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Summary

Nanosolid/porous silicon has been fabricated, passivated with fluorine,
characterized and analyzed. Emphasis is devoted to the optical and dielectric
properties depending on size and passivation conditions. Consistent insight has
been obtained into the band gap (Eg) expansion, the blue shift in
photoluminescence (PL) and photoabsorption (PA), the electron-phonon (e-p)
interaction, and the Si-2p level and the Raman frequency shift as well as the
dielectric suppression induced by size reduction. The size dependence has been
formulated in terms of the original Bond-Order-Length-Strength (BOLS)
correlation theory [C. Q. Sun, Phys. Rev. B 69, 045105, 2004].

It has also been found that CF4 plasma-passivation further enhances the size
dependence of the blue shift in PL and PA, the Si-2p level shift, the Es expansion,
the e-p interaction, and the dielectric suppression. Dielectric impedance
measurements within the frequency range of 50 Hz—1.0 MHz and temperature
range of 298-798 K reveal three semicircles in a Cole—Cole plot when the
temperature is raised to 773 K. The enhancement in conductivity by heating
follows an Arrhenius law with an activation energy transition from 0.07 to 0.79 eV
at ~565 K. Moreover, a Serial-Parallel capacitance structural model for the porosity
and oxidation extent dependence of dielectrics has been developed, which provides
a practical means to measure the oxidation extent.

Consistency between the BOLS predictions and the experimental results, as

well as the data sourced from the literature, shows that the Es expansion, the PL
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and PA and Si-2p level blue shift, the Raman red shift, and the dielectric
suppression relate directly to the crystal binding energy, the atomic cohesive
energy, or the electron-phonon coupling. Most Strikingly, extension of the BOLS
correlation enables the single energy level of the 2p electrons of an isolated Si
atom and vibration frequency of a Si—Si dimer bond and their shift upon bulk and
nanosolid formation to be quantified by matching predictions to the observed size
and shape dependence of the XPS and Raman data, which are beyond the scope of

currently available approaches.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Overview

Porous silicon (PS) is not a new material, but it is only relatively recently that
its true microstructure and surprising properties have come under close scrutiny.
PS was first made' some 40 years ago by the Uhlirs at Bell Labs, USA. During
studies of the electropolishing of Si in HF-based solutions they observed that the
surfaces often developed “a matte black, brown or red deposit”. The deposits were
“tentatively supposed to be a Si suboxide” and for the next decade largely
remained an unwanted scientific curiosity. One year after the original work, Fuller
and Ditzenberger” reported that similar films could develop in HF-HNO; solutions
without any externally applied electrical bias to the Si. The “anodized” films first
received more detailed study by Turner® and the chemical “stain” films by Archer”.
These films were not recognized as being PS, let alone a Si nanostructure, for
many years. It was Watanabe and co-workers™® who first reported their porous
nature and the ease with which the material could be converted into thick Si oxide
films. Pioneering Japanese work”® on utilizing this for dielectric (trench) isolation
of active Si devices was followed in the 1970’s. However, it was Imai’s so-called
full isolation by porous oxidized Si process’ developed at NTT Labs, Tokyo, that
prompted a significant rise in the perceived potential of the material in the 1980’s.
A number of approaches to realizing Si-on-insulator circuitry were subsequently

10,11,12,13
d. sl 1z,

develope Nevertheless, before 1990, there were less than 200 papers

published on PS, spanning a period of 35 years.
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There is a dramatic increase of interest in PS after tunable efficient, room
temperature (RT) light output from the material '* generated in 1990,
Independently, Lehman and GOsele' reported in 1991 that PS could exhibit an
increased E; compared with bulk Si. This property, as well as the formation
mechanism itself, involved quantum size effects. Within a year, not only multicolor
(red-green) PL'° but also efficient forms of visible electroluminescence had been
achieved,'” generating considerable excitement.'® The origin of the luminescence,
however, quickly became a very controversial topics and a plethora of models
emerged, each supported by specific observations of the microstructure of the
material and the spectroscopic nature of the light emission process.

The current worldwide interest in PS is particularly intriguing for three reasons.
Firstly, PS has a silicon structure; and bulk silicon is spectacularly inefficient at
emitting light, even at cryogenic temperature. Secondly, the light emitting
nanostructure can be “made in a bucket” within minutes, without resort to either
the costly lithographic or epitaxial techniques that were at the time, the
conventional approaches to realizing exceedingly small structures. Thirdly, silicon
is the most technologically important material known to mankind, dominating the
microelectronics revolution that influences our daily lives. Light-emitting silicon
devices could eventually result in a new generation of silicon chips and extend the

functionality of silicon technology from microelectronics into optoelectronics.
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1.2 Motivation

The development of PS electronic devices needs to proceed in parallel with the
fundamental studies of the correlation between optical, dielectric and structural
properties. The possibility of efficient use of PS in optoelectronic devices relies on
the full comprehension of the physical phenomena that control its optical and
dielectric properties. Given the large and varied body of work on PS, there still
remains a basic lack of knowledge regarding the structure and composition of the
species actually responsible for the optical and dielectric activity. At least four
factors contribute to this uncertainty: (1) Heterogeneity: anodic etching in HF
produces material consisting of macroscopic regions of unetched crystalline silicon
(c-Si) separating areas of variously sized nanoscale PS structures. The observed
luminescence wavelength and efficiency depend on the size distribution of these
nanostructures, and the distribution varies with details of the etching conditions
and of the starting silicon-wafer properties. (2) Chemical reactivity: the
nanostructure surfaces in freshly prepared PS are passivated with H, and these are
generally unstable with respect to subsequent exposure to air. The presence or
absence of H or O on the surfaces of nanosized silicon structures could in principle
affect the optical and dielectric properties of the PS samples. (3) Characteristic
sizes: optically active structures smaller than 2 nm are beyond in practice detection
limits of standard microscopy and diffraction methods. Accordingly, the smallest
dimensions for structures observed and reported with these techniques are > 2 nm.
(4) Calculational uncertainties: various theoretical studies correlating band gap

(E) with silicon size report nanoscale particle or wire dimensions for a given Eg
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which vary by more than 100%.'-2%2!-2

Little attention is usually given to the size
regime of structures < 2 nm. Because of the above reasons, it is of scientific

interests to understand the properties of this material and the factors dominating the

property change in order to obtain devices which work in a predictable way.

1.3 Objective

The main objective of this project is to provide

1. Consistent understanding of the physical and chemical effects on the
properties of nanomaterials.

2. New freedom to gain certain kinds of information that is beyond traditional
approaches to explore the nanoproperties.

3. Controllable and predictable work for the guidelines to design and fabricate

the nanodevices.

1.4 Major Achievement

The contributions to the work are as follows:

1. PS samples are prepared by electrochemical etching method; and their size
is controlled by changing the anodization current density.

2. The surface of PS is passivated with F and metalized by Cu, Al, and Ti.

3. The size effects on the optical and dielectric properties of PS are studied; a
newly proposed surface bond relaxation mechanism is used to explain the

size-induced variation of various properties consistently.
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4. The surface passivation/metalization effects on the optical and dielectric
properties of PS are investigated and a corresponding explanation is
provided.

5. The temperature effects on the dielectric performance of PS are examined
and a corresponding explanation is provided.

6. Single energy level of the 2p electrons of an isolated Si atom, vibration
frequency of a Si—Si dimer bond, and their shift upon bulk and nanosolid
formation are quantified by matching predictions to the observed size and
shape dependence of the XPS and Raman data. This method is beyond the

scope of currently available approaches.

1.5 Organization of the Thesis

The thesis will start, in Chapter 1, with a brief overview on PS studies and the
reason for current worldwide interests in this topic. Chapter 2 will describe
previous various models used to explain the optical properties of PS and their
deficiency, and introduce a more reasonable “Bond—Order—Length—Strength”
(BOLS) correlation mechanism proposed by Dr Sun to explain the size-induced
variations of properties. Chapter 3 will describe the sample preparation methods
including size control and surface passivation/metalization. In Chapter 4,
observations on the Eg expansion, Si-2p level blue shift, the Raman red shift, and
the dielectric suppression of a number of typical samples are systematically
analyzed based on the core idea of the BOLS correlation for deep insight and

generalized information. Single energy level of the 2p electrons of an isolated Si




ATTENTION: The Singapore Copyright Act applies fo the use of this document. Nanyang Technological University Library

Chapter 1 Introduction

atom and vibration frequency of a Si—Si dimer bond and their shift upon bulk and
nanosolid formation have been quantified. Chapter 5 will report the surface
passivation effects on the optical and dielectric properties. The effect of surface
passivation has been distinguished from the effect of size on the photonic and
electronic behavior of PS based on BOLS correlation. Moreover, a Serial-Parallel
capacitance structural model has been proposed to determine the extent of surface
oxidation by measuring porosity dependent dielectrics of oxygenated PS. Chapters
6 and 7 will examine the effects of surface metalization and anodization
temperature on optical and dielectric properties, respectively. Chapter 8 will
introduce dielectric impedance variations with frequency and temperature which
reveal three semicircles in a Cole—Cole plot and an activation energy transition at
high temperature. The thesis will end (Chapter 9) with a summary of the main

conclusions and recommendations for further research.
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2.1 Introduction

One of the recent remarkable trends in semiconductor physics is the interaction
between physics, materials sciences and technology. Many researchers are
producing complex structures and composites that have unique physical
properties.”> Nanometer-sized semiconductor crystallites are a subset of the notable
examples of complex structures.”* Nanosolids have large surface-to-volume ratios,
and surface effects take on significance that is normally inconsequential for bulk
materials. The small volume can confine free carriers, allowing observation of
quantum behavior. While of immense intrinsic interest, the study of nanosolids is

also propelled by technological promise. Various physical properties such as

25, 26 29,30
h,~ :

mechanical strengt plasticity, >’ thermal stability,*® sintering ability,

32,33 34,35

diffusion,’' and electronic structures’>*> as well as the chemical reactivity’**" are
dependent upon particle size. There have been numerous studies on the relationship
between the size of nanosolids and their properties. Unfortunately, consistent
insight into the size and shape dependency of the nanostructured solid is still
lacking. As a result, further exploration is necessary. In this chapter, a new

mechanism-BOLS correlation *® * *7 is introduced to explain size-dependent

properties of PS.
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2.2 Existing Models

Quantum confinement (QC) of carriers in Si wires was the first model proposed
to explain PS luminescence.' Afterwards, many other alternative explanations
have been proposed.®® Figure 2.1 illustrates the main six models. Except for the QC

model, all the others assume an extrinsic origin for the luminescence.

AMORPHOUS SILICON

Q - silicon atorns
@ - oxygen atoms
e - hydrogen atom

(e) Surface States (f) Crystalline Silicon

Figure 2.1 The six groups of existing models proposed to explain the luminescence of PS.
(a) Crystalline Si covered by a layer of hydrogenated amorphous Si, where radiative
recombination occurs. (b) A hydride passivated Si surface with mono-, di- and tri-hydride
terminations. Radiative recombinations occur at the Si-H bonds. (c) Partially oxidized Si
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containing defects proposed as radiative centers. (d) Siloxene molecule proposed to exist
on the large inner PS surface and act as luminescence center. (e) Si dot with surface states
that localize carriers and holes separately (upper part) or together (lower part, radiative
recombination). (f) Section of an undulating crystalline quantum wire. A surface defect
rends an undulation non-radiative, while an exciton localized in the neighboring
undulation recombines radiatively. (from Ref. 38)

A. Hydrogenated amorphous silicon model (Figure 2.1a)

It has been proposed that PS luminescence is due to a hydrogenated amorphous

4 .
39:40° 4-Si:H possesses a PL

phase (a-Si:H) which is formed during anodization.
band*' in the visible range, and the tunability of the PL from PS is suggested to be
explained with alloying effects and with the variation of hydrogen and oxygen
percentages. In addition, the time resolved measurements are thought to indicate
that the disorder plays a key role in the recombination dynamics.*

Against this model, recent transmission electron microscopy (TEM) studies
where sample damage has been minimized show that there is little amorphous Si in
PS.*® Moreover, the a-Si:H PL band is strongly quenched from cryogenic to RT,
while the PL intensity of PS is enhanced as the temperature is raised.”’ Finally, the
number, energies and relative strengths of the phonon replicas observed in
resonantly excited PL spectra convincingly show that the luminescent material in

PS has both electronic and vibrational band structure of crystalline Si (c-Si), and

. 44
consequently cannot be amorphous in nature.

B. Surface hydrides model (Figure 2.1b)

Since the PS luminescence decreases dramatically if the hydrogen on the

surface is thermally desorbed, and the PL intensity can be recovered with
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immersion in HF, which restores the hydrogen coverage,**® SiH, surface species
were suggested to be responsible for the luminescence in PS."

Against this model there are many evidences. Fourier-Transform Infrared
Spectral (FTIR) studies have demonstrated that luminescence is totally quenched
when the majority of hydrogen is still on the PS surface,* and the luminescence
loss is probably related to the formation of dangling bonds and efficient non-
radiative decay channel. Another evidence comes from the simple fact that when
the hydride coverage is replaced by a good quality oxide layer, the PL process is

still efficient.*>>°

Furthermore, no correlation of the PL intensity with hydride
coverage is observed for PS samples with different morphologies; macroporous Si
can have a large hydride passivated internal surface and yet exhibits no visible PL.
It is, therefore, clear that hydride passivated PS is only one of a number of possible

luminescent forms of this material and hydrogen passivation can improve the

quantum efficiency but has nothing to do with the Eg.”"

C. Defect models (Figure 2.1¢)

In defect models the luminescence originates from carriers localized at
extrinsic centers, i.e. defects in the silicon or silicon oxide that covers the
surface.”*”>

However, luminescent nanocrystalline Si can be created in many different ways,
and passivated either with hydrogen or with oxygen, and it is then very unlikely

that the same impurity or defect is always present. In any case the defects in the

silicon oxide are ruled out, because SiO, is not present in fresh PS.>* Also the

10
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tunability of the PL band is difficult to justify, because the emission from defects is

expected to be almost insensitive to the size of the Si structure they exist in.

D. Siloxene model (Figure 2.1d)

Siloxene, an Si:H:O based polymer, supposedly created during PS anodization,
was proposed as the origin of PS luminescence.” This model is supported by the
fact that the optical properties of siloxene are somehow similar to those of PS.*
Siloxene possesses a visible-red PL band; and its IR spectrum closely relates to that
of aged PS.

Many experiments have evidenced the deficiency of this model. It is now well
demonstrated that freshly etched PS has no detectable oxygen content. PS can still
be luminescent at temperatures above 800°C, while siloxene or other related
molecules are totally decomposed at such a high temperature. In addition to the
spectroscopic evidences which show a crystalline nature of the emission,
synchrotron radiation measurements show that SiO groups have no role in the

emission process.’’

E. Surface states model (Figure 2.1¢)

The enormous inner surface of PS has led to proposal that it is involved in the
luminescence process.”® The excitons, quantum confined in Si nanocrystals, should
know the existence of the surface and of its reconstruction. For this reason, the
model has also been called smart quantum well model.”® In this model, absorption
occurs in quantum-confined structures, but radiative recombination involves

localized surface states. Either the electron, or the hole, or both or none can be

11
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localized. Hence, a hierarchy of transitions is possible, which explains the various
emission bands of PS. The energy difference between absorption and emission
peaks is well explained in this model, because photoexcited carriers relax into
surface states. The dependence of the luminescence from external factors or from
the variation of the PS chemistry is naturally accounted for by surface states
change.

Resonantly excited PL results are against the attribution of PL process to
surface states,”® showing that PL arises from exciton coupling with momentum-
conserving phonons. This means that the exciton wavefunction is extended over
many Si atoms and not strongly localized, as it should be in the case of deep
surface states. Furthermore, the values of the exchange splitting energy extracted
from temperature dependent lifetime measurements™ also suggest that carriers are
not localized on atomic scale, but in the whole volume of the Si nanocrystals, and
that luminescence does not originate from localized states in the gap, but from
extended states. Finally, the observed polarization of the PL*® and the fact that this
polarization extrapolates linearly to the Es of bulk Si, rather than tailing off to
energies below it, implies that luminescence does not originate from localized

states in the gap, but rather from bulk-like confined states.

F. Quantum confinement model (Figure 2.11)

As mentioned previously, QC in c-Si was the first model proposed to explain
the efficient PL of PS." In this model, electrons in the conduction band and holes

in valence band are confined spatially by the potential barrier of the surface, or

12
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trapped by a mono-center of potential well of the quantum box. Because of the
confinement of both electrons and holes, the optical transition from the valence to
the conduction band increases in energy, which results in an enlargement of the £,
in a relaxation of the momentum-conversing rule, and in a size dependence of PL
energy which naturally explains the efficient luminescence, the up-shift and the
tunability of PL band in PS. The E¢ up-shift is clearly visible in absorption spectra;
and the luminescence blue-shift after further chemical dissolution in HF is easily

explained by further reduction of nanocrystals dimensions. The confinement effect

on the E¢ of a nanosolid of dimension D is expressed as™
2h*x’ 3.576¢°
E.(D)=E(0)+ =T, +0.284E, (2.1)

7

Where p is the effective mass of an electron-hole (e-h) pair which meets

1/ u= 1/ m; + l/ m: and Ey is the Rydberg (spatial correlation) energy for the bulk

semiconductor:
pe’ U
E, =——— =13.56( ) 2.2
K 25,253}12 gfme (2:2)

The effective dielectric constant & and the effective mass u describe the effect of
the homogeneous medium in the quantum box.

Later development of the QC theory shows that luminescence blue-shift
follows a AEG(D)/Eg(0) o« D™ law (n=2%', 1.16%, 1.3%, 1.37%). However, an
effective mass approximation® confirmed that the D™ dependence suits only for
crystallites larger than several nanometers. Not surprisingly, serious convergence

problems arise when the solid is very small.

