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Abstract

Silicon and silicon oxide nanostructures have been deposited on solid
substrates, in an ultra high vacuum (UHV) chamber, by laser ablation or thermal
vaporization. Laser ablation followed by substrate post annealing produced Si
clusters with average size of a few nanometers, on highly oriented pyrolytic
graphite (HOPG) surfaces. This technique, which is based on surface diffusion, is
limited to the production of less than one layer of clusters on a given surface. The
low coverage of Si clusters and the possibility of nonradiative decay of excitation
in the Si cores to the HOPG substrates in these samples rendered them unsuitable
for many optical measurements. Multiple shot laser ablation in an Ar buffer gas
produced multilayer coverage of Si clusters. Nevertheless, the size distribution of
the clusters obtained from this technique was very broad, ranging from a few
nanometers to many micrometers. Such wide size distributions made it difficult to
systematically investigate the effect of size on the electronic and optical properties
of the clusters. Thermal vaporization of Si in an Ar buffer gas, on the cohtrary,
yielded multilayer coverage of Si nanoclusters with a fairly narrow size distribution
of about 2 nm, full width at half maximum (FWHM). As a result, further study
was performed only on Si nanoclusters synthesized by thermal vaporization in a
buffer gas. High resolution transmission electron microscopy (HRTEM) and x-ray

diffraction (XRD) revealed that these nanoclusters were crystalline. However,

il




during synthesis, if oxygen was the buffer gas, a network of amorphous Si oxide
nanostructures (an-SiO,) with occasional embedded Si dots was formed. All
samples showed strong infrared and/or visible photoluminescence (PL) with
varying decay times from nanoseconds to microseconds depending on synthesis
conditions. The threshold absorption energy for the Si 2p core level, measured by
x-Tay absorption spectroscopy (XAS), increased as the average size of nc-Si
decreased. Visible and ultraviolet absorption in the Si cores for surface passivated
Si nanocrystals (nc-Si), but mainly in oxygen related defect centers for an-SiO,,
was observed by photoluminescence excitation (PLE) spectroscopy. The visible
components of the PL spectra were noted to blue shift and broaden as the size of
the nc-Si was reduced. There were differences in PL spectra for hydrogen and
oxygen passivated nc-Si, while many common PL properties between oxygen
passivated nc-Si and an-SiO, were observed. The obsérved experimental results
can be best explained by a model involving absorption between quantum confined
states in the Si cores and emission for which the decay times are very sensitive to
surface and/or interface states. The emission could involve a simple band to band
recombination mechanism within the Si cores. The combined evidence of all of
experimental results suggests, however, that emission between surface or interface

states is a more likely mechanism.
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1. INTRODUCTION

Si and Si-based electronic devices have been dominating the microelectronic
market for many decades. However, crystalline Si (c-Si) has not been successfully
put-into use in active optoelectronic devices, due to its indirect energy gap of about
1.1 eV. Because of conservation of momentum, indirect trans;itions in k space
utilize phonons to conserve momentum. figure 1.1 shows a schematic

representation of a typical indirect process in c-Si.
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Figure 1.1 Schematic representation of the indirect absorption process in c-

Si. The indirect transition can take an electron from state 1 to state 3 through
two mechanisms. One mechanism involves a virtual photon transition from 1 to 2
at k =(0,0,0) and a phonon scattering of the electron from 2 at k =(0,0,0) to 3 atk
=(1,0,0). A second mechanism (1 to 2 to 3) involves a virtual optical transition at
k=(1,0,0)and a hole scattering from k = (1,0,0) to k= (0,0,0). In both

mechanisms, the final energy of the transition is Eg,,.




Since there are two steps involved in an indirect transition, it is a second order
perturbation process.” This is a very weak process in comparison with electric
dipole allowed optical transition, which is a first ordered perturbation process. It
is, therefore, expected that strong optical recombinations in the visible spectrum
cannot be attainable from c-Si.

In order to realize optoelectronic applications within the well-known Si
technology, the main approach has been to utilize the optical properties of II-V
compounds such as GaAs or InP, leading to the field of heteroepitaxy on Si.
Nevertheless, there still are efforts to overcome the weak emission in c-Si, by
introducing point defects as recombination centers, or by relaxing the momentum
conservation required in ¢-Si.> The requirement for momentum conservation is
relaxed when the periodicity is removed locally or globally in Si. This occurs
naturally at grain boundaries, line defects and other structural defects, as well as in
amorphous Si. Periodicity éan also be artificially destroyed by fabricating strained
Si/Ge superlattices, or by producing spatially confined Si structures such as
quantum wells, wires, or dots.

About six years ago, L. T. Canham reported the observation of a strong
photoluminescence (PL) in porous Si under ultraviolet illumination at about room
temperature.” Though many groups have confirmed the existence of strongly

luminescent porous Si, obtained by electrochemical etching in dilute hydrofluoric




acid, the origin and mechanism of the luminescence remain controversial.*¢
Some researchers attribute the PL to quantum confinement effects in the Si

1112 siloxene (linear Si

n.emostruc’a.xre’s.3’6 Many others attribute it to amorphous Si,
chains interconnected by oxygen or Si layers with alternating OH or H
terminations, often written as SigOsHg),*"* hydrides/polysilanes (SiH, SiH,, SiHs,
or (SiH,))'*" and oxygen related defect centers.”'® These alternative
explanations for the observed Viéible luminescence in porous Si are based on the
fact that the above mentioned Si related compounds have been documented to
yield strong visible luminescence at room temperature. The luminescence
properties from these species also show many similarities to luminescing porous Si.
Consensus is difficult to reach because of the coexistence of a large variety of
surface chemistries and structures in the porous Si system.

In order to shed more light on this matter, it seems useful to first examine more
controllable systems, such as silicon nanocrystals (nc-Si), with well-controlled
surface chemistry, structures, and sizes, and amorphous silicon oxide
nanostructures (an-Si0Oy), whose luminescence p;'operties have some similarities to
porous silicon . This work examines Si nanoclusters, with average size of a few
nanometers, synthesized in ultra high vacuum (UHV) condition by pulsed laser

deposition and physical thermal vaporization in a buffer gas. The different

features of the nanoclusters obtained from these techniques are compared. The

best technique is chosen to produce nc-Si with small size distribution and an-Si10,




in a well-controlled environment for further study. Size, shape, composition and
crystallinity of synthesized nc-Si are presented. The effects of surface passivation
of nc-Si of different sizes with hydrogen or oxygen at different temperatures on the
observed luminescence are described. Photoluminescence excitation (PLE)
spectra and PL decay times of nc-Si and an-SiO, are reported. Most recent results
on the L-edge absorption spectra of nc-Si are analyzed. A comparison of the many
different and common PL properties among the ﬁassivated nc-Si and an-Si0y is
included. Finally, it will also be discussed how this comparison leads to a model
involving absorption mainly in the quantum confined Si cores, and emission due to

transitions between defect states in the passivation layers. >"°

1.1 Quantum confinement effects in nanometer scale Si dots

Semiconductor dots with average size of a few nanometers are also called
quantum dots or 0-D structures, due to fche three dimensional confinements in such
structures. If the semiconductor dots have spherical shapes and are embedded in a
large band gap insulator host matrix such as SiO,, the carriers in such dots behave
similarly to the charged particles in infinite depth spherical potential wells. The
theoretical treatment of such a problem- assuming the energy bands to be parabolic

and the semiconductor to be described adequately by the effective mass




approximation- has been reviewed by A. D. Yoffe.!” The Hamiltonian for such a
system can be written as:

L
2m, & lre —-rh|

2
H=-1 A%
2m

e

¢y

Here m, and m,, are the effective mass of the electron and hole respectively, and €
is the static dielectric constant of the semiconductor. The first two terms in
equation [1] represent the kinetic energies for the electron and the hole. The last
term represents the Coulomb interaction between the electron and the hole. This
Coulomb interaction term is responsible for the formation of excitons, bound states
of electrons and holes. qu bulk semiconductor, this last term can be ignored at
room temperature (~ 25 meV), since the exciton energies of most semiconductors
are less than 25 meV.'® However, in a spatially confined structure, when the
radius of the dot is smaller than the Bohr radius, the electron and hole pairs in

excitons are pushed closer together according to |7, —7,|, and the exciton energies

increase. So, for quantum wells, wires and dots, the increase in binding energies
may leads to resolved exciton peaks at room temperature.'” The energy difference
between an electron in fhe conduction band and a hole in the valence band,
corresponding to the Hamiltonian in equation [1], with the Coulomb term treated

as a perturbation is:!’

BR)=E;+ 5 “m + _ @)




Here E; is the bulk band gap, R is the radius of the spherical potential well, and
0y is the n™ root of the spherical Be_ssel function of order I. Equation [2] shows
that as the radius of the dot decreéses, the energy difference between an electron in
the conduction band and a hole in the valence band increases; and that the energy
levels of the dot become discrete. A schematic diagram representing the discrete
nature of the energy levels in quantum dots, and the increase in the energy
difference between electrons in the conduction band and holes in the valence band

in these dots as a function of spatial confinement is shown in figure 1.2:

Conduction
band A
)
EQ”P EgaP
A
Valence band v
- >
Bulk dimension
i
Dot -
diameter Dot
diameter
Figure 1.2 Schematic diagram representing the discrete nature of the energy

levels in quantum dots, and the increase in the energy difference between electrons

in the conduction band and holes in the valence band in these dots as a function of

spatial confinement.




1.1a  The effect of a finite well potential

It is probably more realistic to treat the electrons and holes in quantum dots
embedded in an insulator host matrix as charged particles in finite depth potential
wells. The implication of this is that the wavefunctions of the particles now
penetrate the barriers at the interface with the matrix, and electron leakage from
the dots is possible. In addition, analogous to the problems of an electron in an
infinite square well potential and an electron in a finite sQuare well potential,” the
energy levels of charged particles in finite depth potential wells are lower than the
ones in infinite depth wells. This implies smaller PL blueshifts, due to smaller
increase in energy gaps, from quantum dots in finite depth wells in comparison
with the ones in infinite depth wells.*! Figure 1.3 shows a schematic diagram of
the energy levels and eigenfunctions of conduction band electron of CdS, in a

finite depth spherical potential well of V,=3.6 eV, for a dot with radius of 1.5

nm, adapted from reference [21]. The arrows refer to the energy levels for Vo = .




R=15nm

Figure 1.3 Energy levels and eigenfunctions of conduction band electron of
CdS, in a finite spherical potential well with Vo =3.6 eV. Arrows show the energy

levels for Vo= «. Adapted from reference [21].

1.1b  Quantum efficiency of optical transitions

The density of carriers is the same in quantum dots as in _the corresponding bulk
semiconductor. Nevertheless, the concentration of electrons and holes in fewer k-
states in the dots, due to the quantization of the energy levels, results in higher
quantum efficiency for allowed optical transitions."

The expression for the oscillator strength £, which is the measure of the relative

probability of a quantum mechanical transition, is written as:'’

fo AE|MPUF p 3)




Here, AE is the transition energy, M is the transition dipole moment, p is the
density of states term, and U ]2 is concerned with the probability of finding an

electron and a hole on the same site (the overlap). In quantum dots, the
confinement of carriers in real space causes their wavefunctions to spread out in
momentum space and a relaxation of momentum requirement. These increased
overlaps enhance the oscillator strengths. So, in general, as the size of
nanocrystallites is reduced, the quantum efficiency of optical transitions gets
improved.

1.1¢  The effect of surface states

As the size of the quantum dots gets smaller, the surface to volume ratio of the
dots gets bigger. Surface states, therefore, may play an important role in
determining the electronic properties of the quantum dots.

Since the symmetry experienced by thé atoms inside a nanocrystal is disrupted
at the surface, the surface atoms may have wavefunctions and energy levels that
are forbidden to bulk atoms. This indicates the possible existence of sub band gap
energy levels associated with surface states. A schematic diagram showing the
energy levels of a quantum dot near the band gap, including sub-band gap energy
levels associated with surface states, is shown in figure 1.4. These sub-band gap
states are not very desirable, since electrons and holes may relax to these states

prior to optical recombinations. One direct consequence of this is a reduction in

PL blueshifts observed from quantum dots with high density of surface states.




Here, dangling bonds (electron deficient bonds) should be mentioned as a
special case associated with surface states. Dangling bonds pose a serious problem
for quantum dots synthesized in UHV condition. These bonds just stick out into
vacuum with nothing to bond to. Surface reconstruction, in many cases, reduces
the density of dangling bonds, but usually do not completely eliminate them. Asa
result, these bonds may act as nonradiative recombination centers for carriers
generated in the dots.?>* If these dangling bonds are not passivated (bonded to
other atoms such as hydrogen, or oxygen...), they can efficiently quench PL from

quantum dots.

Quantum
confined
energy levels
for electrons
Sub-band gap
surface related Eg
states
Quantum
confined
energy levels
for holes
e
Dot
diameter
Figure 1.4 A schematic diagram showing the energy levels of a quantum dot

near the band gap, including sub-band gap energy levels associated with surface

states.




2. EXPERIMENTAL PROCEDURE AND APPARATUS

In this chapter, the apparatus and experimental procedure is discussed. Brief

descriptions of the physics behind the techniques are also given.

2.1 Synthesis and analysis chamber

The synthesis and analysis chamber was a UHV chamber, pumped by a 3001/s
ion pump, with a base pressure of about 2-5x 10™'° Torr. This chamber is equipped
with a fused silica window for in situ optical si)ectroscopies, and a host of surface
analysis instruments. Among these are a Mc Allister UHV scanning tunneling
microscope (STM) with a Nanoscope III electronic controller from Digital
Instruments, Inc., 2 quadrupole mass spectrometer for residual gas analysis, electron
gun, x-ray source, and a double pass cylindrical mirror analyzer for Auger electron
spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS) from Perkin

Elmer, Inc.. A schematic diagram of this chamber is illustrated in figure 2.1.
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Figure 2.1 A schematic diagram of the synthesis and analysis chamber used

in this experiment.

