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Silicon nanocrystals (NCs), especially Si NCs embedded in SiO2, have

been studied intensely for decades for their potential application in silicon

photonics, especially as efficient room temperature light emitters. Despite

progress in fabricating photonic devices from Si NCs, the origin of the effi-

cient photoluminescence (PL), the electronic and microscopic structure of the

nanocrystals, and the structure of the elusive NC/SiO2 interfaces for the oxide-

embedded nanocrystals, remain controversial. Optical spectroscopy provides

a powerful noninvasive tool for probing the structure of the Si NCs, including

the active buried NC/SiO2 interfaces of embedded particles. In this thesis

work, oxide-embedded and free-standing alkyl-passivated silicon nanocrystals,

prepared by different techniques, have been studied by linear and nonlinear

optical spectroscopies.

Cross-polarized 2-beam second-harmonic and sum-frequency genera-

tion (XP2-SHG/SFG) has been applied spectroscopically to study oxide em-

bedded Si NCs of different sizes (3 to 5 nm diameter) and interface chemistries.
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The SHG/SFG spectra of silicon nanocrystals (Si NCs) prepared by implant-

ing Si ions uniformly into silica substrates, then annealing, are compared and

contrasted to their spectroscopic ellipsometric (SE) and photoluminescence

excitation (PLE) spectra. Three resonances—two close in energy to E1 (3.4

eV) and E2 (4.27 eV) critical-point resonances of crystalline silicon (c-Si), and

a broad resonance intermediate in energy between E1 and E2—are observed

in all three types of spectra. These features are observed in conjunction with

a sharp 520 cm−1 Raman peak characteristic of c-Si and an a-Si tail in the

Raman spectra. The appearance of bulk-like CP resonances in the parallel

PLE, SE and SHG/SFG spectra from Si NCs suggests the basic electronic

structure of the bulk c-Si is preserved in nano-particles as small as 3 nm in

diameter, albeit with significant size-dependent modification. At the same

time, the prominence of a non-bulk-like resonance intermediate in energy be-

tween E1 and E2 CPs in all three types of spectra demonstrates the important

contribution of nano-interfaces to the electronic structure.

We also applied Raman spectroscopy to study oxide-embedded and

oxide-free alkyl-passivated Si NCs with diameters ranging from 3 nm to greater

than 10 nm synthesized by thermal decomposition of hydrogen silsesquioxane

(HSQ). While oxide matrix complicates the size-dependence of the Raman

peak shift for oxide-embedded nanocrystals, the Raman peak of the free-

standing alkyl-passivated Si NCs shifts monotonically with NC size.
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Chapter 1

Introduction

1.1 Silicon nanocrystals for silicon photonics

Silicon, the basic building material of microelectronics, is not well suited

for optoelectronic applications because the indirect electronic bandgap of bulk

silicon prevents efficient electron-photon energy conversion. This hampers the

integration of optically functional elements with silicon-based microelectron-

ics. Silicon-based photonics has attracted increasing attention in recent years.

Silicon-based optoelectronic devices are cheaper and much easier to integrate

into silicon microchips compared to devices based on other optically active

materials, such as gallium arsenide and indium phosphide.

Silicon nanocrystals (NCs) have opened possibilities for silicon pho-

tonics because of their efficient light-emission at room temperature [1–3]. Si

nanocrystals, especially the Si NCs embedded in amorphous SiO2, have at-

tracted particular attention because of their robustness and long-term stabil-

ity. After the efficient light emission from Si NCs was reported, optical gain

was observed in Si NCs embedded in SiO2 in 2000 [2]. An efficient field-effect

LED based on Si NCs has been obtained by applying separate sequential in-

jection of electrons and holes [3]. Si NCs can also be used to enhance the

1



quantum efficiency of solar cells to harvest sunlight due to carrier multiplica-

tion effect [4]. Despite progress in fabricating photonic devices from Si NCs,

the origin of the efficient photoluminescence (PL), the electronic structures

of the nanoparticles, and, especially for those embedded nanocrystals, the

microstructure of the elusive NC/SiO2 interfaces remained unclear and con-

troversial. The dependence of PL wavelength on NC size has been cited as

proof that PL originates from bulk quantum confined (QC) states [5]. How-

ever, size-dependence is less clear for smaller NCs (few nm in diameter) with

large surface to volume ratio. Here the interfaces of the nanoparticles appear

to play an active, if not dominant, role in PL [6–9]. Coordination defects

[10], NC interface chemistry [11], Si-O bonds [12], oxidation-induced defects

[8], interface strain [13], interfacial Si-O vibrations [14] and the surface geom-

etry distortion in the excited state [13] have all been proposed as interface-

mediated PL mechanisms. Indeed, PL transitions attributable to localized

interfacial states have been clearly identified and classified in recent high-field

magneto-PL experiments [15], although identification of radiative recombina-

tion centers with specific interfacial structures remains controversial. Recent

simulations [16, 17] and x-ray Raman experiments [18] suggest that, for oxide

embedded NCs, the NC/SiO2 interfaces, unlike the sharp interface between

planar Si and SiO2, consists of an extended region of amorphous Si (a-Si) and

sub-oxides of variable composition, although recent x-ray photoelectron spec-

troscopy (XPS) studies in conjunction with near-edge x-ray absorption fine

structure spectroscopy (NEXAFS) have questioned this conclusion [19].

2



1.2 Optical spectroscopies for studying silicon nanocrys-
tals

Optical spectroscopy provides a powerful noninvasive tool for probing

the electronic and micro-structure of Si NCs, including the active NC/SiO2

interfaces for embedded NCs. The latter are inaccessible to standard surface

science techniques that utilize incident or emitted electrons because of the s-

mall penetration/escape depth of electrons. Steady state PL studies reveal

the important role of QC and surface/interface states in the process of photo-

luminescence [8, 12, 14, 15]. Time-resolved PL makes it possible to distinguish

between contributions from intrinsic NC-core and surface/interface states, s-

ince recombination at core and interface states occurs on different time scales

[20]. Optical absorption spectra have elucidated the electronic structure of

embedded Si NCs [21, 22]. Spectroscopic ellipsometry (SE) has revealed a

QC effect on the dielectric function [23–29]. Raman spectroscopy has de-

termined nanostructure-related properties including elastic strain [30], hydro-

static stress [31], non-stoichiometric composition [32] and core-shell structure

[30, 31, 33, 34].

Besides these conventional optical spectroscopic studies, second-harmonic

generation (SHG) and sum-frequency generation (SFG) can also be applied as

efficient tools to probe the electronic structures of Si NCs. SHG/SFG have

been widely applied to planar interfaces for over 20 years because they are

often sensitive to interfacial electronic structure and chemistry [35–38]. In Si

NCs, the SHG from nonlocally excited electric dipoles at the surface/interface
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and the locally excited electric quadrupoles in the bulk of the nanocrystal-

s intertwine with each other and produce equivalent quadrupolar SHG. Our

results show that the quadrupolar SHG shows selectively sensitivity to the

nano-interface structures [22], although it carries information from both the

surface/interface and the bulk of the nanocrystals [22, 39–43].

1.3 Scope of this work

In this work, oxide-embedded, and free-standing alkyl-passivated Si

NCs, prepared by different techniques, have been studied by linear and non-

linear optical spectroscopies.

In Chapter 2-4, we present our spectroscopic studies of oxide-embedded

Si NCs prepared by ion-implantation and post-annealing. Chapter 2 intro-

duces the sample preparation process and the Raman, PL, and SE spectra

of these oxide-embedded nanocrystals. Chapter 3 focuses on the quadrupolar

SHG from Si NCs and the glass matrix. The detailed XP2-SHG/SFG proce-

dure, experiment setup and the spectroscopic result are presented in Chapter 3.

In Chapter 4, the similarities and differences among the complementary spec-

troscopies are analyzed and conclusions are presented for the oxide-embedded

Si NCs synthesized from ion-implantation.

Chapter 5 presents the optical studies of Si NCs synthesized from ther-

mal decomposition of hydrogen silsesquioxane (HSQ), with emphasis on Ra-

man spectroscopy of oxide-embedded and oxide-free alkyl-passivated Si NCs

with diameters ranging from 3 nm to greater than 10 nm.
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Chapter 2

Conventional optical studies of oxide

embedded Si NCs synthesized by

ion-implantation

In this chapter, the synthesis process and the conventional spectroscop-

ic characterization results of oxide embedded Si NCs are reported. Although

many of these measurements are similar to measurements reported previously

by others, we report them for the following reasons: 1) to provide a point of

contact with previous results, and show how our samples resemble, and differ

from, those used by others; 2) to provide a comparison with the results of

SHG/SFG spectroscopy discussed later; 3) to provide linear optical constants

required for quantitative analysis of SHG/SFG data. Specifically, the linear

dielectric function extracted by SE enters Fresnel factors used in analysis of

SHG/SFG data. In addition, some results in this section have not been report-

ed by other researchers. These include photoluminescence excitation (PLE)

spectra of embedded Si NCs (Sec. 2.3), SE of as-implanted samples, and iden-

tification by SE of a resonance intermediate in energy between the E1 and E2

critical points (Sec. 2.4).
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2.1 Sample Preparation

The great potential of Si NCs in Si photonics applications has stimu-

lated the development of Si NCs synthesis methods. At present, Si NCs can

be fabricated by a number of techniques, including ion-implantation of Si ions

into SiO2 matrix, sputtering or deposition of substoichiometric silicon oxide

films. Most of the methods are followed by thermal annealing to achieve the

phase separation between Si and SiO2 and hence the precipitation to form

Si NCs. Among these methods, ion-implantation has gained significant favor

due to its compatibility with microelectronic processing techniques. What is

more important, the size and location of the synthesized nanocrystals can be

controlled by adjusting properties the ion beam in this method [44].

The samples studied in this work were prepared at Oak Ridge National

Laboratory by C. W. White and S. P. Withrow by multi-energy implantation

of Si ions into bulk fused silica (Corning 7940 glass) substrates or into 1.7

µm thick thermal oxide films grown on Si(100) wafers [6, 42, 43]. Si ions of

six energies ranging from 35 to 500 keV were implanted to achieve a nearly

uniform Si density over the implant depth of about 1 µm. Implanted samples

were subsequently annealed at 1100oC for 1 hour in an atmosphere of either

pure Ar or Ar/H2 mixture to precipitate NC formation. NC samples with

three different average NC diameters — < dNC >= 3 nm, 5 and 8 nm —

were prepared from substrates dosed with excess Si densities of 0.5, 1 and

2× 1022 cm−3, respectively. Cross-sectional transmission electron microscopy

confirmed that spherical NCs with approximately 30% size fluctuation formed
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Table 2.1 Parameters of the ion-implanted Si NC samples

Nanocrystal diameter excess Si density nanoparticle density occupy volume fraction

(nm) (cm−3) (cm−3)

As-implanted 0.5× 1022

3 0.5× 1022 7.0× 1018 10%

5 1.0× 1022 3.0× 1018 20%

8 2.0× 1022 1.5× 1018 40%

in the implant region (see e.g. Fig. 1 of Ref. [6, 45]). These results imply

that NCs form with density ρnc = 7, 3 and 1.5 × 1018 cm−3 and occupy

volume fraction 0.1, 0.2 and 0.4, respectively, for 3, 5 and 8 nm samples. One

as-implanted sample dosed with 0.5× 1022 cm−3 excess Si atoms was left un-

annealed. For all samples, an unimplanted rim was left in the outer 1 mm

margin of the substrate, from which control spectra of the unimplanted glass

substrate were measured. The 8 nm sample and the 5 nm sample annealed in

pure Ar were not of sufficient optical quality to yield reliable complete optical

spectra. Thus complete spectral results are reported only for the as-implanted

sample, both 3 nm samples and 5 nm NCs annealed in Ar/H2.

