristallerin (Si-NK) boyurlatına bağlı özellikleri ilgi çekmektedir ve bu
mazlemelerin gelecekte teknolojik uygulamarda kullanılabilecek potansiyele sahip olduk-
ları düşünülmektedir. Si-NK’lerin boyuta bağlı optik özellikleri güneş gözelerinin ver-
imlerini arttırmakta kullanılabilir. Bu uygulamada Si-NK’ler alt çevrim süreci ile güneş
tayfının yüksek enerji bölgesinden gelen bir fotonu birden fazla elektron-deşik çiftine
dönüştürür. Bunun yanında, gelişmiş katalitik ve eletronik özelliklerinden ve toksik ol-
mayışından dolayı Si-NK’ler suyun ayrıştırılması yöntemi ile hidrojen üretimi, yüksek
kapasiteli lityum-iyon pilleri ve biyo-işaretleme alanlarında kullanılabilir. Ne var ki, Si-
NK uygulamalarının başarılı bir şekilde gerçekleştirilmesi için bazı varolan sorunların
aşılması gerekmektedir. Bu sorunlar, sentezleme esnasında boyut ve yüzey özelliklerinin
denetimi, kolay uygulanabilirliği, ve yüksek üretim hızına ulaşmak olarak sıralanabilir.
Bu maddeler içinde, yüksek üretim hızlarına ulaşabilmek, Si-NK’lerin geniş ölçekte
uygulanabilirliği açısından hayati önem taşımaktadır. Bu tezde, yüksek üretim hızlarına
ulaşma konusunda önemli bir aşama olarak görülen genleşen ısıl plazma tekniği (GIP)
kullanılarak Si-NK üretim süreçleri incelenmiştir.

Bu tezde ele alınan araştırma konusu Si-NK’lerin denetimli sentezlenmesi, anal-
izi ve nanokristal büyümesi esnasındaki plazma kimyasının incelenmesidir. Si-NK’ler
GIP yöntemi ile argon/silan gaz karışımında, moleküler silanın argon iyonları tarafın-
dan çözünmeye uğratılması ve iyonların, radikallerin ve nötral türlerin polimerleşme
tepkimeleri sonucunda sentezlendi. Yüksek sentezlenme hızı sayesinde üretilen Si-NK
miktarı dakika başına 100 mg olarak ölçüldü. Bu üretim hızı önceden rapor edilen üretim
hızlarından iki mertebe kadar daha yüksektir. GIP yöntemi ile üretim esnasında Si-NK
boyut denetimi silan yoğunluğu ve plazma konukluk süresi ayarlanarak gerçekleştirildi
ancak, farklı plazma bölgelerindeki farklı konukluk süreleri nedeni ile Si-NK boyutları
iki doruklu dağılım gösterdi. Bu nedenle, nanokristallerin büyüdüğü plazma ortamını an-
lamak, boyutu ve boyut dağılımını denetim altında tutmak bu araştırmanın ana başlıkları
olarak nitelenebilir.

Nanokristallerin biçimini ve boyut dağılımını analiz etmek için geçirimli elektron
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mikroskopisi (GEM) ve Raman spektroskopisi (RS) kullanıldı. GEM sonuçları, üretilen
Si-NK’lerin küresel şekilde, serbest duran ve tek kristal yapıda oluştuğunu gösterdi.
RS sonuçları, üretilen Si-NK’lerin fonon tayflarının kristal silisyum piki gösterdiğini ve
boyuta göre pik konumunun 515-521 cm-1 aralığında bulunduğunu ortaya koydu. Ek
olarak, amorf silisyuma dair herhangi bir bulguya rastlanmaması (480 cm-1 pik konu-
munda) üretilen malzemenin genel olarak kristal yapıda olduğunu gösterdi. GEM görün-
tüleri üzerinde yapılan istatistiksel incelemeler Si-NK’lerin iki doruklu boyut dağılıma
sahip olduğunu ortaya koydu. İki doruklu boyut dağılımı plazma akım deseni ile yakın-
dan ilgilidir: plazma merkezi bir demet halinde genişlerken (konukluk süresi <10 ms),
kısıtlı pompalama kapasitesinden dolayı, devirdaim bölgeleri (konuklu süresi 0.1-0.5 s)
oluşmaktadır. Konukluk zamanlarındaki farklılıklardan dolayı merkezi plazma demetinde
sentezlenen nanokristaller 2-10 nm boyutuna ulaşırken, devirdaim bölgelerinde sentezle-
nen nanokristallerin 50-120 nm’ye kadar ulaştıkları gözlemlendi. Bunun yanında, küçük
ve büyük Si-NK’lerin boyut dağılımları, taşınımlı ve dağılımlı plazma süreçlerinin etkisi
altında lognormal bir yapı göstermektedir.

Küçük nanokristallerin boyut dağılımını doğrudan, güvenilir, tahribatsız ve hızlı bir
biçimde saptayabilmek için, fonon hapsolma modelini analitik bir biçimde yeniden for-
mülize ederek RS yöntemini kullandık. RS yöntemi iki doruklu boyut dağılımında küçük
ve büyük Si-NK’lerin hacimsel oranlarının saptanmasında da kullanıldı. Raman in-
celemelerinde, pik boyutu ve pik genişliğinin plazma içindeki silan yoğunluğunun art-
masına paralel olarak azaldığı ve küçük Si-NK’lerin hacimsel oranının da büyük Si-
NK’lere göre arttığı gözlemlendi. Bu sonuçlar gösteriyor ki, GIP yöntemi ile sentezle-
nen nanoparçacıkların oluşum sürecinde temel rolü çekirdeklenme süreci oynamaktadır
ve topaklanma sürecinin nanoparçacık oluşumuna katkısı son derece önemsiz boyutlar-
dadır.

Bu tezde ortaya koyulan sonuçlar, GIP yöntemi ile serbest duran Si-NK üretiminde,
geniş ölçeklere uygulanabilecek yüksek hızlara ulaşılabileceğini göstermiştir. Nanokristal-
lerin pik boyutları ve boyut dağılımının genişliği plazma içerisindeki silan gazı yoğun-
luğu ve plazma konukluk süresi ayarlanarak denetim altında tutulmuştur. Bulgulardan
yola çıkarak söyleyebiliriz ki, küçük Si-NK’ler plazma demetinde sentezlenirken, büyük
Si-NK’ler devirdaim bölgelerinde sentezlenmiştir. Ek bir kanıt olarak, merkezi plazma
demeti devirdaim bölgelerinden geometrik bir ayırıcı ile yalıtılmış ve büyük Si-NK’lerin
miktarının küçük Si-NK’lere göre önemli bir ölçüde azaldığı gözlemlenmiştir. Oda sı-
caklığında gerçekleştirilen fotoışıma (FI) sketroskopisi incelemeleri küçük Si-NK’lerin
elektromanyetik tayfın görünür bölgesinde ışıma yaptığını göstermiş; Si-NK’lerin fo-
tovoltaik ve optoelektronik uygulamalarda kullanılabileceğini ortaya koymuştur. Tüm
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bu sonuçlar göstermektedir ki, GIP yöntemi ile üretilen Si-NK’ler yukarıda sözü geçen
gelecek nesil uygulamalarda kullanılabilme potansiyeline sahiptir.
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