2.2 Auger electron spectroscopy (AES)

In AES, one determines the elemental composition at the surface of a sample by
measuring the energy distribution of Auger electrons emitted during irradiation
with a beam of energetic electrons.® When a core level electron is knocked off the

sample by a high energy electron from the electron gun, an electron from an outer




level will relax down to this vacant core level. The energy gained by this transition
is either emitted as radiation or given to another electron to eject it out of the
sample. This ejected electron is called an Auger electron. Since the energies of the
emergent Auger electrons are determined by the differences in the binding energies
associated with the deexcitation of atoms, AES is an element specific technique. As
with other electron spectroscopies, the observation depth in AES 1s about 1- 4 nm,
and is determined by the electron escape &pth. A KL;L, Auger transition is
depicted in figure 2.2.

A Auger electron
............................ Vacuum level

_____ Y _ 1 E

incident
electron

"

O
vacancy created

Figure 2.2 A K1L;L, Auger transttion.

The kinetic energy of the Auger electron in this transition is:

K.E.=Ek-EL1-EL2-¢ (4)




where Ej is the binding energy of an electron at level k, and ¢ is the work function
of the sample. If the analyzer used to detect the Auger electrons has a work
function of ¢,, then the kinetic energy of a KL;L, Auger electron as measured by

the analyzer is:
K. E measured = Ex - EL - Ep, - ¢a (5

The Auger peak amplitude for a given sample is determined by the initial core
level ionization cr-oss section. This dependence is conventionally tabulated as the
sensitivity factor. The different Auger peaks in an AES spectrum are usually
divided by the corresponding sensitivity factors so that a quantitative comparison of
the different Auger amplitudes obtained from a sample is possible.

In this thesis, AES is employed primarily to monitor the cleanliness of the
substrates, and the compostion of the nanoclusters at different stages of the

experiment.
2.3 X-ray photoelectron spectroscopy (XPS)

In XPS, one ejects electrons out of a sample by exciting it with a high energy
photon source such as x-rays produced by electron bombardment of Mg or Al

targets.”* When the incoming photon energy hv is shined onto a sample, many




electrons of the sample are excited. Some of these electrons may acquire enough
energies to escape from the sample with kinetic energies given by:

K. E =hv-Ey-¢ ()
where Ej 1s the binding energy of the escaping electron, and ¢ is the work function

of the sample. A schematic diagram depicting the photoelectric effect in XPS is

given in figure 2.3.
hvf ‘ .................................. Vacuum level
¢
o il el
M
Ep

i | L

T«
Figure 2.3 A schematic diagram showing the photoelectric effect in XPS.

If the analyzer used to detect photoelectrons has a work function ¢4, then the
binding energies of the detected photoelectrons are given by:
E, =hv - K. E jeasured - $a @)
So like AES, XPS can be used to identify elements uniquely. In addition, the

binding energies of electrons in an atom shift in unison with chemical changes,

15




chemical shifts are evident in both AES and XPS spectra. However, line widths are

broader and the chemical shifts are more difficult to interpret in the three electrons

Auger process than in the one electron photoelectric process. Consequently, XPS is

typically used to explore changes in chemical bondings.

In this thesis, XPS is employed primarily to monitor the chemical changes at the

surface of the Si nanoclusters.

2.4 The scanning tunneling microscope (STM)

The STM exploits the ability of electrons to tunnel through thin barriers to

produce sharp surface images. A schematic diagram of the STM equipped on our

UHYV chamber is shown in figure 2.4a.

XandY
Display and scan
data storage control
Tip at
virtual
ground
Z Y
control Piezo crystal for
—— ™1 XY scanning
Feedback

Figure 2.4a A schematic diagram of the STM used in this experiment.




In this system, a bias voltage is applied to the surface under study, which is
about 0.5-2 nm away from a probe tip at a virtual ground. The resulting tunneling
current is measured, and maintained with the help of a feedback loop which
controls the tip to sample distance by adjusting the length of a cylindrical
piezoelectric crystal. If an electric field is applied to such a crystal, strain is induced
and atomic scale changes in the crystal’s physical dimensions follow. The
maximum range of motion for this STM is 1.4 um in the x and y directions, and 04
um in the z direction. In operation, the tip is scanned over the sample’s surface and
the z position as a function of x and y is recorded.

As described above, the lateral resolution of an STM image is a product of the
convolution of the real surface information with the tip’s shape, due to its finite
radius of curvature. Nevertheless, because of the exponential dependence of the
tunneling current on the distance between the tip and the surface, unless the tip 1s
fairly blunt, only one or two atoms sitting right at the top of the tip contribute
significantly to the tunneling current. Atomic resolution images of flat surfaces are,
therefore, easily obtained with the STM. However, the same may not be assumed
for STM images of rough surfaces, or of nanoclusters on flat surfaces. Because of
the finite radius of the tip, the tunneling current may be substantial even when the
tip is not directly above the rough features or the nanoclusters. The net result is that
the sizes of rough features or nanoclusters on surfaces obtained by STM are bigger

than their true values. This point is illustrated in figure 2.4b. Even so, this problem
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could be reduced if one raises the STM tip as high above the substrate as one can

during the operation of the STM without losing the image under examination.

Different tip positions during
scanning
A
/7 AN

y

A/

Lateral dimension of a nanocluster as probed
y: by an STM tip with a finite radius

A nanocluster

Figure 2.4b Lateral dimension of a nanocluster as scanned by an STM tip

with a finite radius.

Since the piezoelectric crystal can move the STM tip vertically with sub-atomic
accuracy, the vertical resolution of an STM image ultimately depends on the nature
of the quantum mechanical tunneling current between the tip and the sample.

In figure 2.4c, an energy diagram near a negatively biased semiconducfor
sampie and a STM tip is drawn. In this figure, Ers, Ev, Ec, ¢s are the Fermi level,
top of the valence band, bottom of the conduction band, and work function of the
negatively biased semiconductor sample respectively; similarly Egy and ¢, are the

Fermi level and work function of the metal tip.




Sample biased
at-Vv
Figure 2.4¢ An energy diagram near a negatively biased semiconductor
sample and a STM tip.

Assuming that the density of states and work functions of the tip and the sample
are uniform , the Wentzel-Kramers-Brillouin (WKB) theory predicts that the

tunneling current is given by:>
eV
1= {p(E)p,(E-eV)I(E,eV)dE (8)
0

Here p; and p,, are the densities of states of the sample and tip at energy E,
measured with respect to their individual Fermi levels. T(eV,E) is the tunneling
transmission probability for electrons with energy E and applied bias voltage V.

Here, for a negative sample bias: eV<0, and for a positive sample bias: eV>0. To
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be consistent with figure 2.4c¢, from here on only negative sample bias is
considered. Nonetheless, the analysis is analogous for positive sample bias.>*®
Since the density of states of a metal tip is relatively structureless in comparison

with with the density of states of a semiconductor, it may be moved outside the

integral;
Ioc j p(E)T(E,eV)dE (9)
with T(E, V) = exp (- 2%\/2m(2§—'2ifﬂ+ 32’1- E)) (10)

where s is the sample to tip distance.
Examination of the transmission probability T shows that T is largest for electrons
at the Fermi level of the negatively biased electrode. And so, to a qualitative level,
one can write: |

Ioc p(Eps) T(Ers,eV) (11)
If free electron mass, and work functions of a few eV are used in equations [10]
and [11] then:

1

| Epg) —————
OCps( FS) exp(lOlos)

(12)

where the unit of s in equation [12] is meter.
From eqﬁation 12, it is clear that the tunneling current changes by a factor of 2 or 3
for a sub-atomic change in the tip to sample distance. This explains why the STM

can produce images with atomic resolution in the vertical direction.




In addition, it follows from equation [9] that:*®

dl/dv _ p(eV)T(eV)
v 1%
— EYT(E)dE
o7 | POTE)

Since the transmission probability appears both in the numerator and denominator,
then, to first order, one can write: %°

di/av _ peV)

13
v 1T (EVIE (13)
eVops

According to equation [13], the normalized conductance is related to the
normalized density of states of the surface under study. So, by keeping the tip to
sample distance fixed while ramping the bias voltage from some negative value to
some positive value (usually from -3 V to +3 V), one may obtain the normalized
density of states of the valence band and conduction band of a semiconductor
sample, through measuring the normalized conductance. This mode of operation is
called scanning tunneling spectroscopy (STS). Actually, the above derivation is
only an approximation to the true density of states of a semiconductor sample. A

more elaborate calculation for a general case yields:*

T PAE)p,(E—eV). dT(E,eV)
ar/ay _” (V)P ”'(O)Jr{[ Hev.ery gy ME
11V 1 o T(E.eV)
— j PAEP(E =V e 5 dE

Ldl/dv _ d(iogD) _ p.(eV)p,(0)+ AK)

= = (14)
1/V  d(logl) B(V)
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where A(V) and B(V) vary slowly with bias voltage. Thus, great care must be
made in any quantitative interpretation of the normalized conductance curve.?

In this thests, a Mc Allister UHV STM, with a Nanoscope III electronic control,
was employed mainly to obtain the size distribution of the synthesized Si
nanoclusters. STS technique was experimented on atomically flat HOPG surfaces
and HOPG surfaces with deposited Si nanoclusters. Even though the density of
states obtained from STS for HOPG flat surfaces is repeatable and is éonsistent

with literature, the same cannot be said for the results on Si nanoclusters. This

point will be discussed in more details in the next chapter.

2.5 X-ray diffraction

In x-ray diffraction, one can determine the crystallinity and average grain size
of a sample by analyzing the superposition of x-rays scattered elastically by the
individual atoms of the sample.

If the sample is crystalline, the condition for constructive interference of the
radiation from successive planes in a certain direction is given by the Bragg law,
and illustrated in figure 2.5a:

2d sin =n\ (15)




AN . /(
& dsinb

Figure 2.5a Nlustration of the Bragg equation. The spacing of parallel atomic

planes is labeled as d, and n is an integral number.

As can be seen from equation [15], Bragg reflection can occur only for wavelength
A< 2d. This is why x-ray is needed to observe Bragg reflection. In addition, each
plane reflects only 107 to 107 of the incident radiation, Bragg law is, thus, a
consequence of the long range periodicity of the lattice. So, constructive and
destructive interference of the scattered light cannot happen for amorphous or
disordered materials, since their structures do not have the long range periodicity
needed for the Bragg reflection. This is why one can use XRD to determine
whether a sample is crystalline or not.

The instrument for studying crystalline (and noncrystalline) materials by
measurements of the way in which they diffract x-rays of known wavelength is

usually called a diffractometer. In the diffractometer, the intensity of a diffracted
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beam is measured directly, either by means of the ionization it produces in a gas or
the fluorescence it produces in a solid. The essential features of a diffractometer
are shown in figure 2.5b. A specimen C is supported on a table H, which can be
rotated about an axis O perpendicular to the plane of the drawing. The x-ray source
is S. X-rays diverge from this source and are diffracted by the specimen to form a
convergent diffracted beam which comes to a focus at the slit F and then enters the
counter G. A and B are special slits which define and collimate the incident and
diffracted beams. The support E and H are mechanically coupled so that a rotation
of the counter through 2x degrees is automatically accompanied by a rotation of

the specimen through x degrees.

diffractometer __—"
circle

Figure 2.5b A chematic diagram of a diffractometer, taken from reference

[27].




Since each reflecting plane reflects only 107 to 107 of the incident radiation,
there is a need for a minimum number of parallel diffracting planes to observe
sharp interference effect. As this number falls below the minimum, in other words, |
as the particle size decreases below about 10 cm, it follows that the interference is
less perfect and the diffraction peaks (as recorded by the diffractomoter) will
become broader. From the broadening of the diffraction peaks, one can calculate
the average diamefer of the nanocrystals from the sample through the Scherrer

formula:?’

Je 094 (16)
Bcos@

where B is the full width at half maximum (FWHM) of the diffraction peak
measured in radians, 4 is the wavelength of the x-ray beam and ¢ is the Bragg
angle under study. To be more accurate: B2 = Bm2 - Bs2 where By, is the FWHM
of the diffraction peak of Si nanocrystals, and Bg is the FWHM (due to
instrumental resolution and x-ray linewidth) of the diffraction peak of standard Si
large grain microcrystals (> 10 microns).

In this thesis, ex situ XRD measurements, using the Cu Ka,; line from a Rigaku
300ELR with rotating anode diffractometer, were performed on Si films deposited
on glass slide. XRD was employed, here, to study the crystallinity and average size

of the synthesized Si nanoclusters.
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2.6 Transmission electron microscopy (TEM)

In TEM, one can study the crystallinity and size distribution of particles in a
sample by analyzing the diffraction or transmission of high energy electrons
(between 50 and 100 keV) from a specimen.

A TEM is composed of the following major sections: electron gun, condenser
lens, specimen holder, objective lens, projector lens, viewing and photographing
chamber. The electron gun generates the electron beam which illuminates the
object. The condenser lens or lenses increase the electron density reaching the
specimen by concentrating the beam. The objective lens provides the first
magnification. The projector or image lens selects a small portion of the
mtermediate image produced by the objective lens and magnifies it again. All the
lenses in a TEM are either magnetic or electrostatic lenses. The viewing chamber
at the bottom of the microscope contains a fluorescent viewing screen or a

photographic plate. A schematic diagram of a TEM, adapted from reference [28],

is shown in figure 2.6 below:




Electron gun w

Specimen

Objective lens. B

Projector lens B

Screen or
emulsion

Figure 2.6 A schematic diagram of a TEM, adapted from reference [28].

The resolving power of a light microscope is limited by the wave nature of the
radiation. The effect of this is that two separate points cannot be resolved as
separate unless their centers are the distance d apart, whereby d is the radius of the
Ailry dfsc referred to the object plane:

054
nsing

d= a7

where 4= wavelength of the illuminating light, » = index of refraction of the
medium between object and lens, « = aperture of lens (half angle of collected light

beam), n sina = numerical aperture of the lens (0.95 at maximum in air). Even if
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one uses the ultra-violet line of mercury (4 = 253.7 nm), oil immersion optics
(n sina = 1.4), and quartz lenses, the best resolution obtainable from the light
microscope is only about 100 nm.

The electron microscope makes use of the wave properties of the moving
electron. Its “de Broglie” wavelength is:

k123
Ao T

(nm] (18)

where h = Planck’s constant, m = mass of electron, v = velocity of electron, and V
= accelerating voltage in volts. For electron with V = 50 kV, the wavelength is
about 0.00535 nm. This is about 10° times shorter than the wavelength of light,
and is much smaller than the interatomic spacing in a solid. However, due to
aberrations, the best practical resolution is between 0.5 and 1 nm.