2.2 Raman spectra

Raman spectroscopy elucidates the micro-structure of the Si NCs [34,

46]. Raman back-scatter of a 514.5 nm argon laser beam focused onto the

sample with a 50× microscope objective was collected with a Renishaw inVia

Microscope in Chemistry department at the University of Texas at Austin. Fig.
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2.1 compares Raman spectra from the as-implanted sample (black curve), Si

NC samples annealed in Ar with < dNC >= 3 nm (red) and in Ar/H2 mixture

with < dNC >= 3 nm (blue) and 5 nm (olive), and a reference bulk c-Si

sample (grey curve). The c-Si sample yields a single sharp Raman peak at

520 cm−1; the Raman spectra of the other samples are broadened to varying

extents toward lower frequencies.

To correlate the Raman spectra with microstructure of the NCs, it is

noteworthy to first review the formation process of Si NCs in ion-implantation

and post thermal-annealing. High-dose energetic Si ion are implanted into

the SiO2 matrix where they form a supersaturated solid solution. The im-

planted Si ions will then form non-stoichiometric silicon oxide. This solid

non-stoichiometric silicon oxide solution is far from equilibrium state when

the local Si concentration exceeds the equilibrium solid solubility from high-

er implant influences. To some extent, the implanted Si ion will aggregate

and form small Si nanoinclusions [44]. This hypothesis is consistent with the

Raman spectrum of the as-implant sample. The dominant component of the

Raman spectrum of the as-implanted sample is a broad asymmetric peak cen-

tered around 480 cm−1 [see Fig. 2.1], corresponding to Si-Si bonds in a-Si

[34]. This suggests that excess Si in the as-implanted sample is primarily in

disordered form similar to a-Si, as Kachurin et al. [34] concluded in a previous

Raman spectroscopy study. Kachurin et al. [34] found that when the average

distance between excess Si atoms approaches ∼ 1 nm, as is the case for our

sample, small a-Si clusters form as a result of density fluctuations of the excess
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Si. This picture of small disordered Si nanoclusters is also consistent with our

observation of a strongly blue-shifted a-Si-like ε2 peak from SE analysis of this

sample [see Sec. 2.4 and Fig. 2.4(e)]. Besides the dominant amorphous peak,

the Lorentzian oscillator fit also reveals a weaker peak around 490 cm−1 [22].

This feature may correspond to the 4.8 eV peak in ε2 discussed in Sec. 2.4,

and may originate from stressed Si-Si bonds at the interfaces of amorphous

nanoclusters.

After implantation, the samples are then annealed at high temper-

ature,inducing nucleation, crystallization and growth. The Raman spectra

of the annealed NC samples indicates the formation of nanocrystals with a

sharp peak around 520 cm−1, characteristic of c-Si, that is much stronger for

< dNC >= 5 nm than for 3 nm. In addition, there is a broad asymmetric

shoulder on the lower energy side, extending through the 480 cm−1 resonance

characteristic of a-Si. The 480 cm−1 component clearly indicates the presence

of residual disordered Si content in the annealed samples, despite crystalliza-

tion signified by the 520 cm−1 component.

Close inspection of Raman spectra shows that the sharp c-Si peak for

5 nm samples is at 518.9 cm−1, slightly smaller than 520.3 cm−1 for 3 nm

samples. This trend contradicts phonon confinement theory, which predicts

a shift to smaller wave numbers with decreasing particle size, as observed by

several groups [32–34]. On the other hand, Hernandez et al. [31] reported an

anomalous shift similar to ours in Si NCs embedded in SiO2 created by anneal-

ing Si rich SiOx films. That result was attributed to hydrostatic stress, which
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strengthens with decreasing NC sizes, overcoming the quantum confinement

effect and upshifting the peak [31]. Our Raman study of the oxide-embedded

Si NCs synthesized by thermal decomposition of HSQ, as discussed in Section

5.2, also showed similar result [47].
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 3nm nc-Si: Ar+H2
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 Bulk Si

Figure 2.1 (a) Raman backscatter spectra of as-implanted sample (black solid), 3
nm NCs annealed in pure Ar (red dash), 3 nm NCs annealed in Ar/H2 mixture
(blue dash-dot) and 5 NCs nm annealed in Ar/H2 mixture (olive short-dashed), and
a reference bulk c-Si sample (grey thin curve). In remaining panels, the Raman
spectrum of each sample is decomposed into Lorentz oscillator contributions: (b)
as-implanted, (c) 3 nm NCs annealed in pure Ar,(d) 3 nm NCs annealed in Ar/H2

mixture and (e) 5 nm NCs annealed in Ar/H2 mixture.
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2.3 Photoluminescence
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Figure 2.2 PL and PLE spectra of Si NCs embedded in SiO2, normalized to intensity
of excitation beam: (a) PL intensity of 3 nm samples annealed in Ar and Ar/H2

mixture; (b) PL intensity from 3 and 5 nm NCs annealed in Ar/H2 mixture; (c)
PLE intensity from 3 and 5 nm NCs annealed in Ar/H2. Data in (b) and (c) have
been normalized to a common NC density ρnc by multiplying the 5 nm data by the

ratio ρ
(3nm)
nc /ρ

(5nm)
nc . Solid curves in (c): fits of 3-resonance model to the PLE data.

Dotted curves: PLE intensities calculated from fit parameters for each individual
resonance; the curves for the 5 nm data have been displaced upwards to avoid
crowding. Resonance energies, widths and relative strengths obtained from the fit
are given in Table 2.2.

Two types of PL spectra were measured: (1) spectroscopy of PL emis-

sion excited by a fixed wavelength (λ = 488 nm) Ar+ laser and spectrally

analyzed by a spectrometer equipped with a liquid-nitrogen-cooled CCD; (2)

PL excitation (PLE) excited by monochromatized, order-filtered light of a

Xenon arc lamp tuned over wavelength range 620 > λ > 248 nm (photon

energy range 2.0 < ~ω < 5.0 eV) and detected by a photomultiplier tube at a

fixed wavelength at the peak of the PL emission spectrum. PLE signals were
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normalized to incident intensity.

The PL emission spectra in Fig. 2.2(a) show much stronger PL inten-

sity from samples annealed in the presence of hydrogen, compared to those

annealed in an inert atmosphere. This suggests the active role of the NC/SiO2

interfaces in the PL process. H2 saturates dangling bonds at these interfaces,

thereby suppressing nonradiative decay mediated by these defects. Barely de-

tectable PL peaked around 1.91 eV was observed from the as-implanted sample

(not shown) and is attributed to defects introduced into the matrix during im-

plantation that are repaired by annealing [6, 45]. The normalized PL spectra

in Fig. 2.2(b) illustrate the dependence of PL on NC size. The PL peak at

1.45 eV from the < dNC >= 5 nm sample blue-shifts to 1.59 eV for the 3

nm sample, both annealed in Ar/H2 mixture (Fig. 2.2(b)). The PL emission

spectra shown in Fig. 2.2(a)-(b) are consistent with previous PL spectra for

similarly-prepared samples [6, 14, 45].

The normalized PLE spectra (Fig. 2.2(c)) show two distinct peaks

around the bulk c-Si E1 and E2 critical points (3.37 and 4.27 eV, respectively),

clear evidence that bulk c-Si structure prevails in these NCs and that the

optical absorption that stimulates PL takes place in the c-Si region. A third

strong feature can also be seen between these two peaks. To extract the

energies, widths and relative oscillator strengths of the resonant transitions

contributing to absorption, we fit the PLE intensity to a superposition of 3
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Gaussian resonances:

I(ω) ∝
3∑

k=1

|fk|2 exp
[
−2(ω − ωk)

2/γ2k
]
, (2.1)

with the resonance amplitudes fk, frequencies ωk and widths γk being fit pa-

rameters. Gaussian lineshapes provided a better fit than Lorentzians, and

indicate the importance of inhomogeneous broadening. The solid curves in

Fig. 2.2(c) show the fit to the data. The extracted parameters are listed

in Table 2.2, and calculated PLE intensities corresponding to the contribu-

tions of each individual oscillator are shown as dotted curves in Fig. 2.2(c).

Three results of the fit are noteworthy. First, compared to the absorption

spectrum of bulk c-Si, the E1 peak of the NC PLE spectra is suppressed rel-

ative to the E2 peak. Second, the fitted resonant energies corresponding to

E1 (~ω1 = 3.34 ± 0.02 (3 nm) and 3.35 ± 0.03 eV (5 nm)) remain almost un-

shifted while E2 (~ω3 = 4.65 ± 0.03 (3 nm) and 4.58 ± 0.04 eV (5 nm)) are

blue-shifted by 0.38 eV and 0.31 eV for 3 and 5 nm NCs from their bulk c-Si

values. Third, the strong intermediate feature occurs around ~ω2 = 3.90 eV

(~ω2 = 3.97 ± 0.10 (3 nm) and 3.90 ± 0.03 eV (5nm)). These findings will

be discussed further, and compared to other spectroscopic measurements, in

Chapter 4. PLE spectral structures similar to those shown in Fig. 2.2(c) were

seen in porous silicon [48], but to our knowledge have not previously been

reported for ion-implanted Si NC samples.
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2.4 Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) has been proven to be a useful nonde-

structive tool to study the optical properties of Si NCs [24–26, 28, 49]. Several

previous studies used spectroscopic ellipsometry (SE) to determine the dielec-

tric function ε(ω) = ε1(ω) + iε2(ω) of silica-embedded Si NCs [24–26, 28, 49].

These studies generally agreed that critical point (CP) resonances correspond-

ing to E1 and E2 transitions of bulk crystalline Si (c-Si) are preserved, albeit

with modifications, in Si NCs down to average diameter < dNC > as small as

∼2 nm, and that |ε(ω)| weakens overall compared to bulk c-Si as < dNC >

decreases. Our present SE study, as described below in this section, confirms

these general features. On the other hand, previous studies yielded different,

sometimes contradictory, results regarding other spectroscopic features, and

employed different methods for extracting ε(ω) from SE data. For example,

Gallas et al. [24] and Alonso et al. [28], using either numerical wavelength-by-

wavelength inversion [24, 28] or a Gaussian oscillator model of ε(ω) [24], report-

ed that for < dNC >< 5 nm, the E1-like feature progressively weakened and

broadened relative to E2 and eventually disappeared altogether. In direct con-

trast, Ding et al. [25, 26] using either a Lorentz oscillator or Forouhi-Bloomer

(FB) model of ε(ω), reported that E2 became weaker than E1 for < dNC >< 5

nm. There is also disagreement regarding size-dependent spectral shifts. For

example, Ding et al. [25, 26] reported that the E2-like resonance blue-shifted

by ∼0.1 eV from its bulk energy (4.3 eV) as < dNC > decreased from 7.6 to

5.8 nm, then red-shifted by ∼0.3 eV for smaller NCs, while E1 remained at
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its bulk energy (3.4 eV). By contrast, Zhang et al. [49] also using a Lorentz

oscillator model of ε(ω), reported an E1-like resonance, well-defined down to

< dNC >∼2 nm, that blue-shifted to ∼3.5 (3.6) eV in 5-6 (2-3) nm NCs, and

an E2-like resonance that red-shifted to ∼4.0 eV with little size dependence.