13
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G. Other Model

Most recently, Glinka et al.®® proposed a free-exciton collision model and
suggested that, during the measurement of the PL of a nanosolid, the excitation
laser heats the free excitons that then collide with the boundaries of the nanometer-
sized fragments. The laser heating the free-excitons up to a temperature in excess
of the activation energy required for the self-trapping, gives rise to the extremely
hot self-trapping excitons (STE). Because the resulting temperature of the STE is
much higher than the lattice temperature, the cooling of STE is dominated by the
emission of lattice phonons. However, if the STE temperature comes into
equilibrium with the lattice temperature, the absorption of lattice phonons becomes
possible. As a result, the blue shift of the STE-PL band is suggested to originate
from the activation of hot-phonon-assisted electronic transitions. The blue shift of
the STE-PL band depends on the temperature of laser-heated free excitons that in
turn is determined by the size of nanometer-sized (silica example considered only)
fragments. This happens because the temperature (kinetic energy) of the laser-
heated free exciton increases with the number of collisions with the boundary of
confined regions, which tends to be higher with decreasing size of silica fragments
in nanoscale materials. The energy gained from laser heating of the exiton increase
with decreasing nanoparticle diameters in an exp(1/D) way.

Based on the analysis, Glinka er al.°® suggested that the size-dependent PL
peak shift of a nanosolid in general does not need to be always related to the QC
effect. As a result, a new approach for the size-induced luminescence blue shit and

the Eg expansion of PS at lower end of size limit should be developed. In the

14
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following section, we will present a general yet simple BOLS correlation
mechanism developed recently,’ attempting to unify as far as possible the

variations caused by changing the shape-and-size of the physical system.

2.3 “Bond-Order-Length-Strength” Correlation

With reduced dimensions of solids or devices, quantum and interface effects
become dominant. The striking significance of nanometric materials is that the
conventionally detectable quantities are no longer constant but they are adjustable
by simply controlling the shape and size of the solid. The continuous change of the
properties has been leading to a revolution in materials science and device
technology. It is possible to tune the physical performance of a device by adjusting
the sizes of particles that compose the medium of the device. However, from a
fundamental point of view, the origins and the general trend of the property
variations are yet to be understood, although there are often numerous models
describing a specific phenomenon. As will be shown in the following sections that
the coordination number (CN) imperfection induced bond contraction at the surface
and the rise in the portion of surface atoms may unify the enormous variations of

nanosolid properties.

2.3.1 Surface Bond Contraction

The termination of the lattice periodicity in the surface normal has resulted in.
the CN imperfection of surface atoms, which cause the remaining bonds of the
low-CN atoms to relax.®”®® As the relaxation (both contraction and expansion) is a

spontaneous process, the binding energy of the relaxed bond will be lowered (rise

15
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in the absolute value) to minimize the system energy. Such a consequence leads to
a BOLS correlation mechanism which indicates that: (i) Atomic radius of a surface
atom relaxes spontaneously because of the reduced atomic CN at the surface. (ii)
The bond energy of the relaxed bond increases because of the spontaneous
relaxation. (iii) The bond energy rise increases the energy density in the relaxed
region because the number of bonds does not change between any two neighboring
circumferential atomic layers with relaxation. (iv) The density rise of binding
energy in the relaxed region contributes to the Hamiltonian of the solid that
determines the entire band structure of a nanosolid including the Eg, core-level
shift, bandwidth and the band tails through modifying the crystal field.*®

For a spherical dot with diameter D or a thin plate with thickness D, where are
2K atoms arranged along D. The ith atomic shell with thickness of d;can be filled
with N; atoms of diameter d; (bond length). It is necessary to introduce a
contraction coefficient ¢;< 1, and d; = ¢;d, where d are the bond lengths of atoms in

the bulk. Correspondingly, the binding energy for a single bond grows to

E,; (di): ¢;"E, (d )because the process of bond contraction is spontaneous. Ej (d;)

1

and E(d) are the corresponding bond energy at equilibrium atomic separation. ¢; ™

describes the energy change with the reduced bond length. The BOLS coefficient m

36,69,70,71
P2 50 far

is an adjustable parameter describing the nature of the bond. Progress
reveals that for elemental solid, m = 1; for compounds and alloys, m = 4. As

illustrated in Figure 2.2, the BOLS correlation can be formulated as:

d. = c,d
E,(d,) = c;"Ey(d) 2.3)

() = offrexoli=z)/(s2,)]

16
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The z; is the effective CN of an atom in the ith atomic layer. Normally, for the
outermost three atomic layers of a flat platem, z; = 4, z; = 6 and z3 = 12. For a
spherical dot, z; = 4(1-0.75/K)"* and K = D/2d. The bond contraction coefficient
ci(z;) 1s formulated based on Goldschmidt's premise68 and Feibelman's ﬁnding73 on
the dimer bond contraction of 7i, Zr, Mo, and V. According to Goldschmidt, if the
CN reduces from 12 to 8, 6, or 4, the corresponding ionic radius will shrink by 3%,
4% and 12%, respectively. Except for some II-a (Be, Mg(0001) surface) and II-b
(Zn, Cd, Hg dimer bond) elements that are reported to expand all the elemental
dimer bonds contract by even as high as 30%—40% for Ti, Zr, V and Mo example.
It should be emphasized that the BOLS premise involves no assumptions or freely

adjustable parameters or even the particular form of the interatomic potential.

100+ ; -50
2904 o Goldschmidt -40
O Feibelman K E
g 804 K 30 5
— ] _ 7 —
© 70l ---m=4 ’ -20§
""" m = / D
7
60 e L10
50 L) /."..’l‘..".’:' ' L) A T A T O
12 10 8 6 4 2
z

Figure 2.2 Illustration of the BOLS correlation mechanism which states that the bond
length reduces with the reduction of the atomic CMN(z;); the bond energy of the shortened

bond will rise. Large open circles and the squares are data after Goldschmidt® and
Feibelman”. (from Ref. 74)
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There is sufficient evidence supporting the BOLS mechanism. For instance, the
first interlayer spacing of diamond (111) has been reported to contract by 30%.”> A
contraction by 4% — 12% of the O-Cu bond has been found to form one of the four
essential stages in the O-Cu (001) surface bonding kinetics.”® A 12%—14%
contraction of the N-7i/Cr bond has been confirmed to enhance the surface stress
by up to 100%.* Most encouragingly, a recent density functional theory
calculation’’ reveals that for Au, Cu, Pt, Pd, Ni and Ag single atomic chains, the
binding energy per bond is (-3 ~ -1 eV) 2 ~ 3 times larger in the chains than the
single bond energy (—1~ —0.4 eV) of the bulk fcc structures and the equilibrium
atomic separation contracts by 10 %(for Cu and Ag) or ~15% (for Pt). These
findings concur with the BOLS premise though the extents of relaxation and energy
rise differ slightly. Efforts made so far have shown consistently that the bond
contraction at a surface dominates the size-and-shape dependency of nanometric
materials in many aspects such as the mean lattice contraction,”® blue-shift in
PL,”””and dielectric suppression’' of semiconductive nanosolids as well as the

transition behavior of ferro- and pyro-electrics of PbZrTi oxides.**!

2.3.2 Hamiltonian and Band Structure

Figure 2.3 illustrates the evolution of the energy levels of a single atom to the

energy bands of a bulk solid containing N atoms. Electrons of a single atom
confined by the intraatomic trapping potential, V,,,,, =—%, move around the central

ion core in a standing-wave form inside the potential well. The corresponding

eigenfunctions and eigenenergies are given as follows:

18
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where d = 2r is the dimension of the potential well and m, is the mass of an
electron. Different / values correspond to the different energy levels and the

separation between the closest two levels depends on (I + 1)* — /.

One-atom Two-atom N-atom E
0
;! ."' o . - ¢=E,—E.(n*")
A, | B =2

E(;c)zév. ; ,6-;20;4; 40€)(k,. R

Figure 2.3 Evolution of the energy level of an isolated atom to the band of a solid. The
work function ¢, band gap £, core-level shift AE,, and bandwidth £ are indicated. The
number of allowed sublevels in a certain band equals the number of atoms of the solid.
(from Ref. 36)

When a system contains two atoms, a single energy level splits into two
sublevels and the separation between the two sublevels is determined by the
interatomic binding potential. Increasing the number of atoms to N, the single
energy level will expand into a band in which there are N sublevels. It is known
that the number of atoms (N) of a solid determines the number of sublevels in a
particular energy band. What distinguishes a nanosolid from a bulk solid is that for
the former N is accountable, while for the latter N is too large. Therefore, classical
band theories are valid for a single nanometric solid that contains at least 10* atoms.
As detected with XPS, the density of states of a core band for a nanosolid exhibits

band-like features rather than the discrete energy levels of a single atom. If N is
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sufficiently small, the separation between sublevels is resolvable, which may form

the foundations of the quantized conductance of nanosolids.

(a) ‘
Quantum well
V =V (or «)
(b)
Surface bond contraction
V = Vat0m+ Vcwstal [1 + 6surr.] Vcrystal

Figure 2.4 Schematic illustration of the models of (a) the quantum well developed from the
convention for a single atom and (b) the surface bond contraction. Model (b) adds the
effect of surface bond contraction to the crystal field of an extended solid without
involving the terms of e-h Coulomb, correlation interaction and any other assumption. The
spontaneous bond contraction at the surface lowers the wells of potential energy near the
surface while the periodic muffin-tin potential trapping wells remain inside the solid. (from
Ref. 36)

The potential well of a single atom and a nanosolid that contains multiple
trapping centers is illustrated in Figure 2.4. The trapping centers are lowered near
the edge of the solid due to the bond relaxation. Considering the contribution of the

outermost atomic layers, the Hamiltonian of a nanosolid is given as:*®
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[:[(r) = I:[atom (V) + I:[crystal (I")
2V2

N h
Hatom (I") = 2ﬂ

Hcrystal (7‘) = Vcrystal (V + RC )[1 + 5Swjf' ]

Vo () (2.5)

Vaom(r), the potential of intraatomic trapping, is responsible for the discrete energy
levels of an isolated atom and confines electrons moving inside the potential in the
form of standing wave. V,uu(r+Rc) 1s the crystal field of an extended solid which
sums the interatomic binding potential over the solid. R¢ is the lattice constant.
According to the nearly-free-electron approximation, the gap Es between the
conduction band and the valence band originates from the crystal field and the
width of the gap depends on the integration of the crystal field in combination with

the Bloch wave of the nearly free electron, ¢ (k;, r):
E, =2V, (k)| and ¥, (k) = (¢(k,, ")V (r + R)|p(k, 7)) (2.6)

where k; is the wavevector and k; = 2/4/Rc. There E¢ is simply the first Fourier
coefficient of the crystal field.
The energy dispersion in a core band follows the relation

E(k)=E, - f—2a+40Q(k,,R,)
Q(k,,R.) = Zsinz(k’TRj 2.7

where £, = (¢, (r)|H 1, (r)

¢v(r)> is the energy of the core electron of an isolated

¢v(r)> is the crystal field effect on the core electrons of

atom, 3 =—~(g, (r)V ()

the specified coordinate », and « =—<¢v(r—RC)

I/crystal (7" - RC)

4,(r—R.)) is the

21



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2 Theory consideration

crystal field effect on the coordinate neighboring electrons. The sum is over all
contributing coordinates (z) surrounding a particular atom in the solid.

Equations (2.6) and (2.7) indicate that the band gap Eg, the core-level shift AE,
= f+ 2a, and the bandwidth Ej are all functions of the crystal field. Without the
crystal field, neither the band gap nor the core-level shift would be possible.
Without the interatomic binding, no solid or even liquid would form.

It is also clear that any variation of the crystal field will cause changes of the

corresponding derivatives:

AEG(D) _ AE(D)=AE(®) Aa_ AR _ AVopu(r)
Eg()  AE(®) & B V)

(2.8)

A physically detectable quantity for a nanosolid can be expressed as P(D), and
as P(x) = Npy for a bulk solid. The relation between P(D) and P(w) and the

relative change of P can be expressed in a shell structure:

P(D) = Np, +NS(ps _po)
P(D) — P(») P (2.9
RO Gl N o P

P(e) Z7[p }

0

where pg and py correspond to the P value per atomic volume inside the bulk and in
the surface region, respectively, N and Ns = ZN; are the number of atoms in the
bulk and the surface atomic shells, respectively. y is the volume portion of the ith

atomic layer in the entire solid of different dimensionality (z = 1, 2, and 3

corresponds to a plate, a rod and a spherical dot, respectively), which is given as:

=T Towdt Tind T D =2Kd
7 X ( ) (2.10)
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D,y and Dy, ; correspond to the outer and inner diameter of the ith atomic layer

with d; (= Doy, —Din;i = cid) thickness. It is important to note that the zm y,; drops

in a D' fashion from unity to infinitely small when the solid dimension grows
from atomic level to macroscopic scale. The index i is counted up to three from the
outermost atomic layer to the center of the solid as no atomic CN imperfection is
justified at i > 3. Letting P be the crystal field and considering the contribution of
the outermost three atomic layers, one obtains the size-induced crystal field and E¢

. - 1.82,79,70
expansion of an extended solid: * ™7

AEG(D) _ AV(D) _ AV(r.nN) _
Eg(w) V(o) V(@,aN) M

@2.11)

where V(r, nN) is the total binding energy of the solid composed of n particles and,

with each particle, there are N atoms. J,srepresents the effect of surface relaxation:

s V(d) Cl-_m—l, D ~1nm
= . 41——1 = —-m
suf = 270l ) Sre" =D, D >> lum (2.12)

where v(d;) is the binding energy density in the relaxed region, and

w(d;) < E,;(d;). It is interesting to note (Equation 2.12) that at the lower end of

size limit, Jy,y corresponds directly to the relative increase of a single bond energy
as 71 ~ 1, » = =0 and it is independent of the dimensionality. Equations (2.11)
and (2.12) represent the fact that the £ expansion of a nanometric system results
from the surface bond contraction (c¢;) and the rise in surface-to-volume ratio that
depends on the shape (7) and size (K) of the particles as well as the form of atomic

interaction (m).
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2.3.3 Photoluminescence, Photoabsorption and Electron-Phonon Interaction

Size-induced energy shift of PL and PA has attracted tremendous interest. The
PL energy Ep; is easily to be confused with the band gap of the solid, E¢.>° It has
been suggested that the energy shift of Ep, or E follows QC that is dictated by the
Coulomb interaction (cc D') between the excited e-h pair separated by the
nanosolid dimension D, and the kinetic energies (oc D?) of the mobile carriers
confined in the quantum well. However, mechanism for the size-induced Ep, shift
and the separation between Ep; and Ep4, known as Stokes shift, 8 s yet ambiguous.
The Stokes shift was ever attributed to the “surface” states,* or to the self-trapped
excitons localized in the surface region due to the dangling bonds.*> Actually, the
Stokes shift is dominated merely by electron-phonon (e-p) interaction,”’ and
therefore, one needs to find out the factors dominating e-p coupling and the
quantitative correlation between the particle size, the Stokes shift and the Eg.

Figure 2.5 illustrates the effect of e-p coupling and crystal binding on the Ep;
and Epy. The energies of the ground (denoted 1) and the excited states are
expressed as: >’

E\(q)=A(g—q,)’

E,(q)=Aq’ +E,

(2.13)

Constant 4 determines the shape of the potential curve. The g is in the wave-
vector dimension. The vertical distance between the two minima is the band gap E¢
that depends functionally on the crystal field. Lateral displacement between £ (q)
and E, (¢q) originates from the e—p coupling (lattice vibration) that can be

strengthened by raising the temperature or weakening the interatomic bonding.
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Therefore, the blue-shift in the Ep; and Epy4 is the joint contribution from the crystal

binding and from the e-p coupling.

Fmission
E W e-p
Y .
. coupling
Y
b
L Absorption
E G+“-'
’ E
”
¢ ¢
_ T E,(9=A(g-q9)°
W .
l 1 o ¥
0 Oy q

Configurational coordinate

Figure 2.5 Mechanisms for Ep4 and Ep; of a nano-semiconductor, involving crystal binding
(Eg) and e-p coupling (W). Insert shows the Stokes shift from Ep; to Ep;. Electron is
excited by absorbing a photon with energy Eq+W from the ground minimum to the excited
state and then undergoes a thermalization to the excited minimum, and then transmits to
the ground emitting a photon with energy Eqc—W. (from Ref. 51)

At a surface, the CN-imperfection-enhanced bond strength affects both the

86 .1 87,88
frequency®® and magnitude®”

of lattice vibration. Hence, at the surface, the e-p
coupling and hence the Stokes shift will be enhanced. In the process of carrier
formation and recombination, an electron is excited by absorbing photons with

Eq+W energy from the ground minimum to the excited state with creation of an e-h

pair. The excited electron then undergoes a thermalization and moves to the
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minimum of the excited state, and eventually transmits to the ground combining
with the hole. The carrier recombination is associated with photon emission with
energy Ep, = Eg— W. The transition follows the rule of momentum conservation.
The insert illustrates the Stokes shift, 2 = 2Aq02, from Ep; to Eps. The go is
inversely proportional to atomic distance d;, and hence, W= A/(cid)*, in the surface
region. Based on this premise, the blue-shift of the Ep;, the Eps and the Stokes

shift can be correlated to the CN-imperfection-induced bond contraction:

AE,, (D)
En() | AE,(D)FAW(D) _

= e =1DFB 72_1
sy~ Elor W) BT DB D)

E}, ()

=5 .FBS (2.14)

surf e-p

B} A W(o) 0.007
o, ,= (c?=1); B= ; = ~0
E 2 B B 12 j

In the case of nano-silicon, compared with the bulk Eg(0) = 1.12 eV, the ()

~ 0.007 eV obtained using empirical tight-binding calculations®*-*°

is negligible.
The size dependent Ep;, Epy, and Eg = (Ep, + Ep4)/2 can be calculated with
Equation (2.14). Fitting the Epy and Ep; data obtained by others (Figures 2.6 and
2.7) gives the values of m and B. This approach discriminates the effect of e-p

coupling (B = 0.91) from the effect of crystal binding (m = 4.88) on the blue-shift

of both the Ep; and the Ep,.
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Figure 2.6 Comparison of predictions with observations on the D dependence of the Ep; of
PS. Theoretical results: Data-1,"! Data-2,”* Data-3,” Data-4,”® Data-5,* Data-6,”° Data-7,”
and Data-8°". Measurements: Data-9°® and Data-10"2. (from Ref. 74)

200+

Data-1
Data-2
Data-3
Data-4
——BOLS-PA
- - -BOLS-PL

150+

X mOo

E,, Shift (%)
3

50+

K (=D/2d)

Figure 2.7 Comparison between predictions (solid line) and observations on D dependence
of the Ep4 of PS with Data-1,”” Data-2,*® Data-3,'” and Data-4"%. (from Ref. 101)
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Figures 2.6 and 2.7 show the matching of PL and PA shifts between
observations and predictions for spherical dot and rod like structures. Apparently,
simulation based on the D? QC convention in Figure 2.6 diverges from
observations near the lower end of size limit. As expected, prediction based on the
BOLS premise not only converge theory to observations but also provide

interpretation that goes beyond existing D™ conventions.