Three types of electrons emerge after transit through a specimen: unscattered
electrons, elastically scattered electrons, and inelastically scattered electrons. The
unscattered electrons are those that do not interact with the atoms of the specimen.
The elastically scattered electrons interact with the nuclei of atoms in their path.
The elastically scattered electrons do not lose kinetic energy but change their
direction significantly, due to diffraction or incoherent scattering. The inelastically
scattered electrons interact with the electrons of the atoms in their path and tend to
degrade the image. The TEM image is formed essentially by the scattering of

electrons during their passage through the specimen. Those sections that are




denser or thicker or are composed of heavier atoms will scatter more electrons and
will, therefore, appear darker in the final image on the fluorescent screen. They
will be lighter on the photographic plate.

If the sample is crystalline, at some suitable angle, many electrons are Bragg
reflected, and the image formed by the transmitted electrons shows clear
corresponding lattice fringes right on it. Of course, TEM can also be used in
diffraction mode as in XRD. Nonetheless, electroﬁ diffraction is more surface
sensitive than XRD, due to the small electron escape depths.

In this work, the TEM was carried out ex situ by Dr. Margaret Olsen on a JEOL
JEM4000EX instrument operating at 400 kV accelerating voltage. Samples were
taken out of the synthesis chamber and prepared by gently scraping the Si film off
its substrate surface using a blunt scalpel taking care not to scratch the substrate
- itself. The film was then collected onto an amorphous carboh coated Cu TEM grid.
Here, TEM was employed to study the crystallinity and size distribution of clusters
passivated with oxygen or exposed to air for a long time. Clusters which are
heavily surrounded by insulator such as silicon oxide cannot be imaged by the
STM, and XRD is not sensitive enough to probe the crystallinity of a thin film of Si

nanopowder of a few ten of nanometers.

2.7 Photoluminescence spectroscopy
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2.7a Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy refers to the emission of optical radiation
resulting from non thermal excitation of the. energy levels of atoms, molecules,
polymers, and crystals through absorption of light.

The PL setup used in this work is shown in figure 2.7.

Exciting
laser

UHV chamber

spectrometer with
cooled CCD

Mirror

F1: laser line narrow bandpass filter

F2: cut-on longpass filter

CL: cylindrical focusing lens

L1: coftimating lens

L2: focusing lens
Q: quartz window

Figure 2.7 PL setup.

In this set up, the excitation source is either a 15 mW, 325 nm continuous
wavelength He-Cd laser (Omnichrome, series 56), or a Spectra Physics Ar ion
laser operating at 488.8 nm. The incoming laser beam was passed through a
narrow band pass filter, in order to remove higher order components of the laser
light as well as unwanted scattered light generated by the plasma inside the laser,

before reaching the sample inside the UHV chamber. A fraction of the




luminescence from the sample was collimated by lens L1 and then focused by lens
L2 onto the slit of a grating spectrometer (Oriel Multispec). A long pass filter was
situated in between lens L1 and lens L2 to prevent the scattered exciting laser light
from entering the spectromoter slit. PL spectra were recorded by an Oriel Instaspec
IV cooled charged-coupled Si detector array. All PL spectra have been corrected
for instrument response using a calibrated lamp traceable to NIST standards.

Almost all excited electrons and holes drop quickly to the conduction band
mimimum and the valence band maximum respectively, or to the sub-band gap
traps by nonradiative processes prior to optical transitions. PL spectroscopy is,
therefore, a useful tool in investigating the optical band gaps as well as sub-band
gap energy levels in semiconductor nanocrystals. In this thesis, PL spectroscopy
was employed to obtain the emission spectra from Si nanoclusters of various sizes
and surface chemistries.
2.7b Photoluminescence excitation (PLE) spectroscopy

A PLE spectrum is the curve obtained when the luminescence of a sample is
measured as a function of the excitation wavelength. PLE spectroscopy is useful in
studying relative transition rates from various energy levels. For a film much
thinner than the absorption length of the exciting light, the PLE spectrum is

proportional to the absorption coefficient of the film. Moroever, if the PL intensity
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of a thin sample, /,, , is linearly proportional to the exciting laser beam intensity,

1 ;, then:
1, =~ Ol,[1-exp(~a x)] (19)
~ QI a x (for a x<<1) (20)
~QI, (for ¢ x>>1) 21)

where o is the absorption coefficient of the film and Q is a proportionality

constant.

For PLE measurements, white light from a 1 kW mercury-Xenon arc lamp was
passed through appropriate order selection filters and then focused onto the input
slit of a monochromator. Monochromatic light from the output of the
monochromator was then used to excite the luminescence from the sample. A
broadband optical detector monitored the energy flux at the output of the
monochromator, and this was used to normalize the PLE spectra for the variation
of intensity as a function of excitation energy. Luminescence from the sample was
collected using the same optics as in PL spectroscopy.'

In this thesis, PLE spectroscopy was employed to investigate the absorption
mechanism in Si nanocrystals and SiO, nanostructures.
2.7¢c Photoluminescence decay (PL decay) spectroscopy

The knowledge of the PL lifetime as a function of the emitted photon energy

can help to determine the luminescence mechanism.




The PL decay is formulated as: /,, = de™" (22)

If there are competing relaxation processes with lifetimes of T,, 7,,and 7, then:

S PN
3

_ T, Ty T
I, =4e *©

(23)
This corresponds to a monoexponential decay pattern in which the relaxation
process with the shortest lifetime dominates.
If there are independent relaxation processes with lifetimes of 11, 12, and 13, then:
Iy =A™ + 4™ + 47" (24)
where 4,, 4,,and 4,are some proportionality constants. This corresponds to a
multiexponential decay, which is expected for interband radiation transitions from
nc-Si with a size spread. A nonexponential decay may also be an indication of a
distribution of lifetimes which are typical of radiative transitions between broad
bands of localized states.

The setup for PL decay spectroscopy is similar to that of a PL spectroscopy,
except that the exciting source is replaced by a pulsed laser, and the detector is
substituted by a photomultiplier tube. In this work, an excimer laser (Questek,
series 2000) operating at 308 nm with a pulse duration of 20 ns was used for
excitation. A Hamamatsu photomultiplier tube with GaAs photocathode, providing
extended red response, and a rise time of 12 ns was used for detection at the output

of the monochromator. Neutral density filters were employed so that the laser

beam, upon striking a sample surface of a few mm?, had an energy of a few pJ.

~n
22




In this thesis, PL decay spectroscopy was employed to measure the lifetimes of
Si nanoclusters of different sizes and surface passivations. These measurements,
when compared with calculated radiative lifetimes of Si nanocrystals and
measured lifetimes from luminescent compounds of Si such as siloxene or
polysilanes ..., would shed light on the luminescence mechanism of the synthesized

Si nanoclusters.
2.8 Pulsed laser deposition

Pulsed laser deposition was used in the early stage of this work to make Si
nanoclusters. The mechanism of ablation is complex and still under debate. The
most simple explanation for the ablation process of semiconductors by an excimer
laser assumes the process of pulsed laser vaporization. Here, the absorbed light
intensity, with a time and space dependent source term, is instantaneously
converted to heat, which vaporizes material at the surface and diffuses according
to the conventional heat diffusion equation. Reproduced from reference [29], that

equation can be written as:

T
2 1+ ——2 25 25)
pC, pCrdz Oz

ar
ft
In this equation, it is assumed that the laser beam is uniform in the x-y plane and

travels in the z direction; that the target composition is homogeneous; and that the




cross section of the laser beam spot is greater than the heated sample’s surface so
that edge effects are negligible. I{z,#) is the power density of the laser light at depth
zand time ¢. T, p, Cp, K, and o are the temperature, density, specific heat at constant
pressure, thermal conductivity, and absorption coefficient of the sample
respectively. For a homogeneous absorbing medium the power density will be:

I(z,t) = 1,(1)(1- R)exp(- z) (26)
where 1,(2) is the output power density from the laser and R is the target
reflectivity. Assuming no temperature dependence of thermal and optical
parameters, no phase change induced by the laser pulse, homogeneity along the z
axis, constant laser power, and infinite sample thickness, the exact solution for
equation (25) is:®

T(z,t) = {(21, | k) Dt) ierfdz | 2(Dt)* |- (1, / axc) exp(—ar 2)
+ (1, I 2ax)exp(a’ Dt —a z)erﬁ]a(Dt)”z —z/2(D1)"|
+ (1, 1 2ax)exp(a® Dt +a z)erfda(Dt)"* +z/2ADHYB(1-R) (27)
If the light absorption length (d "1y is small compared with the heat diffusion length
Dt = ‘[z_c_t—/p—CP , the solution can be simplified:
T(z,t) =[21,(Dt)"? | k] ierfdz/ 2(Dt)**}(1- R) (28)

and for z= 0, 1.e., at the sample surface,

7(0,1) = (21/xXDt/n)"*(1-R) 29
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Equation (29) yields Tyae 2500 °C at the surface of a Si target, ablated by an
excimer laser operating at 308 ﬁm, with a power density of about 2 x 108 W/em?.
However, it is worthy to note that actually equation (25) cannot be solved
analytically for a general case, because in the semiconductor case, the thermal and
optical parameters are temperature dependent and show strong Vaﬁation with the
phase (crystal, liquid, amorphous). Numerical calculation taking into account the
mentioned dependency of thermal and optical parameters is neccessary, if accurate
values are desired.

An indepth look at the mechanism of ablation®® shows that if a plasma forms for
any reason during laser-surface interaction in vacuum or air, then an explicit laser-
plasma interaction begins. Ions. in the plasma are accelerated to as much as 100-
1000eV, and collisional sputtering results. *' Repeated thermal shocks from the
laser pulses may also cause flakes to detach from a target.** This is called
exfoliational sputtering. Droplets of material may be formed and expelled from a
target as a consequence of the transient melting by the laser pulse as well. This
form of hydrodynamic sputtering has been observed in many metals, and is
described in detail by Kelly and Rothenberg.*®> Many other secondary mechanisms
are also reviewed in reference [30]. In addition, the surface morphology of the

ablated target was observed to change after every single laser pulse. Therefore,




each pulse probably deposits different amounts of material with plume orientation
falling off as cosine to the power of x (x > 4) along the target surface normal.*

The laser employed, in the experiment, was an excimer laser (using hydrogen
cloride and xenon gas) producing output at a wavelength of 308 nm and a pulse
duration of 20 nanoseconds. The laser beam was focused such that a peak power
density of about 2-4 x 10® W/cm® was incident on a Si target, whose surface had
been cleaned in UHV condition earlier on by laser pulses from the same laser at a
peak power density of < 1 x 10® W/cm®. The substrates used to collect Si
nanoclusters were the basal planes of HOPG. These HOPG surfaces, which had
been cleaved by peeling off layers of graphite with a piece of tape, were transfered
into the UHV chamber through a loadlock. The substrates were then heated to 900
°C for 2 minutes to remove any absorbed surface éontaminant, and were positioned
5 to 8 cm away from the Si target. These substrates were hidden away from the Si
plumes generated by the laser pulses during the cleaning of the Si target. A

schematic diagram representing the setup for the laser ablation deposition in this

experiment is shown in figure 2.8.
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Figure 2.8 Laser ablation setup.

Si nanoclusters were synthesized by laser ablation in two different ways, as
described in the following.

1) Laser ablation followed by substrate annealing:

In this method, a small amount of Si (less than a monolayer) is first deposited on a
graphite substrate. The sample is then aﬁnealed so that S1 atoms aggregate into
clusters through surface diffusion. This technique is limited to the formation of less
than one monolayer of clusters.

2) Laser ablation in an inert buffer gas:

In this method, the ablation process takes place in the UHV chamber which is to be
filled with an inert buffer gas such as Ar, or He prior to deposition.... The inert

buffer gas helps the vapor species from the ablated plume to undergo enough
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collisions that nucleation and growth of these vapor species to form clusters can
occur before their arrival at the substrate. For this method, samples with greater
target to substrate distances, and/or deposited at higher inert buffer gas pressures

have bigger clusters, since the vapor species undergo more collisions.

2.9 Gas Aggregation deposition

Gas aggregation deposition is another method to produce clusters.*? SInall
cases, a liquid or a solid is evaporated at a high vapor pressure into a colder buffer
gas. Following nucleation and condensation, the vapor phase is depleted, and
thereafter cluster growth occurs by coagulation during the flight to the substrate.

A schematic diagram of the gas aggregation deposition set up used in this
experiment is shown in figure 2.9a. In this setﬁp, the chamber was filled with Ar
gas up to the desired pressure. Pre-melted and outgassed Si inside a carbon boat
(BN boat is a good alternative), which was fitted inside a W basket, was resistively
heated up to a few hundred degrees above its melting point (as measured by an
optical pyrometer). The substrates used to collect nc-Si powder were highly
oriented pyrolytic graphite (HOPG) surfaces, glass slides, fused silica, or sheets of
Mo or Ta. These substrates had been cleaned in situ inside a UHV chamber by
flash heating up to 900 °C before they were positioned about 5 to 8 cm directly

above the evaporation boat. A manually operated shutter was placed in between
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the evaporation boat and the substrate holder to control the Si arrival fluences. The
average size of the Si clusters synthesized by this technique could be varied by
ihcreasing (or decreasing) the Si source temperature, the Ar buffer gas pressure,

the source to substrate distance, or a combination of all these parameters.

current feedthrough

UHV chamber's
viewport

sampie holder

l Mechanical

shutter

Si source is
v insidea C
boat, which
is inside a
W basket

Figure 2.9a A schematic diagram of the gas aggregation deposition set up for
the synthesis of Si nanoclusters.

The details of nucleation and cluster formation can be understood as following:

* Homogeneous nucleation:

This is the case when a liquid or solid is evaporated at a high vapor pressure in
an UHV environment. The elevation of the Gibbs free energy required to form a
spherical embryo with g molecules is: |
AG=4r r’c +g(u, — u) (30)
where u_is the chemical potential of an atom (or molecule) in the spherical

embryo (or condensed phase), 1 is the chemical potential of an atom (or molecule)




in the vapor phase, and o is the surface free energy per unit area of the spherical
embryo (also called nucleus, drop, grain, or cluster). In this equation, the first term
on the right hand side represents the increase in surface free energy from 0 to

4r r’c as the embryo is formed from the vapor phase. The second term on the

right hand side represents the change in chemical potential between an atom in the

embryo (condensed phase) and an atom in the vapor phase.