In contrast to both studies, Alonso et al. [28] reported a monotonic blue-shift

of the entire ε(ω) spectrum as < dNC > decreased from 8 down to 2 nm.

Our SE study differs in two respects from these previous studies. First,

in analyzing SE data, we take the ±30% NC size dispersion into account

explicitly by using a Gauss-Lorentz oscillator model of ε(ω). This approach is

motivated by the above-cited results that show ε(ω) depends strongly on NC

size, yet neglected the (possibly strong) influence of size distribution on ε(ω)

for individual samples. Secondly, we have validated the extracted, but model-

dependent, ε(ω) by calculating transmission spectra of our samples. The SE

study results show a simple monotonic evolution of electronic band structure

as < dNC > decreases from 5 to 3 nm: the E1-like resonance redshifts and

weakens with size reduction, nearly disappearing at smallest size; meanwhile

E2 dominates the spectra and blue shifts with decreasing size. We also observe

a third spectral feature at ∼3.9 eV, intermediate in energy between E1 and

E2, that has no bulk c-Si counterpart, and thus appears to originate from the

NC-Si/SiO2 interfaces.

Spectroscopic ellipsometry (SE) data was collected with a J.A. Woollam

M2000 Spectroscopic Ellipsometer available at UT center for nano- and molec-

ular science and technology over the wavelength range 1000 > λ > 230 nm
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(photon energy 1.24 < ~ω < 5.4 eV) in steps of 5 nm at 70o angle of incidence

with the sample at room temperature. To avoid scattering from the back sur-

faces of samples with transparent silica substrates, SE data were collected on

samples with silicon substrates. A four phase model (Si/SiO2/NC-embedded

SiO2/surface roughness) of the optical properties of the whole sample was de-

veloped. In the Si NCs/SiO2 composite layer, a Bruggeman effective medium

approximation was used to isolate the contribution from NCs.
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Figure 2.3 Measured Ψ (left) and ∆ (right) for 5 nm NC sample annealed in Ar/H2,
compared to fits (red curves) based on Gauss-Lorentz oscillator model of the dielec-
tric function of the NC layer.

To fit the measured ellipsometric angles Ψ and ∆ satisfactorily through-

out the spectral range, we found that a physical model of the dielectric function

of the NCs was required, rather than the empirical superposition of Gaussians

used to fit the PLE spectra in Eq. (2.1). There were two reasons for this.
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First, the SE data extended to somewhat higher photon energies than the

PLE data. As a result, we found that a 4th oscillator at ~ω4 ≈ 5.9 eV was

essential to fit Ψ and ∆ in the highly absorbing region 5.0 < ~ω < 5.4 eV.

Secondly, for SE both amplitude and phase of reflected light must be fitted

simultaneously, more tightly constraining the model than PLE intensity data.

In particular, lineshapes required a more accurate representation to account

for both their natural widths and inhomogeneous broadening caused by NC

size distribution. We therefore employed 4 Gauss-Lorentz oscillators to model

the dielectric function of the NCs. The dielectric function in the Gauss-Lorentz

oscillator model is given by

εLG(E) = ε∞+
4∑

n=1

iAn[

∫ ∞

0

ei(E−En+iγn(s))sds−
∫ ∞

0

ei(E+En+iγn(s))sds]/

∫ ∞

0

e−sγn(s)ds,

(2.2)

where ε∞ is the dielectric constant at large photon energies (set to 1 for fit-

ting), and An is the oscillator strength, En is the center energy and γn(s) is

broadening parameter of the nth oscillator. The broadening parameter is a

frequency dependent function instead of a constant: γn(s) = Γn+2σ2
ns, where

Γn and σn are the parameters defining the contribution of Lorentzian and

Gaussian broadening, respectively, to the total broadening. The pure Lorentz

oscillator model is recovered in the limit σn → 0, while the pure Gaussian

oscillator model is recovered for Γn → 0. This significantly improved fits to

the measured Ψ and ∆ compared to fits based on either pure Lorentzian or

pure Gaussian oscillators. As pointed out earlier, the former had been used in

some previous SE studies of embedded Si NCs [25]. The NCs were assumed
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homogeneous; no internal components were distinguished in the model. A

surface roughness layer several nm thick was introduced to take into account

damage on the surface of the samples induced by ion-implantation. The NC

oscillator parameters, the thickness of each layer and the NC volume fraction

were treated as fitting parameters. The fitted implant layer thicknesses (as-

implanted: 935 ± 4 nm; 3 nm NCs annealed in Ar and Ar/H2: 954 ± 4 nm

and 954 ± 4 nm, respectively; 5 nm NCs annealed in Ar/H2: 979 ± 7 nm) and

the NC volume fraction (as-implanted: 0.10; 3 nm NCs annealed in Ar and

Ar/H2: both 0.10; 5 nm NCs annealed in Ar/H2: 0.194) were consistent with

values determined independently, as described in Sec. 2.1. The fit yielded good

agreement between experimental and calculated Ψ and ∆ spectra, as shown

by the Ψ, ∆ plot in Fig. 2.3.
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Figure 2.4 Real (a thru d) and imaginary (e thru h) parts of the dielectric functions
ε1 + iε2 (bold solid curves) extracted from SE measurement of various Si implants:
as-implanted (a and e, bold solid black curves); 3 nm NCs annealed in Ar (b and f,
bold solid red curves); 3 nm NCs annealed in Ar/H2 mixture (c and g, bold solid
blue curves); 5 nm NCs annealed in Ar/H2 mixture (d and h, bold solid olive curves).
Dielectric functions of bulk a-Si (thin black curves in a and e) and c-Si (thin black
curves in b thru d and f thru h) are shown for comparison. Thin solid curves in
each panel show the contributions from each oscillator used to model the dielectric
function of the implanted Si region.
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Fig. 2.4 shows the extracted dielectric functions ε1(ω) + iε2(ω) of as-

implanted [(a) ε1 and (e) ε2] and Si NC [(b)-(d): ε1 and (f)-(h): ε2] samples.

The dielectric functions of bulk a-Si [panels (a) and (e), Ref. [50]] and c-Si

(remaining panels, Ref. [51]) are shown for comparison. For the as-implanted

sample, an excellent fit to the measured Ψ and ∆ was obtained by modeling

the dielectric function of the implanted excess Si using only 2 Gauss-Lorentz

oscillators at 3.95 eV and 4.8 eV, as shown in the plot of ε2 in Fig. 2.4(e). The

3.95 eV peak is similar in shape to the 3.6 eV peak in the ε2 of a-Si [dashed

curve in Fig. 2.4(e)]. The similarly shaped spectrum and blueshift suggest

that the as-implanted sample contains extremely small a-Si-like nanoparticles.

The Raman spectrum of the as-implanted sample, discussed in the previous

section, also supports this conclusion. The higher energy ε2 component may

correspond to a second feature observed in the Raman spectrum that we ten-

tatively attribute to stressed Si-Si bonds at the interfaces of the a-Si nano-

inclusions. For the annealed NC samples, ε2 shows a dominant peak at 4.43

eV [3 nm NCs, Fig. 2.4(f) and (g)] or 4.35 eV [5 nm NCs, Fig. 2.4(h)], close

to the energy of the dominant peak of the PLE spectra [Fig. 2.2(c)]. This

peak is consistent with an E2 CP transition. There are also two lower ener-

gy shoulders at ∼ 4.0 eV and ∼ 3.3 eV with energies close to corresponding

features of the PLE spectra of these samples [Fig. 2.2(c)]. Both shoulders are

clearly discernible for the 5 nm sample [Fig. 2.4(h)]. For the 3 nm samples, the

weak ∼ 3.3 eV features is discernible only an extended low-energy tail of the

∼ 4.0 eV shoulder. In both cases, the ∼ 3.3 eV feature is consistent with an
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E1 CP transition. Appearance of CP transitions further evidences crystalliza-

tion of the NCs. The individual contributions from the three Gauss-Lorentz

oscillators corresponding to these three features, and from a fourth oscillator

at higher energy [5.8 eV (panel f); 5.9 eV (panel g); 5.8 eV (panel h)], are

shown by thin solid curves in panels (f)-(h). The extracted parameters of the

3 oscillators below 5 eV are listed in Table 2.2.

Several features of the results in Fig. 2.4 are noteworthy. First, the

overall shapes of the ε2(ω) curves for the annealed NC samples [Fig. 2.4 (f)-(h)]

closely resemble the corresponding PLE spectra [Fig. 2.2(c)], consistent with

their common physical connection to linear optical absorption. The positions

of the three peaks below 5 eV are consistent between PLE and SE within the

error estimates given in Table 2.2, although the uncertainty in ε2(ω) peak po-

sitions was too large to confirm unambiguously the size-dependent blue shifts

discussed in Sec. 2.3. One difference is that in ε2(ω), the E1 peak is more

strongly suppressed relative to E2 and to the intermediate ∼ 4.0 eV peak than

in the PLE spectra. For 3 nm NC samples [Fig. 2.4(f) and (g)] it is barely

discernible. In both SE and PLE spectra, the E1/E2 amplitude ratio is smaller

than in ε2(ω) of bulk c-Si (Fig. 2.4(f)-(h), dashed curves). A similar E1 sup-

pression was also observed in previous SE studies of Si NCs embedded in SiO2

[27], and in ab initio calculations of the optical properties of Si NCs in SiO2

[52, 53]. Secondly, for 3 nm NCs, the extracted ε1(ω) and ε2(ω) are indistin-

guishable for samples annealed in Ar/H2 mixture and pure Ar (see curves in

Fig. 2.4 (b),(c),(f) and (g)). This indicates that the dielectric function, unlike
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Table 2.2 Parameters of 3 oscillators between 3 and 5 eV determined by PLE, SE
and SHG. Oscillator amplitudes are expressed as a fraction of the amplitude of the
E2 resonance of the 5 nm NC sample for each spectroscopy. Numbers in parentheses
are uncertainties.

sample oscillator E1 intermediate peak E2

parameter PLE SE SHG PLE SE SHG PLE SE SHG

3 nm ~ωk [eV] 3.33 3.3(.4) 3.5(1) 4.0(.1) 4.0(0.3) 3.9 4.65 4.4(.1) 4.9

(Ar) FWHM [eV] .3(.1) .7(.4) .5 .8(.3) .77 .96 .55 .37 .3

amplitude .1 .08(.04) .08(.04) .3 .41 1.05 .48 .71 .5

3 nm ~ωk [eV] 3.34 3.3(.4) 3.5(.8) 4.0(.1) 4.0(0.2) 3.84 4.65 4.4(.1) 4.9

(Ar/H2) FWHM [eV] .4(.1) .7(.4) .46 .8(.3) .81 .58 .55 .35 .3

amplitude .15(.1) .07(.03) .1(.05) .35 .41 .64 .44 0.73 0.54

5 nm ~ωk [eV] 3.35 3.35(.2) 3.4 3.9 3.9(0.5) 3.73 4.58 4.35(.4) 4.8

(Ar/H2) FWHM [eV] .46 .45(.1) .3 .6(.2) .65 .34 .5 .37 .28

amplitude .55 .17 .88 .35 0.39 0.79 1.0 1.0 1.0

the PL shown in Fig. 2.2(a), reflects properties of the c-Si interior that are

unaffected by interfacial H-passivation. Thirdly, the amplitudes of ε1 and ε2 in

the E1-E2 resonance region, which in Fig. 2.4 are normalized to an equivalent

amount of Si material, are much smaller for NCs than for bulk Si, and slightly

smaller for 3 nm than for 5 nm NCs. A similar reduction in the dielectric

function has been observed in previous SE studies of Si NCs [25–27].
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Chapter 3

Second-harmonic spectroscopic study of oxide

embedded Si NCs

In this chapter, SHG/SFG spectroscopies are applied to study the Si

NCs embedded in SiO2 of different sizes and different interface chemistries

prepared by ion-implantation and post-annealing as discussed in the previous

chapter.