2.3.4 Core Level Shift

As introduced in section 2.3.2, the energy peak of a core level and the chemical
satellites measured using XPS will shift up in magnitude simultaneously as Eg
expands. The extent of core-level shift depends on both the original core-level
position of the isolated atom and the reduced particle size. There have been a
number of reports on the size dependence of the core-level shift of nanosolid
materials such as Cu(0)-2p,'" Cu-2p,'” Au-4f,'™ Sn-3d, Sn-4d and Ta-4f.'®
Experimental results show that the size-induced shift follows a D '-dependent
fashion. However, the underlying mechanism for the size-induced core-level shift
is under debate. For instances, the size-induced core-level shift of the Cu-O
nanosolid'®? was attributed to the enhancement of ionicity due to the reduction of
the particle size. This means that an oxygen atom bonds more strongly to the Cu
atoms in a nanosolid than does the oxygen atom to the Cu atoms inside the bulk.
The enhanced core-level shift of the O-Sn and O-Ta covered metallic clusters was
attributed to the contribution from interfacial dipoles of the nanoparticles.'” The
number or the momentum of the dipoles increases with reducing particle size. The

thermochemical or the ‘initial-final state’ model'®!%¢1%7 defines the shift as the
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difference in energy that is needed to remove a core electron either from a surface
atom or from a bulk atom. The final states, or cohesive energy, of atoms at the
curved surface of a nanosolid was expected to increase when the particle size is
reduced. The surface atom is assumed as a ‘Z+1 impurity’ on the Z metal substrate.
Recently, Ohgi and Fujita'® found that the trend of Au-4f core-level shift coincides
with the change of the inverse capacitance of the Au particles measured using
scanning tunneling spectroscopy. However, mechanism behind the size-induced
core-level shift of nanosolid Si is desirable.

Differing from the Eg(D) of a nanosolid Si that can be measured approximately
using the PL spectroscopy due to the involvement of e-p coupling, the atomic
trapping determined core-level energy, £1), of an isolated atom, and the bulk
crystal binding caused shift, AE (o0) = E () - E\(1), can be hardly detectable with
currently available techniques. With the laser cooling technology, one can measure
the energy separation between different levels of gaseous atoms trapped by the
laser beams.'® What one can measure using an XPS are the broad peaks of the
core-levels resulting from contributions of atomic trapping, bulk crystal binding
and the effects of surface relaxation or nanosolid formation. Therefore, separating
the atomic trapping from the crystal binding in a bulk solid is a big challenge.

From Equation (2.5), the electron energy potential of a nanosolid with
dimension D is given as:"*

V(D) = Vatom (}") + Vcrystal (” + RC )|_1 + 5surfJ (2 1 5)

The intraatomic trapping potential, V,,(7), defines the core-level position of an

isolated atom, E(1). The crystal potential of an extended solid, Veysu(r + Re),
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defines not only the Eg, but also the shift of the core-level energy away from the
original position, £ (x)-E(1). Combined Equation (2.8) with Equation (2.11), the
size dependence of both Eg-expansion and £ ~shift follow the relations:

Eg(D)-Eq(») _ E,(D)-E, (=) _
E () E,(»)-E,0

(2.16)

2.3.5 Dielectric Suppression

Similar to the £ expansion and the core—level shift, the dielectric constant &, of
the semiconductor is no longer constant but decreases with the size reduction of the

d."" M7 The reduced & has enormous impact on the electrical and optical

soli
performance of the solid and the related devices. For instance, the & reduction
enhances the Coulomb interaction between charged particles such as electrons,
holes, and ionized shallow impurities in nanometric devices, leading to abnormal
responses of the devices. The increase in the energies for exciton (e-h pair)
activation in nanometric semiconductors due to & reduction would significantly
influence optical absorption and transport properties of these devices.

There have been several models to describe the size dependence of the real part

of the dielectric constant, £.(D) of a nanosolid. The relative change of the

dielectric susceptibility, y = ¢, —1, can be modeled as:

i+ (ojay ]’ (Penn)
Ax(D) x(0) =1~ 2AEG(D)/Eg() (Tsu) 2.17)

- 2 [AEG (D )J (Chen)

1-(E/Eg()] | Eq()
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where « and A are freely adjustable parameters used for fitting the measured data
in the Penn’s empirical model.""" Tsu e al.''? related the susceptibility change
directly to the Eg(D). Considering the photon energy, Chen et al.'"”> modified the
Tsu’s model and studied the dielectric properties of nanosolid Si embedded in SiO,
matrix. They confirmed that the dielectric suppression is dominated by the Eg
expansion. However, recent calculations by Delerue er al.''* suggested that the
decrease of the average dielectric response with decreasing size is due to the
breaking of polarizable bonds at the surface and is not due to the Es expansion.
Actually, contribution from surface atoms and contribution from core atoms to the
dielectrics are very much different. As indicated by Chen that the modified model

of Tsu and Chen''>'" is valid only at AE,(D)/E,(0)<<0.5, otherwise y (0)

becomes negative. It is quite often that the E; expands beyond this critical value.
For instance, the Es of Si nanorods increases from 1.1 eV to 3.5 eV with
decreasing the rod diameter from 7.0 to 1.3 nm and that the surface Si—Si bond
contracts by ~12% from the bulk value (0.263 nm) to ~0.23 nm.'® Therefore,
deeper insight into the origin and a clearer numerical expression with e-p coupling
involvement for the dielectric suppression of a nanosolid semiconductor is highly
desirable.

It is known that the static dielectric constant originates from electronic
polarization, or electron transition from the lower valence band to the upper
conduction band. This process is subject to the selection rule of energy and
momentum conservation, which determines the optical response of semiconductors

and reflects how strongly the valence electrons are coupling with the excited
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conduction electrons.'' Therefore, the & of a semiconductor is directly related to
its Eg at RT. The involvement of e-p coupling modifies the band structure for
electron excitation, as illustrated in Figure 2.5. The energy difference between the

conduction band E¢(g) and valence band Ey(q) at ¢ is given as:

Ec(q9)-Ey(q)=ho =E,(q) - E(q)
=E; - Aqé +24qq, (2.18)

= Ep, +24q4,.

The imaginary part of the complex dielectric constant describes the
electromagnetic wave absorption and is responsible for the energy loss of incident
irradiation by electron excitation from the valence band to the conduction band,

and can be obtained by inserting Equation 2.18 into the relation,''*""”

8'(0))=£de Jer :”FfCV
' ? |Vq[EC(Q)_EV(CI)]| Ao’
(2.19)
_7Ffoy ho—Ep,
24> q,0°

where s is the area difference of the two curved surfaces in ¢ space of the upper

’ (dS = 27Zq0dq)

and the lower bands. F' is a constant. V, is the gradient in g space. fcy, the
probability of inter—subband transition, should vary with the particle size. However,
the size—induced change of transition probability is negligibly small because it
originates from the Kubo sublevel expansion in the valence and the conduction

band. For particles containing hundreds of atoms or more, the Kubo expansion is

32



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2 Theory consideration

negligible. The Kramers—Kronig relation correlates the real part to the imaginary
part of the dielectric constant &'(w),'®

e (0)—1=y=2 -&'(0),, (0, = E,p I1)
72' (1.)0 a)

Ff., oo ho—E
- o | "o~ En gy (2.20)
A q,

N0

-G (G=nFf, 24

qoLpy

Hence, the size—depressed dielectric susceptibility depends functionally on the
characteristics of e-p interaction go and the PL energy Ep;, which is in contrast with
the relations given in Equation 2.17. The relative change of the susceptibility
follows™

Ax(D) _ AE,(D) Aq,
2(e0) Ey(©) ¢
AE, (D) Ad

-5 o 2.21)

= _(Jvulf _Bé‘e—p)_i—z}/i(ci _1)’

i<3

where the last term is the bond length change due to CN imperfection.

2.3.6 Raman shift

Vibration of atoms at a Si surface is of increasing interest because the behavior
of phonons has direct influence on the electrical and optical properties in
semiconductor nanosolids, such as e—p coupling, PA, and PL."" The frequency of
transverse optical (TO) phonon undergoes a red-shift'** whereas the low-frequency

121

Raman (LFR) modes are generated with a blue-shift = upon the size D of Si
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nanosolid being decreased. The TO red-shift has been explained in terms of surface

122,123 124,125

stress and phonon quantum confinement, as well as surface chemical

passivation.'*® However, the effect of stress is usually ignorable for hydrogenated
silicon, ™" ?"!* in which hydrogen atoms terminate the surface bond network,
which reduce bonding strains and hence the residual stress. Phonon confinement

124
model

attributes the red-shift of the asymmetric Raman line to relaxation of the
g-vector selection rule for the excitation of the Raman active optical phonons due
to their localization. When the size is decreased, the momentum conservation will
be relaxed and the Raman active modes will not be limited to be at the center of the

1'* that has been

Brillouin zone.'” A Gaussian-type phonon confinement mode
used to fit the experimental data indicates that strong phonon damping exists in the
nanosolid. Calculations'? using the correlation functions of the local dielectric
constant disregarding the role of phonon damping in the nanosolid refer the TO
Raman red-shift to the relaxation of the momentum conservation rules due to the
finite crystalline size and the diameter distribution of nanosolid in the films. In
contrast to the TO red-shift, LFR features are created upon nanosolid formation.

121,130

The LFR peaks are squeezed to the blue side. The size-dependent blue-shift is

also attributed to acoustic phonons confined in the nanosolid silicon. The size

dependent Raman shift is expressed as,'**'*°

Aw(D)= (D) - a(w) = A(a/ D) , (2.22)
where 4 and x are adjustable parameters used to fit the measured data. For the TO
red-shift, 4 < 0 and () = 520 cm ' (corresponding to wavelength of 2 x 10* nm).

The « varies from 1.08 to 1.44, and 2.0."*' The « is the lattice parameter that
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contracts with the solid dimension.'*? For LFR blue-shift, 4 > 0, k=1, and &) =
0. Therefore, the LFR results from nanosolid formation. The currently available
models for the TO red-shift are based on assumptions that the materials are
homogeneous and isotropic, which is valid only in the long-wavelength limit.
When the size of the nanosolid is in the range of a few nanometers, the continuum
dielectric models are intrinsically limited. Therefore, the existing models could not
reproduce satisfactorily the Raman frequency shifts near the lower end of the size
limit though they contribute to the understanding from various perspectives.
Therefore, deeper insight into the physical origin of the blue-shift and red-shift is
desirable.

Raman scattering is known to arise from the radiating dipole moment induced
in a system by the electric field of incident electromagnetic radiation. The laws of
momentum and energy conservation govern the interaction between a phonon and
a photon. The total energy £ due to the lattice vibration consists of the component
of short-range interactions Es and the component of long-range Coulomb
interaction EC,13°

E=E,+E, (2.23)
The short-range interaction corresponds to the TO mode, which describes the
covalent bonding and thus is correlated to bond energy Ej, bond length d, and the
coordination number (CN, or z). The long-range part corresponds to the LFR mode
and represents the weak interaction between nanosolids.

Figure 2.8 shows the least-squares fitting of the size dependent LFR frequency
for the nanosolid silicon. The LFR frequency depends linearly on the inverse D.

The zero intercept at the vertical axis indicates that when D increases toward
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infinity, the LFR peaks disappear, which implies that not only the blue-shift in the
LFR peaks but also the origin for the LFR peaks are purely intergrain vibrations
that produce acoustic phonons. The slope values are 195.54, 91.14, and 67.56 for
the A, 7>, and E modes, corresponding to the stretching (LA4) and bending (7A4),

respectively.

150-
| |
E B Si-a O Si-b
= 1 A Sic + Sid
3100 * Si-e
=
w» |\ ¥
- > e o)
g so0 > . o -
@ (56 ...... oL o=
x + A oo —_&-"
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o : : .
0.00 0.25 0.50 0.75
1/D (nm™?)

Figure 2.8 Generation and blue-shift of the LFR spectra where the solid, dotted and dashed
lines are the corresponding results of the least-squares fitting. The Si-a (4, mode), Si-b (75
mode), and Si-c (£ mode) are calculated from the lattice-dynamic matrix by using a
microscopic valence force field model;'*° The Si-d and Si-e are the experimental results.'*!

(from Ref. 133)

For the Raman TO mode, the energy due to short-range interaction of a single

pairwise bond can be expressed in a Taylor’s series,

Es = : [MJ_ (r—ay

nldr" y
a (2.24)
N dzu(r) 2
—u(d)+O+Wd(l"—d) +...
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When the atom is in the equilibrium position, the bond energy is u(d) = E». The

third term is the vibration energy due to the short-range interaction, in which, the

force constant k = d 2u(r)/ drz‘d o E, /d* and the vibration amplitude x = r — d.

For a single bond, the & is strengthened but for a single lower-coordinated atom,
the resultant & could be lower. Because the short-range interaction on each atom
results from its neighboring coordination atoms, the atomic vibrating dislocation is
the contribution from all the surrounding coordinates, z. Considering the vibration
amplitude x « d, it is reasonable to take the mean contribution from each coordinate
as a first order approximation, i. e., k =k,=...=k. =pu,(cw)’ , and
X, =x,=...=x, =(r—d)/z. Therefore, the energy due to short-range interaction

of a certain atom with z coordinates follows:

2
E = {—Eb+l,usl.c2a)2(r_dj +}
z 2 z

=—zF, +i,u5icza)2(r - d)2 +...
2z

(2.25)

where us; = mg; /2 = 2.34x1072° kg is the reduced mass of a Si—Si dimer and c is the

speed of light. Equilibrating Equation (2.25) to (2.24) times z, we have the phonon

frequency (wavenumber, o) as follows:

v =1(LJZ{M2M' } 2B (2.26)

’

cl\ ug dr’ d

Combining Equations (2.9) and (2.26) give the size-dependent TO red-shift:

olD)-ol=) <, {Z_ - 1} =%, t—‘cl(”;“] - 1] =5,<0  (2.27)

a)(OO)—a)(l) - i<3 i<3
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(1) is the vibrational frequency of an isolated Si—Si dimer bond, which is the
reference point for the TO red-shift upon nanosolid and bulk formation (P(0) =

() — o(1) is the bulk shift).

2.4 Summary

We have thus presented a new approach based on the BOLS correlation premise
that is not only able to converge the AEp, and AEps (D—0) of the smallest
nanosolid to the data and but also able to deepen our insight into the physical origin
of E¢ expansion, core level shift, dielectric suppression, Raman shift, PL and PA
blue-shifts, and e-p interaction upon nanosolid formation. Differing from the
currently available theories, the present model, without any assumption or freely
adjustable parameters, emphasizes that Eg expansion, Si-2p core level shift, and
Raman shift relate to the Hamiltonian that is subject to the modification by surface
CN-imperfection and its effect on the binding energy density in the relaxed region.
And the PL and PA blue-shifts and dielectric suppression relate directly to the
crystal binding density and the e-p coupling. This approach provides us deeper
insight into the unusual behavior of photons, electrons, and phonons in a nano-
semiconductor. As indicated by Glinka et al,®® the QC theory may not be always

necessary.
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3.1 Sample Preparation: Porous Silicon

3.1.1 Electrochemical formation

PS is formed by an electrochemical etching of Si in an HF solution. Following
an electrochemical reaction occurring at the Si surface a partial dissolution of Si
settles in. There are several factors which rule this process.

(1) Electrolyte. Due to the hydrophobic character of the clean Si surface, absolute
ethanol is usually added to the aqueous HF solution to increase the wettability
of the PS surface and reduce the surface tension at the silicon-solution interface.
In fact, ethanoic solutions infiltrate the pores, while purely aqueous HF
solutions do not. This is very important for the lateral homogeneity and the
uniformity of the PS layer in depth. In addition, during the reaction there is
hydrogen evolution. Bubbles form and stick on the Si surface in pure aqueous
solutions, whereas they are promptly removed if ethanol (or some other
surfactant) is present.

(i) Potential. The dissolution is obtained by controlling either the anodic current
or the potential. Generally, it is preferable to work with constant current,
because it allows a better control of porosity, thickness and reproducibility of
the PS layer.

(i11) Cells. The electrochemical cell is a Teflon beaker (Figure 3.1). The Si wafer

acts as the anode and the cathode is generally made of platinum. The cell body
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is usually made of a highly acid resistant polymer such as Teflon. The
advantages of this cell geometry are the simplicity of equipment and the ability

to anodize silicon-on-insulator structures.

AN,

Pt (Cathode)

+
S

51 (Anade)

Elecirolyte

Figure 3.1 Cross-sectional view of a lateral anodization cell.