Here: u, —u =—kTIn( 2y ),38’39 where p_ is the equilibrium vapor pressure at

%

temperature T of a plane bulk surface, p, is the vapor pressure of a spherical

P,
Pw

>1 since

embryo of radius r, and k is the Boltzmann constant. It is noted that

the surface to volume ratio of a spherical embryo is greater than that of a plane
bulk surface. Conventionally, p, is taken to be the same as the actually measured
ambient vapor pressure, which is also called the supersaturation vapor pressure.

Equation [30] can then be rewritten as:

AG =& 4z r* - gkTIn(2r)

o0

= Az r? ——%7[ Pk in(Ze) (31)

@

where n is the number of atoms (or molecules) per unit volume of the embryo.
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I . - . . .- . . AG) =
This expression exhibits a maximum at a certain critical size » when AAG) = 0
¥

>

orr =—29 (32)

kT in(r)

Figure 2.9b shows a plot of AG as a function of the embryo radius r for a

p,
P

supersaturation ratio > 1, adapted from reference [38].

AG

: << .

Y

Figure 2.9b A plot of the free energy AG as a function of the embryo radius r

D,
P

for a supersaturation ratio > 1, adapted from reference [38].

From figure 2.9b, it is observed that the critical radius »* corresponds to an
unstable equilibrium. AG decreases on both sides of the critical radius »”. So,
embryos with radii larger than r” tend to grow larger while embryos with radii

smaller than r"tend to evaporate.
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* Heterogenous nucleation:

This is the case of nucleation in the presence of a colder inert buffer gas such as
Ar. The colder inert buffer gas cools the evaporated atoms, molecules, clusters and
lower their kinetic eﬁergy. A stabilizing three body collision can occur similar to
the following equation:

Si+ i+ Ar —Si, + Ar O (33)
This dimer formation starts the condensation process if dimers or larger aggregates
are not already present in the gas prior to expansion.*®
In this process, the Ar atoms pick up energy through collisional formation of Si
clusters which act as condensation nuclei for further growth. If the ratio of
monomers to clusters is great, the latter grow by monomer addition. For heavily
clustered beams, cluster-cluster aggregation becomes important.

Cluster growth laws for a simpler system of precipitation from supersaturated
solid solutions have been formulated by Lifshitz and Slezov.***!

Lifshitz-Slezov’s asymptotic cluster growth law is found to be a direct
consequence of the rate with which monomers from the surrounding medium
arrive at the cluster surface. The rate equation for the number of monomers N in a
cluster is written as:

, . .
;’—t— =gy ~ly (34)
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where g, and /, are the rate at which mononers from surrounding condense into

the cluster, and the rate at which monomers from the cluster escape to the
surrounding by thermionic emission. Equation [34] can be rewritten as:

dR v
== ;—[nv(R) - n(R)] (35)

With /, =v An,(R), g, = v 4n,(R), and N=%E n, R’

where v is the monomer thermal velocity, 4 =4z R* is the surface area of a
spherical cluster of radius R, », 1s the monomer density inside the cluster, »,(R) is
the monomer deﬁsity just outside the surface of a cluster of radius R, and n,(R) is
the monomer thermal density just inside the cluster surface. Here, it is noted that
n,(R) < exp(-¢/ T)exp(c/ R), where ¢ is the volume energy, T is the temperature,
and the factor exp(c/ R) is a surface contribution term with o proportional to the
surface tension of the cluster. Assuming that monomers diffuse through the

surrounding medium, that the total number of monomers are conserved, and using

many mathematical transformations, Lifshitz and Slezov derived at the following

growth law for the average cluster radius:***

R()-R’=B(t-1,) (36)
where R, is the initial average particle size (or the critical radius of the

precipitates) before coarsening begins, ¢,is the time at which coarsening begins,

and B is some rate constant.




From equation [36], it can be said that the mean cluster radius increases with travel
time or equivalently travel distance.

*(Gas agoregation method:

The results of equation [32] and [36] can be applied qualitatively to the clusters
synthesized by the technique of gas aggregation method. However, the quantitative
detail of the process is rather complicated and not well studied, due to the
interdependence of many parameters involved such as the temperature of the
source, the buffer gas pressure, and the source to substrate distance. There are
marked temperature and monomer density gradients between the source and the
substrate in the gas aggregation technique, which are not present in the case of
precipitation from supersaturated solid solution. In addition, complication that
arises from the convection effect in the gas aggregation method cannot be ignored.
No scaling law exists.>®
In this-technique, the mean cluster radius increases not only with the source to
substrate distance, and the source temperature, but also with the inert buffer gas
pressure. As the buffer gas pressure is increased, the expansion of vapor is more
strongly suppressed. This leads to bigger clusters with a lower density (of clusters).
Cluster growth stops, nevertheless, at some finite vertical distance from the

evaporating boat because of a rapid drop in temperature and vapor pressure away

from the boat. The inert buffer gas also serves to cool down the clusters by




convection. A picture of gas candle-flame like smoke of silver clusters arising from
heating silver to 1400 °C in a buffer of He at 50 Torr is shown in figure 2.9¢,
taken from reference [ 42]. The arrows in the picture indicate the direction of the

convection flow.
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Figure 2.9¢ ‘Candle-flame like smoke of silver clusters arising from heating

silver to 1400 °C in a buffer of He at 50 Torr, taken from reference [42].

2.9a Production of surface passivated Si nanoclusters

To produce H passivated nc-Si, the Ar buffer gas was pumped out of the
synthesis chamber afier the deposition of roughly one layer of nc-Si (as observed
by STM). The sample was then exposed to atomic hydrogen by passing molecular
hydrogen at 2 x 10°® Torr through a very fine tungsten mesh at 2000 °C. The

sample to tungsten mesh distance was about 3-5cm. This is a well known




technique to passivate Si wafers with hydrogen.“"“_‘ After 5 nﬁinutes of exposure
and a subsequent removal of hydrogen, Ar was reintroduced into the synthesis
chamber. Then, roughly another monolayer of nc-Si was deposited, and the process
was repeated until a thick film was formed.

To produce oxygen passivated nc-Si, the procedure was similar to the case of
hydrogen passivated nc-Si, except that molecular oxygen at 300 mTorr and room
temperature was used instead of atomic hydrogen. After the desired film thickness
was reached, the sample was resistively heated in 4 x 10™ Torr of oxygen to some
predetermined temperatures (between 500-800 °C).
2.9b Production of silicon oxide nanostructures.

To produce silicon oxide nanostructures, the synthesis chamber was filled

with oxygen (instead of Ar) up to several mTorr prior to Si deposition.
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3. RESULT AND DISCUSSION

3.1 Properties of Si nanoclusters synthesized by pulsed laser deposition

The initial method for cluster synthesis was pulsed laser deposition in UHV
condition. In this experiment, the chosen substrate was the basal plane of graphite,
which is inert since all the carbon bonds in this plane are satisfied. In addition, the
well-known structure of the graphite rings on these surfaces can be used as a
calibration for subsequent STM images of the clusters. An STM image of a clean

graphite surface, obtained from this experiment, is shown in figure 3.1 below:

0 2.5 nm

Figure 3.1 An STM image of a clean graphite surface.

Actually, the graphite form of the element carbon consists of a stack of parallel

hexagonal net planes, the nearest neighbor atomic spacing in the net planes (or




basal planes) being 1.42 x 10® cm and the spacing between net planes 3.35 x 10
cm. The planar stacking sequence found in graphite is either ABABA ...
(hexagonal lattice) or ABCABC .... (thombohedral lattice). Obviously, the graphite
rings obtained from STM do not look hexagonal at all. In fact, they look more like
parallelograms with interatomic distance of about 2.45x 10® cm. This STM image
is a product of the planar stacking sequences of graphite and the nature of the STM
tunneling current. Due to the exponential dependence of the STM current on the
tunneling distance, probably only electrons from atoms in the first two adjacent net
planes would contribute significantly to the experimentally measured tunneling
current. The basal plane projection of the first two adjacent planes of graphite is

shown in figure 3.2.

Figure 3.2 Basal plane projection of the first two adjacent planes of graphite.
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In this figure, the black circles repreéent positions where atoms in the first plane
sit right on top of atoms in the second plane. At these positions the STM tunneling
current is more intensified. And as a result, the STM image of the basal plane of
graphite seems to consists of parallelograms.

In figure 3.3, curve (a) shows an Auger spectrum of the as-deposited Si on
graphite. The peak near 270 eV was from the carbon KLL Auger transition. The
peak near 90 eV was from the Si LMM Auger transition. Less than 1% of the
surface was covered by adsorbed oxygen which is seen near 500 eV. Curve (b)
shows the Auger spectrum of the same sample after annealing to 500 °C for 5
minutes. Here a reduction in the Si Auger peak is observed. A reduction in this
Auger peak is consistent v;fith a reduction in the surface area covered by Si, which

through surface diffusion formed bigger clusters.
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Figure 3.3 Auger electron spectra of (a) as-deposited Si on HOPG; (b) the

same sample after annealing to 500 °C for 5 minutes.

Figure 3.4 shows an STM image of Si clusters formed on graphite after
substrate annealing to 500 °C for 5 minutes. A tendency to form aggregations of Si
atoms of average size of 3.0 nm in diameter with a FWHM of about 2nm can be

observed, even though the as-deposited Si had no definite shape or size.
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Figure 3.4 STM image of Si clusters formed on HOPG after substrate

annealing to 500 °C for 5 minutes.

The size distribution of the annealed clusters from the same sample is shown in
figure 3.5. The size distribution in this technique depends on the temperature, the
annealing time, as well as the amount of materials initially deposited on the

substrate surface (usually, one to a few monolayers). Clustering behaviors are

probably dependent on substrate materials too.
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Figure 3.5 Cluster size distribution of a sample with an average cluster size

of 3.0 nm in diameter and a FWHM of 2 nm after annealing to 500 °C for 5

minutes.

As the substrate temperature was raised to 800 °C, a surface wetting (SiC
interface formation) was evidénced by an increase in the Si Auger peak (hence an
increase in the surface area covered by Si) as shown in figure 3.6. This surface
wetting was probably the result of the reaction of Si with thermally broken n bonds

in the graphite rings.
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Figure 3.6 Auger electron spectra of (a) as-deposited Si on HOPG; (b) the

same sample after annealing to 800 °C for 5 minutes.

Since this wetting complicated the interpretation of the optical spectra obtained
from Si nanoclusters on HOPG, none of the samples reported hereafter was heated
to more than 600 °C. No detectable PL from the as-deposited clusters was observed
in the wavelength range of 400-900 nm. This behavior was expecfed from a

surface with dangling bonds and/or surface reconstruction. In this case, surface

22,23
states are known to exist in the forbidden gap and to quench the PL.

Passivation of the dangling bonds is necessary if these clusters are to be of any use




in optical applications. To passivate the surface dangling bonds, many samples
were exposed to atomic hydrogen, which is substantially more reactive with Si
than molecular hydrogen, by passing molecular hydrogen at 2 x 10 Torr through a
very fine tungsten mesh at 2000 °C. The sample to tungsten mesh distance was
about 3 cm. That did not result in any detectable visible photoluminescence from
the clusters.

For many other samples which had not been exposed to hydrogen, surface

passivation was carried out by flowing oxygen at up to 10'6 Torr into the UHV
chamber for up to 8 hours. Auger spectra show adsorption of oxygen on the
surface of thé clusters without Si oxide formation. This was evidenced by a lack of

Si LMM Auger peak shift from 92 eV toward lower energy (about 60 eV for S102

and 80 eV for partially oxidized Si). Again, no visible photoluminescence was

detected. Moreover, experiments in which the clusters had been annealed to 500

°Cin 10-6 Torr of O, for 5 'minutes, then exposed to O, at up to 300 mTorr for five

days also resulted in clusters with no detectable visible PL. Subsequent in situ

heating of the oxidized samples up to 600 °C for 10 minutes at 10.6 Torr of oxygen
did not help the PL either. Thus the presumably passivated Si clusters did not emit
the deep red band characteristic of porous Si, although the possibility that this was
caused by nonradiative decay of excitation in the Si cores to the graphite substrate

cannot be ruled out. The samples were then removed fhom the UHV chamber and
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exposed to ambient air for more than four months. This resulted in strong red to
green-blue PL spectra (figure 3.7). These spectra remained stable after hours of
continuous illumination by the He-Cd laser beam, and even after heat treatment up

t0 450 °C in the UHV chamber.
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Figure 3.7 PL spectra of oxidized Si clusters. Sample 1 and sample 2

contained clusters with average diameter, before oxidation, of 3 and 5 nm
respectively. Both were exposed to air for more than four months. Sample 3 was

oxidized in the synthesis chamber for five days at 300 mTorr of O, and had no
detectable visible PL.

Further study of the prolonged air-exposed samples and the 300 mTorr in situ
oxidized samples by x-ray photoelectron spectroscopy (XPS) with a Mg Ka x-rays

(1253.6 €V) source, revealed the existence of only SiO, for the prolonged air




exposed samples, and the existence of SiOy (x ranged from O to 2) for the in situ

oxidized samples, (figure 3.8).
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Figure 3.8 X-ray photoelectron spectra of the corresponding clusters in

figure 3.7.

This result is not surprising, since time is needed to grow a thick Si oxide layer and
moisture in air is known to speed up the oxidation process.*’ In figure 3.8, the peak
near 99.5 eV binding energy is due to photoelectrons from Si 2P core-level

transition. This peak is shifted to 103.5 eV for SiOy. Smaller shifts are expected
for intermediate oxidation states of Si in SiOy .6 The size of the Si cores that

could be remaining in the oxidized clusters was estimated from the XPS data. The

clusters were taken to be perfect spheres, and correction for the volume
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difference between Si and SiO2 was considered. The detection limit was assumed

to be such that the ratio of the signal contributed from the unoxidized Si cores (S;)
to that contributed from the Si oxide outer layer, taken as Si0, (S;) must be greater
than the experimentally measured noise to signal ratio, N/S from the XPS spectra,

.S, N
€, —L> 37
1.€ S2>S ( )

with
S, o j.:’ 4z rPe %V gy (38)
S, ocE" 4r rie” &gy (39)

In the above formula, R, is the average radius of the unoxidized Si cores; R, is the
average r'adius of the clusters (consisting of Si oxide outer layers and unoxidized
Si cores); and 1=3.8 nm is the escape depth for electrons with kinetic energy of
about 1150 eV.*” With an experimental N/S ratio of about 3.3%, unoxidized Si
cores with average radius >0.6 nm (1.05 nm) from clusters with average radius of
1.5 nm (2.5 nm) before oxidation were within the detection limit.