3.1 Introduction

SHG, whose early demonstration marked the birth of the field of non-

linear optics, is often applied as a method for producing coherent radiation at

a new frequency. However, it serves only a limited role in spectroscopic studies

due to a fundamental symmetry constraint on the second-order nonlinear re-

sponse. Unlike linear or third-order nonlinear response present in all materials,

a strong second-order nonlinear response happens only in materials without

inversion symmetry. However, this very symmetry constraint underlies the

application of SHG as a noninvasive surface/interface probe of centrosymmet-

ric materials. In centrosymmetric materials such as Si, bulk contributions are

dipole-forbidden, and thus appear only in quadrupolar order, while contribu-
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tions from planar interfaces are dipolar, which then often dominate over or

become equivalent to the bulk contribution. Being sensitive to the interface

electronic and chemical structure, SHG has been widely applied to planar inter-

faces for over 20 years. However, as the SHG signal contains contributions from

both the interface and bulk, dominance of planar interface dipole contributions

is neither obvious a priori nor universal, because the volume contributing to

the bulk quadrupole signal is much larger than the interface layer. Indeed for

this reason early observations of reflected SHG from planar interfaces of cen-

trosymmetric materials were attributed to the bulk quadrupolar response [54].

For polarization configurations in which both planar interface dipole and bulk

quadrupole SHG signals are present, Sipe showed that a complete separation is

impossible, since the isotropic bulk quadrupolar contribution always appears

combined with the one of the surface dipolar contributions [55]. Consequent-

ly the distinguishing characteristics, and the frequent dominance, of planar

interfacial contributions were established empirically based on, e.g., contrast-

ing dependence of interfacial and bulk contributions on sample rotation [56],

appearance of non-bulk-like resonances in the SHG spectrum [57], and sen-

sitivity of those resonances to interface modification [57]. Similar empirical

tests, along with strategic choice of experimental geometry, have even enabled

interface-specific SHG study of planar interfaces of noncentrosymmetric ma-

terials (e.g. GaAs) [58], for which bulk and interfacial contributions are of

equivalent dipolar order.

SHG spectroscopy of embedded Si NCs faces a similar bulk/interface
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ambiguity, and relies similarly on empirical distinction. The phenomenologi-

cal theory of SHG by nano-spheres of centrosymmetric material was developed

only in the past decade. Dadap et al. calculated SH scattering from a single

centrosymmetric nano-sphere excited by a plane wave in terms of nonlocal-

ly excited electric dipole and locally excited quadrupole polarizations [39].

Brudny et al. showed that an incident wave with transverse spatial variation-

s gives rise to additional bulk and interfacial quadratic nonlinear responses

[40, 41]. Mochan et al. extended the analysis to a composite medium made

up of a thin disordered array of centrosymmetric nano-spheres [41]. The total

SH response, after spatial averaging of interface nonlocal dipole and the bulk

local quadrupole contributions, appears at quadrupolar order, but the theo-

ry provides no a priori guidance on whether bulk or interfacial contributions

dominate. Thus, as with planar interfaces, SHG spectroscopy experiments

and comparison to conventional spectroscopy are essential. Early SHG ex-

periments on embedded Si NCs were performed with a single tightly focused

incident beam at a single wavelength [42]. However, the weakness of the sig-

nal and the need to excite near the optical damage threshold of the embedded

NCs inhibited spectroscopic studies. The development of a 2-beam, cross po-

larized SHG (XP2-SHG) geometry that is specifically tailored to observation of

quadrupolar SHG [43, 59] enabled stronger SHG signal with reduced inciden-

t intensity. To date, however, the XP2-SHG method has been implemented

at only a single incident wavelength [43, 59]. The present work is devoted

to applying the XP2-SHG method spectroscopically to embedded Si NCs of
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< dNC >= 3 nm and 5 nm, enabling detailed comparison with results from

conventional spectroscopies, and insight into the relative importance of inter-

facial and bulk contributions. It came to our notice that recently an SHG

study of Si NCs of much larger < dNC >> 50 nm was reported [60].

3.2 Quadrupolar SHG from nano-particles and glass ma-
trix

In centrosymmetric media, electric dipolar SHG vanishes. In media

that are also isotropic and homogeneous, such as the amorphous SiO2 matrix,

the leading radiating part of the nonlinear polarization is quadrupolar and can

be written in the form [61, 62]

P
(2)
Q (2ω) = Γ(E(ω) · ∇)E(ω), (3.1)

where Γ is a material constant. Centrosymmetry is broken at surfaces/interfaces

of centrosymmetric materials because of structural and chemical discontinu-

ity. For planar surfaces/interfaces, electric dipolar SHG then becomes allowed,

making SHG a non-invasive probe of planar interfaces of centrosymmetric ma-

terials. But for spherical nanoparticles, locally-broken centrosymmetry at NC

interfaces is recovered globally. A non-zero total radiating SH polarization

arises only because of retardation [39] and/or incident field inhomogeneity

[40, 41] over the dimensions of the nanoparticle. Spatial averaging of the local

interface electric dipolar contribution plus the quadrupolar contribution from

the bulk interiors of the nanoparticles yields a macroscopic nano-composite
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SH polarization of the same form as

P (2)
nc (2ω) = ρnc(γ

e − γm − γq

6
)(E(ω) · ∇)E(ω), (3.2)

where the hyperpolarizabilities γe, γm and γq are functions of the multipo-

lar bulk susceptibilities and dipolar interface susceptibilities of the material

comprising the nanoparticles, and ρnc is the nanoparticle density, assumed

uniform. Additional contributions arise when nanoparticle density gradients

are present [41].

Thus both embedded NCs and the amorphous SiO2 matrix contribute

to SHG. Three parameters must therefore be determined at each wavelength to

analyze SHG data from the nano-composite: the amplitudes |Γnc| and Γg of the

SH polarizations P
(2)
nc (2ω) and P

(2)
g (2ω), respectively, from the NC-embedded

layers and glass substrate, and the phase difference, Φ, between them. We

thus parameterize the SH polarizations as follows:

P (2)
nc (2ω) = |Γnc|eiΦ(E(ω) · ∇)E(ω) (3.3)

P (2)
g (2ω) = Γg(E(ω) · ∇)E(ω), (3.4)

where Γg is assumed to be real. In fitting data and presentation of results,

Γnc will represent the composite SH response of the entire 1 µm thick NC-

implanted layer (both glass and Si NCs), while Γg will represent the SH re-

sponse of the 1 mm thick underlying SiO2 substrate.
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3.3 Conventional single-beam quadrupolar SHG study

3.3.1 SHG of single tightly-focused Gaussian beam in glass

First, we will look at the quadrupolar SHG from the amorphous glass

matrix using a tightly focused beam. The leading-order nonlinear bulk re-

sponse in the homogeneous amorphous glass is the quadrupolar second-harmonic

polarization induced by the nonlocal incoming field, as described by Eq. (3.4).

Take the incoming fundamental beam as a Gaussian Beam with a linear po-

larization in x̂ direction [63]

E⃗(ω) = x̂E1e
ik1z−iωt = x̂

A1

1 + iζ
e
− r2

w2
0(1+iζ) eik1z−iωt, (3.5)

where w0 represents the beam waist radius and ζ = 2z/b is a dimensionless lon-

gitudinal coordinate defined in terms of the confocal parameter b = 2πw2
0/λ.

The polarization in glass is P⃗glass = Γg(E⃗1 ·∇)E⃗1. In the undepleted-pump ap-

proximation, the wave equation for the second harmonics E⃗(2ω) = x̂E2e
ik2z−i2ωt

would be [62, 63]

∇2E⃗(2ω) − ε

c2
∂2E⃗(2ω)

∂t2
= µ

∂2P⃗ nl(2ω)

∂t2
, (3.6)

and it can be simplified using the paraxial approximation to

2ik2
∂E2

∂z
+∇2

TE2 = −µω2
2P2e

i△kz, (3.7)

where ∇2
T = ∂2x + ∂2y , △k ≡ 2k1 − k2.

The SH field from glass can be obtained by solving the equation using

a trial solution that assumes the SH beam has the same confocal parameter
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as the incoming fundamental beam and we get

E⃗(2ω) = x̂E2e
ik2z−i2ωt = x̂

A2

1 + iζ

x

w0(1 + iζ)
e
− 2r2

w2
0(1+iζ) eik2z−i2ωt, (3.8)

where the coefficient A2 can be obtained by integrating over the length of the

whole sample

A2(z) = −iµ2ωc
n2

ΓgA
2
1

∫ z

z0

ei△kz′

1 + i2z′/b
dz′. (3.9)

Figure 3.1 Setup for the single-beam SHG measurement.

The single-beam SHG measurement is performed using amplified 800n-

m, ∼200 fs laser pulses at 1 kHz repetition rate from a Spitfire (Spectra-

Physics) system operating in Gaussian mode. The Gaussian beam was tightly

focused by a high NA lens to achieve a large transverse field gradient ∇E, as

shown in Fig. 3.1. The SH signal is found to be dependent on the focusing
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position of the incoming beam in the sample. The SH signal is strongly peaked

when the front or rear surface is centered at the focus of the Gaussian Beam.

When the sample position is scanned continuously with respect to the laser

focus (a ”z-scan”), two peaks are observed, corresponding to each surface (see

Fig. 3.2). However, these surface peaks are not real surface SHG as described

in Section 3.1, but rather are caused by relaxation of Guoy Phase mismatch.

The experiment result agrees well with the prediction as shown in Fig. 3.2.

z-position (mm)
-0.0010 -0.0005 0 0.0005 0.0010

5

10

15

SHG (arb. unit)

Figure 3.2 SH signals from glass and the radiation pattern. Left: z scan SH signal
from corning 7059 with thickness=750µm; center, the predicted SH radiation inten-
sity distribution pattern; right: the measured SH radiation intensity distribution
pattern.

To further confirm the model prediction, we take a look at the SH beam

profile. According to the model, the intensity would be like

I(2ω) ∝ x2e
− 4r2

w2(z) . (3.10)

Then the the SH field should have the double-lobed pattern intensity distri-

bution, which was confirmed by experiment data, as shown in Fig. 3.2.