3.1.2 Dissolution Chemistry

A silicon surface is known to be virtually inert against attack of hydrofluoric
acid at low pH values, which corresponds to low OH™ concentrations. When a
potential is applied to Si in aqueous solution, a measurable external current flows
through the system. However, for any current to pass the Si/electrolyte interface, it
must first change from electronic to ionic current. This means that a specific
chemical redox reaction must occur at the Si interface. Application of a potential
then induces a precisely chemical reaction, the nature of which is fundamental to

the formation of PS.
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The exact dissolution chemistries of Si are still in question, and different
mechanisms have been proposed. However, it is generally accepted that holes are
required for pores formation. During pore formation two hydrogen atoms evolve

: : 134,135
for every Si atom dissolved. ™™

The global anodic semi-reactions can be written
during pore formation as

Si+6HF — H,SiFg+Hy+2H +2¢
The final and stable product for Si in HF is in any case H,SiF¢ or some of its
ionized forms. This means that during pore formation only two of the four
available Si electrons participate in an interfacial charge transfer, while the
remaining two undergo corrosive hydrogen liberation.

Lehmann and Gésele' have proposed a dissolution mechanism which is so far
the most accepted (Figure 3.2). It is based on a surface bound oxidization scheme,
with hole capture, and subsequent electron injection, which leads to the divalent Si
oxidization state.

According to Figure 3.2, the Si hydride bonds passivate the Si surface unless a
hole is available. To understand how H-termination is achieved, one must
understand why the surface is H terminated in the first place. Indeed, some authors
have argued that fluorine terminates HF-treated surfaces' ° because of the relative
strength of the SiF versus the SiH bonds (~6 eV vs ~3.5 eV). Furthermore, F
termination of the silicon interface is expected to be final step of oxide removal,
given the accepted mechanism of oxide etching. Therefore, the observation of

137,138

atomic H on the surfaces clearly indicates that the termination is largely

determined by reaction kinetics rather than thermodynamics alone.
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(i1) Second attack by a fluoride ion with hydrogen evolution and electron injection

into the substrate

\ 1/"[-1'+ F \
NN \S_/S‘<H F>S,/"
/ \S{\S\F / \S/H N\
N

F /N
(ii1) HF attack to the Si-Si backbonds. The remaining Si surface atoms are bonded

to the H atoms and a silicon tetrafluoride molecule is produced

F\ / F 2HF
Si —®  HSiFsk T >  SiF*+2H

/

F \ F

(iv) The silicon tetrafluoride reacts with two HF molecules to give H,SiF¢ and then
ionizes

Figure 3.2 Silicon dissolution scheme proposed by Lehmann and Gdsele. (from Ref. 15)

A simple explanation for the observed H termination was first proposed by

137
L.

Ubara et a on the basis of infrared measurements of HF-treated

microcrystalline silicon samples. They postulated that F-terminated silicon
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complexes are unstable in HF solutions due to strong polarization of the Si-Si back

bonds (e.g., =Si — SiJrF3 ) facilitating their attack by HF molecules. This results in

reactions such as = Si — SiF; + HF —= SiH + SiF, which release silicon fluorides

into solution leaving a H-terminated surface behind. This hypothesis is also
supported by the experimental observation that hydrogen gas continues to evolve
from the porous layer and the presence of Si-Hy group by FTIR (section 4.2) and

SIMS'* measurements.

3.1.3 Pore Formation

While it is generally accepted that pore initiation occurs at surface defects or
irregularities, different models have been proposed to explain pore formation in
PS."*"!"! Some basic requirements have to be fulfilled for electrochemical pore
formation to occur.'*

1. Holes must be supplied by bulk Si, and be available at the surface.

2. The interface of p-type silicon and aqueous HF acid behaves like a
Schottky diode. The Fermi-level of the HF is higher than that of silicon.
There is a Schottky potential barrier height generated at the
silicon/electrolyte interface which induces a surface depletion region on the
Si surface. The depletion region width is proportional to the built-in
potential in Si. When a current density is applied to the silicon wafer

located at the anode, a positive voltage drops across the depletion region.

The built-in potential and the depletion width are reduced. At a local area of
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the Si surface with higher surface energy, which could be a kink site or a
step, holes are enforced from bulk Si to the Si/electrolyte. The
electrochemical etching and some pores are formed because the
participation of holes. As the reaction continues, these pores are etched
deeply and widely. When the depletion regions of adjacent pores meet, the
Si wire size is determined because there is no hole available there.

3. While the pore walls have to be passivated, the pore tips have to be active
in the dissolution reaction. Consequently, a surface which is depleted of
holes is passivated to electrochemical attach, which means that (i) the
electrochemical etching is self-limiting and (ii) hole depletion occurs only

when every hole that reaches the surface reacts immediately.

3.1.4 Drying of the samples

The drying of PS layers, especially those of high porosities, is a crucial step.
After the formation of a highly porous PS layer, when the electrolyte evaporates
out of the pores, cracking of the layer is systematically observed. The origin of the
cracking is the large capillary stress associated with the evaporation from the pores.
During the evaporation a gas/liquid interface forms inside the pores and a pressure
drop Ap (Apocy, v is the liquid surface tension) occurs. Pentane is generally used as
drying liquid in that it has a very low surface tension and is able to reduce strongly
the capillary tension.'* Using this drying technique PS layers with porosity values

up to 90% exhibit no cracking pattern after drying.
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3.2 Size Control

All the properties of PS, such as porosity, thickness, pore diameter and
microstructure, depend on anodization conditions. These conditions include HF
concentration, current density, wafer type, resistivity, anodization duration,

temperature, and drying conditions.

3.2.1 Porosity

The porosity is defined as the fraction of void within the PS layer and can be
easily determined by weight measurement. The wafer is weighted before
anodization (m1), just after anodization (m2), and after a rapid dissolution of the
whole porous layer in a 3% KOH solution (m3). The porosity is given by the
following equation:

p(%)=(m1-m2)/(m1-m3) (3.1)

3.2.2 Fabrication Method

The PS samples were prepared on p-type (100) Si wafers of 1-25 Qcm
resistivity at RT. Electrolyses were performed in a HF:C,HsOH:H,O solution with
1:5:4 weight ratio by a galvanostat, while the electrolyte was stirred during the
process. The Si substrates were used as anodes and n-type Si of 0.005-0.02 Qcm
resistivity was used as a cathode to obtain a more homogeneous electric field in the
electrolyte leading to samples with very uniform surfaces.'** A current density of

30 ~ 90 mA/cm® was applied for 10 min. After anodization, all the PS samples
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were dried by pentane to prevent them from cracking'®® (when the pentane is
applied after the anodic reaction, it also reduces the number of Si—-O bonds

allowing an increase of the Si-H bonds'®

). The porosity and the size of
nanocrystals were controlled by varying the current density. An increase in current
density will give rise to an increase in the porosity with a consequent reduction in
the size of the nanocrystals."**'*” This can be explained by higher current density

resulting in smaller built-in potential, thinner depletion region width and thus

thinner Si dot.

3.2.3 Surface Morphology

Conventionally, the particle (crystallite) size D of PS can be estimated from the
full width at half maximum (FWHM) H of the 0.5° grazing angle x-ray diffraction
(XRD) peak'*® by Scherrer’s equation: '** D = CA/Hcos6. Where A is the x-ray
wavelength (Cu K, 1.54 A), 0 is Bragg angle. C is a factor (typically 1.0)
depending on crystallite shape. Figure 3.3 is a XRD pattern for PS, prepared at an
anodic current density of 50 mA/cm?, which shows a prominent peak at 20~ 55.9°
representing the (311) plane in silicon. The signal from c-Si is significantly
stronger than the one from PS (~100 times) while PS XRD shows a broader
contour (FWHM ~1.6°) as compared with c-Si (FWHM ~0.5°) The average particle
size of PS deduced from the measurement is found to be about 6 nm.

However, the XRD measurement as well as conventional Raman diagnostics

are not reliable ways to measure the crystallite size in PS because they cannot
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detect nanocrystallites with a grain size lower than 5 nm.'°

High resolution
transmission electron microscopy allows direct detection of very small
nanocrystals, but it is destructive and not applicable as a routine analysis. Here we
suggest a simple method to deduce the average particle size of PS. Based on the
theory in section 2.3.3, the particle size can be obtained by matching the measured
PL shift to the predicted PL Profile in Figure 2.6 that has matched numerous sets of

PL data of PS, CdS and CdSe nanosolids.”*"*! Such a method has been used by

Wolkin et al.'*?

55.9°
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& PS X100
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Figure 3.3 XRD spectra of PS and c-Si recorded at a glancing angle of 0.5° which exhibit a
peak at 20 = 55.9° correlating to (311) planes.

Figure 3.4 shows atomic force microscopy (AFM) image of PS surface which
is a three-dimensional pattern formed by an interconnecting skeleton of particles. A
fractal skeleton structure of wires, hillocks and holes in various scales can be

observed in Figure 3.4.
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Figure 3.4 Three-dimensional AFM image of PS surface (R,,,=1.5 nm)

3.3 Surface Passivation

The role of the surface in the optical and dielectric properties of PS remains a
key issue.”*"'>* Although the burden of evidence points towards some intrinsic
radiative mechanism in small silicon particles, the influence of the surface and
ways of controlling surface interactions will always be important.'>>'3%"*7 The
basic idea of passivation is to replace the easily broken Si—H surface bond by other
species such as Si—F bond. Plasma treatment is a major step in ultralarge scale
integrated circuits as one of the effective methods to passivate semiconductor
surfaces or to form ultra-thin oxide or nitride on surfaces such as N,O-plasma

158,159

oxidation of a-Si:H, NH;s-plasma nitridation of GaAs,mO and Nj-plasma

nitridation of PS.'®!
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Plasma-Enhanced Chemical Vapor Deposition (PECVD)

PECVD is a technique for the deposition and passivation of a wide variety of
films by breaking down gaseous precursors into radicals which deposit onto a
substrate. The advantages of radio frequency (rf) PECVD include: the composition
of passivated films can be accurately controlled; the system is simple and the
operation is reasonably well understood; asymmetric discharges yield inherently
uniform plasmas that can be scaled over large areas; asymmetric discharges where
the chamber wall is a large grounded electrode offering large processing volumes;

rf diodes yield ion-bombarding energies that are sufficient for most processes.

- — Source Gas

/Sub strate /

J Plasma Holder
‘Water Cooling

— Pump

View Point

Figure 3.5 A schematic diagram of the PECVD system

Surface fluorination was performed on PS with CF4 plasma at RT by a PECVD
system in an asymmetric configuration. This configuration uses a grounded
electrode larger than the cathode, and thus ensures the generation of self-bias. The
chamber base pressure is less than 5x10~° Torr, which is maintained by a turbo-

molecular pump. The deposition chamber consists of a cross shaped stainless-steel
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cylinder (20 cm in diameter and 40 cm in length). The substrate electrode (14 cm
in diameter) is water cooled, and coupled to an rf generator (rf excited frequency is
13.56 MHz) by an impedance-matching network and a blocking capacitor. The rf
power is applied between the ground and substrate electrode which is placed at the
center of the chamber. The schematic diagram of the PECVD system is shown in
Figure 3.5. The substrate electrode is subject to a negative DC self-bias voltage,
which is controlled by the rf input power. The bias voltage increases almost
linearly with the rf power, due to the increasing ionization in the plasma with the rf

power.

3.4 Surface Metalization

Over the last a few years, PS has been regarded as a promising material for

12 shotodiodes '** and

applications in the microelectronics such as waveguides,
various types of sensors.'® These applications usually require some kind of metal
layers or metallic patterns on the top of the PS substrate (electrodes, contact masks,
mechanical support, etc.). Furthermore, PS layers have also been proposed for
potential application as the host matrix for polymers or metals, which have
interesting optical properties.'*® For example, Pt-coated n-type PS electrodes have
shown good solar energy conversion.'® Consequently, a thorough study of the
metal-PS structure is necessary for PS-related devices. Currently, there are many
methods for the metal deposition such as electrodeposition and vacuum deposition,

etc. Generally, wet chemical methods like electrodeposition introduce additional

damage to the unstable PS surface with more surface contamination, although pore
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filling is very effective. Thus, vacuum deposition process is a better choice for

keeping the PS characteristics as far as unchanged.'®®

Filtered Cathodic Vacuum Arc (FCVA) Deposition

FCVA deposition technique belongs to the family of ion beam deposition, and

167,168
71 The system

is proved to be an efficient method for the metal deposition.
incorporates the off-plane double-bend (OPDB) with a filter inside to effectively
remove macro-particles. The advantages of FCVA technique include: the working

pressure is very low (around 4x10~° Torr); the OPDB filter enables high quality

and macroparticle-free film deposition; and the deposition rate is relatively high.

Substrate bias
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Figure 3.6 Schematic diagram of the FCVA deposition system
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Cu, Al and Ti were deposited on the surface of PS by a FCVA system, as
shown in Figure 3.6. The whole system consists of a cathodic arc source, a plasma
filtering duct, and a deposition chamber. The chamber base pressure is less than
10~ Torr which is maintained by a rotary-cryogenic pump. The cathodic vacuum
arc source is comprised of five main parts: anode wall, power supply, arc trigger,
target, and the target-cooling system. The power supply is an electrical welding
machine with a maximum current of 250 A. The anode is grounded and the cathode
is connected to the target. A shield is placed around the target to stabilize the
plasma with a fixed direction between the cathode and the anode. The toroidal
solenoid is a steel OPDB torus with a copper wound outside, which avoids a
straight-line path between the cathodic arc source and the substrate, and thus
prevents neutral particles from reaching the deposition chamber. A set of baffles as
a mechanical macroparticle filter is installed inside the torus to enhance the

macroparticle filtering efficiency.

3.5 Characterization Equipment

1. Photoluminescence

The PL spectra were measured with a SPEX FLUOROLOG-3
spectrofluorometer equipped with a xenon lamp. A strong excitation peak was
observed at 458 nm. Samples were therefore excited with the 458 nm light at RT.

The Ep;, value was the PL peak energy.

2. Reflection & Absorption
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Figure 3.7 (ahv)"? vs. hvplot for PS sample. « is the absorption coefficient and /v is the
photon energy. The square root of aZiv is a linear function of photon energy, as expected
for an indirect band gap semiconductor.'® The figure shows the resolution of the
absorption spectrum into separate contributions (Urbach’s tail and defect aborption).'™
The Ep, value is obtained by linear extrapolation to zero absorption.

The reflection spectra were measured using a Perkin Elmer Lamda 16 UV/VIS
spectrometer; and the absorption coefficient was obtained by fitting the reflection
spectra using the Scout commercial software.'”" "> Lehmann et al.'” and Butturi
et al."™ have also derived their absorption data by fitting reflection spectra. The E-
p4 value was extracted from the absorption spectra using the Tauc plot method,”

S T61TT1T8 a5 shown in Figure 3.7.

3. Si-2p level
XPS Si-2p profiles were measured using a Kratos AXIS spectrometer with

monochromatic Al k, (hv = 1486.71 eV) radiation at ambient temperature. The
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shift of the binding energy due to charging was corrected using Cls binding energy

(284.8 eV) from the surface C contamination.

4. Dielectric Constant

The dielectric measurements were performed in the frequency range of 50 Hz—
1.0 MHz under an applied potential of 100 mV, using a FLUKE PM-6303
resistance—capacitance—inductance meter with a four—wire probe. All the
measurements were carried out in atmospheric ambient. Figure 3.8 shows a
schematic diagram of this dielectric measurement. Because PS has low
conductivity, which is lower by several orders of magnitude compared with a Si

179 140.180 § o the resistivity of the Si substrate is much lower than that of

substrate,
PS, the effects of conducting current through the Si substrates on the resistance
measured were estimated to be less than 0.1%, and thus the effect of the Si
substrates could be ignored. '®"'® Silver paste was used as an ohmic contact. The

samples were then dried at 353 K for 1 h to make the experimental data

reproducible.

Ag paste :

Porous silicon

SONNNNY

Si substrate

Ag paste

Figure 3.8 Schematic diagram of the dielectric measurement.
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Chapter 4 Optical and Dielectric Properties

4.1 Introduction

In Chapter 2, we have introduced BOLS correlation in details. This premise
indicates that CN-imperfection induced surface bond contraction is responsible for
the unusual behavior of photons, phonons, and electrons in PS. In this chapter
consistency between predictions and experimental data on size-dependent Eg
expansion, Si-2p core level shift, dielectric suppression, and Raman shift further

evidence the essentiality and validity of this premise.

4.2 Experimental Details

PL intensity (a.u.)

AN

500 550 600 650 700 750
Wavelength (nm)

Figure 4.1 RT PL spectra of PS samples. (from Ref. 101)
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Table 4.1 Measured Ep; and derived information on particle size D of PS.

Sample A-PL (nm) Ep;(eV) D (nm)

A 575.3 2.16 1.4+0.02
B 591.9 2.07 1.6£0.01
C 611.8 2.03 1.7+0.01
D 650.4 1.91 1.940.02
E 683.4 1.81 7 140.03

The PS samples were prepared according to the fabrication procedures
introduced in section 3.2.2 with different current densities. Their PL spectra were
measured to determine their particle sizes according to the method introduced in
section 3.2.3. Figure 4.1 shows the PL spectra of as-etched PS samples.
Corresponding PL peak energy Ep; determined by the Gaussian curve fitting of PL
spectra in Figure 4.1 and derived sizes obtained by matching the measured PL shift
in Figure 4.1 to the predicted PL Profile in Figure 2.6 are shown in Table 4.1.