Next, the samples were dipped into a 20 % HF solution for 20 seconds, then in
de-ionized water for 3s, and reexamined in the UHV chamber. HF treatment is

known to effectively etch away the silicon oxide layer, and passivate the Si inner

434448 :
cores with hydrogen. This HF treatment stripped away all or most of the

oxide layer from the clusters and allowed the detection of any unoxidized Si cores.




Figure 3.9 shows the Auger electron spectra (AES) of pure graphite (a), and
sample 1 before (b) and after HF treatment (c¢). Clearly, almost all Si okide has
been etched away. The peaks around 272 eV and 503 eV were from carbon and
oxygen KLL Auger transition respectively. The St LMM Auger transition at 92 eV

was absent, while the peaks around 60 eV and 80 ¢V were from oxidized Si.
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Figure 3.9 Auger electron spectra (AES) of pure graphite (a), and sample 1 before
(b) and after HF treatment (c). The inset shows XPS spectra of samples 2 and 3
after HF treatment.

After HF treatment, the XPS spectrum for sample 1, which had an average cluster
size of 3 nm in diameter before air exposure, showed no evidence of unoxidized

Si. Similar result was found for sample 2, while sample 3 showed evidence of

59




unoxidized Si before and after HF treatment (inset of figure 3.9). This implies that
there were no unoxidized Si cores in the prolonged air exposed samples, and that

the observed visible PL originated from localized defects in SiO9. Defects in SiOy

are known to have emission bands in the energy range of 2-4 ¢V,”! which
overlaps the energy range of the bands observed for the clusters in figure 3.7. The
oxide related luminescence caused by nonbridging oxygen defect centers and other
oxide related defects in porous Si (which contains Si nanostructures) has been
addressed by Prokes,**" and seems to be in qualitative agreement with the result
presented here. Also, in some types of nonbridging oxygen defect centers, the PL
intensities and energies are known to vary with OH content.’>! The difference in
PL wavelengths and intensities in the samples may, therefore, be due to differences
in their oxygen content, relative ratios of different types of defect centers involved,
and OH content.*

In summary, Si nanoclusters have been synthesized on the basal plane of
HOPG, by laser ablation of Si onto HOPG substrates, followed by annealing of the
substrates. The size distribution and shape of the clusters were determined as a
function of the annealing time, temperature, and amount of Si initially deposited.
Surface passivétion of these clusters with hydrogen and/or oxygen did not result in
any detectable visible PL properties, although the possibility of nonradiative decay

of excitation in the Si cores to the graphite substrate cannot be ruled out. But




prolonged ambient air exposure of these clusters produced strong and stable red to

green-blue PL, which can be attributed to localized defects in the oxidized clusters.

3.2 STS of Si nanoclusters deposited on HOPG

The technique of STS was employed in an attempt to obtain the electronic
local density of states (ELDS) of Si nanoclusters on HOPG as a function of
sizes. As a calibration, the ELDS of a smooth HOPG substrate was obtained and
is shown in figure 3.10. The calculated electronic density of states (EDS) for

HOPG obtained from reference [53] is shown in figure 3.11.
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Figure 3.10 STS spectrum of a clean HOPG surface.
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Figure 3.11 The calculated EDS for HOPG
obtained fromreference [53].

The calculated EDS for the ® and 7* bands of graphite shows strong peaks at ~
2.15 eV (above the Fermi level), -1.5 eV, -1.8 eV and -2.0 eV (below the Fermi
level).”>***° Weaker features are also found at ~ 0.75 eV and 1.5 V. Many of
these features are present in the STS spectrum in figure 3.10, although with
some energy shifis in the peak positions. An additional peak at ~-0.35eV is
also noted in the STS spectrum. The discrepancy between the calculated EDS
and the STS spectrum is probably caused by surface local states. The calculated
EDS is for bulk graphite, while the STS spectrum is more surface sensitive and
therefore may pick up surface local states. This STS curve was obtained by first

imaging over a graphite surface at a bias voltage of about -210 mV and a
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tunneling current of about 0.6 nA. When an atomic resolution STM image of the
graphite surface was observed from a 2.5 nm x 2.5 nm scan, the microscope was
immediately switched to STS mode (with constant height). The main features
(the peak at ~2.2 10 2.4 eV, -1.5 eV t0 -2.0 V) in this STS curve for graphite
were easily reproduced from sample to sample, provided they were all outgassed
by heat treatment to at least 400 °C and atomically smooth.

However, when the technique of STS was applied on any Si nanocluster on
a graphite substrate, STS spectra \'vere noisy, nonreproducible, and therefore are
not presented here. This was probably due to the lack of a good electrical
contact between the graphite substrate and the Si nanocluster under study. Since
the synthesized Si nanoclusters sat on the graphite substrate by just Van der
Waals and electrostatic forces, they may have been sloshed around by the
voltage ramp (from -3V to 3 V) during the STS cycle, causing bad STS spectra.
In fact, the easy mobility of the synthesized Si nanoclusters on graphite

substrates can be seen in figures 3-12 and 3-13.
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Figure 3.12 STM image of some Si nanoclusters on graphite.
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Figure 3.13 STM induced movement of Si nanoclusters on graphite.




In these STM pictures, which were taken about 1 minute apart, note the
changing positions of the clusters labeled A, B, and C. These clusters were
probably moved around by the STM tip during the scan. Thus, it is reasonable to
conclude that the technique of STS is not readily suitable for investigating ELDS
of clusters that stick to a substrate just by Van der Waals and/or electrostatic

forces.

3.3 Properties of Si nanoclusters synthesized by pulsed laser deposition in

an Ar gas

The synthesis of Si nanoclusters by laser ablatioﬁ followed by substrate
annealing, is limited to the production of only less than one layer of clusters. In
order to get strong optical signals from the Si nanoclusters, a film consisting of
multilayers of Si nanoclusters with a thickness comparable to the absorption length
of light is more desirable. The technique of multi-shot laser ablation of a Si target
in an inert buffer gas may be the solution to the problem. This is because the
nucleation and growth of clusters in this technique happen during the flight away
from the Si target, before Si reaches the substrate.

Figure 3.14 and 3.15 show the STM and optical images of a small area and a

large area of a same Si film deposited by laser ablation in Ar at about 250 mTorr.
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Figure 3-14 STM image of a small area of a Si film deposited by laser
ablation in Ar at about 250 mTorr.

Fairly uniform clusters of about 3 nm were observed in figure 3.14. Nonetheless,
the existence of micrometer size Si particulates was clearly seen when a bigger

area of the film was studied, as in figure 3.15.

0 o , lmj
Figure 3.15 Optical image of a large area of a Si film deposited by laser

ablation in Ar at about 250 mTorr.




So, pulsed laser deposition in an inert buffer gas can produce Si films consisting
of multilayer of Si clusters, with a very wide size distribution ranging from a few
nanometer to many micrometers. As described in the chapter on experimental
procedure, Si nanoclusters are formed by coalescence of Si atoms from the vapor
species during their flight from the target to the substrate. On the other hand, the
micrometer size particulates are formed by hydrodynamic and/or exfoliational
sputtering of the Si target. However, from the fairly round shape observed from
most of the micrometer size particulates, it is more probable that they were
originally liquid dropplets formed by hydrodynamic sputtering. During the flight
away from the ablated target, Si clusters suffer many collisions with the Ar buffer
gas. As a result, many Si atoms and small clusters experience significant changes
in flight directions, and never make their way to the substrate, while some others
may zig-zag their way to the substrate. In contrast to tﬁe small clusters, the
micrometer particulates (or microclusters) are expected to be affected much less by
collisions with the Ar buffer gas. Their initial flight direction should remain
unchanged.

Based on the above analysis, an experimental trick aimed at eliminating the
microclusters was carried out as illustrated in figure 3.16. In this setup, the
substrate was rotated almost 90 ® away from the ablated target. In such a geometry,

the micrometer particulates would miss the substrate while much smaller clusters
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may make their way to the substrate, through changes in their flight directions

upon collision with the buffer gas.

Deposition chamber
filled with Ar

Focused laser
beam
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%
, enclosure
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window -
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Figure 3.16 A pulsed laser deposition setup which reduces the number of

micrometer size Si flakes or particulates.

Experimental results from this setup show that although a complete removal of
micrometer particulates was not achieved, a significant reduction of these
particulates in the deposited film was observed. However, the deposition efficiency
in this technique, suffers dramatically since the substrate surface area normal to
the Si target is significantly reduced.

In order to make a multiléyer film of Si nanoclusters with a narrow size
distribution, pulsed laser deposition techniques were abandoned from this point on

in favor of a different deposition technique: gas aggregation method.
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| 3.4 Properties of Si nanoclusters deposited by the gas aggregation method

3.4a Surface passivated Si nanocrystals (nc-Si)
1. Size, composition and crystallinity

The inset of figure 3.17 shows a constant current STM image of approximately
one monolayer of Si clusters, with average diameters of 5 nm i)efore oxidation,
deposited on HOPG substrate by vaporiz:dtion of Si at 1700 °C in an Ar buffer gas

of 500 mTorr, and at a source to substrate distance of 5.0 cm.
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Figure 3-17 Size distributions of the Si cores of a sample deposited on

HOPG substrate by vaporization of Si at 1700 °C in an Ar buffer gas of 500
mTorr, and at a source to substrate distance of 5.0 cm, () before oxygen
passivation, and (b) after oxygen passivation. The inset shows an STM image of

roughly one layer of such Si clusters before oxygen passivation.
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Curve i(a) shows the distribution of diameters determined by STM®’ from a
collection of 300 Si clusters of the same sample. The actual STM image is shown
in the inset of figure 3.17. An average diameter of about 5 nm and a full width at
half maximum (FWHM) of about 2 nm is observed. Curve 1(b) shows a
distribution of the diameters of the Si cores of 250 Si clusters from the same
sample as in the inset obtained from HRTEM measurements after a surface oxide
layef has formed ciuring oxidation in dry oxygen up to 800 °C for 5 minutes. The
sharp cut off at small nanocluster size is an artifact due to the difficulty of the
employed HRTEM in reliably detecting clusters smaller than 1 nm in diameter.
The average size of these cluster cores is approximately 2 nm, so the thickness of
the silicon oxide layer on these nanocrystals is about 1.5 nm. Other samples with
average as-deposited (before oxidation) cluster size in the range of 3.5-6.5 nm also
have size distributions with FWHM of about 2.0 + 0.2 nm, and silicon oxide outer
layers with thickness of about 1.2-1.5 nm.

The composition of the as-deposited Si nanoclusters during synthesis was
monitored by (AES). In figure 3.18, curve (a) shows the AES spectrum from the
degassed HOPG substrate. The dip around 272 eV is the C(KLL) Auger transition
from the HOPG substrate. A small dip at about 92 eV due to the Si(LMM) Auger
transition was observed after the deposition of roughly one layer of Si clusters

(curve (b)). Note that there was no observable oxygen contamination. But after 5




minutes of exposure to 300 mTorr of molecular oxygen, a small dip at about 503
eV due to the O(KLL) Auger transition was present (curve (c)). The above process
was continued one layer of clusters at a time until a thick film of surface oxidized
Si nanoclusters was obtained (curve (d)). Tﬁe dips near 60 eV and 80 eV are

signatures of Si0O, and SiO, (0 < x < 2) respectively.

60 +
e
Q 40 S0, ’ @ e
w O(KLL)
>- ]
- |
=
il
: Ff——_d\/\\[
11}
i
L 0
8 Vﬂ[
=20 i
500
ENERGY (eV)

Figure 3-18 (a) AES spectra of a clean HOPG surface, (b) with roughly one
layer of Si nanocrystals before any oxygen exposure, (¢) after exposure to 300

mTorr of oxygen at room temperature, and (d) after the formation of a thick film of

oxygen passivated nanocrystals.




HRTEM and XRD revealed that Si nanoclusters synthesized by this technique
had the cubic crystalline structure of bulk silicon. Figure 3.19 shows an XRD plot
of a sample of Si nanoclusters deposited on a glass slide by vaporization of Si at
1900 °C in an Ar pressure of 3000 mTorr, and at a source to substrate distance of
6.5 ¢m. This sample was a film of about 10 um thick of initially unpéssivated

nanocrystals, and was exposed to air for 2 days prior to XRD measurement.
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Figure 3-19 XRD of large grain Si microcrystals (bottom curve), and of Si
nanocrystals deposited on a glass slide by vaporization of Si at 1900 °C in an Ar
pressure of 3000 mTorr, and a source to substrate distance of 6.5 cm (upper
curve). The inset shows HRTEM image of a Si nanocrystallite in an amorphous
SiO, matrix on an amorphous carbon coated Cu HRTEM grid. This .sample was
synthésized by vaporization of Si at 1700 °C in an Ar pressure of 2000 mTorr, and

a source to substrate distance of 5 cm.