When conducting the single-beam SHG study, special care is often need-

ed to ensure SHG signal is strong enough for the detector while avoiding the
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generation of white-light continuum (WLC). The quadrupolar SHG from glass

is weak, so we must excite the sample at relative high peak intensity using ul-

trafast femtosecond pulses. Thus it is easy to generate white-light continuum

(WLC), which might mask the SHG signal. Fig. 3.3 presents the spectrum of

the signal from glass when excited by a high-intensity tightly focused Gaussian

beam at 800 nm and transmitted through a BG 39 color filter. Obviously, the

signal consists of a narrow SHG peak at 400 nm on the tail of a broad WLC

peak filtered by the BG 39 color filter. Thus while conducting SHG mea-

surement, the laser intensity need to be selected carefully to avoid WLC, and

sometimes much narrow band filtering (e.g. a monochromator) is therefore

necessargy to discriminate SHG from WLC.
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Figure 3.3 Spectrum of the signal from glass excited by a high-intensity tightly-
focused Gaussian beam.
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3.3.2 Single-beam SHG study of nano-particles

In single-beam geometry, the SHG signal from the effective polariza-

tion Peff ∝ (E · ∇)E scales as frep ξ
2/(πw2

0)τp, in view of the finite waist w0

of the TEM00 Gaussian beam with pulse energy ξ, pulse duration τp and pulse

repetition rate frep. Generally, SHG signal from the nanoparticles is extremely

weak, as the only contribution to field gradient ∇E that radiates in the for-

ward direction is the transverse gradients of the incident TEM00 mode, which

point radially outward from its center. Further enhancement of the signal by

increasing the pulse energy ξ or reducing the beam waist ω0 is limited by the

damage threshold of the sample since the incident fluence ξ/πω2
0 has to be

kept below ∼ 0.1 J/cm2. Thus the only parameter left that we can control

to enhance the signal is the pulse repetition rate frep. Of course, the pulses

directly from the oscillator can not be used as the repetition rate is too high

(76 MHz) that the accumulated heat will burn the sample. The 250 kHz laser

system on the market thus is perfect for such measurements, and the only

issue is the advisor’s funding budget.

Fortunately, the hyper-Michelson interferometer pulse train station set-

up as shown in Fig. 3.4 can be used to increase the pulse repetition rate [64].

The operating principle is simple: we use the first beam splitter to split the

incoming pulse into two and then introduce some delay (5 ns) between them.

They are then splitter while further split into 4 at the second beam splitter.

The process is repeated n times to produce 2n pulses. Then the final cubic

beam spitter is used to guide the pulse train out of the setup with half of
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Figure 3.4 Hyper-michelson setup used to increase pulse repetition rate.

the pulses p-polarized and half s-polarized if polarization does not need to be

specified; alternatively, the polarization of half of the pulses can be changed

by a half-wave plates to achieve the highest efficiency [64]. In this setup 3

broadband plate beam splitters and 1 cubic beam splitter, plus 3 wave plates

and 15 mirrors were used to generation a 23 pulse train.

With the pulse train station setup, we are able to get enough signal to

conduct a z-scan measurement by moving the sample through the focus posi-

tion. SHG intensity was recorded as a function of the sample position relative

to the beam focus point. As shown in Fig. 3.5, similar to the SHG scan from
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Figure 3.5 Z-scan intensity profile of single-beam SHG measurement for fundamental
wavelength at 800 nm.

the glass (Fig. 3.2), the signal is strongly peaked when the front (signal from

pure glass matrix, shown as the weak peak in Fig. 3.5) and back surface (the

interference result of the signal from the nanoparticles and the glass matrix,

shown as the strong peak in Fig. 3.5) are overlapped with the beam focus.

As discussed in Section 3.3.1, these peaks come not from the interface dipole

SHG, but from the relaxation of phase mismatching. Comparing the two peaks

for each scan, the signal from the nanoparticles is much stronger than signal

from glass. What is worth pointing out here is the z-scan intensity profiles are

almost identical for the two 3 nm samples annealing in different atmosphere.
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3.4 Cross-polarized 2-beam second-harmonic generation
(XP2-SHG) spectroscopy study

3.4.1 XP2-SHG spectroscopy setup and measurement procedure

The quadrupolar SHG signal from the nanoparticles was extremely

weak. Even with the pulse train, the SHG signal was still not strong enough

for a systematic spectroscopy study. This is because pulses at other wave-

lengths had to be generated by nonlinear optical conversion, and were thus of

lower energy than the 800 nm pulses used to obtain the data in Fig. 3.5. A

two-beam geometry was therefore used to enhance quadrupolar SHG efficien-

cy greatly compared to single-beam geometry [43]. The enhancement occurs

because the interaction of two orthogonally polarized beams intersecting at

oblique angle α inside the sample induces wavelength-scale, forward-radiating

inhomogeneities in SH polarization fields of the form of Eqs. (3.1) thru (3.4)

that are absent for single beam excitation [43].

Fig. 3.6 shows the cross-polarized 2-beam SHG (XP2-SHG) experimen-

tal setup. A home-built noncollinear optical parametric amplifier (NOPA) [65]

(The NOPA setup is shown in Fig. 3.7) provided incident ∼250 fs, 3 to 12

µJ pulses at 1 kHz repetition rate with photon energy ~ω tunable over the

range 1.6 ≤ ~ω ≤ 2.4 eV. The second-harmonic photon energy ~ωSH = 2~ω

thus tuned over the range 3.2 ≤ ~ωSH ≤ 4.8 eV. An angle-tuned BBO crys-

tal pumped by 100 µJ, 400 nm pulses derived from frequency-doubling the

output of a Ti:Sapphire femtosecond laser-amplifier system (Spectra-Physics,

Inc. Model Spitfire) served as the parametric amplification medium. A chirped
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Figure 3.6 XP2-SHG setup. Beam splitter BS1 splits off a reference pulse train
from the incident tunable fundamental beam. BS2 splits the remaining beam into
two pulse trains. One impinges normally, one obliquely onto the sample with pulses
overlapped spatially and temporally after focusing to common spot radius 70 µm
by lenses L3 and L4. Half-wave plate WP rotates the polarization of the obliquely-
incident beam by 90o. SHG propagating along the bisector of the two incident
beams is detected by a photomultiplier tube (PMT) in photon-counting mode.
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white-light continuum generated in sapphire by a 1% split-off portion of the 800

nm fundamental pulses from the Ti:sapphire system provided the seed pulse for

parametric amplification. 800 nm pulses directly from the Ti:Sapphire system

Figure 3.7 Setup of noncollinear optical parametric amplifier system.

were used to obtain a single additional XP2-SHG data point at ~ω = 1.55eV

(~ωSH = 3.1 eV). A 50/50 beam splitter (BS2 in Fig. 3.6) divided the in-

coming pulse train into two equivalent beams. One beam impinged at normal

incidence onto the sample (hereafter the z direction), the other at an oblique

angle (typically ∼ 20◦) with its polarization rotated 90o with respect to the

first beam by a half-waveplate. Pulses in each beam were focused to spot

radius 70 µm and spatially-temporally overlapped in the sample. The SHG

signal, propagating in the bisector direction, was collimated, spectrally filtered

by a monochromator and detected by a photomultiplier tube in gated photon-

counting mode. An additional small part of the incoming laser pulse train was

sent to a BBO crystal to generate a reference SHG signal that monitored drift-
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s in pulse energy and pulse duration during spectral tuning. To distinguish

one-photon and two-photon resonances in the XP2-SHG spectrum, a portion

of the measurements were repeated using XP2-sum-frequency generation (S-

FG). In this case, a 10%-split-off portion of the 800 nm Ti:sapphire pulse train

provided one of the intersecting beams, while the tunable NOPA pulse train

provided the other. Thus the SF photon energy ~ωSF = 1.55 + ~ω tuned over

the range 3.15 ≤ ~ωSF ≤ 3.95 eV. To reveal resonant structure just beyond

the upper end of the XP2-SHG spectral range, XP2-SFG using the tunable

NOPA pulse train and the frequency-doubled (400 nm) Ti:sapphire pulse train

was conducted. This extended the upper end of the spectral range from 4.8

eV to 5.1 eV.
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Figure 3.8 Representative experimental results (data points) and model fits (curves)
of XP2-SHG z -scan measurements for incident wavelengths 550 (left) and 710 nm
(right) for 3 (upper) and 5 (bottom) nm NC samples annealed in Ar/H2 mixture.
Olive (diamond data points, solid curve): z -scan with unimplanted glass; red (filled
square data points, dash-dotted curve): z -scan with NCs at exit side of sample; blue
(filled circles, dashed curve): z -scan with NCs at entrance side of sample). SH in-
tensity from unimplanted glass (olive) is approximately the same for all wavelengths
and samples.

Both the embedded NCs and the silica substrate produce XP2-SHG

signals. In order to separate these contributions, three independent measure-

ments were performed at each wavelength in order to determine the three

unknowns |Γnc|, Γg and Φ in Eqs. (3.3) and (3.4). Each measurement con-

sisted of a z-scan — i.e. a translational scan of the sample along the z di-

rection through the fixed beam overlap region. In one measurement, the pure

glass sample edge with no NCs was z-scanned while the XP2-SHG signal was
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recorded as a function of sample position. In the other two measurements, the

NC-embedded part of the sample z-scanned through the beam overlap region,

once with the NC layer at the entrance face of the sample and once with the

NC layer at the exit face. Fig. 3.8 shows representative results for incident

wavelengths 550 (left) and 710 nm (right) for 3 (upper) and 5 (bottom) nm

NC samples annealed in Ar/H2 mixture. In all cases, two peaks in the SHG

intensity vs. sample position were observed, namely when the center of the

beam overlap region coincided with each of the two surfaces of the sample.

As discussed previously, the peaks come not from interface SHG but from

relaxation of phase mismatch when boundaries of the sample fall within the

two-beam overlap region [59]. In the pure glass z-scan (olive, diamond data

points, solid curves in Fig. 3.8) these peaks were identical in intensity because

of the symmetry of the front and rear surfaces of pure glass. For the other

z-scans, these two peaks were asymmetric because of interference between the

SH fields from the NCs and the glass matrix. Absorption and phase delay of

the fundamental and SH beams in the NC layer also affect the SH intensity

profile.

3.4.2 XP2-SHG z-scan intensity profile modeling

A phenomenological model was developed to fit the measured z-dependent

SH intensity profiles (see curves in Fig. 3.8), enabling deconvolution of the

interfering SH fields into the contributions from the NCs and the glass matrix,

and extraction of their normalized amplitude |Γnc|/Γg and phase difference Φ
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[66]. The following effects are considered in the phenomenological modeling:

interference between the electric field E3nc generated by the NCs and the field

E3 g from the glass matrix, linear absorption in the NC-layer as well as common

propagation and refraction effects. The straight and angled Gaussian beams

intersect at the overlap position with beam waists w1 and w2, respectively.

3.4.2.1 Glass scan

First we will model the z-scan of the pure glass without any NCs. By

using the approximation that the confocal parameter of the beams is much

larger than h, the incident electric fields are then

E⃗1(z) = E1e
−x2+y2

w12 êx (3.11)

E⃗2(z) = E2e
− y2+(z sin(ϕi)+x cos(ϕi))

2

w22 êy, (3.12)

where ϕi is the angle between the two beams inside the medium i. Evaluating

the quadratic polarization Eq.(3.7) using these fields, and integrating over the

beam overlap cross-section in the x and y-direction (Figure 3.9), yields an

effective nonlinear polarization from the overlap of the two Gaussian beams:

P⃗
(2)
3 g (z) =

i πΓg E1E2 sin(ϕg)k2 g e
− z2 sin(ϕg)

2

w2
2+w2

1 cos(ϕg)2√
1/w2

1 + 1/w2
2

√
1/w2

1 + cos(ϕg)2/w2
2

· êy (3.13)

Substituting Eq.(3.13) as the source term into the nonlinear wave equation

(Eq. 3.7) ∂
∂z
E3 g(z) =

i2πω 2
3

k3 gc2
êy · P⃗ (2)

3 g (z)e
i∆kg(z−z0), where zo is an arbitrary

starting position of field growth (all phases of the involved fields are zero at

zo), applying boundary conditions and transforming the positions of the glass
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Figure 3.9 Introducing the two coordinate systems: Z fixed in the lab frame and
position of the sample is recorded in terms of intersection of the exit surface with
Z-Axis. The second coordinate system z is always centered in the center of the
beam intersection.

edges from the coordinate z into Z (Figure 3.9) using U(Z) = h
2
−Z · tan(ϕ0)

tan(ϕg)︸ ︷︷ ︸
q

gives the amplitude of the glass field at the end of the sample

E3 g(Z) =
i2πω 2

3

(k3 g)z
ei∆kg(

h
2
−Z q)

∫ h/2+Zq

−h/2+Zq

P
(2)
3 g (z) e

i∆kgz dz (3.14)

Phase mismatch is expressed by ∆kg and index z denotes the z-component.