Figure 4.2 shows the FTIR analysis results of PS samples. There are mainly
four absorption bands: 667 cm ', 820-890 cm ', 995-1110 cm ' and 1110-1200
cm . The absorption peak at 667 cm ™' is due to Si-H deformation mode. In
spectral range from 820890 cm ' the following peaks are identified: 827 cm'
related to Si—O bending mode in Si—O-Si; 840 cm ™' related to Si—H bending mode
in SiH(Si0,); and 856 cm ' related to H-Si—H wagging mode and 874 cm ' related
to Si—H bending in SiH(Os). The absorption located at 1062 and 1145 cm™' are

attributed to Si—O-Si stretching mode. The absorption peaks located at 977 and
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940 cm ' are due to the trace existence of fluorine, which is consistent with the
XPS measurement results in Figure 5.1. From Figure 4.2, it is noticed that the
decrease in particle sizes leads to an enhancement of the spectral lines intensities in
the absorption peak at 667 cm ', i.e. denser concentration of H contained in PS
surface. An explanation is that the PS specific surface enlarges as a result of the

increase in porosity with the size reduction.

Si-0-Si
si.H  Si-O & Si-H 1062 & 1145 A
667 820-890

Absorbance (a.u.)
0O

)///T
700 800 900 1000 1100 1200 1300
Wavenumber (cm'1)

Figure 4.2 The FTIR spectra of PS samples with different particle sizes.

4.3 Size Dependent Property Variations

4.3.1 Band Gap Expansion

Figure 4.3 (a) shows the RT reflection spectra of the fresh PS. The reflectivity
varies with the size reduction in the range of 200-900 nm, which is related to the
change of dimension and geometry of columns and voids on the PS surface. Figure

4.3 (b) sketches the absorption coefficient of PS samples. The calculated Epy
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values are shown in Table 4.2 and the corresponding £ of PS samples are derived

from the equation Eg = (Epz + Epy)/2.
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Figure 4.3 Room temperature (a) reflection spectra, and (b) absorption spectra of PS
samples with different particle sizes, from which the Ep, is obtained with the Tauc plot

fitting. (from Ref. 101)
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Table 4.2 Ep, and derived information on £ of PS.

Sample D (nm) Eps(eV) Eg(eV)

A 1.4 2.72 2.44
B 1.6 2.62 2.35
C 1.7 2.60 2.32
D 1.9 2.45 2.18
E 2.1 2.16 1.99

It is noticed that the Es expands with the size reduction, which has been
explained based on the BOLS model (Chapter 2). Most strikingly, without igniting
e-p interaction or e-h production, scanning tunneling spectroscopy (STS) revealed

that'®?

the E¢ of Si nanorods increases from 1.1 eV to 3.5 eV with decreasing D
from 7.0 to 1.3 nm; and that the surface Si—Si bond contracts by ~12% from the
bulk value (0.263 nm) to ~0.23 nm. This finding concurs excitingly with our BOLS
premise: CN-imperfection induces the remaining bonds of the lower-coordinated
atoms to contract spontaneously associated with Eg expansion. An STS collects
localized Eg information without needing any energetic stimulus. The tip-surface
bias (2 eV) is not sufficient to break the bond. What happens upon being biased is
that the tip introduces holes or electrons into the solid rather than creates e-h pairs
inside. As such, neither electron excitation nor e-h pair production or carrier
recombination occurs during STS measurement. What contribute to the STS-E are

states occupied by the covalent bonding electrons and empty states that are

strongly localized at the probed site. Events such as e-h interaction or kinetic
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energies of the mobile carriers do not come into play. Without triggering the
dictating QC factors,*® STS-E¢ continues expanding upon the size being reduced.
Figure 4.4 shows that the size-enlarged E¢ of both Si nanorods'® and Si nanodots
follows closely the BOLS prediction in Equation 2.11 using the parameters in Table
4.3 without involving e-h interaction, e-p coupling, or QC. Consistency between
the BOLS prediction and measurements evidences not only the essentiality of the

BOLS premise but also the significance of atomic coordination imperfection to the

performance of a surface and a nanosolid.
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Figure 4.4 Comparison between predictions (solid line, Equation 2.11) and measurements
on the size dependence of the E; measured using STS'™ and optical method, Data —1'%
(EG = EPA - W), Data -2 (Current Work, EG = (EPL+ EPA)/2) (from Ref. 101)

Table 4.3 Parameters for the £ expansion of PS

Eg (bulk) (eV) d(mm) z? =z(K>2) Zy(K>3) m

PS 1.12 0.263 2~4 6 12 4.88
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4.3.2 Core Level Shift
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Figure 4.5 XPS profiles showing the size dependence of the 2p level shift of nanosolid Si.
(from Ref. 184)

Figure 4.5 shows the XPS Si-2p profiles of the fresh PS samples. The size-
dependent peak energy was then linearized with the least-root-mean-square
optimization method to find the slope and intercept at the vertical axis (1/D — 0 in
Figure 4.6 (a)). Thus, the following line can represent the experimental results (v=
2p):

E,,(D)=E,,(w)+b/D=99.06+4.52/D (4.1)

102-105 s htained from other

This D' trend agrees with those reported by others
materials despite the slope that changes from situation to situation. The intercept
E>,(0) corresponds to the bulk £5,(o0) position —99.2 eV and therefore a 0.14 eV (=
99.2 — 99.06) shift is necessary for the E5,(1)and E;,(). The slight shift is due to

the surface electrostatic charge effect during the measurement. However, the shift

has no effect on the crystal binding intensity, AE5,(0) = E»y(0) - E,(1).
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Figure 4.6 (a) Least-root-mean-square linearization of the energy shift gives E,,(D) =
99.06 + 4.52/D + 0.04. The slope is used to derive the atomic trapping and crystal binding
of the bulk solid; the intercept is used to calibrate the equipment due to the surface
electrostatic charge effect. Panel (b) shows the agreement between prediction (solid line)
and the measured size dependence of the Si-2p core level shift, where K = D/2d. The
calculation is based on Equation 2.16 using the parameters given in Table 4.4. (from Ref.
184)

Matching the prediction in Equation 2.16 with the experimental results
represented by Equation 4.1, one can find that the crystal binding intensity:

4.52
Do

surf

E,,(0)-E,, ()=

(4.2)
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is readily available now because Oy, D' and D 6y,,,r1s a constant provided with
the known m = 4.88 for the effect of crystal binding on the E¢. As listed in Table
4.4, the atomic trapping energy of the 2p electron of an isolated Si atom E5,(1) is
found to be —96.74 eV and the bulk crystal binding intensity AE,,(o0) to be —2.46
eV. Consistency between the predicted and the measured core-level shift is given
in Figure 4.6 (b), which ensures the reliability of the data obtained and evidence
that the BOLS correlation describes adequately the true situation. Accuracy of the

determination is subject strictly to the precision of XPS measurement.

Table 4.4 Measured E,, with different particle size D and the derived information on
atomic £,,(1) and bulk shift AE,,(0) of nanosolid Si.

Sample D (nm) E(D) (eV) AEy(©)(eV) Ey(l)(eV)

A 1.4 -102.16
B 1.6 -101.98
C 1.7 -101.68
D 1.9 -101.41
E 2.1 -101.27
Bulk 0 -99.2 -2.46 -96.74

4.3.3 Dielectric suppression

Conventionally, the dielectric response of PS is described by the effective

134,185

medium approximations that simply average the dielectric contribution from

the air pores and the backbones of the silicon (nano-Si). The dielectrics &uno-s: Of a
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nano-Si is often presumed to take the bulk constant in the simple effective medium
function such as Looygenga formula:'*®

6‘(;. = (1 —p)é‘fmo_& + pé‘fr 5 (43)

where &, (= 1) is the dielectric constant of air and p is the porosity PS. However,
this approach ignores the fact that the dielectric constant of a nano-Si is not only
lower than the bulk value but also size dependent.”’ The contribution from the
lower—coordinated surface atoms cannot be neglected in accounting for the
dielectric performance of PS."®” Therefore, the effective medium methods need to
be modified by taking account of the size dependent dielectric performance of the

nano-Si backbones, &u0-si.

| simulated R Measured
200004 _._._ A a A
| ----B o B
--C c A C
—~ 15000 —p o D
c | E ol i, X E

Z' (ohm)

Figure 4.7 Size dependent Cole—Cole plots of PS. The dots represent the data measured by
the RCL meter at RT and the lines correspond to simulation using the RC parallel circuit
model (inset) for typical dielectric materials.
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We discriminate the dielectric contribution of the nanosoild Si backbone from
the measured effective & of PS by matching the prediction with the measured
impedance. The impedance behavior of PS samples can be described by Debye’s
expression of parallel RC circuit'™® with elements that correspond to the dielectric

behavior of the bulk grain, as shown in the inset of Figure 4.7.

Table 4.5 Summary of the D-dependent &,,,,.s; derived from the measured Ep;, porosity
and &5 0f PS.

Sample Ep.(eV) D (nm) Porosity (%) & Enano-Si
A 2.08 1.7 85 1.43 6.27
B 1.82 2.0 76 1.84 7.29
C 1.81 2.1 71 2.11 7.7

D 1.79 2.2 68 2.28 7.86
E 1.76 2.4 66 2.45 8.29

The complex impedance Z* measured by the RCL meter can be expressed as

Z*=7'-j7",
. R
o R (44
2
Z"= a)lg(; 2
l1+w°R°C

where o is the angular frequency. Here the bulk—grain resistance R represents
ionic or electronic conduction mechanisms, while the capacitance C represents the
polarizability of PS. The complex impedance response commonly exhibits a

semicircular form in the measured Cole—Cole plot'®’ as shown in Figure 4.7 A—E
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denote the responses of different samples (Table 4.5) measured at RT. The
complex impedance plots show only one depressed single semicircular arc,
indicating that only one primary mechanism, corresponding to the bulk grain
behavior, dominates at RT for polarization within the PS film. The second intercept
on the real axis made by the semicircle corresponds to the resistance in the bulk
grain. As can be seen, the intercept of the semicircles shifts towards the origin as

the nanosolid size increases, indicating a reduction of the bulk grain resistance.

15k x1l.5688 1@ 5 SR e U R T G

Figure 4.8 Cross section view of PS sample.

The way'”® by which to extract the capacitance and dielectric constant is using
the equation: Z’"=1/(wC) in high-frequency range (10°-10° Hz). The bulk grain
capacitance C of the sample is given by the slope of the straight line determined by
the variation of Z” as a function of 1/@. Then, the effective dielectric constant &
of the porous structure is calculated based on the equation: &= Cl/(&S). & is the

dielectric constant of a vacuum, / is the thickness of the sample (10-15 um) that
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was measured upon cross section of the sample by a scanning electron microscope,

as shown in Figure 4.8; S is the area of silver electrode (250 mm?).
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- B& 5 —— m=4.88,dot
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i /
-80 / '
2 4 6 8
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Figure 4.9 Comparison of the predictions on the size—dependent dielectric constants of
silicon nanosolids with the sophisticated calculation and measurement results. Calculated
Data—1, 2, 3 are after Ref. 191. Calculated Data—4 and 5 are after Ref. 109. Data—6 is the
current experimental results. d is the bond length of bulk silicon. K is the number of atoms
arranged along the radius of a spherical dot or a rod.

With the measured &, we can calculate the &mo-s5i based on the Looygenga
formula (Equation 4.3). The measured &, and derived &qno-si for different sizes are
listed in Table 4.5. It is not surprising that &4,-si 1s much higher than the &4 due to
the voids (& ~ 1) involvement. The &40.5; decreases with solid size due to the
atomic CN—-imperfection and hence it is not appropriate to simply take bulk value
as &uno-si In conventional calculations. Figure 4.9 compares the &40.5; derived
herewith using aforementioned approach with the BOLS predicted size—

dependence and other sophisticated calculations of nanosolid Si. Consistency

between BOLS predictions and the measured results evidences that the BOLS
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correlation describes adequately the true situation in which the &,-s; suppression

is dictated by atomic CN imperfection that provides impact on the interatomic

interaction and e-p coupling.

4.3.4 Raman shift

0-
N B R
XX or /5 Om O e}
~ -104
S s
= u A Si-2
S 20- % Si-3 v Si-4
- * Si-5 <& Si-6
@ O Si-7 * Si8
% & Si-9 X Si-10
x 301 : o Si-11
2 ——m=4.88,dot
| - — -m=4.88,rod
-404
0 10 20 30 40
K (=D/2d)

Figure 4.10 Comparison of the predictions with observations on the size-dependent TO
shift of the nanosolid silicon. Theoretical results: Si-1 calculated using correlation length
model; '* Si-3 (dot) and Si-4 (rod) calculated using the bulk dispersion relation of
phonons; ' Si-5 calculated from the lattice-dynamic matrix;*® Si-7 calculated using
phonon confinement model ' and Si-8 (rod), Si-9 (dot), calculated using bond
polarizability model.'”” Measurements: Si-2;'** Si-6;""° Si-10 and Si-11."** d is the bond

length of bulk silicon. K is the number of atoms arranged along the radius of spherical dot
or a rod. (from Ref. 133)

Similar to Si-2p core level shift, the Raman TO frequency also depends linearly
on the inverse D. Incorporating the BOLS prediction with the linearization of

measurement, we have the following relations
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—-10.63

(Measurement),

2015 Bio)-ol) rheors) )

Hence, the frequency shift from the dimer bond vibration to the bulk value,

co(oo)— o(l) = —10.63/ (5 pD), is a constant as &, o« D™, Excitingly, this allows us

to determine the vibrational frequency of a Si-Si dimer bond (1) = 502.3 cm™'
and the bulk shift of 17.7 cm ™', which is beyond the scope of currently available
approaches. Figure 4.10 shows the match between the BOLS predictions with the
theoretically calculated and the experimentally measured TO red-shift of nanosolid

silicon.
According to Einstein’s relation: zug (cw)’ (x/z)° /2=kBT (kg 1is the

Boltzmann constant and 7 is the absolute temperature), the vibrational amplitude of

1

an atom is x o z/?@™". The reduced magnitude and frequency of an atom in the

surface at RT are:
X _ ( & _ 12 (%“]
x__ Zl/zb wb/a)l _(Zb/Zl) ¢
b

(4.6)
V3x0.88%* =1.09  (Si,m =4.88)

V3x0.88'5 =143  (metal,m=1)

As the z; change slightly with the curvature of the surface, z;=4(1-0.75/K).”” The
vibrational amplitude of an atom at the surface stays almost constant at K > 3. This
confirms for the first time the assumption made by Shi*® and Jiang et al.*’ that the
vibrational amplitude of a surface atom is higher than the bulk value and keeps

constant at all particle sizes. It can also be estimated that the frequency of the
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surface atom (with z = 4) is around 511 cm', which is between that of the dimer

(502.3 cm™) and the bulk (520.0 cm™).

4.4 Summary

BOLS correlation premise has been further evidenced by the consistency
between predictions and experimental data on size dependent Eg expansion, E,
shift, gumo-si Suppression, and o red-shift. This premise has enabled Eg expansion,
E>, shift, &ano-si suppression, and @ red-shift upon nanosolid Si formation to be
consistently decoded and understood in terms of surface CN imperfection and its
effect on the crystal binding density and the e-p coupling. Decoding the E5, and @
shifts leads to quantitative information about the atomic trapping energy of the 2p

electrons (—96.74 V) of an isolated Si atom and the vibration frequency of a Si—Si

dimer bond (502.3 cm™) at RT.
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Chapter 5 Surface Passivation

5.1 Surface Fluorination

5.1.1 Introduction

PS consists of a nanocrystalline skeleton immersed in a network of pores and
characterized by a very large internal surface area (of the order of 500 m*/cm’).
This internal surface is passivated by hydrogen but remains highly chemically
reactive, which is one of the essential features of this complex material. However,
the role of the surface played in the optical and dielectric properties has been

remained a key issue that is yet poorly known.'”

In previous chapter, size
dependent PL and PA blue-shift, £ expansion, core level shift, and dielectric
suppression has been well explained based on BOLS correlation model. However,
it has been found that surface passivition by electronegative additives can also shift

the PL wavelength'” and suppress the dielectric constant of PS.'*%!%

For example,
hydride passivation could tune the PL wavelength towards blue side, while thermal
oxidation results in PL emission which is invariably in the deep red spectral range.
The latter phenomenon is not satisfactorily understood at present, but consideration
of various factors may provide an explanation. It has been proposed that the effect
of particle size and the effect of surface passivation enhance each other on the

: : : 200,201,151 ,79
properties of nanometric semiconductors.” " 7

71



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5 Surface Passivation

5.1.2 Experimental Details

The PS samples were prepared according to the fabrication procedures
introduced in section 3.2.2 with a applied current density of 50 mA/cm? for 15 min.
AFM measurements have showed that the average particle sizes of all the samples
are in the same range; and hence the size variation effect is neglected in the
experiments. Surface fluorination was performed with CF,4 plasma at RT for 2 min.
by PECVD. PS samples were placed on the cathode electrode. CF; gas was
introduced with a flow rate of 10 standard cubic centimeter per minute (sccm), and
the chamber pressure was kept at 25 mTorr during the process. By varying the
radio frequency (rf) power the samples were obtained with different fluorination
content. No obvious particle-size reduction upon fluorination can be resolved using
AFM. Usually, F-plasma etching of Si or SiO, surface is carried out by

bombarding the surface with 350 W plasma for several hours.

5.1.3 Results and Discussion

Table 5.1. Summary of the fluorination process parameters and corresponding results

Sample  rfPower (W)  F/Si*

F 0 ~0

G 80 0.21
H 100 0.27
I 120 0.29
J 140 0.42

* Area ratio from XPS spectra
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The process parameters of fluorination and the corresponding results are listed
in Table 5.1, where the F/Si ratios are calculated from the area ratio of the
corresponding peaks in the XPS spectra (Figure 5.1). From Table 5.1, it can be
seen that with the increase of the rf power, the fluorination degree increases
accordingly due to the higher energy and density of the plasma arriving at the PS

surface.