In figure 3.19, the lower curve shows Si diffraction peaks from the (111), (220),
and (311) planes of a calibration sample of microcrystalline Si powder with grain
sizes > 10 um. All of the allowed diffraction peaks from the calibration sample
were present in the sample of silicon nanocrystals. The diffraction peaks of the
nanocrystalline film are broadened due to the small size of the crystals. From the
Scherrer formula®” and the width of the diffraction peaks, the average diameter of
nc-Si was determined to be 8 nm for this sample. Strain and stress on these nc-Si
could contribute to the observed broadening.*® This effect was probably small,
however, because there was reasonable agreement between the XRD and HRTEM
measurements on similar samples. The inset of figure 3 shows an HRTEM image
of a Si nanocrystallite from a sample deposited on a Mo substrate by vaporization
of Si at 1700 °C, in an Ar pressure of 2000 lﬁTorr, and at a source to substrate
distance of 5 cm. This sample was not passivated, and was air exposed for 2 days
prior to HRTEM measurement. As can be seen in the inset, Si lattice fringes, from
(111) planes with lattice spacing of about 0.3134 nm, were clearly observed in a
background of amorphous Si oxide, on the amorphous carbon coated Cu HRTEM
grid. This particular Si nanocrystallite had a Si core of about 4.7 nm in diameter,
which was also the average size for _the film. It was also observed from HRTEM
that the oxide layers covering the Si cores from all of the samples varied between

1.2 to 1.5 nm whether they were air exposed for 2 days or 2 weeks. This result was
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also true for samples subjected to annealing to 800°C for 5 minutes in dry oxygen
of about 4x10™ Torr. So, in general, the synthesized Si clusters were nc-Si, the
surfaces of which were either terminated with hydrogen, or, if passivated with
oxygen, they were covered with 1.2-1.5 nm thick layers of SiO, (0 <x <2).
Following is a table summarizing the experimentally measured sizes of Si
nanocrystals as a function of Ar pressure, Si source temperature, and source to

substrate distance:

Ar Pressure (mTorr) Source temperature Source-sample distance  Average unoxidized Si
) (cm) core diameter (nm)
250 1700 ' 5 3.5 before oxidation
500 1700 5 5.0 before oxidation
1000 1700 5 6.5 before oxidation
2000 1700 5 4.7 after oxidation
3000 1900 6.5 8.0 after oxidation
Table 1 Measured sizes of Si nanocrystals as a function of Ar pressure, Si

source temperature, and source to substrate distance.

2. PL properties

Unpassivated nc-Si did not' exhibit any PL detectable by the Si detector in the
energy range > 1.2 eV this is expected due to the quenching effect of the dangling
bonds. However, all surface passivated nc-Si showed easily detectable infrared
and/or visible PL, the intensity of which depended roughly linearly on the exciting

laser beam intensity. It was also observed that excitation by either the 325 nm line
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from the He-Cd laser or the 488.8 nm line from the Ar ion laser produced similar
PL shape for a given sample.

Figure 3.20 shows PL spectra from hydrogen passivated nc-Si. Curves (a), (b),
and (c) correspoﬁd to PL from samples made by vaporization of Si at 1700 °C, ata
source to substrate distance of 5 cm, and in Ar pressures of 250 mTorr, 500

mTorr, and 1000mTorr respectively.
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Figure 3-20 PL spectra of hydrogen passivated nc-Si of average diameters of

(a) 3.5 nm, (b) 5 nm, and (¢) 6.5 nm.
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STM measurements of average diameter of these nc-Si yielded average values
of 3.5 nm, 5.0 nm, and 6.5 nm for curves (a), (b), and (c) respectively. All three
samples exhibited strong near- infrared PL, accompanied by increasing PL
intensity at energies below 1.2 eV. A comparison of the relative intensities among
the three curves was not possible, since the three samples had different amounts of
compactness and film thickness. With decreasing nanocrystal size, however, slight
blueshifts were observed for PL edges on the higher energy side of the PL spectra.
The increasing PL intensity at photon energies below 1.2 eV is a distinctive
characteristic of these hydrogen passivated nanocrystals. This behavior
distinguishes them from porous silicon, which has luminescence peaks in the red
to the near infrared, accompanied in some cases by additional luminescence peaks
below 1.2 eV.*> The increasing PL in many samples at photon energies below ~
1.2 eV suggests that the surface passivation for these samples is not complete.
Optical transitions between states lying in the nc-Si energy gaps are probably
responsible for this PL.

Larger PL blueshifts with decreasing nanocrystal size were observed with
oxygen passivated nc-Si. This is illustrated in figure 3.21; curves (a), (b), and (¢)
correspond to PL from samples made by vaporization of Si at 1700°C onto HOPG
substrates, at a source to substrate distance of 5 cm, and in an Ar pressure of 500
mTorr, 1000 mTorr, and 2000 mTorr respectively. These samples were exposed to

oxygen after each monolayer of nc-Si was deposited, and later annealed in steps
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of 150 °C for 5 minutes/step up to 800 °C. Sample (a) had an average nc-Si
diameter of 5 nm before oxidation, and average unoxidized Si core diameter of 2
nm after oxidation. This sample exhibited a strong orange-white PL, with PL peak
at around 2.2 eV. Sample (b) had an average diameter of 6.5 nm before oxidation,
and average unoxidized Si core diameter after oxidation of 3.5 nm. This sample
had a bright red PL, with a PL peak at about 1.7 €V and an increase in intensity at
lower energies in the infrared. Sample (c¢) had an average unoxidized Si core
diameter of 4.7 nm after oxidation, and exhibited a dark red PL, with PL

increasing in the infrared.
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Figure 321  PL spectra of oxygen passivated nc-Si with average Si core

diameters, after annealing in dry oxygen up to 800 °C, of (a) 2.0 nm, (b) 3.5 nm,
and (¢) 4.7 nm.
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It is noted that the visible components of the PL spectra from these passivated

nc-Si were very broad, and that as the nanocrystal size was reduced, PL
broadening accompanied PL blueshift. The width of the observed PL could be
explained by the distributions of sizes in nc-Si, and therefore of energy gaps. For
example, curve (a) in figure 3.21 has a PL with a FWHM of about 1 eV and a size
dispersion of about 2 nm, FWHM. This observed PL width is about 0.2-0.6 eV
narrower than calculated bandwidths for interband transitions in Si
nanocrystals.“’62

It is of interest to compare the energies of the observed emission bands with
recent calculations of photon energies of interband recombination transitions in Si
nanocrystals. The calculations of PL energy versus nc-Si diameter from references
61 and 62 are shown in figure 3.22. In this figure, the dotted curve corresponds to
the result from reference 61,which comes from solving the time dependent
Schrodinger equation with a tight binding hamiltonian and a nonperturbative
electron-hole Coulomb interaction. The solid curve corresponds to reference 62,
which comes from a pseudopotential calculation. The solid circles represent PL
peak energies measured from the samples of oxygen passivated nc-Si. The error
bars represent size distributions. The shaded area represents the region of PL
intensity measured from the hydrogen passivated nc-Si, for which no emission
peaks were observed above 1.2 eV. As can be observed, there are differences in

the measured PL peak energies from oxygen and hydrogen passivated nc-Si. The




PL peak energies from oxygen passivated nc-Si seem to fit reference 62 better,
while the ones from hydrogen passivated nc-Si are below both calculated curves.
From figure 3.22, it is also 'clear that increased PL broadening due to dispersion of
nanocrystal size is expected as the average size of nc-Si decreases. This is because

quantum confinement effects are stronger in smaller nanocrystals.

5 LR R R S N B
......... from Ref. 61
from Ref. 62
4 b ®  oxygen passivated nc-Si cores
S
2
o
2 st :
T infrared PL energies with
E no observable emission peaks
s above 1.2 eV from hydrogen
2 passivated nc-Si -
1
0 2 4 6 8 10 12
NANOCRYSTAL DIAMETER (nm)
Figure 3.22 Theoretical PL energy vs nanocrystal diameter for nc-Si from

reference [61] and reference [62]. Experimental values are from figure 3.20 and

figure 3.21 of this work. Error bars represent size distributions.

The comparison between the experimental energies and the calculations suggests

that the observed emissions could result from electron-hole recombination
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transitions in the Si cores. However, the observed PL energies and PL broadening

with reduction of nanocrystal size can also be explained by a model involving

absorption in the quantum confined Si cores, and emission due to transitions
between dangling bond or defect states in the passivation layers. This latter point
will be discussed more in detail in the next section.

PL decay times for passivated nc-Si varied from sample to sample, but were
observed to increase for lower emission energies, as reported for porous Si by

some other workers. 5%
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Figure 3.23 PL decay times from (a) oxygen passivated nc-Si with orange-
white PL, (b) oxygen passivated nc-Si with bright red PL, and (c) hydrogen
passivated nc-Si with infrared PL.




In figure 3.23, the top curve represents a PL decay time faster than the laser
pulse (20 ns) from the oxygen passivated nc-Si sample with orange-white PL
(bottom curve in figure 3.21). The middle curve represents a single exponential PL
decay with a time constant of about 70 ns from the oxygen passivated nc-Si sample
with bright red PL ( middle curve in figure 3.21). The bottom curve represents a
single exponential PL decay with a time constant of 2 us from the hydrogen
passivated nc-Si s_ample with infrared PL (topmost curve in figure 3.20).° Here,
some similarities between PL decay times of these passivated nc-Si and porous Si
are observed. Porous Si with red emission usually has PL decay times on the order
of microseconds, while green or blue PL from oxidized porous Si usually has decay
times on the order of nanoseconds or less.”**%%¢7

Figure 3.24 shows the PLE spectrum from a 50 nm thick sample of oxygen
passivated nc-Si (curve (b)). This was the same sample that yielded the PL in
curve (a) of figure 3.21. For a film much thinner than the attenuation length of the
exciting light, PLE data are proportional to the absortion coefficient of the film as
described in the chapter on experimental procedure. In fact, this PLE data curve
qualitatively resembles the absorption coefficient (curve (a), offset by an arbitrary
multiplicative factor) calculated from the Maxwell-Gamett formula® using the
dielectric function of bulk Si.*” This formula, which allows the calculation of the
effective absorption coefficient of a composite medium consisting of Si dots

embedded in an SiO, matrix, is written:”°
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& g(@)-1 _ £ (w)-1 (40)

tp@)12 TE(@)+2

Here p is the average volume fraction occupied by the Si dots. € (@) is the complex
frequency dependent ratio of the dielectric function of bulk Si to the dielectric
function of Si0,. And ¢ 4{@) is the complex effective dielectric function of the
composite medium. The frequency dependent absorption coefficient af@) of the
composite medium is given by

a(w) « olmle gw)] | (41)
where Im[¢ .s(@)] is the imaginary part of the complex effective dielectric function
of the composite medium. This Maxwell-Gamett effective absorption coefficient
curve was derived from Equations [40] and [41], for a system of Si dots with
average diameter of 2 nm and a size distribution as in curve (b) of figure 1,
embedded in a SiO, matrix.” Although the use of the bulk si value for £ (@) does

not account for the effects of band structure changes due to quantum confinement

in the nc-Si, it is certainly suitable for a rough comparison with the PLE spectra.

‘Note that since both curves in figure 3.24 have been normalized by arbitrary
multiplicative factors, only the shapes of these curves can be compared, not their
absolute values. In general, the PLE data and the calculated absorption coefficient
have similar shapes. A steep rise in the absorption starting above 4.1 eV, and an

absorption plateau between 3.5 eV and 4.1 eV are observed in both the PLE and




Maxwell-Garnett curves. However, in the energy range below the bulk direct
interband transition of about 3.2 eV, the experimental PLE curve has a magnitude
that is much greater than the calculated curve. This difference may be due to defect
absorption in the SiO, (0 < x < 2) layers covering the Si dots, which was, of

course, not included in the Maxwell-Garnett calculation.
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Figure 3.24 Normalized PLE spectrum of a sample of oxygen passivated nc-
Si with average Si cores of 2 nm (curve b), and the normalized absorption
coefficient derived from Maxwell-Garnett formula using bulk Si dielectric function

for a system of Si dots of average diameters of 2 nm (curve a).
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The experimental PLE curve also has structures that are not found on the
calculated curve. These structures are real and reproducible. They could be due
either to absorption from various defects in the SiOx’(O < x £ 2) layers covering the
nc-Si or the quantization of electronic density of states of small dots, or both. It is
most likely, however, that these structures result from defect absorption in SiOy,
since they are also seen in the energy range below 3.2 eV, whe;'e the absorption
coefficient of bulk Si is very small. It is co'ncluded from the above discussion that,
apart from a small contribution from défect absorption, strong absorption in the
quantum confined Si cores of the passivated nc-Si creates the excitations
responsible for the PL.
| For all samples of oxygen passivated nc-Si, the PL intensities increased after
annealing in dry oxygen at 4x10™ Torr up to 800 °C, without any accompanying
PL peak shift. But a slight reduction in PL intensity was observed after post
annealing to 900 °C. Figure 3.25 shows the effect of annealing at up to 800 °C in

dry O2 on PL intensity of the same sample as in curve (a) of figure 3.21. Similar

behavior has also been observed for porous Si and Si ultra-fine particles.’®’*"

The inset of figure 3.25 shows XPS data from the same sample as a function of

annealing i oxygen. The peak near 99.5 €V binding energy is due to

photoelectrons from the Si 2p core-level transition in bulk crystalline Si. This peak

shifts to about 103.5 eV for SiOp. Smaller shifts are expected for intermediate




oxidation states of Si in SiOx (0 < x < 2). These data show that the ratios of SiOx

to Si (0 < x < 2) increase as a function of annealing temperature from 500 °C to
800 °C. Note that the absence of a peak near 99.5 eV in the upper XPS curve in
the inset does not imply that the nc-Si crystallites have been completely oxidized,
because XPS is a surface sensitive technique and a signal from a silicon core may
be unobservable®’™*. Moreover, HRTEM and PLE measurements on the same

sample have shown the existence of unoxidized Si cores after oxidation (curve

1(b), figure 3.17, and figure 3.24).
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Figure 3-25 PL intensities of a sample of oxygen passivated nc-Si as a
function of annealing temperatures from 25 °C to 800 °C. The inset shows XPS

signals from the same sample.
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My speculation is that the thickness of the Si oxide outer layer has been
established by the low temperature annealing. Nevertheless, this SiOy layer had a
significant amount of Si and oxygen dangling bonds, thus a nonstoichiometric Si/O
ratio. Short annealing at higher temperatures simply passivated the dangling bonds
more effectively, therefore achieving a more stoichiometric Si/O ratio (with x
increased toward 2), leading to improved PL intensity without any accompanying
PL peak shift. Nonetheless, a reduction in PL intensity at an annealing temperature
of about 900 °C is not a complete surprise. Thé native sub-oxide layer grown on a
Si wafer by air exposure is known to begin to vaporize at temperatures > 850 °C”;
so when the rate of Si sub-oxide vaporization is comparable to the corresponding
rate of formation, dangling bonds could be produced at the Si-SiO, interface of the

nc-S1, and a reduction in PL intensity would be not be unexpected.