Incorporating Fresnel coefficients [67] tj k ϕ (Tj k ϕ) for the linear (nonlinear)

field where j, k denote the two adjacent medium (v: vacuum, g: glass, nc:

NC-layer) and ϕ denotes the angle of incidence. The signal strength detected

by the detector is then

Ig(Z,Γg) =
c

2π
|tv g ϕ0 tv g 0 Tg v ϕ3 g · E3 g(Z)|2 (3.15)

3.4.2.2 NC at exit scan

In this case, we first calculate the SH E-field of the glass in front of the

NC-layer E3 g exit(Z), then the E-field produced by the NCs E3nc exit(Z). Since
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the glass SH signal has to propagate through the NC-layer, both SH waves

have to be added at the end of the sample with respect to their phase. The

treatment is analogous to that of the glass scan, except that interfaces/surfaces

occur now at different positions and the nonlinear wave equation has to include

linear absorption of the fundamental beam as well as SHG in the NC-layer.

The nonlinear wave equation for the NC-layer is now of the following form:

∂

∂z
E3nc(z) =

i2πω2
3

(k3nc)zc2
e⃗y · P⃗ (2)

3nc(z) · e[
i∆knc−(k′1nc)z−(k′2nc)z](z−z0)− (k′3nc)z E3nc(z)

(3.16)

where z0 = −h/2 + Z · q + Lg. Furthermore the wavevectors are complex:

˜⃗
ki = Re[

˜⃗
ki]+ i Im[

˜⃗
ki] = k⃗i+ i k⃗

′
i (i ∈ 1, 2, 3) and P⃗

(2)
3nc(z) is the same expression

as for glass, with only the small change that Γg has to be replaced by |Γnc| eiΦ.

The resulting signal strength for the nc@exit profile is:

Iexit(Z,Γg,Γnc) =
c

2π
·
∣∣∣∣tv g 0 tv g ϕ0 Tg nc ϕ3 g Tnc v ϕ3 gE3 g ext(Z) e

−(k′3nc)z Lnc+

tv g 0 tv g ϕ0 tg nc 0 tg nc ϕg Tnc v ϕ3ncE3nc exit(Z) e
i∆kg Lg

∣∣∣∣2 (3.17)

The linear absorption of the glass SH generation in the NC-layer is included

via the term e−(k′3nc)z Lnc .

3.4.2.3 NC at entrance scan

In this case, the NCs are located in front of the substrate. The only

difference compared to the nc@exit scan is that the positions of the boundaries

change and that the SH signal generated by the glass E3 g ent(Z) does not

43



propagate through the nanocrystral composite. The expression for the SH

intensity for this configuration is:

Ient(Z,Γg,Γnc) =
c

2π

∣∣∣∣tv nc 0tv nc ϕ0tnc g 0tnc g ϕncTg v ϕ3 g · E3 g ent(Z)e
[i∆knc−(k′1nc)z−(k′2nc)z]Lnc

+tv nc 0 tv nc ϕ0 Tnc g ϕ3nc Tg v ϕ3 g E3nc ent(Z)

∣∣∣∣2
(3.18)

3.4.3 XP2-SHG spectra of Si NCs

Fig. 3.10 presents SHG spectra of 3 and 5 nm Si NC samples and

the as-implanted sample. Normalized amplitudes Γnc/Γg (Γas−imp/Γg) (up-

per panel) and phase differences Φ (lower panel) of these samples are plotted

vs. second-harmonic photon energy ~ωSH . Since Γg is nearly featureless in

the measured spectral range, all spectral features should come from embed-

ded nano-particles. For all annealed samples, Γnc significantly exceeds Γg

throughout the measured spectral range. The corresponding Φ(~ωSH) de-

crease monotonically with increasing ~ωSH throughout the region of elevated

SH oscillator strength, with slope roughly proportional to the corresponding

amplitude. These features are qualitatively consistent with a Kramers-Kronig

relation between amplitudes and phases of the SHG responses, as discussed

further below.
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Figure 3.10 XP2-SHG spectral response of Si NC samples plotted vs. second-
harmonic photon energy ~ωSH . Upper panel: SH amplitudes (Γnc and Γas−imp)
normalized to SH amplitude of glass matrix (Γg); lower panel: phase difference Φ
between SH fields from NCs and glass. Grey (stars): as-implanted sample; blue
(filled squares): 3 nm Si NCs annealed in Ar/H2; red (open squares): 3 nm Si NCs
annealed in Ar; olive (filled circles): 5 nm Si NCs annealed in Ar/H2.

Apart from this common feature, the SHG spectra of the various sam-

ples differ markedly. The as-implanted layer exhibits the weakest SHG re-

sponse [Fig. 3.10, grey stars, and 3.11(a)]. For ~ωSH < 3.6 eV, Γas−imp is

actually slightly less than Γg, then increases continuously up to ∼ 2Γg at the

upper end of the ~ωSH range. The weakness of the SH response compared to

c-Si and the featureless monotonic increase in SH amplitude from ~ωSH ∼ 3

eV to ~ωSH ∼ 4.5 eV both resemble the SHG spectrum of bulk a-Si reported
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by Daum and co-workers (see Fig. 1 of Ref. [57]). These features are also con-

sistent with a-Si-like features in the SE and Raman spectra of the as-implanted

samples reported in Secs. 2.4 and 2.2, respectively.

The SHG spectra of 3 nm NCs annealed in pure Ar [Fig. 3.10, red open

circles, and 3.11(b)] and in Ar/H2 [Fig. 3.10, blue filled squares, and 3.11(c)]

remain quite featureless, except for broad resonances in |Γnc(~ωSH)| around 3.8

eV and at 4.8−4.9 eV [see Fig. 3.11(b) and (c), left-hand panels] that were not

observed in Γas−imp(~ωSH). The spectra of the two samples are very similar to

each other, showing that SHG is insensitive to the nano-interfacial hydrogen

termination of the latter sample. The 3.8 eV resonance is close in energy to

the feature between E1 and E2 observed by PLE [see Fig. 2.2(c) and Table

1] and SE [see Fig. 2.4(f),(g) and Table 1] of these samples. It is also equal

in energy to a prominent non-CP resonance observed in the SHG spectrum of

planar Si(001)/SiO2 interfaces by Daum and co-workers, [57] who attributed

it to interfacial Si atoms without Td lattice symmetry. Remarkably, however,

no peak appears in the XP2-SHG spectrum at the energy of the prominent

E2-like resonance observed in both PLE [4.65 ± 0.03 eV, see Fig. 2.2(c)] and

ϵ2 [4.4 ± 0.1 eV, see Fig. 2.4(f) and (g)] of these samples. Instead, the rising

|Γnc(~ωSH)| at the upper end of the ~ωSH range suggests the presence of a

peak at ~ωSH ∼ 4.8 eV, just beyond the upper limit of the XP2-SHG tuning

range. The existence of this peak is confirmed by XP2-SFG (400 nm + NOPA)

data for the 3 nm samples in the range 4.8 < ~ωSF < 5.1 eV, plotted as filled

red circles [Fig. 3.11 (b)] and filled blue squares [Fig. 3.11(c)] in the combined
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XP2-SHG/SFG spectra presented in Fig. 3.11. In Sec. 4.4 we show that the

E2-like resonance can appear blue-shifted in SHG compared to its position in

SE. Thus we shall refer to this ∼ 4.8 eV feature as an E2-like resonance despite

the apparent discrepancy in its resonant energy.

For the annealed 5 nm NC layer, |Γnc/Γg| increases sharply at all wave-

lengths compared to the 3 nm NC layer [Fig. 3.10, olive filled circles, and

3.11(d)]. Averaged over the entire spectral range, |Γnc/Γg| is approximate-

ly 4 times stronger for the 5 nm NC layer than for the 3 nm NC layer.

Normalizing to NC density (ρ
(5nm)
nc = (3/7)ρ

(3nm)
nc ), we find that on spectral

average |Γ(5nm)
nc /Γg| ≈ 10|Γ(3nm)

nc /Γg| per NC. Although strong, this NC-size-

dependence falls somewhat short of the ideal ratio (5/3)6 ≈ 21 predicted by a

single-centrosymmetric-nanosphere theory of SHG [39]. A new spectral feature

emerges for the first time from the 5 nm NCs: a prominent resonance near the

bulk c-Si E1 CP transition energy at 3.4 eV [Fig. 3.10, olive filled circles, and

3.11(d)]. This peak corresponds closely in energy to the low energy shoulder

(3.35 eV) observed in the PLE spectrum [Fig. 2.2(c)], and to the lowest ener-

gy shoulder (3.35 ± 0.2 eV) observed in the ε2 spectrum [Fig. 2.4(h)], of this

sample. In addition, prominent resonances near 3.7 eV and 4.8 eV, very close

in energy to the two SHG peaks observed from the 3 nm NC layer, appear

with increased amplitude. The latter feature is again at significantly higher

energy than the E2-like peak (∼ 4.4 eV), observed prominently in the linear

PLE and ε2 spectra. Strong absorption of the SFG signal prevented acquisi-

tion of extended XP2-SFG data in the range 4.8 < ~ωSF < 5.1 eV for the 5
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nm sample.

To extract resonant energies and widths and to relate amplitude and

phase SHG spectra (upper and lower panels of Fig. 3.10 and left-hand and

right-hand panels of Fig. 3.11) to each other quantitatively, we modeled Γnc

as a coherent superposition of three resonances with excitonic line shapes

Γnc(2ω) ∝
3∑

k=1

fk exp(iψk)

2ω − ωk + iγk
, (3.19)

where fk is the resonance amplitude, ψk the resonance phase, ωk the reso-

nance energy, and γk the damping parameter. Similar empirical models have

been used previously to analyze resonant structure of SHG spectra. [57, 68]

The parameters fk, ψk, ωk and γk were varied to achieve the best fit to the

amplitude spectra Γnc(~ωSH)/Γg. The phase spectra Φ(~ωSH) were then re-

constructed from the fitting result and compared with experimental results to

check Kramers-Kronig consistency of the SHG spectra. Lorentzian resonances

instead of Gaussian (as for PLE) were used here considering the coherent

interference of different resonances with complete amplitude and phase infor-

mation.