Intensity (a.u.)
£

Si2s
SiZp

C1s
F 25

1000 800 600 400 200 0
Binding Energy (eV)

Figure 5.1 XPS spectra of the fluorinated and as-grown PS samples showing the existence
of fluorine in fluorinated samples. Processing conditions are given in Table 5.1. The
existence of a little fluorine in the as-grown sample results from HF acid remnants inside
voids after preparation. (from Ref. 202)

Figure 5.1 compares the XPS spectra of fluorinated and as-grown PS samples.
It can be seen that besides Si and F, O and C also exist on the surface. The
existence of a little fluorine in the as-grown sample is due to HF acid remnants

inside voids after preparation because only HF and SiF¢* were found using "°F

nuclear magnetic resonance.”*** Upon fluorination, surface fluorides exist in the
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. . 205,206
form of SiF, species,” ™

which modify the chemical structure of the PS surface
through bond reforming from the Si—H bond. The source of carbon is not ethanol
because the carbon amount is similar to that in samples anodized in water—HF
solutions.”” The carbon should come from hydrocarbon molecules in the ambient
and often in the residual gas in analysis chambers used for XPS."*’ Oxygen exists
in the form of Si—O-Si and Ox—Si—H groups on the PS surface, which is confirmed
by FTIR results in Figure 5.2, and is normally adsorbed in a few minutes after
drying in ambient. Nevertheless, coexistence of these elements may contribute to
the F surface passivation. As noted in Ref. 126 that reaction with C, N, O, and F
has the similar effect on the binding energy enhancement due to the charge
transportation. The extent of contribution may be different due to the difference of
atomic valence and the richness of the corresponding element. From this
perspective, we may treat the F-plasma passivation as a resultant effect of these
elements as it is not realistic to distinguish the contribution from the individual
element.

Figure 5.2 displays the FTIR spectra in fluorinated and as-grown PS samples.
Compared with the as-grown sample, there are two obvious changes for fluorinated
ones: with increasing rf power, the spectral line intensities in the absorption peak at
667 cm™ (Si—H deformation mode) decays while the absorption peaks at 977 and
940 cm™' (Si-F stretching modes) become stronger. This not only proves that the
fluorine exists in the form of an Si—F bond on the surface but also means that more

Si—H bonds (667 cm™) are substituted by the Si—F bonds (977 and 940 cm™) upon

increasing the extent of fluorination.
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Figure 5.2 Fluorination effect on the FTIR spectra of PS. The absorption peaks at 667 cm™
and 977/940 cm' correspond to the Si—H deformation mode and the Si—F stretching mode,
respectively. With the increase of rf power upon the fluorination of PS, the absorption
peak at 667 cm™ decays while the absorption peaks at 977 and 940 cm™ become stronger.
(from Ref. 202)

Intensity (a.u.)
I>

107 106 105 104 103 102 101 100 99
Binding Energy (eV)
Figure 5.3 Fluorination effect on Si 2p XPS spectra of the PS. There is obvious shift from

101.7 eV for sample F as grown to 102.8 eV for sample J highly fluorinated. (from Ref.
202)
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The Si 2p XPS spectra in Figure 5.3 show obvious shift from 101.7 eV for
sample F to 102.8 eV for sample J and such a shift is proportional to the
fluorination extent. Clearly, the crystal field enhancement due to bond nature
alteration upon fluorination contributes to the core level shift and E¢ expansion as
well.**'2* A chemical reaction such as fluorination modifies the crystal field and
redistributes the valence charge. Fluorination substitutes the stronger Si—F bonds
(bond energy: 565.2 KJ/mol) for the weaker Si—H bonds (318.2 KJ/mol). Electron
repopulation from Si to F lowers the energy of the occupied valence band and also
weakens the screening of the crystal field to electrons in the inner shells.

Compared with the as-grown sample, the passivation lowers the PL intensity
and shifts the PL peak to blue side as can be seen in Figure 5.4 (a). The PL
intensity relates to the irradiative recombination centers such as dangling bonds
upon fluorination that lowers the quantum efficiency of radiative carrier
combination. The PL blue-shift results from both the e-p coupling and Eg
expansion that changes with the crystal field enhancement due to bond nature
alteration and valence charge repopulation that leaves holes behind the top of the
valence band.*”® The reflection spectra in Figure 5.4(b) show that the reflectivity
varies with the extent of fluorination in the range of 200900 nm, which is related
to the change of dimension and geometry of columns and voids on the PS surface.
Figure 5.4(c) shows the spectral dependence of the absorption coefficient of PS
samples. As observed, the values of absorption coefficient are strongly dependent

on the fluorination, especially in the range of higher photon energy. The correlation

76



ATTENTION: The ¢

gapore Copyright Act applies fo the use of this document. Nanyang Technological University Library

Chapter 5 Surface Passivation

between the Eg and the rf power shown in Figure 5.5 indicates that the E; widens

with the increase of rf power.
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Figure 5.4 (a) RT PL spectra, (b) Reflection spectra, and (c) Absorption spectra of the
fluorinated and as-grown PS. (from Ref. 202)
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Figure 5.5 Comparison of the Eg of the fluorinated PS with the as-grown PS. The rf power
is used to control the fluorine contents in the fluorinated samples. (from Ref. 202)
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5.1.4 Summary

It has been found that the surface fluorination has an effect similar to the
particle size reduction on the electronic and optical properties of PS. The Eg
expands from 1.87 eV (the as-grown value) to 2.08 eV and the Si 2p core level
shifts from 101.7 eV (the as-grown value) to 102.8 eV upon fluorination. These
changes are suggested to arise from the crystal field enhancement due to the bond
nature alteration at the surface and the valence charge transportation. Importantly,
surface fluorination could provide a practical and compatible means to tune the

optical and electronic behavior of the nanostructured silicon.

5.2 Surface Fluorination Enhanced Size Dependency

5.2.1 Introduction

As discussed previously, structural miniaturization of solid silicon results in the
blue-shift in PL,209’74 PA,65 and Stokes shift.'! The size reduction also shifts the

184106 and lowers the dielectric constant’"''" of the solid

core level energy up
silicon. Further observations have found that chemical passivation by surface
fluorination that alternates the nature of the surface bond enhance the size effect.
The measured quantities such as Eg expansion, Stokes shift, and Si-2p core level
shift will change further, as charge transport and bond nature alteration are

involved in the reaction.'?® Practice’**201!5!

revealed that the effect of crystallite
size (D) reduction and the effect of surface passivation enhance each other on the

properties of nanometric semiconductors by perturbing the overall potential in the
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Hamiltonian of an extended solid. As a result, an effective way to discriminate the
contribution of surface-bond relaxation from the contribution of surface-bond

nature alteration to the crystal binding and e-p coupling in PS is necessary.

5.2.2 Experimental Details

We prepared the PS samples and measured the size dependence of the PL, PA,
and E,, peak energies before and after fluorination. Surface fluorination was
performed on the PS samples with CF4 plasma at RT by rf-PECVD. CF4 gas was
introduced with a flow rate of 10 sccm and the chamber pressure was kept at 25
mTorr. A rf power of 100 W was applied for 2 min. The F/Si ratio is about 0.3 for
all the fluorinated samples. No apparent particle-size reduction upon fluorination

can be resolved using AFM.

5.2.3 Results and discussion

Figure 5.6 shows RT PL spectra of as-grown (refer to Figure 4.1) and
fluorinated PS samples. Compared with the as-grown samples, the passivated ones
exhibit a blue-shift in the PL, evidencing an enhancement of crystal field due to
bond nature alternation and screen weakening as well as valence charge
repopulation that leaves holes behind the top of the valence band.*”® Figures 5.7 (a)
and (b) show RT reflection and absorption spectra of PS samples as-grown (inset,
refer to Figure 4.3) and fluorinated, respectively. As observed, the values of
absorption coefficient are strongly dependent on the size and surface fluorination,

especially in the range of higher photon energy.
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Table 5.2 Measured Ep, Epa and E,, of F-passivated PS with particle size D

Sample D (nm) Ep;(eV) Eps(eV) Eg(eV) Ey(D) (eV)

A 1.4 2.28 3.15 2.72 -103.31
B 1.6 2.18 3.01 2.60 -103.06
C 1.7 2.14 2.92 2.53 -102.73
D 1.9 2.01 2.74 2.38 -102.31
E 2.1 1.89 243 2.16 -101.17
Bulk 0 1.12 1.12 1.12 -99.37

PL intensity (a.u.)

450 500 550 600 650 700 750
Wavelength (nm)

Figure 5.6 Size-dependent PL spectra of as-grown (dash line, refer to Figure 4.1) and
fluorinated (solid line) p-Si samples. The data of sizes are given in Table 5.2. (from Ref.
210)
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Figure 5.7 (a) RT reflection spectra of PS samples as-grown (inset, refer to Figure 4.3) and
fluorinated; and, (b) RT absorption spectra of PS samples as-grown (inset, refer to Figure
4.3) and fluorinated, from which the PA energies are derived with the Tauc plot method.
(from Ref. 210)
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Figure 5.8 Size-dependent XPS Si-2p profiles of as-grown (dash line, refer to Figure 4.5)
and fluorinated (solid line) p-Si samples. (from Ref. 210)

Figure 5.8 compares XPS Si-2p profiles of as-grown (refer to Figure 4.5) and
fluorinated PS samples. There is an obvious Si-2p core level shift for PS samples
before and after fluorination. The mechanism responsible for this core level shift is
the same as the one for PL blue-shift upon fluorination.

Matching the prediction in Equation 2.14 with the experimental data on PA and
PL peak energies, we can get the coefficient B = 1.04 and m = 5.32. The B and m
values here are larger than the corresponding values (B = 0.91 and m = 4.88) for
clean PS,'"! showing apparent enhancements of e-p interaction and crystal binding
by surface fluorination. As discussed earlier, surface chemical reaction can
contribute to the crystal binding intensity, transfer electrons from one specimen to
another that causes the valence charge transportation from Si to F and thus enhance

the crystal field. On the other hand, surface bond nature alteration also results in
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132,133

the higher vibration frequency and larger vibration amplitude of surface

atoms.87’88

The e-p coupling will therefore be enhanced. Based on the BOLS
coefficient m = 5.32 and the atomic trapping energy of the 2p electron of an
isolated Si atom E,(1)=—96.74 ¢V,'* the bulk crystal binding intensity AE,, {0)
= E5, /(0)-E5,(1) 1s shifted from —2.46 to —2.63 eV. Consistency between the

predicted and the experimental PA and PL blue-shift and the core-level shift (Eg

expansion as well) after fluorination is given in Figure 5.9.

=
A o ®
o O O
1 1 A 1

1201

100+

Relative Change (%)
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o
l
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25 3.0 3.5 4.0
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Figure 5.9 Comparison of the predicted with the measured PA and PL peak energies and
the Eg and E,, shift of clean (m = 4.88) and fluorinated (m = 5.32) PS. The E,, and E data
for the clean PS are from ref. 184 and 101, respectively. The arrow indicates the
fluorination effect which displace the £ and £, line up. (from Ref. 210)

Agreement of the predicted with the observed PA, PL, and E», shifts ensures
the reliability of the data obtained and evidences the validity of the BOLS

correlation for nanosolid. The theoretically predicted and the measured E», and E¢
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for clean (m = 4.88) PS are also compared in this figure. The effect of fluorination

on the binding energy is thus easily distinguished as indicated by the vertical arrow.

5.2.4 Summary

Surface passivation by plasma fluorination with C and O contribution is found
to further enhance both crystal binding intensity by surface bond nature alteration
(from m = 4.88 to 5.32) that determines the E¢ and core level shift and e-p coupling
(from B = 0.91 to 1.04) that contributes to the energies of PL and PA of PS. The
BOLS correlation has enables us to unify the observed blue-shift in the PL and PA,
the energy shift of the Si-2p core level, as well as the dielectric suppression’’ to the
effect of atomic CN imperfection of atoms near the edge of surface. The BOLS has
also enabled us to discriminate the contribution from bond relaxation and bond
nature alteration to both the crystal binding and e-p coupling that determine the
unusual behavior of photons, phonons and electrons in PS. Practice should provide
a helpful means for distinguishing the effect of surface passivation from the effect
of size reduction on other size-dependent properties of other nanostructured

materials.

5.3 Surface Oxidation Correlated Dielectrics

5.3.1 Introduction

PS is a special composite materials consisting of pores and silicon backbone

networks, and has a broad range of applications due to its high surface area that

85



ATTENTION: The Singapore Copyright Act ap to the use of this

ocument. Nanyang Technological University Library

Chapter 5 Surface Passivation

determines the high tunability of the PS in many properties such as dielectric

211

constant,”’ band gap,”* and chemical reactivity. Traditionally, Maxwell-

212 21

Garnett®'? and Bruggeman®'’ methods are often used to describe the dielectric

performance of a two—phase composite semiconductor from known dielectric
functions of the constituents for a particular topological structure. However, the
Maxwell-Garnett formula is only a good approximation for high porosities with
large separation between spherical silicon, which is however not suitable for a
percolated system like PS. When the porosity is above 2/3, the Bruggeman formula
switches off the percolation and describes a system of isolated particles. In reality,
PS must be a self—supporting percolated network no matter how large the porosity

is. Campos et al.*"* simulated the effective dielectric function using a mixture of

the above two models based on the assumption that all the silicon inclusions are
identically immersed in a homogeneous air matrix without interconnection between

the crystallites. A real PS structure should include air pores and silicon networks

215,38

and the passivated surfaces. Modeling approaches often ignore the effect of

surface/interface where chemisorption'>® and bond contraction'?” occur. The PS

surface is often oxidized upon exposing to air and even in the electrolyte.*'®

217,218,134

Investigations suggested that natural oxide on the PS surface largely

affects the refractive index of PS. Therefore, PS should be regarded as a system of

three-component consisting of silicon, pores and silicon oxide interface.”***

Lugo
et al** described the effective dielectric properties of PS using volume averaging

method and suggested the important role of surface coverage of SiO; in the

effective dielectric response of PS. Astrova and Tolmachev®' also studied the
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relationship between the refractive index, porosity and oxidation content in the
framework of the three-component system. Both models are based on the Maxwell-
Garnet and Bruggeman approximations that might be too ideal to be suitable for
the dielectric properties of PS with complex three-component structure. Here we
developed a method characterizing the dielectric properties of PS as a function of

its porosity and the surface oxidation that are adjustable in experiment.

5.3.2 Model

The effective dielectric constant, ¢, ., describes the polarization response of

off
matters to an externally applied electric field (e.g. that of an illuminating light
beam in an optical experiment), and therefore, can be derived by the

capacitance C,; of parallel or serial capacitors: ¢, = C,;l / A. A and [ are the area

of the plate and distance between two plates of capacitor, respectively. The

222,223

simplified parallel and serial models, as illustrated in Figure 5.10 (a) can only

predict two extreme values of ¢, with very special geometrical structures of pore

distribution. An ideal PS structure should be composed of identical air inclusions in
a homogeneous silicon matrix (Figure 5.10 (b)), which is a mixture of serial and

parallel capacitors.
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| | Air
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Air Si Air Si
Serial Model Parallel Model

(b)

222,223

Figure 5.10 (a) Serial and parallel models of PS consisting of void and silicon and (b)
Serial-Parallel model assuming PS as a two-phase granulated compound medium with
identical air inclusions placed uniformly inside a homogeneous silicon matrix.

Figure 5.11 (a) shows the top view of cuboids cell structure of PS based on the
currently proposed Serial-Parallel model. This cell consists of five parallel plate
capacitors: one C; for void; two C, and two C; for silicon. Hence the cell

capacitance is given as:

_ 1 _ Nld _
C‘?ﬁ - 1 +i ’ Cl = Eair N, - ‘9aird’
szgsl_w, C3=85iﬂ
2N, (N-N,)

d is the thickness of the PS sample. &, ~1, and &5 = 11.3 are used.*'***
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(b) ‘

Figure 5.11 Top view of Serial-Parallel cell structure of (a) unpassivated and (b) surface
oxidized PS.

Therefore, the effective dielectric constant ¢, is calculated as,

eff

N N
(&5 Euir)
_ Nl N_Nl (5 2)
N N-N, '
( + )8Si +gair
N-N, N,
gsl‘[(l_\/;)gsl‘ +\/Fgair]

T (=P +P)ey + (P - P,
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The porosity P =N /N is defined as the volume ratio of void to the entire PS.

From Equation 5.2, it can be seen that the effective dielectric constant of PS

depends merely on its porosity if the surface effect such as oxidation is omitted.