3.4b Amorphous Si exide nanostructures (an-SiOy)

Figure 3.26 shows a typical AES spectrum for a sample of an-SiO, synthesized by
vaporization of Si in an O, buffer gas. The composition of the an-SiOy was mostly
Si0y (0<x<2), since there was almost no signal from the elemental Si (LMM)
Auger transition in the AES spectrum at 92 eV. The O (KLL) Auger transition was

observed at 503 e¢V. Note that no contamination was observed from the carbon
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boat or the tungsten basket. HRTEM revealed that these an-SiO films were
networks of interlinking amorphous Si oxide nanostructures with occasional

embedded Si dots. Figure 3.27 shows a TEM image of a typical sample of an-SiOs.
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Figure 3.26 Typical AES spectrum for an-SiO, synthesized by vaporization of
Si in an O, buffer gas. The inset shows the normalized PLE spectrum of the same

sample.

The inset of figure 3.26 shows a PLE spectrum of the same sample that yielded the

AES curve in figure 3.26. This sample of an-SiO, was deposited on HOPG by
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vaporization of Si at 1600 °C, in an O, buffer gas of 3.5 mTorr, and at a source to
substrate distance of 8 cm. This PLE spectrum curve does not resemble that due to
Si absorption (compare with figure 3.24). Therefore, the contribution of the
occasionally embedded small Si dots to the net absorption is negligible. The
excitation spectrum of an-SiOy in figure 3.26 is similar to absorption spectra
observed in non-stoichiometric S10,. For example, a strong absorption peak at |
about 4.2-4.3 eV was observed and identiﬁed with a type of oxygen deficiency
defect center in silica.**”%”” The strong absorption in the energy range > 5 eV in

the PLE spectrum in figure 3.26 has also been reported for certain types of oxygen

49,76

related defect centers in silica.

Figure 3.27 TEM image of a sample of an-SiOy




Figure 3.28 shows PL spectra for two samples of an-S10,. Curve (a) was from
the same sample that yielded the PLE spectrum in figure 3.26. This sample
exhibited a strong and very broad orange-white PL, peaked at about 2.2 eV, with a
bi-exponential PL decay with time constants of 1.2 ps and 7.8 ps (inset of figure
3.28). Note that the emission energies in this sample were much smaller than the
absorption threshold energy. This indicates the existence of optical emission
between trap states or lower energy defect levels, which have absorption
efficiencies several orders of magnitude smaller than the 4.3 eV absorption
band.*””7® The emission process 1s usually sensitive to such trapping states.”
Also, broad PL peaks at about 1.9 eV and 2.3 eV were observed for oxygen related
defect centers in amorphous Si oxide.”” The PL decay of these centers was non-
exponential with decay times from hundreds of nanoseconds to many tens of
microseconds. The observed broad PL in curve (a) may originate from a
combination of these two defect centers. Curve (b) was from a sample of an-Si10
deposited on a Si wafer, which had been covered with a native oxide layer due to
long exposure to ambient atmosphere. This sample was prepared by vaporization of
Si at 1600 °C, in an O, buffer gas pressure of 2 mTorr, and at a source to substrate
distance of 7 cm. There are several PL peaks recorded at around 1.7-1.9 eV, 2.2-
25eV,and 2.6-3.1 V. All these PL bands have been reported for different types
of oxygen related defects in Si oxide.’ 771 conclude that the emission and

absorption from an-SiOy are dominated by defect centers in the oxide.
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Figure 3.28 PL spectra of an-SiO, synthesized by vaporization of Si (a) at
1600 °C in an O, buffer gas of 3.5 mTorr and a source to substrate distance of 8

cm, and (b) by vaporization of Si at 1600 °C in an O, buffer gas of 2 mTorr and a

source to substrate distance of 7 cm. The inset shows PL decay time of sample (a).

Similar to the case of oxygen passivated nc-Si, the PL intensities of these two
an-SiO, samples increased with annealing in dry oxygen at 4x10™ Torr up to 800 °
C without any PL peak shift. So, even though all an-SiO, samples were composed

mostly of SiO, (0<x<2), they shared many common PL properties with oxygen




passivated nc-Si: very broad PL, many PL peaks in similar energy regions, and

increasing PL intensities without PL peak shift after annealing in dry oxygen.

3.4c Discussion

The experiments presented in this thesis show that, for passivated nc-Si,
absorption occurs between the quantum confined electronic states of the Si
cores. PL blue shifts occur as the size of nc-Si crystallites is reduced. These
observations clearly indicate the importance of the quantum cohﬁnement effects
on the optical absorption properties of nc-Si. This latter point has received direct
supports from recent x-ray absorption spectroscopy (XAS) experiments.*® Figure
3.29 shows the XAS spectra of the L-edge absorption of bulk Si (a), nc-Si with
average size of 2.8 nm (b), and nc-Si with average size of 1.0 nm (¢). The L-
edge absorption measures the energy separation between the 2p core level and
the bottom of the conduction band. Consequently, quantum confinement effects,
which raise the energy of the bottom of the conduction band, increase the
absorption threshold by the same amount. The quantum confinement effects
induced upshift of the bottom of the conduction band are found to be about 0.5
eV and 0.3 eV for nc-Si with éverage size of 1.0 nm and 2.8 nm (as measured by
an AFM®!) respectively. Due to the selection rule for electric dipole transition

(change in angular momentum: A /= +1), the L-edge probes the s and d density

of states of the conduction band. The doublet features at about 99.8 eV, 100.7
eV and 102.5 eV in the XAS spectrum of bulk Si in curve (a) are due to the spin
orbit splitting of the Si 2ps» and Si 2py1; levels, which are separated by 0.61 eV
and are convoluted with the s and d density of states of the conduction band.

These doublet features are significantly washed out or unobservable in the L-
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edge XAS spectra of nc-Si, because these nc-Si have a spread in sizes. Similar
results have been reported for the L-edge absorption spectra of porous Si which
contains Si nanocrystals with a spread in sizes.® The total increase in the band
gaps of nc-Si are expected to be greater than the measured increase in the L-
edge absorption, since it includes the downshift of the top of the valence band as

well.
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Figure 3.29 L-edge absorption of bulk Si (a), nc-Si with average size of 2.8
nm (b), and 1.0 nm (c).

As far as the PL mechanism is concerned, it seems that a simple band to band
recombination mechanism within the Si cores cannot be ruled out. There are,
however, some properties of the PL that suggest a different explanation: 1) the
differences in PL spectra of hydrogen passivated nc-Si and of oxygen passivated
nc-Si; 2) the PL properties of the oxygen passivated nc-Si have some similarities to

those of the an-SiO, samples, for which oxide defect states apparently play a
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dominant role in the PL; and 3) the theory of quantum confinement effects cannot
account for the short and exponential PL decay times (nanoseconds) of oxygen
passivated nc-Si.*” These properties lead to the belief that defect centers, rather
than band-to-band recombination in the Si nanocrystals, are more likely to be
responsible for the PL of the nc-Si films.

For many nanocrystals of comparable sizes, hydrogen passivated nc-Si had PL
spectra that were redshifted in comparison with the corresponding PL spectra
from oxygen passivated nc-Si (curves 3.20(a) and 3.21(b)). In addition, the PL
intensities from hydrogen passivated nc-Si films were usually weaker than those
from oxygen passivated nc-Si films of comparable thicknesses. These effects may
have been caused by imperfect passivation of the hydrogen passivated nc-Si in this
work, and they indicate a strong influence of surface and/or interface states in the
recombination process of nc-Si. 7>!%*63* The facts that PL decay times of the
passivated nc-Si in this work varied widely from sample to sample, and that
oxygen passivated nc-Si had PL decay times much shorter than accounted for by
the quantum confinement effects imply the coexistence of competing radiative and
non-radiative recombination processes. These competing processes may be related
to surface conditions such as residual dangling bonds, surface stress and/or strain,

and Si oxide defects at/or near the surface™'**

. In fact, the many common PL
properties for oxygen passivated nc-Si and an-SiO,, pointed out at the end of

section 3.4b, suggest that the radiative recombination processes in both materials
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are dominated by transition through defect centers. These defect centers are
located in the oxide layer or at the boundary between this layer and the Si
crystallite.>®” A conclusion will be reached by discussing these properties with
reference to this alternative model of the PL in nc-Si.

It is noticed that the data concerning passivated nc-Si can be best explained by a
model involving absorption in the quantum confined Si cores and emission which
involves electronic transitions between surface and/or interface states.”>'%” This
model can explain PL blueshifts with decreasing nanocrystal size, as well as the
surface sensitive property of the PL from nc-Si. This model can also explain
qualitatively the PL blue shift with decreasing nanocrystal size, accompanied by
PL broadening, observed in the presented PL data. Figure 3.30 is a diagram

showing the energy levels near the surface of two sizes of Si quantum dots.
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Figure 3.30 Energy diagrams, including surface related traps, of (a) large
quantum dots, and (b) small quantum dots.
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It should be noted that these diagrams refer to ensembles of dots of a given size;
the detailed energy levels for a particular size may vary from dot to dot depending
on surface/interface configuration. In (a), the dots are bigger than the ones in (b)
which have larger quantum confined energy gaps. Upon absorption of photons of
proper energies, electrons and holes are generated in the conduction and valence
bands of the dots. But due to the existence of surface related tfaps with energy
levels extending into the energy gaps, thére is a possibility of carriers getting
trapped by, and subsequently recombined through, these gap states. A PL blueshift
with reducing nanocrystal size is possible, since carriers generated in the smaller
dots may have access to gap states with trapping energies higher than the energy
gap of the bigger dots. Broad PL spectra are also expected. On the basis of the
diagram 1n figure 3.30, it might be expected, indeed, that the PL bandwidth will
increase with increasing energy gap. This is because carriers generated in the
smaller dots may also have access to gap states with much smaller trapping
energies. So, depending on the relative densities and recombination efficiencies of
the different surface states involved, a PL broadening may accompany the PL blue
shift of the smaller dots. This has been observed in the data in figure 3.21, where
the bandwidth in curve (a) is substantially larger than the visible counterpart in (b).
The different properties of oxygen and hydrogen passivated dots reflect the
differences in the energy distribution, lifetimes, and other properties of the surface

or interface states. In particular, the longer wavelength emission in hydrogen
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passivated dots is caused by a prevalence of surface states lying deeper in the
energy gap than for oxygen passivated dots.

In conclusion, nc-S1 with controllable size have been synthesized by the
technique of ga§ aggregation. When passivated by hydrogen or oxygen, these nc-Si
showed strong infrared and/or visible PL. The PL properties of these nc-Si can be
best explained by a model involving absorption in the quantum confined Si cores

and emission due to transition between defect states in the passivation layer.
4. Conclusion

In conclusion, Si nanoclusters have been synthesized, with well controlled
surface chemistry, by laser ablation of Si followed by substrate annealing, laser
ablation of Si in an Ar buffer gas, and thermal vaporization of Si in an Ar buffer
gas. Si bxide nanostructures were also synthesized by using O, as the buffer gas
instead of Ar during the deposition.

The technique of laser ablation of Si followed by substrate annealing is
capable of producing only less than a layer of Si nanoclusters on a graphite
substrate. Surface passivation of these clusters with atomic hydrogen or oxygen
did not result in any detectable visible PL, probably due to nonradiative decay of

excition in the Si cores to the graphite subtrate. But prolonged ambient air
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exposure of these clusters produced strong and stable red to green-blue PL,
which can be attributed to the completely oxidized clusters.

The technique of laser ablation of Si in an Ar buffer gas is capable of
producing multilayer films of Si nanoclusters. However, the size distribution of
the clusters obtained from this technique is very wide, ranging from a few
nanometers to many micrometers. This wide size distribution makes it difficult
to study the effect of size on the electronic and/or optical properties of the
generated clusters.

The technique of thermal vaporization of Si in an Ar buffer gas is capable of
producing multilayer films of Si nanoclusters with fairly narrow size
distributions. The average cluster size in this technique can be controlled with
parameters such as Si source temperature, Ar buffer gas pressure, and source to
substrate distance. HRTEM and XRD revealed that these nanoclusters were
crystalline in nature. However, during synthesis, if oxygen was the buffer gas, a
network of amorphous Si oxide was formed.

The electronic and optical properties of these nc-Si were studied by XAS, PL,
PLE, PL decay, and scanning tunneling spectroscopies.

Although capable of producing reliably ELDS for clean and atomically smooth
substrate surfaces, STS fails to reveal the ELDS of Si clusters which sit loosely on
substrate surface by just Van der Waals and/or electrostatic forces (due to the lack

of a good electrical contact).
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When passivated with atomic hydrogen or oxygen, these nc-Si showed strong
infrared and/or visible PL with PL decay time increasing with longer emission
wavelength. Absorption in the Si cores for surface passivated nc-Si, but mainly in
oxygen related defect centers for an-Si0y, was observed by PLE spectroscopy. As
the average size of nc-Si was reduced, the bottom of the conduction band of these
nc-S1 was observed to upshift. The visible components of PL spectra were also
noted to blue shift and broaden as the size of the nc-Si was reduced. There were
differences in PL spectra for hydrogen and oxygen passivated nc-Si, but many
common PL properties between oxygen passivated nc-Si and an-S10, were noted.
The data in this work can be best explained by a model involving absorption
between quantum confined states in the Si cores and emission between surface
and/or interface states.

So, the results of this work point to the importance of the quantum confinement
effects in the electronic structures and optical absorption properties of nc-Si, as
well as the consequence of the presence of surface/interface states in the overall
electronic and optical recombination propertiés of nc-Si. In other words, unless a
defect free surface passivation layer is achieved, the ultimate properties of these Si

quantum dots will be jointly determined by both the quantum confinement effects

and surface/interface states.




Appendix I

Radiative defect centers in silicon oxide

Many different defect centers may exist in silicon oxide. These can be related to
an oxygen ion vacancy, a Si ion vacancy, a broken bond, or some imperfection in
the silicon oxide lattice structure. Analogous to the case of an electron in a
hydrogen atom, carriers that are trapped at these localized defect centers, may be
promoted to some excited states of the trap centers, and in some cases may
radiatively relax to the ground states of the corresponding traps.