The solid curves in the left-hand panels of Fig. 3.11 show the fits to the

SHG amplitude spectra for each sample. The dashed curves in the same panels

show the individual contributions from each resonance. Table 1 lists the fitted

resonant energies ~ωk, FWHM and relative amplitudes fk for the annealed

samples. For the as-implanted sample, the fit yielded a single dominant broad

resonance around 4.57 eV [Fig. 3.11(a), left-hand panel]. This resonance
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Figure 3.11 Combined XP2-SHG/SFG amplitude (left-hand panels) and phase
(right-hand panels) spectra (data points and samples as in Fig. 3.10) and fits (solid
curves) to a 3-oscillator model of the SH polarization. Dashed curves in left-hand
panels shows the individual contributions of each oscillator. Data points acquired
by XP2-SFG in the range 4.8 < ~ωSF < 5.1 eV are denoted by filled red circles
(panel b) and filled blue squares (panel c) for 3 nm NC samples annealed in Ar and
Ar/H2, respectively. All other data points were acquired by XP2-SHG.
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energy is consistent with the average energy (∼4.5 eV) of the feature in the

linear ε2 of this sample [see Fig. 2.4(e)], which was modeled as a superposition

of resonances at 3.95 eV and 4.8 eV and indicated that implanted Si takes the

form of extremely small a-Si nano-inclusions (see Secs. 2.4 and 2.2). Two peaks

were not distinguishable in the SHG spectrum. For the annealed 3 nm NC

layers, the fit decomposed the SHG response into 3 interband resonances with

resonance energies 3.50 eV, 3.87 eV and 4.89 eV (annealed in Ar, Fig. 3.11(b))

or 3.50 eV, 3.84 eV and 4.90 eV (annealed in Ar/H2, Fig. 3.11(c)). The weak

3.5± 0.1 eV resonance, though not directly discernible as a peak or shoulder,

accounts for the low energy wing of the Γnc(~ωSH) spectra, and corresponds

closely in energy to the low energy shoulder (3.34± 0.02 eV) observed in the

PLE spectrum [Fig. 2.2(c)] of this sample. The emergence of this resonance

from the fit suggests the presence of a weak E1-like CP transition that was not

evident from casual inspection of the SHG spectrum. For the 5 nm NC layer,

the fit decomposed the SHG response into 3 resonant contributions at energies

3.41 eV, 3.73 eV and 4.80 eV [see Fig. 3.11(d)]. All three resonances are

discernible as prominent peaks in the data. These energies are red-shifted by

∼ 0.1 eV from the corresponding fitted resonances of the 3 nm NC layer. On

the other hand, they are blue-shifted from the 3 prominent fitted resonances

(3.34 eV, 3.60 eV and 4.39 eV) of the SHG spectrum of a planar Si(001)/SiO2

interface [57]. Possible physical origins of these resonances are discussed in

Chapter 4.

The solid curves in the right-hand panels of Fig. 3.11 show reconstruc-
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tions of the SHG phase spectra Φ(~ωSH) based on Eq. (7), and are derived

from the same parameters used to fit the corresponding amplitude spectra in

the left-hand panels. The good agreement between the experimental and re-

constructed phase spectra confirms the Kramers-Kronig relation between the

SHG amplitude and phase spectra.

3.5 Cross-polarized 2-beam sum-frequency generation
(XP2-SFG)

The analysis of Sec. 3.4.3 tacitly assumed that resonances observed in

SHG spectra occurred when the SH photon energy ~ωSH matched material

transitions at ~ωk. However, resonances can also occur at the fundamental

photon energy ~ω. To distinguish these two possibilities, we acquired a partial

XP2-SFG spectrum of the 5 nm NC sample. For XP2-SFG, a fixed wave-

length 800 nm (~ω1 = 1.55 eV) pulse train combined in the sample with the

orthogonally-polarized tunable NOPA pulse train as shown in 3.12(a). The

quadrupolar SFG polarization densities are

P (2)
nc (ω1 + ω2) = |Γ(SFG)

nc |eiΦSFG(E1(ω1) · ∇)E2(ω2) (3.20)

P (2)
g (ω1 + ω2) = Γ(SFG)

g (E1(ω1) · ∇)E2(ω2) (3.21)

for NC layer and substrate, respectively, where |Γ(SFG)
nc | and Γ

(SFG)
g are ampli-

tudes of the SFG polarization densities, ΦSFG is the phase difference between

them, and ω2 denotes the tunable NOPA pulse frequency. Data was collected

and analyzed as for XP2-SHG.
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(a). NOPA+800nm (b). NOPA+400nm

Figure 3.12 XP2-SFG setup. The pulse from NOPA impinges normally while the
800nm pulse directly from the laser in (a) or its double-frequency at 400nm after a
BBO crystal in (b) impinges obliquely onto the sample with pulses overlapped spa-
tially and temporally after focusing to common spot radius 70 µm by lenses L3 and
L4. Half-wave plate HWP rotates the polarization of the obliquely-incident 800n-
m or 400nm beam to be cross-polarized with the normally-incident NOPA beam.
SFG propagating along the bisector of the two incident beams is detected by a
photomultiplier tube (PMT) in photon-counting mode.

The blue filled squares in Fig. 3.13 present the measured SFG ampli-

tude (upper panel) and phase (lower panel) of the 5 nm NC sample vs. summed

photon energy ~(ω1+ω2). The filled olive circles show the corresponding SHG

amplitude (upper) and phase (lower) vs. ~ωSH . Within experimental error,

the SFG and SHG spectra are identical. The two resonant features shown oc-

cur at the same summed photon energy ~ωSH = ~(ω1 + ω2) = 3.4 and 3.7 eV

in both spectra, proving that they were at ~ωSH = 3.4 and 3.7 eV, rather than

~ω = 1.7 and 1.85 eV in the SHG spectra. This result is of special importance

because of the known presence of strong optical transitions at approximately

half the energy of the 3.4 eV transition — namely, those responsible for the

PL shown in Fig. 2.2(b).
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Figure 3.13 SFG normalized amplitude (upper panel) and phase (lower panel) spec-
tra of 5 nm Si NC sample (filled blue square data points) plotted vs. ~ωSF , com-
pared with the corresponding SHG spectra (filled olive circle data points) plotted
vs. ~ωSH .

In order to check the resonance around 4.8 eV, XP2-SFG spectra were

obtained on the 3 nm Si NC samples in the range 4.8 ≤ ~ωSF ≤ 5.1 eV, using

tunable NOPA pulses and frequency-doubled (400 nm) fundamental pulses, as

shown in 3.12(b). Strong absorption of the SFG signal in this extended range

in the 5 nm Si NCs prevented spectroscopic study in that sample. The 400

nm + NOPA XP2-SFG results for 3 nm samples are shown in Fig. 3.11(b)
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and(c). The resonance at 4.9 eV appears prominently in the left-hand panels

of these figures, and agrees well with the model fitting (solid curves).
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Chapter 4

Spectral analysis

Acquisition of parallel PLE, SE and SHG/SFG spectra from common

Si NC samples facilitates identification and interpretation of resonant features,

and highlights similarities and differences among the complementary spectro-

scopies. In Sections 4.1 and 4.2 we discuss these similarities and differences in

detail. In Section 4.3 we discuss a physical interpretation of the intermediate

3.8 eV resonance that emerges from this comparison. In Section 4.4 we calcu-

late the SHG spectra from ε(ω) determined by SE, using a model developed

by Mochan et al. [41] that treats each NC as a dielectric sphere comprised of

a continuous distribution of polarizable entities, each responding nonlinearly

to the gradient of the incident field as a forced harmonic oscillator. Though

crude, this exercise helps distinguish those features of SHG that are derivable

from knowledge of the linear spectra from those that convey additional infor-

mation. In particular, the anomalous blueshift of the E2-like SHG resonance

follows naturally from this model, whereas the anomalous strength of the in-

termediate 3.8 eV resonance and the high sensitivity of spectral structure to

NC size appear to be unique SHG features.
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4.1 Similarities among PLE, SE and SHG/SFG spectra

Here we emphasize three recurring features among the PLE, SE and

SHG/SFG spectra presented in Chapter 2 and Chapter 3. First, among the

annealed (Si NC) samples, three resonances appear with remarkable consis-

tency in the spectral range from 3 to 5 eV: two at energies near the E1 and

E2 CPs of bulk c-Si, and a third with no bulk c-Si counterpart at an energy

between E1 and E2. In some cases — specifically SE [Fig. 2.4(f), (g)] and

SHG [Fig. 3.11(b), (c)] spectra of 3 nm Si NC samples — the E1-like peak

is discernible only as an extended low energy tail on higher energy features.

Its existence in these cases must be inferred indirectly from fits of the data to

oscillator models. Nevertheless, the unambiguous presence of an E1-like peak

in the PLE spectra of 3 nm Si NCs [Fig. 2.2(c)] and in all spectra of 5 nm

Si NCs lends credence to its existence in these ambiguous cases. In all other

cases, all 3 peaks are discernible directly in the raw data.

Second, certain characteristics of these 3 resonant peaks recur in all or

nearly all of the spectroscopic data. For example, the E2-like peak is consis-

tently stronger than the E1-like peak in PLE, SE and SHG spectra of both 3

and 5 nm Si NC samples. This is also true of bulk c-Si, although in nearly all

cases the E2/E1 ratio is much larger in the spectra of Si NCs than for bulk

c-Si. The lone exception is the SHG spectrum of 5 nm NCs, where the ratio

is approximately the same as for bulk c-Si. As another example, the E1-like

peak, when clearly resolved, appears at a remarkably consistent energy of 3.3

to 3.4 eV in all three types of spectra. The intermediate peak is consistently
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the broadest peak in all spectra. As a final example, all three types of spectra

are insensitive in most respects to whether the sample was annealed in Ar or

in Ar/H2 mixture [Fig. 2.4(f), (g); Fig. 3.11(b), (c)] despite the strong effect

of hydrogen on PL intensity [Fig. 2.2(a)]. Recently Gevers et al. reported

that SHG in the spectral range 1.6 eV < ~ωSH <3.5 eV from a planar c-

Si surface covered with a thin a-Si film created by Ar+-ion bombardment of

H-terminated Si(100) originates predominantly from interface-modified E
′
0/E1

CP transition in c-Si [69]. Such dominance of CP electronic transitions over

interface bonds is consistent with the insensitivity to the forming gas in our

spectra. One exception is noted in the next subsection. Relative amplitudes

and energies of the 3 resonant peaks are evidently insensitive to H-passivation

of interfacial defects.

Third, SE and SHG yield mutually consistent spectra of the as-implanted

sample [Figs. 2.4(a), (e) and Fig. 3.11(a)]. Some sub-structure is evident in

SE that is not resolved in SHG, but the average energy (∼ 4.5 eV) and width

(FWHM ∼ 1.8 eV) of the composite spectral peak is consistent between the

two spectra. Because of its extremely weak PL intensity, no PLE spectrum

could be acquired for the as-implanted sample.

4.2 Differences between linear (PLE, SE) and SHG/SFG
spectra

Despite similarities, significant differences in the properties of the 3 res-

onant structures are also observed between linear (PLE, SE) and SHG spectra
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of the annealed Si NC samples. First, there are significant differences in the

relative strength (amplitude × width for PLE and SE spectra, and amplitudes

fk for SHG) of the E1-like feature. In SE (ε2(ω)) and PLE, E1 is consistently

3 to 6 times weaker than the other two resonances for all annealed samples

[Fig. 2.4(f)-(h) and Table 1]. E1 appears relatively even weaker in the SHG

spectra of 3 nm Si NCs [Fig. 3.11(b)-(c) and Table 1], where its existence

can be inferred only indirectly from fitting and by comparison to the PLE

spectrum. On the other hand, in the SHG spectrum of 5 nm Si NCs, the E1-

like feature becomes as strong as the intermediate and E2-like resonances [Fig.