0

Similarly, the effective dielectric constant &,

of porous silica (&g, =3.9)is:

0 = Esio, [1- \/F)gsioz + \/;gair]
. (1_\/;+P)8Si02 +(\/F_P)‘9air

(5.3)

In reality, a layer of silicon oxide is often formed at the surface. Taking account
of the contribution from surface oxidation, as shown in Figure 5.11 (b), the cell
contains nine parallel plate capacitors: one C; for void; two C, and two C; for

silicon; two C4 and two Cs for silicon dioxide. Hence the capacitance becomes

Céf = 1 1 2’ Cl = Eair Nvld = Eaird,
1 i 1
G
I 5 +2C,
74_7
2C,+C, Gy
-N, -2
C, =¢g (N-N, = 2N,)d , Cy=¢g 2Nd , (5.4)
2(N, +2N,) (N-N, -2N,)
N,d (N, +2N,)d
C, =& —2 C. =g N1 2Np)E
4 Si0, N, 5 Si0, N,

The effective dielectric constant 5€1ff 1s thus expressed as
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2
| N Copr B 5&'[‘415&02 +A285i028air + A3€Si0285i + A 656, ]

o TSl Ng T 4 Blgéio2 +By6g0, 80 + BiEgio, &5 + ByEgiE,
4, =2(1+2x)°xJP
4, =(1+2x)°/P
Ay = (=P = 2x/P)(1 + 2x + 4x%)
A, = (=P =2xJ/P)x/2 )
B, =2(1+2x)* xJ/P(1—/P - 2x\/P)
B, = (1+2x)*VP(1-P - 2x\/P)
By = (1+2x +4x*)[(1+ 2xWP + (1-VP - 2xJ/P)’]
B, = 2x[(1+ 2x)VP + (1-vP - 2xP)?]

where x = N,/Nj is the thickness ratio of the oxidized layer to the void. We define

the degree of oxidation, F, which is the volume ratio of SiO,, Vsio, » tO the sum of

1

Si,V; and Vg, :

Ve 2 ?
si0, :4N1]Z2 +42N2 4P 0<F< (5.6)

Therefore,
1 F
=—|. J1+—(1-P) -1 5.7
x 2[,/ P( ) } (5.7)

From Equations 5.5 and 5.7, it can be seen that if considering the partial

F =

oxidation of the PS surface, its effective dielectric constant depends on its porosity
and oxidation degree. If =0, and 1, Equation 5.5 degrades into Equations 5.2 and
5.3, respectively. This means: (1) when F' = 0, the PS consists of two components:
silicon and voids; (2) if the surface is partial oxidized (0 < F' < 1), the system
contains three components: silicon oxide, silicon, and voids; (3) when F' =1, i. e.
PS layer is completely oxidized, the silicon phase disappears and another two-

component system (SiO, + pores) is produced.
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Figure 5.12 (a) Relation between the porosity, dielectric constant and oxidation degree of
PS. Experimental data: Data-a*** and Data-b*> for PS; Data-c,”*® Data-d**’ and Data-¢**®
for porous silica. (b) Relation between the porosity, refractive index and oxidation degree
of PS. Experimental data: Data-1,>"" Data-2,”* Data-3,%° Data-4,*' Data-5,** Data-6,>'*
and Data-7>> for PS. F =0 and F = 1 corresponds to pure PS and pure porous silica.

Figure 5.12 compares theoretical results with measured values of porosity and

oxidation extent dependence of (a) dielectric constant and (b) refractive index n

(n=,&, ). F=0,F=1and 0 <F <1 corresponds to pure PS, pure porous silica
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and oxidized PS, respectively, and the larger F value corresponds to the more
heavily oxidized PS. As observed, the experimental data for PS and porous silica
match well with the current Serial-Parallel model. Therefore, a mixture of partially
oxidized silicon network with inclusion of columnar voids could be described with

that ¢ ,and

the model in terms of effective dielectric constant. The trend suggests o

n can be reduced by increasing the porosity and oxidation layer thickness.

3.0
o Data-8a ¢ Data-8b
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Figure 5.13 Evolution of the refractive index of PS layers with different oxidation degree.
Experimental data: Data-8a, Data-8b, Data-8¢ and Data-8d,”* Data-9a and Data-9b,"*
Data-10a and Data-10b,”* Data-11a and Data-11b*' for PS. The filled and the unfilled
symbols denote the measured refractive index of PS before and after oxidation,
respectively. F'= 0 and F' = 1 corresponds to pure PS and pure porous silica.

Figure 5.13 shows the evolution of the refractive index of PS layers with
different oxidation degree. The filled and the unfilled symbols denote the measured

refractive index of PS before and after oxidation, respectively. From the

comparison, we are able to find the oxidation degree. Comparing the Data-8d, c,
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and a, with the calculated values in Figure 5.13, it is found that these data
correspond to the oxidation degree of F' = 0.25 (lightly oxidized), 0.75 (heavily

oxidized), and 1.0 (complete oxidized).

5.3.3 Summary

Functional dependence of the effective dielectric constant of passivated PS on
the porosity and oxidation degree has been derived by considering the contribution
from the components of silicon oxide surface, silicon backbone and voids using a
Serial-Parallel capacitance structural model. Agreement between modeling
predictions and the measured experimental data has been reached, which turns out
an effective method that enables us to determine the extent of surface oxidation by

measuring the dielectric response of the chemically passivated porous structure.
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6.1 Introduction

Over the last few years, PS has been regarded as a promising material for
applications in the microelectronics such as waveguides,'® photodiodes,'® and
various types of sensors.'®* These applications usually require some kinds of metal
layers or metallic patterns on the top of the PS substrate (e.g. electrodes, contact
masks, and mechanical support). Furthermore, PS layers have also been proposed
for a potential application as the host matrix for polymers or metals, which have
interesting optical properties.'*® For example, Pt-coated n-type PS electrodes have
shown good solar energy conversion, which is one of the highest for n-Si

236 : 236
1, Ti,”” and

photoelectrochemical solar cells.'®® Various metals such as A
Cu?®”-%* have been deposited on PS surface by various methods such as
electrodeposi‘[ion,239 plating,237 rf—sputtering,238 and evaporation.236 However, the
progress, till today, is not satisfactory. Several papers focusing on the surface
metallization of PS have conflicted conclusions to each other. Ghosh er al.'®®
observed a blue-shift (~0.05 eV) in PL and a small reduction in its intensity upon
Cu deposition in the thickness range of 10—40 nm on the surface of PS and ascribed
the blue-shift to the small variation of localized states in PS. Huang** also reported
a blue-shift (~0.044 eV) in PL for PS immersed in CuF,. Ansari et al.,”>® on the
other hand, reported a red-shift in PL peaks from 620 nm to 750 nm for the Cu-

deposited PS with the deposition thickness 4.5—-17 nm and larger reduction in PL

intensity. The reduction in PL intensity was attributed to the absorption of the
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incident light energy into the Cu films. Similarly, Andsager et al**'** found that
the Cu deposition by wet chemistry or by evaporation quenched the luminescence
of PS and shifted it towards lower energy. They attributed the quenching to a direct
disruption of the surface radiative centers and the red-shift to luminescence
evolution from the surface towards the sublayer near bulk. These different
variations reported on the PL shift and intensity possibly result from different
deposition methods.

Another drawback for the PS application in the microelectronics is its thermal

¥ This thermal property of the as-prepared PS is undesirable

structural instability.
in the VLSI process, so that the PS region must be completely converted to a
silicide to obtain a sufficient stability. Although the reaction between metal atoms

244,245
d, -

and Si atoms of the substrate was foun no strongly enhanced atomic

diffusion through the pores was observed at RT for as-prepared PS substrates. As a
result, annealing of PS is necessary for the preparation of thin-film silicide layer.**®
Many metals can react with the Si nanosolids at high temperature, which will
obviously affect the properties of PS or metal-PS structure. Martin-Palma et al.**°
observed that Ti contacts to PS become clustered, while Al tends to diffuse into the
PS layer, and after annealing there is a gradual transition between Ti and the PS
layer. Pérez-Rigueiro et al.**’ showed that rapid thermal processing of Ti at 700°C,
in contrast to Al and Au, leads to better electrical performance of the contacts,
probably as a consequence of the formation of TiSi, compounds. However, these

researches just focused on the electrical or structural properties of metal-PS

structures after annealing; and little attention has been given to the corresponding

96



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 6 Surface Metalization

optical behavior. Consequently, a further exploration of the physical phenomena in

the metal-PS structure is necessary.

6.2 Experimental Details

The PS samples were prepared with an applied current density of 90 mA/cm’
for 10 min. Cu, Al, and Ti metal layers were deposited on the surface of PS
samples using the FCVA technique. After the effective control on the arc current
and deposition time, Cu, Al, and Ti metal layers of ~10 nm thickness were
deposited on the surface of PS substrates at RT. Rapid thermal annealing was
performed on as-grown PS and metalized PS samples, respectively, at 800 °C for

10 min in a vacuum chamber with a residual pressure of 10 Torr.

6.3 Results and Discussion

6.3.1 Before Annealing

D
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Figure 6.1 XPS spectra of the as-grown and metal-deposited PS samples showing the
existence of different metals (Table 6.1) in metal-deposited samples.
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Figure 6.1 shows the XPS spectra of the PS samples before annealing. Curve A
represents the result for the as-prepared sample, and curves B—E for the samples
deposited with different metals as listed in Table 6.1. The Cu-2p, Ti-2p and Al-2p
peaks in the spectra show that Cu, Al, and Ti have been deposited on the surface of

PS samples.

Table 6.1 Summary of the results for PS samples deposited with different metals before
annealing

Sample Deposition  Ep; (eV) Epg(eV) 2W (V) Eg(eV) Ej(eV)

A / 2.07 2.62 0.55 2.35 101.98

B Al 2.07 2.51 0.44 2.29 102.01

C Ti 2.07 2.77 0.70 242 102.02

D Cu 2.11 2.21 0.10 2.16 101.76
(a)

Intensity (a.u.)

T T T T d T v !
500 550 600 650 700
Wavelength (nm)
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Figure 6.2 Effects of surface metal deposition on (a) the RT PL spectra, (b) the absorption
and reflection spectra (inset), and (¢) XPS Si-2p profiles of PS samples.

Figure 6.2 (a) shows the PL results of as-grown and metal-deposited PS

samples. Compared with the as-grown sample, the PL intensities of metal-

deposited ones decrease because the resulting surface modification introduces

nonradiative defects.?****** Cu-deposited sample exhibits a blue-shift in the PL

(~0.04 eV) while the PL peak energies of Al- and Ti-deposited ones almost remain
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constant. Figure 6.2 (b) displays the spectral dependence of the absorption
coefficient of PS samples A—E obtained by fitting reflection spectra (inset). As
observed, there is obvious red-shift in the absorption peak for Cu-deposited sample
as compared with the as-grown one while the absorption variations for Ti- and Al-
deposited ones are thought to be insignificant. The XPS Si-2p profiles, as shown
in Figure 6.2 (c) exhibits an obvious Si-2p core level shift towards lower binding
energy for Cu-deposited sample compared with the as-grown one. The Ep;, Epy,
E,,, and derived information on Stokes shift 2% and Eg for metal-deposited PS
samples before annealing have been shown in Table 6.1. As observed, the effects
of Al and Ti deposition on the optical and electronic properties of PS are
insignificant while Cu-deposited sample exhibits obvious PL blue-shift and
interesting E and Stokes Shift decreases. It was reported by Hall and Racette ***!
that the Cu interstitial is the rapid diffusing species in Si. Diffusion of Cu in PS
differs significantly from diffusion of Cu in bulk Si for several reasons including:
higher concentrations of impurities, possible amorphous structure,” geometrical
and boundary effects at the nanometer scale that decrease the mobility of atoms,

the presence of dangling bonds on the PS surface,”>*%

and the presence of a large
surface area long which to diffuse. The diffusion of Cu in PS proceeds
predominantly along the surface, rather than the bulk.>* Therefore, Cu deposition

will largely changes the surface properties of PS, which further modifies the crystal

field and thus affects the PL, PA, E, and Si-2p level variations.
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6.3.2 After Annealing

45.3° Cu Si

/
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Figure 6.3 XRD spectra of the as-grown and metal-deposited PS samples (Table
6.2) after annealing at 800 °C.

A XRD scan at 1° grazing angle incidence with Cu K, radiation (1.54A) was
conducted to ascertain metal silicide formation. Before annealing, only 38.8°,
which corresponds to Si (220), was observed for all measured samples, which
shows that metal films caused no major changes in the nature of chemical bonding
present on the PS layer before annealing. However, there are a new peak at 45.3°
and three new peaks at 39.4°, 43.5° and 49.8° in the XRD spectra (Figure 6.3) of
Cu- and Ti-deposited samples after thermal annealing at 800 °C for 10 min,
respectively. The former represents the formation of copper silicide in the form of
Cugsizss’256 and the latter is associated to the TiSi, phasezsmsg.

The PL spectra in Figure 6.4 (a) shows complete PL quenching for all the

samples after annealing. The PL vanishing results from joint effects of sintering
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phenomenon and hydrogen desorption. During thermal treatment at temperatures
above 450 °C, surface diffusion of Si atoms along the pore walls occurs, causing
the microstructures to begin to sinter. The thermal disruption will lead to structural
changes, e.g., the size distribution and the connections among crystallites in PS. If
these changes increase the Bohr radius of the electron and/or hole, the PL lifetime
must decrease, and hence, PL is apparently quenched. 2>*?%%! On the other hand,
annealing at temperatures above 350 °C causes hydrogen to release from the
films®®* which generates nonradiative recombination — dangling bonds, and thus

260263 The absorption in Figure 6.4 (b) for the metal-

decreases the PL intensity.
deposited samples after annealing shifts obviously towards lower photon energy
compared with the ones before annealing while the absorption for as-grown sample
almost remains constant. Many authors'’****% attributed the PA red-shift to the
hydrogen desorption from surface of nanoscale particles after annealing. However,
the fact that the PA energy almost stays constant for as-grown sample before and
after annealing in this work seems not to support their premises. Compared with
Figure 6.2 (c), the Si-2p peaks for all the samples after annealing in Figure 6.4 (c)
obviously shift towards higher binding energy. The large Si-2p level shift results
from the crystal field enhancement induced by surface oxidation happened in high
temperature annealing because during high temperature annealing even with
ultrahigh, the internal surface of a PS sample can still absorb residual oxygen and

206 7t s

form a temperature-dependant mixture of Si—-OH, Si—Hy and Si—O-Si.
noticed that Cu- and Ti- deposited samples exhibits a Si-2p shift towards lower

binding energy compared with as-grown one even after annealing. The Ep, and E>,
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for annealed PS samples have been shown in Table 6.2. As observed, The
annealing of Cu- and Ti-deposited samples obviously affects the absorption edge
and Si-2p level due to the formation of copper/titanium silicides after annealing,
which increases the concentrations of electrons in the conduction band of PS and
modifies the crystal field. While annealing at 800 °C just drives the diffusion of Al
towards the PS layer and thus doesn’t affect the absorption edge and Si-2p level of

Al-deposited sample obviously.

Table 6.2 Summary of the results for PS samples deposited with different metals after
annealing

Sample Deposition  Ep; (eV) Epg(eV) 2W (V) Eg(eV) Ey(eV)

Al / / 2.76 / / 103.51
B’ Al / 2.01 / / /
C’ Ti / 1.65 / / 102.88
D’ Cu / 1.32 / / 102.58
(a)
A
5
8
>
D
C
[1}]
=
A'/B'IC'ID’
500 ' 55l>0 ' 6(')0 ' 65lO ' 760

Wavelength (nm)
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Figure 6.4 Effects of annealing at 800 °C on (a) the RT PL spectra, (b) the absorption and
reflection spectra (inset) and (c) XPS Si-2p profiles of as-grown and metal-deposited PS

samples.

6.4 Summary

It has been found that Al and Ti deposition has no obvious effects on the

electronic and optical properties of PS at RT while Cu-deposited sample exhibits

PL blue-shift, PA red-shift, E; decrease, and Si-2p level shift due to the Cu

diffusion at the surface of PS, which modifies the surface properties of PS. After
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annealing, Cu- and Ti-deposited samples exhibit obvious PA red-shift and Si-2p
level shift, which arise from the crystal field variation due to the formation of

Cu/Ti silicides at the surface as well as the conduction electronic transportation.
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Chapter 7 Critical Anodization Temperature for

Optical Transition

7.1 Introduction

The low-dimensional semiconductor structures are of high interest due to the
significant technological implications in optics and microelectronics. PS is
becoming increasingly important due to the prospect of producing fully integrated
electronic devices. The study of the correlation between the properties of this high
porosity structure and anodization conditions is essential, to control its fabrication
processes for the potential applications as optoelectronic materials. Much research
has been focused on the effects of anodization current density,”®’ electrolyte
composition,”®® and anodization time®® on the structural and optical properties of
PS. Little attention has been given yet on the effect of anodization temperature,
especially above RT. Several reports focusing on the temperature effects have
derived conflicting conclusions. Ono et al.*’® found that the luminescence intensity
decreases exponentially and a red-shift in the PL peak occurs with lowering
anodization temperature from 313 K to 273 K, which, as they suggested, is
attributed to the dominant formation of amorphous silicon below 283 K. Setzu et
al.*™ on the other hand, reported an increase in the PL intensity and the peak
wavelength independent of temperature when the preparation temperature
decreases from 300 K to 238 K. Blackwood et al.*’* observed a blue-shift in PL

and randomly varying intensity with the anodization temperature reduction from
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310 K to 263 K; and they proposed that the contradictory between the
aforementioned conclusions should be caused by different ethanol content of
etching solutions, current density, and drying process. The explanation seems
reasonable at the temperature ranging around or below RT. However, its
applicability on anodization temperature at RT or higher needs to be proved. An
abnormal variation of the optical behavior and the binding energy of PS fabricated
at temperatures above RT have been observed, which cannot be explained based on

the above mentioned mechanisms.

7.2 Experimental Details

The PS samples were prepared with a current density of 90 mA/cm? applied for
10 min. The anodization temperatures, which auto-controlled by a heating system
with electrical contact thermometer, were set at 298 K, 323 K, 343 K and 363 K,

respectively.

7.3 Results and Discussion

7.3.1 Critical Anodization Temperature

Figure 7.1 shows PL spectra of PS samples. It is observed that the PL intensity
decreases with the rise of anodization temperature, which follows similar trend as
reported by Setzu ef al,”’' but they did not observe any wavelength shifts in PL
spectra. While in this study, PS samples exhibit a red-shift in PL spectra when the
temperature is raised from RT to 343 K. Blackwood, et. al.”’? have ascribed the PL

blue-shift/red-shift to the size reduction/enlargement at different anodization
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temperatures. They suggested that at lower anodization temperature smaller silicon
nanocrystals are stabilized due to a combination of their reduced solubility and the
increased viscosity of the diffusion layer that leads to a higher localized
concentration of silicon ions, thereby, allowing smaller nanocrystals to be in
equilibrium with their surroundings. Interestingly, in this study, the PL is found to
reversely shift towards higher energy level when the temperature is further raised

to 363 K, which is beyond the scope of the abovementioned explanation.

PL Intensity (a.u.)

600 650 700 750

Wavelength (nm)

500 550

Figure 7.1 Anodization temperature dependence of the RT PL spectra of PS.