Radiative centers may also exist at the Si-SiO; interface. A type of such defects
1s known to have a sharp excitation onset at around 4.3 eV and a PL peak at
around 2.3-2.7 eV. The energy of 4.3 eV is known as the difference betwegn the Si
valence states and SiO, conduction band at the macroscopic Si-Si0, interface.”>%
In experiments performed on SIMOX (Si isolation by implantation of oxygen)
structures photoinduced charge trapping is observed.® It is suggested that the
onset observed at photon energy of 4.3 eV corresponds to ejection of an electron
from Si into the oxide. This electron may relax nonradiatively to some lower
energy interface state before a final radiative recombination with the hole, causing
the PL peak energy to be smaller than the excitation energy.

Another well-studied type of defect center is known as nonbridging oxygen hole

center (NBOHC). These centers have been reported in silica optical fibers and they
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luminesce in the red (1.65-1.9 V) at room temperature, with a peak width
(FWHM) of around 0.35 eV.¥"*° Actually, three different types of NBOHC have

been identified which vary in PL energies and quantum efficiencies.™'® The first

type of NBOHC is Si-0, which exhibit a weak red PL which does not shift

appreciably with heat treatment. The second type of NBOHC is stabilized with a

hydrogen bond, such as Si-0 -.....-H-Si. This type of defect is seen in silica

containing high concentration of hydroxyls or hydrides, and exists only at
temperatures below 350 °C. Its PL has been shown to blueshift and increase in
quantum efficiency with increasing hydrogen content. The third type of NBOHC
is related to the strain of bonding at an interface between two materials of different
bond lengths, density, or structure. This type of NBOHC has been reported after
the drawing of oxide clad fibers and after high temperéture annealing. Finally, the
type of NBOHC which are stable at high temperatures (as high as 800 °C) do not
show any PL line shift or shape change during heating to high temperatures
compared to PL at room temperature. Clusters of NBOHC have also been reported
to have absorption peaks in the 2 and 4.75 eV range, and PL peak at around 1.7
eV. Following is a drawing of isolated NBOHC and NBOHC clusters near the Si-

SiO, interface and deep in the silicon oxide layer taken from reference [5].
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Another defect in amorphous SiO; known as two fold coordinated silicon has
an absorption band at 5.03 eV and two luminescence bands at 4.3 eV and 2.65
V.7 The model assigned to this center is a silicon atom with only two
neighboring oxygens. |

Oxygen-deficient silica has been observed to have a strong PL band at around
2.7 eV; while high-OH silica are known to produce PL bands at 3.1 eV and 4.2 eV
under 7.9 eV excitation.* Various other forms of oxygen deficiency in the SiO,
network or nanoclusters are also known to produce PL peaksat 1.9,2.2,2.7,3.1,

and 4.3eV.""”
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Appendix II

(Adapted according to reference [91])

A method for the deconvolution of experimental PL decay curves

An experimental PL decay curve usually has the form:
F(x)= | f(w)S(x - w)du (al)

where F(x)is the observed PL decay spectrum, f(x)is the true PL decay profile,
and S(x)is the slit function or intrinsic broadening function (a combination of all
the resolution effects, including the profile of the exciting laser pulse). S(x)can be

determined experimentally by taking a decay curve of the laser pulse itself.

Fourier transform both sides of equation [al] to get:

Fy= f0S() (a2)
where the bar represents Fourier transform.

Dividing by S(¢)and taking the inverse transform:
f(x)= [ F(O)T(t)exp(27 itx)dt (a3)

where T(t) denotes the reciprocal of S(¢)

Substitute F(¢) = ]F(x) exp(—27 itx)dx into equation [a3]:




f(x)= TF (u)duTT (O)exp{(2z it(x — u)}dt | (ad)

Let the second integral on the right hand side of equation (a4) be denoted by

J(x —u)then
J(x—u)= j’ T(t)exp{(27 it(x —u)}dt (a5)
Assume an exponential slit function such that S(x) = %a exp(—alx]) (a6)

where S(x)has been normalized so that jS(x)dx =1 and « is a constant. Then

-0

2

— a-
Sty = —— a7
@ a® +4r*t? @7)

472
PN

and J(x-u)= T(l + Yexp{27z it(x—u)}dt

= 8¢ - 1) - —%x - ) (a8)
a
where 3(x - ) is the Dirac delta function defined as:
O(x - u)= Iing jexp(—s Yexp{2rx it(x —u)}dt (a9)

and 8"(x - u) represents the second derivative of 8(x - u).

Plug the value of J(x — ) in equation [a8] into equation [a4] to see:

@)= F) == F(3) (al0)
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Equation [a10] relates the experimentally observed PL decay curve F(x)and its
second derivative with the true profile of the PL decay.
However, if the slit function S(x) is much shorter than the true PL decay curve
fx), S(x —u) in equation [al] may be replaced by 8(x - ). In this case, equation
[al] becomes:
F(x)=~ f(x) ' | (all)
The PL decay time is then obtained by numerically fitting f{x) with exponential
decay expression of the form:
A;exp(-B;) for monoexponential decay
or
Aj exp(-B1) + Ay exp(-B2) + Az exp(-Bs) + ...... for multiexponential decay
where Ajand B, represent the maximum PL intensity (PL intensity at time t = 0)

and the PL decay time.
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Appendix III
(From reference 69 and reference 92)

Table of index of refraction and extinction coefficient for Si and Si oxide

A(nm) n (Si02) k (Si02) n (Si) k (Si)
2443 1511257 0 1.683 3.508
253.16 1.506817 0 1.722 3.774
262.03 1.50282 0 1.839 4.183
270.89 1.499208 0 2.19 476
279.75 1.495934 0 3.026 5243
288.61 1.492957 0 4.231 5.261
297.47 1.490243 0 5.009 4.358
306.33 1.48776 0 5077 3.718
315.19 1.485484 0 5.083 3.385
324.05 1.483392 0 5.12 3.188
332.91 1.481464 0 5.206 3.038
34177 1.479685 0 5.323 2.937
350.63 1.478039 0 5.506 2.905
359.49 1.476513 0 5.977 2.916
368.35 1.475096 0 6.79 2.272
377.22 1.473778 0 6.721 1.112
386.08 1.472549 0 6.169 0.568
304.94 1.471402 0 5.767 0.365
403.8 1.47033 0 5.467 0.26
412.66 1.469326 0 5239 0.199
421.52 1.468385 0 5.06 0.16
430.38 1.467501 0 4.916 0.132
439.24 1.46667 0 438 0.111
448.1 1.465888 0 4.694 0.096
456.96 1.465151 0 4.603 0.083
485.82 ' 1.464456 0 4522 0.073
47468 1.463799 0 4.452 0.064
483.54 1.463178 0 4.389 0.058
492.41 1.462591 0 4332 0.052
501.27 1.462034 0 4283 0.046
510.13 1.461506 0 4236 0.042
518.99 1.461004 0 4.195 0.038
527.85 1.460528 0 4157 0.035
536.71 1.460075 0 4.122 0.033
545.57 1.459644 0 4.092 0.03
554.43 1.459234 0 4.059 0.028
563.29 1.458843 0 4.032 0.025
572.15 1.45847 o 4.007 0.024
581.01 1.458113 0 3.981 0.023
589.87 11.457773 0 3.96 0.022
607.59 1.457136 0 3.92 0.019
616.46 1.456839 0 3.9 0.018
625.32 1.456553 0 3.885 0.017
634.18 1.45628 0 3.87 0.016
643.04 1.456018 0 3.854 0.015
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A(nm)
651.9
660.76
669.62
678.48
687.34
696.2
705.06
713.92
722.78
731.65
740.51
749.37
758.23
767.09
775.95
784.81
793.67
802.53
811.39
820.25
829.11
837.97

n (Si02)
1.455766
1.455525
1.455293
1.45507
1.454855
1.545649
1.45445
1.454259
1.454075
1.453897
1.453726
1.453561
1.453402
1.453248
1.453099
1.452955
1.452816
1.452682
1.452552
1.452426
1.452305
1.452187

k (Si02)

[sNeoNoNoRoNoNoNalNaloeNoeReNeNoNeoNoRolNoNoNolNo o)

n (Si)
3.839
3.827
3.813
3.8
3.788
3.773
3.766
3.757
3.747
3.737
3.73
3.721
3.714
3.708
3.698
3.691
3.684
3.679
3672
3.666
3.663
3.658

k (Si)
0.014
0.014
0.013

0.0125
0.012
0.011
0.011

0.0092
0.01
0.01
0.009
0.007
0.008

0.0066

0.0068
0.005

0.0085

0.0085
0.007
0.005

0.0058

0.0044




Appendix IV
(Adapted according to reference [68])
Maxwell-Garnett formula for the absorption of light of a composite medium
consisting of spherical semiconductor dots embedded in a dielectric host

matrix

Consider first a single dielectric sphere of radius R and dielectric constant &,

embedded in an infinite medium with dielectric constant ¢, .

—_— e
X

— NE —

_E__, ——

The potential V(r)- for a homogeneous, static field £ oriented along the z-axis-
inside and outside the sphere must satisfy the Laplace equation:

VIV (r)=0 | (A1)
For infinite distance from the dot the potential has to behave like that of the
homogeneous field,

V(r)«x—-E.F (A2)

107




At the boundary of the sphere the continuity of the tangential components of the
field E , respectively of the normal components of the induction field D must be

assured.

Vlr:R—O = VL:R-&»O (A3)

oV A% Ad
glﬁr =R—0_825r =R+0 ( )

Choosing solution of the form:

Vsize = D, A7’ P(c0s 6) (AS)
1=0

and

Vs = S [Br +Cr 1P (cos6)  (46)

=0
where P,(cos#)is Legendre polynomials of order 1, and 4,, B,,C, are normalization
constants determined by the boundary conditions [A3] and [A4].

Using the potential forms given by [A5] and [A6] in the boundary condition

equations [A3] and [A4] yields:

3
Visize = —(——=)E rcosf A7
inside (€+2) ‘ ( )
g —_—
Vousiaze = —E rcos@+¢g, R} £20059= -E rcosé?+g—;-cosﬁ (A8)
E +2 r r

g -1

where e=Zland d=¢, RE

&, g +2




So the potential inside the spherical dot is

3 times the potential outside, and
e+2

the potential outside is a superposition of a homogeneous applied field and a dipole
d placed at the center of the spherical dot.
Equation [A8] shows that for its surrounding medium, the dielectric sphere acts as

”; &R’

a point dipole with the polarizability x = £
£

The above static (non propagating) electric field treatment has been shown
[Sommerfeld (1949), Bottcher (1973)]™** to be valid for the case of propagating
waves, provided R << A . The only modification is that the static dielectric
constants are replaced by the respective complex dielectric functions.

Now, consider the problem of several identical quantum dots homogeneously
distributed inside the host material. The volume fraction of the quantum dot
material is p.

If the dot radii are fairly smaller than the separation between the dots, it is possible
to consider this system as a system of point-like dipoles.

The field E,acting on such a dipole has been computed by Sommerfeld®

[Sommerfeld (1949)] as:
— ~ 4 -
El = E + gP (Ag)
2
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where £ is the macroscopic field, and -;Z—P is the field resulting from the local
&2

deviation of matter distribution from the average homogeneous situation. The

macroscopic polarization P may be written as:

P=nd =nk E, (A10)
. . . 4z R
where n is the concentration of the dipoles and p = n.
Inserting [A10] into [A9] to find:
_ ~De, - |
P= (iff_.lfz_ E (A1D)
4r
8
3., % 3p(s—1)
with g, =——2—— =1+ — (Al12)
T _4r  (-pE+2+p
3¢,

Therefore, ¢ is the effective macroscopic dielectric function of the dipole plus

dielectric cladding system relative to the dielectric function ¢, of the cladding.

Taking into account the wavelength dependency of the propagating waves,
equation [A12] can be written in the form:

tg(A)-1 & (i)-1

e )12 Pe )2 (A13)

Equation [A13] is known as the Maxwell-Garnett formula for composite media.




Appendix V

Obtaining the absorption coefficient (off by an arbitrary multiplicative
factor) for a composite medium consisting of Si dots embedded in an SiO,

matrix from the Maxwell-Garnett formula.

The Maxwell-Garnett formula is:

Eg—1  £-1
T p
&g +2 £E+2

This complex formula can be rewritten in term of two real equations as:

(- P61y — €282 1-(1+2p)e, + (2 - p)e,p —2+2p =0 ¢))
(1-plle1g&, + €162 1 - (1+2p)e, + (2~ p)eyy =0 )
where € = &, +ig,; and £= ¢, +ig,

After some rearrangement of terms, ¢, and ¢, can be expressed interm of ¢,

and ¢, as:
B
Ergr = 7 (3)

(+2p)2, - (- p)e; 2 \
S T 0 e+ @-p) @

where:
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(1-p)e
(1-p)e, +(2-p)

A=(1-p)g, + +(2-p)

and

(1- p)1+2p)e;
(1-p)e,+2-p)

B=2-2p+(1+2p)e, +

So, the absorption coefficient (off by a multiplicative factor) of the composite

medium consisting of Si dots embedded in an SiO, matrix is:

B
brg 104206 =(-P)e 5

A A (-pe&+Q2-p)

o <

In terms of the refractive index ng,,ng, and extinction coefficient &g, kg, of Siand

Si0;:

. 2 2
£5(4 ) & tigy,g  mg —ky +l-2nSikSi

£ (A)= = &,(A ) +ig,(4)

- . = 2 2
Esi0,{1 ) &0, Tiss0, Asio, 510,

2ngkg

Si0,

2n.k.. 2ng ks, B
(1+2p) 558 - (1- p) =5 2

sio, H5o, 4

2 2
(1-p)—=5—

nSz kSz + (2 p)
”snoz




With values of the refractive index and extinction coefficients of Si and SiO,
given in appendix 1, the absorption coefficient & for Si dots with a given uniform
radius can be obtained by equation [5].

In order to take into account the size distribution of a collection of Si dots with
radius 7,and distribution 7, , the average absorption coefficient o can be written

as.

a= a(n)T, (6)

Equation [6] described the absorption coefficient (off by a multiplicative factor) for

a composite medium consisting of Si dots with radius r,and distribution 7, ,

embedded in an SiO, matrix.
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