Figure 7.2 displays the spectral dependence of the absorption coefficient of PS
samples obtained by fitting reflection spectra (inset). As observed, the values of
absorption coefficient are strongly dependent on anodization temperature,
especially in the range of higher photon energy. The XPS Si-2p profiles, as shown
in Figure 7.3 exhibits an obvious Si-2p core level shift towards lower binding

energy for PS samples with the elevation of anodization temperature and then shift
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somewhat towards higher energy at 343 K, the critical anodization temperature

(TaC)-

Abs. Coeff. (10° cm™)

Reflectance (%)
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Figure 7.2 Anodization temperature dependence of the absorption and reflection spectra
(inset) of PS samples, which give the PA edge energy.
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Figure 7.3 Anodization temperature dependence of Si-2p profiles of PS measured using

XPS at RT.

109



ATTENTION: The Singapore Copyright Act ap to the use of this

ocument. Nanyang Technological University Library

Chapter 7 Critical Anodization Temperature for Optical Transition

2.5+

2.4 -

2.3

2.2

Band Gap (eV)

2.1

2.0 -7t r r - r - r - r°r°+ 1"+ 7"
290 300 310 320 330 340 350 360 370
Temperature (K)

Figure 7.4 Anodization temperature dependence of Eg; of PS measured by averaging the
PL and PA energies.

The correlation between the Eg and the anodization temperature shown in
Figure 7.4 indicates that the E; decreases with the elevation of anodization
temperature and then turns up abruptly after 7,c. Repeated experimental confirms

this finding that is reproducible.

7.3.2 Mechanism

Mechanism for the reverse trend in the PL, PA, and Si-2p level energy
variations happening at the temperatures below and above 7,¢, has not yet been
fully understood. We may suggest that the mechanism for the etching of silicon is
far from simple, and all these variations may be not simply induced by size effects.
Other factors such as surface passivation may also play an important role in that

higher temperature fabrication may change the surface species and surface
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coverage. It is worthy of notice that the PL, PA, and Si-2p level energy variation
almost follow the same trend with the rise of anodization temperature whether the

size effect and surface passivation effect are involved or not.

7.4 Summary

The anodization temperature strongly affects the structural and optical behavior
of the PS. When the anodization temperature is raised from RT to 7,¢, PS exhibits
a red-shift in PL, PA, and a decrease in the Si-2p level shift and E¢ as well until the
transition point. While at higher temperature up to 363 K, reverse variation trend
for these properties occurs: Si-2p level shift towards higher energy and Eg expands
associated with blue-shift in PL and PA. The origin for the intriguing reverse

variations happening above and below 7,¢ needs further investigation.
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8.1 Introduction

Measurement of impedance is important for simultaneous dielectric
characterization of materials. The technique has been widely employed to
characterize the dielectric behavior of ceramic materials. *”° Impedance
measurement with respect to frequency allows one to inspect the detailed physical
processes inside materials through their electrical analogs.””* In conjunction with
structural characterization, impedance analysis yields a complete physical picture
of various phenomena occurring in the specimen under different conditions. The
most important advantage of impedance measurements is that they can distinguish
individual contributions to electrical conduction or to polarization from different
sources like the bulk, grain boundaries, intergranular contact regions, and
electrode—sample interface regions where defects are generated. This chapter
presents the findings for impedance characterization of complex dielectrics by the
so-called Cole-Cole plot, as a function of the temperature along with discussion of

possible mechanisms.

8.2 Experimental Details

The PS samples were prepared with an applied current density of 80 mA/cm®
for 10 min. The PS layers formed exhibit a red PL with peak energy at about 2.0

eV and the corresponding particle size is about 1.8 nm. The dielectric
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measurements were performed in several stages from RT to 573 K in 50 K steps
and above 573 K in 25 K steps. The temperature was held for 0.5 h prior to each

measurement.

8.3 Results and Discussion

8.3.1 Impedance Response

RB RG RE

n =

Cs Ce Cr
Figure 8.1 Circuit model for describing the dielectric behavior of PS, where Rz and Cj are
the bulk-grain resistance and capacitance, Rgand Cg are the grain-boundary resistance and
capacitance, and Ry and Cr are the electrode/film-interface resistance and capacitance,
respectively. (from Ref. 187)

Relaxation of the impedance can be ideally illustrated with Debye’s expression,
where the material is represented by a parallel circuit with a pure resistor R and a
capacitor C, as shown in Figure 8.1. When a Cole-Cole plot is considered, the
impedance response commonly shows a semicircular form.'” Figure 8.2 illustrates
the impedance response of the PS sample from RT to 798 K. For temperatures
below 673 K, complex impedance plots show only one depressed single
semicircular arc, indicating that only one primary mechanism, the bulk grain
behavior, exists for polarization within the PS film at temperatures below 673 K.

The second intercept on the real axis made by the semicircle corresponds to the

resistance offered by the bulk grain. As can be observed, with an increase in
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temperature the intercept of the semicircles shifts towards lower Z' values,
indicating reduction of the bulk grain resistance.

When the temperature is increased to 673 K or above, the effects of grain
boundary become more significant by the presence of another overlapping
semicircle. The two semicircles at high and low frequencies can be assigned to
charge transport within the grain interior and grain boundary effects, respectively.
In general, the effects of grain boundaries on the electrical conductivity originates
from a grain boundary potential barrier or from space charge layers that are
depleted in majority charge carriers and are localized along the grain boundaries. It
is found that low frequency semicircular response is dominant with an elevation in
temperature compared with the high frequency one, which means that the dominant
dielectric relaxation mechanism has changed from bulk grain behavior to grain

boundary behavior.
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Figure 8.2 Cole—Cole plots of PS at different temperatures: (a) 298—523K, (b) 573—648 K,
(c) 673-723 K, and (d) 748-798 K. The dots represent the data measured by the RCL
meter at different temperatures and the lines correspond to simulation using the RC parallel
circuit model (inset) for typical dielectric materials. (from Ref. 187)

The impedance spectra of the PS exhibit three semicircles when the
temperature reaches about 773 K, with the formation of the tertiary semicircle in
the low frequency region. When the temperature is increased further, this effect is
more evident. We attribute this semicircle to an electrode/film interface effect. In
general, the electrode/film effect results from space charge migration.>” Ionic
species with large relaxation times diffuse towards the electrode/film contact
region and accumulate there. Polarization of this space charge gives rise to
capacitance Cg and corresponding resistance Rp.

The Cole—Cole plots demonstrate the dielectric transition from dominance of
the grain interior to dominance of the grain boundary at about 673 K, and then to
dominance of the electrode/film interface at about 773 K. The transition of a

perfect semicircle into an imperfect arc on the left or right may be due to limitation

of equipment, which can only measure frequencies from 50 Hz to 1 MHz.'®!

8.3.2 Equivalent Circuit

The high temperature impedance behavior can be described by a series of triple

parallel RC circuit elements'®®

that correspond to the dielectric behavior of the
grain interior, the grain boundary, and the electrode/film interface, respectively, as

shown in Figure 8.1. Since the grain boundary normally exhibits higher resistance

than the grain interior and lower resistance than the electrode/film interface, the
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first semicircle in the high frequency region can be attributed to the behavior of the
grain interior while the intermediate and tertiary semicircles in the lower frequency
region are attributed to the grain boundary and electrode/film interface. Here the
resistor R represents ionic or electronic conduction mechanisms, while the
capacitor C represents the polarizability of the PS. The complex impedance Z*

measured by the RCL meter can be expressed as
Z¥=7"-j7",

RB RG RE
= + + ,
1+®’R;C; 1+@’R.C. 1+&’R;C;
o ORC, . oR;C, . oR;C, ’
1+®’R;C; 1+@’R.C. 1+@&’R;C;

(8.1)

where Z' and Z" represent the real and imaginary parts of the impedance and @ is
the angular frequency. Rzand Cjp are the bulk-grain resistance and capacitance, Rg
and Cg are the grain-boundary resistance and capacitance, and Rz and Cg are the

electrode/film interface resistance and capacitance, respectively.

8.3.3 Conductivity and Activation Energy

One way by which to extract the bulk electrical conductivity o is using

o =L. (8.2)
R, A

The second intercept of the high frequency semicircle with the real axis
corresponds to the bulk resistance Rp. [ is the thickness of the sample (15 pum)

which was measured upon cross section of the sample by SEM; 4 is the area of the

silver electrode (250 mm?). The electrical conductivity of semiconductor materials
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is usually thermally activated, at least over a limited temperature and follows
Arrhenius law,

E E,-E
0 =0, exp(-1—) = o exp(-— ——
B B

) (8.3)
where oy is a pre-exponential factor and is characteristics of the material. Ezz is
defined as the average energy of the conducting electrons. E,, Er, kp, and T are,
respectively, the activation energy for conduction, Fermi energy, Boltzmann’s
constant, and absolute temperature. Thus, the activation energy for conduction can

be calculated from the slope of the straight line given by least-mean-square

analysis of Ing vs 1000/T as shown in Figure 8.3.
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Figure 8.3 Arrhenius plot of the conductivity of PS with an activation energy transition
from 0.07 to 0.79 eV at about 565 K. (from Ref. 187)

The activation energy for conduction is found to have a transition from 0.07 to
0.79 eV at about 565 K. Several researchers have proposed different mechanisms

for the conduction transition of materials with a rise in temperature. Landstrass and
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Ravi’® attributed the transition to the movement of hydrogen and defects from the
electrically active deep level to nonactive sites during annealing. Mori e al.*’’
suggested an existence of a surface conductive layer combined with chemical
absorption and oxidation. Bharadwaja and Krupanidhi>’® proposed that the
transition originated from the excitation of charge carriers from a set of shallow
traps lying below the conduction band and/or oxygen ion mobility in the interior

grains. Axelrod et al.*”

correlated the transition to the fractal geometry of PS and
to thermally activated relaxation processes from localized and delocalized
electronic states of silicon nanocrystallites below the Fermi edge. Here we propose
this conduction transition behavior of PS originates from band tail hopping that
occurs around the Fermi edge, as illustrated in Figure 8.4.

For p-type PS, the Fermi edge does not lie in the middle of the energy gap but
instead shifts towards valence band. Because the activation energy obtained is less
than half of the £ derived from the PL measurements, E7z does not equal Ec¢, and
the main mechanism responsible for the conductivity is the band tail hopping, i.e.
the electrons are transported from the Fermi edge to the conduction band tail. The
inflexion 565 K can be viewed as the equilibration temperature at which a high
temperature equilibrium regime and a low temperature frozen state are separate.
The different variation in conductivity for the temperature above and below this
critical point is due to changes in the electron concentration. Below the
equilibration temperature, the electronic structure of PS is frozen and the density of

electrons is constant. Hence E7x is close to Er and the corresponding activation

energy is very small. Furthermore, the conductivity prefactor oy is only about
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2.7x10° Q" cm™ as derived from the vertical intercept in Figure 8.3. When the

temperature is raised above the equilibration temperature, the electrons near the
Fermi edge are excited towards higher energy and E7x shifts into the band tail near
Ec. While the Fermi energy is pinned by the defect and dopant states due to the
thermal equilibrium regime at every temperature, and consequently the shift of the
Fermi edge is comparatively small. As a result, the conductivity is activated with

much larger activation energy and a prefactor of about 70.3 Q' cm™.
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Figure 8.4 Schematic diagram of the distribution of the density of states showing the
conductivity activation energy FE,, the average conduction energy FErz, and the Fermi
energy Er (from Ref. 51).

8.3.4 Dielectric Relaxation and Transition

Data measured as complex impedance Z* can be converted into the complex

permittivity formalism £ by the relation
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g =g—je"= 1 o
joCyZ
o Z"
= _,
"’C;Z (8.4)
8": =
wC,Z
C, =¢, ?,

where £, &' and g represent the real and imaginary parts of the permittivity and the
permittivity of vacuum, respectively. Z is the impedance modulus and Cj is the
measured vacuum capacitance of the cell and electrodes with an air in place of the
sample. Figure 8.5 illustrates the evolution of the real and imaginary permittivity as
a function of the frequency and temperature. When the temperature is raised to 573

K, a high degree of dispersion in the real permittivity occurs at low frequencies.
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(b)
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Figure 8.5 (a) Real part ¢ and (b) imaginary part & of the permittivity of PS as a function
of the frequency at different temperatures. (from Ref. 187)

Nobre and Lanfredi®® attributed the dispersions to the presence of atomic
defects which give the structure great flexibility and the capacity to form solid
solutions. Because this dispersion behavior is generally found in dielectrics, in

1
a more reasonable

which a conduction hopping-type mechanism is present,®
explanation would be that the appearance of band tail hopping at the equilibration
temperature causes the large difference in permittivity at temperatures higher or
lower than 573 K. The imaginary part €” decreases when the frequency increases
linearly on a logarithmic scale first and then tends to be constant up to 100 kHz.
The imaginary part of the complex permittivity describes the electromagnetic wave
absorption, which is responsible for the loss in energy incident waves by electron

excitation from the valence to the conduction band, given as' 117
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gn(a)):%jds fCV(k) ,
@ | VIE: (k) = E, (k)] (8.5)

E.(ky—E,(k)=hw=E, +h*k*/2u,

where B is a constant. Ec(k) and Ej(k) correspond to energies in the conduction and
valence bands at k in reciprocal space. fci(k) is the intensity of the transition.
w=m,m,[(m,+m,) is the reduced mass of the e-h pair. / represents Planck
constant. For an indirect band gap transition™*

&"(w)= A (T)hw-E,)’ (8.6)
where A'(T) containing parameters for the band structure and temperature describe
the momentum contribution of phonons to the indirect band gap transition.
Considering fiw << E in the frequency range of 50 Hz—1.0 MHz and fitting of the
experimental data of imaginary permittivity [Figure 8.5(b)] based on the
assumption of universal dynamic law,”* the equation above can be expressed as

&"(w) = A (T)o"E,’,
=B'(Tw".

(8.7)

The exponent « is about —0.86 after averaging the calculated exponents at different
temperatures. The correlation between B'(7T) and the temperature is plotted in
Figure 8.6. It can be observed that there is also a transition at about 561 K which is
very similar to the curve of the conduction transition. B'(7) is subsequently

expressed in exponential form as B'(T)= B,exp(—f/T) . The coefficient f
increases from 2.4X10% to 3.0X10° K!' and B, from 8.8X10? to 1.2X10° at the

equilibration temperature. The transition typically suggests the presence of specific

polarization phenomenon: lattice and electronic polarization associated to band tail
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hopping, which contributes to the rapid rise of real and imaginary permittivity
above the equilibration temperature. Electron—lattice phonon interaction allows the
charge to locally distort the lattice around it and subsequently trap itself in the
resulting potential well, which results in the polaron formation. *** Moreover,
weakening of the crystal field induced by lattice thermal expansion may also
contribute to this permittivity transition because lattice thermal expansion can

decrease the E¢’° correlated to the permittivity of semiconductors, '>2%>7!.
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Figure 8.6 Plot of B'(T) vs 1000/T with a transition at about 561 K. (from Ref. 187)

8.4 Summary

The temperature dependence of the complex dielectric behavior of PS exhibits
a semicircle in the high frequency region, followed by an intermediate and a lowest

frequency depressed semicircle. These features are attributed to the grain interior,
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grain boundary, and electrode/film interface contributions. The dielectric transition
takes place from dominance of the grain interior to dominance of the grain
boundary at about 673 K and then to dominance of the electrode/film interface at
about 773 K. The activation energy transition from 0.07 to 0.79 eV at the
equilibration temperature, about 565 K is suggested to be the effect of band tail
hopping that occurs around the Fermi edge. When the temperature is raised to this
critical temperature, a high degree of dispersion in the real and imaginary parts of
the permittivity also occurs at low frequencies. This dispersion behavior is
interpreted as a combination of electron-lattice polarization associated to band tail

hopping and crystal field weakening due to thermal expansion.
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Chapter 9 Conclusions and Recommendations

9.1 Conclusions

The optical and dielectric properties of nanosolid silicon have been investigated
and experimental results show that (1) PL and PA blue-shift, Raman red-shift, E¢
expansion, Si-2p level blue-shift as well as dielectric suppression occur when the
nanosolid size is reduced. (2) CF4 plasma-passivation further enhances the size
dependence of the blue-shift in PL, PA and Si-2p level, of the E expansion, and of
the dielectric suppression. (3) Dielectric impedance measurements by impedance
spectroscopy within the frequency range of 50 Hz—1.0 MHz and temperature range
of 298-798 K reveal three semicircles in a Cole—Cole plot when the temperature is
raised to 773 K. The enhancement in conductivity by heating follows an Arrhenius
law with an activation energy transition from 0.07 to 0.79 eV at ~565 K.

We presented a new approach based on the BOLS correlation premise that is
not only able to converge the theoretical prediction to the experimental results but
also able to deepen our insight into the physical origin of PL and PA blue-shift, e-p
interaction, Raman red-shift, E; expansion, Si-2p level blue-shift, as well as
dielectric suppression by the nanosolid formation. Differing from the currently
available theories, the present model, without any assumption or freely adjustable
parameters, emphasizes that Es expansion, Raman red-shift, and core level shift
relate to the Hamiltonian that is subject to the modification by surface CN-

imperfection and its effect on the binding energy density in the relaxed region, and
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the PL and PA blue-shifts and dielectric suppression relate directly to the crystal
binding density and the e-p coupling. Most strikingly, single energy level of the 2p
electrons (—96.74 eV) of an isolated Si atom and vibration frequency (502.3 cm™)
of a Si—Si dimer bond and their shift upon bulk and nanosolid formation have been
quantified by matching predictions to the observed size and shape dependence of
the XPS and Raman data, which are beyond the scope of currently available

approaches.

9.2 Recommendations for Further Research

e To further develop the model in terms of size effect and surface passivation
effect on optical and dielectric properties of PS.

e To explore the applications of PS on sensors.
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