3.11(d)]. The latter behavior is anomalous even compared to SHG spectra of

planar Si(001)/SiO2 [57] and Si(111)/SiO2 [68] interfaces, where the E1-like

resonance, though prominent, is generally weaker than the E2-like resonance.

Second, similar remarks apply to the intermediate peak. The interme-

diate peak completely dominates the SHG spectrum of 3 nm NCs, whereas it

is comparable in strength (amplitude × width) to E2 in PLE and SE of these

samples. The fitted width of this resonance in SHG spectra decreases notice-

ably from ∼ 1 eV for 3 nm NCs annealed in Ar to ∼ 0.6 eV for those annealed

in Ar/H2. This is the single most noticeable effect of hydrogen in any of the

spectra. The width decreases further to ∼ 0.3 eV for 5 nm samples (see Table

1). By contrast, in PLE and SE spectra of 3 nm NCs this resonance is unaf-

fected by hydrogen, and narrows only slightly from ∼ 0.8 to ∼ 0.6 eV in going

from 3 to 5 nm NCs. The fitted energy of this resonance is also consistently

slightly lower (3.7 to 3.9 eV) in SHG spectra than in PLE and SE (3.9 to 4.0
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eV). These variations suggest that the intermediate resonance may arise from

a variety of Si/SiO2 interfacial structures to which PLE, SE on the one hand,

and SHG on the other, show different sensitivity, as discussed further in the

next subsection.

Third, the E2-like resonance appears at anomalously high energy (4.8−

4.9 eV) in all SHG/SFG spectra compared to the 4.4− 4.7 eV peak observed

in PLE and SE. This apparent discrepancy will be resolved in subsection 4.4.

Finally, the SHG spectra exhibit far greater contrast in all respects

between the 3 and 5 nm Si NC samples than the PLE and SE spectra. Not

only is the spectrally-averaged SHG amplitude Γ
(5nm)
nc approximately 10 times

stronger per NC than Γ
(3nm)
nc , the SHG spectral structure changes markedly

from the 3 nm samples to the 5 nm sample. The featureless nature of the

former spectrum, which is dominated by the broad 3.9 eV intermediate peak

[Fig. 3.11(b)-(c)], transforms to a featured spectrum with 3 strong resonant

peaks [Fig. 3.11(d)]. In stark contrast, the PLE and SE spectra show only

subtle differences in overall amplitude and spectral structure between the 3

and 5 nm samples [Fig. 2.2(c) and Fig. 2.4(f)-(h)].

4.3 Physical interpretation of the optical resonances

Daum and co-workers previously observed spectral structures interme-

diate in energy between the E1 and E2 resonances in SHG spectroscopy of

planar Si(001)/SiO2 [57] and Si(111)/SiO2 [68] interfaces. However, such

structures have not previously, to our knowledge, been correlated with cor-
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responding structures in linear spectra. At planar Si(001)/SiO2, a peak rang-

ing in energy from 3.68 to 3.77 eV (depending on oxidation procedure) with

FWHM ∼ 0.5 eV was observed [57]. The dependence of both peak energy

and amplitude on oxidation procedure demonstrated the interfacial nature of

the resonance. This resonance was attributed to Si atoms at the interface

between the substrate and its thin suboxide transition region that lack the Td

symmetry of the c-Si lattice. Its width was attributed to the range of bond

angles and lengths at this interface [57]. At planar Si(111)/SiO2 interfaces, an

SHG peak at 3.52 eV (FWHM ∼ 0.3 eV) was observed, and also attributed

to transitions localized in interfacial suboxide groups [68]. The appearance

of such interfacial resonances in linear spectra of embedded Si NCs evidently

reflects their high interface/volume ratio compared to planar Si/SiO2 samples.

Since an embedded Si NC possesses nano-interfaces of all crystallo-

graphic orientations, the broad intermediate peak in the SHG spectra of Si

NCs may be an inhomogeneous combination of intermediate peaks observed

at planar Si(001)/SiO2 and Si(111)/SiO2 interfaces. There is evidence for this

in our data. For example, the intermediate peak for 3 nm Si NCs — the

strongest feature in the SHG spectrum of this sample — is broader (FWH-

M ∼ 1 eV for NCs annealed in Ar) than the analogous features observed at

those planar interfaces. The intermediate peak is also broader in ε2(ω) and

PLE spectra (FWHM 0.6 to 0.8 eV) than in SHG spectra of planar Si/SiO2

interfaces [57, 68].

An additional source of a broad intermediate resonance must, however,
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also be considered: a-Si. Indeed ε2(ω) of bulk a-Si exhibits a broad maximum

between E1 and E2 of bulk c-Si [see dashed curve in Fig. 2.4(e)]. In their SHG

studies of planar Si/SiO2 interfaces, Daum and co-workers [57] rejected inter-

facial a-Si as a significant source of the strong intermediate SHG resonance on

the grounds that spectroscopic SHG from a planar oxidized a-Si sample was

far too weak and featureless [see Fig. 1 of Ref. [57]] to account for it. In

the present study of embedded Si NCs, this argument must be re-examined

for three reasons. First, Raman spectra (Fig. 2.1) provide strong evidence

that residual a-Si is present even in the annealed samples (Sec. 2.2). Sec-

ond, both ε2(ω) [Fig. 2.4(e)] and ΓNC/Γg [Fig. 3.11(a)] of the as-implanted

sample — in which Raman spectroscopy shows that implanted Si takes the

form of extremely small a-Si nano-inclusions — are comparable in magnitude

to ε2(ω) and ΓNC/Γg of the annealed NC samples. Moreover, the blueshift of

the peak spectral response of as-implanted nano-inclusions (∼ 4.5 eV) from

the intermediate peak of the Si NC spectra (3.7 − 3.9 eV) is consistent with

a quantum confinement shift that is reduced or removed when the a-Si ma-

terial redistributes within the larger volume of 3 to 5 nm Si NCs. Thus the

∼ 4.5 eV peak observed from the as-implanted sample can be interpreted as

a blue-shifted replica of the 3.7 − 3.9 eV intermediate peak observed from Si

NC samples. Third, ab initio [16] and molecular dynamics [17] simulations

have shown that Si NCs of a few nm diameter embedded in amorphous SiO2

develop concentric transitional shells of a-Si and sub-oxide that surround the

c-Si core. According to these simulations, the nano-particle becomes com-
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pletely amorphous below a threshold diameter of ∼ 2 nm, consistent with our

interpretation of Raman and optical spectra of the as-implanted sample. For

dNC > 2 nm, a c-Si core develops, and the a-Si shell thins with increasing di-

ameter, eventually disappearing altogether. The latter prediction is consistent

with our observation in SE [ε2(ω)] and PLE of a 25% decrease in the strength

(amplitude × width) of the intermediate resonance relative to E2, and in SHG

of a modest 23% increase in the amplitude (fk) of this resonance relative to

E2, in going from 3 nm to 5 nm NCs annealed in Ar/H2 (see Table 1). Con-

sidering that 5 nm NCs have (5/3)2, or 278%, more surface area than 3 nm

NCs, these results imply that the disordered Si shell thins by at least a factor

of two, assuming that ε2(ω) and Γnc(ω)/Γg in this spectral range scale with

the total amount of material in that shell. Of course, the observation that the

intermediate peak scales somewhat differently in SE/PLE than in SHG shows

that the latter assumption is too simplistic. Nevertheless the results remain

consistent with the predicted [16, 17] thinning of the disordered Si shell.

We observe that the width of the intermediate resonance depends on

both annealing and NC size. For 3 nm NCs, this resonance as observed in

PLE and SE has the same width for samples annealed in Ar/H2 and pure

Ar, whereas in SHG it is 40% narrower for samples in annealed in Ar/H2.

This suggests that the peak is inhomogeneously broadened, and that hydro-

gen termination on the nano-interface eliminates some contributions to which

SHG is uniquely sensitive. In all three types of spectra, the width of this

resonance narrows on going from 3 to 5 nm NCs annealed in Ar/H2, albeit
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more strongly in SHG (another 40%) than in PLE and SE (∼ 20%). Since

curvature and strain at the nano-interface decrease significantly from 3 to 5

nm NCs, the range of bond angles and lengths at this interface may narrow,

thereby narrowing the inhomogeneous width of this resonance. Narrowing of

this resonance with increasing NC size can then be interpreted as a transition

to the narrower intermediate resonances observed at planar Si/SiO2 interfaces

[57, 68].

The most striking contrast between SHG and linear (SE,PLE) spectra

is the far greater sensitivity of SHG to particle size and, to a lesser extent,

to annealing treatment. This is true not only of the intermediate peak, but

of the E1 and E2 resonances. This contrast provides empirical evidence that

SHG is selectively sensitive to the nano-interfacial region of the embedded

NCs, for two reasons. First, the nano-interface is the locus of size-dependent

strain gradients, a significant source of SHG enhancement and of interface-

modified critical point resonances at planar Si/SiO2 interfaces [70]. Variation

of NC size provides a convenient means of varying interfacial strain that is

not available at planar interfaces. Second, the nano-interface is the locus of

size-dependent structural variations, such as size-dependent a-Si and sub-oxide

transition regions predicted in simulations [16, 17]. Interfacial strain gradients

and structural discontinuities break centrosymmetry locally, and in a NC-

size-dependent manner, and thus can selectively influence SHG spectra. We

therefore propose that the nano-interfacial region provides a significant, if not

dominant, contribution to the SHG spectra.
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The pronounced appearance of the E1 resonance for 5 nm NCs, and its

suppression relative to E2 for 3 nm NCs, observed to varying degrees in all three

types of spectra in this work, is consistent with size-dependent trends observed

in previous SE [27] and computational [52] studies of embedded Si NCs. The

E1 resonance in bulk c-Si owes much of its oscillator strength to electron-

hole pair correlation (i.e. excitonic effect), which is reduced or eliminated in

small NCs. The lost oscillator strength is transferred to higher energy optical

transitions.

4.4 Derivation of SHG spectrum from SE data

Mochan et al. [41] have shown that in certain simple approximations

the second-harmonic response function Γnc(ω) of an array of centrosymmet-

ric nanospheres can be expressed analytically in terms of its linear dielectric

function ε(ω). Since Γnc(ω) and ε(ω) are both available experimentally from

the present study, examination of this simple analysis is highly appropriate.

The interior of each nanoparticle is treated as a continuous distribution of har-

monic polarizable entities. The origin of the nonlinear response is the spatial

variation of the driving field across each dipole [71]. Analytic expressions for

the parameters γe, γm and γq in Eq. (4) are given in equations (B4) thru (B6)

of Ref. [41]. Here γe, γm and γq are expressed in terms of ε(ω) and three

additional parameters that characterize the nonlinear response of the spher-

ical interface of each nano-sphere. Analytic expressions for these interface

parameters are given in equations (B8) thru (B10) of Ref. [41]. No explic-
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it reference to the microscopic crystalline, amorphous or interfacial structure

of the nanosphere is made in this model. Rather microstructure is included

implicitly by expressing Γnc(ω) in terms of ε(ω), which is a reflection of the

underlying structure. Plots of the second-harmonic response function for a

single Si nanosphere and for a uniform composite, using the ε(ω) of bulk c-Si,

are presented in Figs. (7) and (8) of Ref. [41].

Fig. 4.1 presents our analytic calculation of Γnc(ω) for the three an-

nealed samples studied here, using the experimental ε(ω) shown in Fig. 2.4.

For comparison, the corresponding SHG response function for a flat c-Si sur-

face is also plotted (dotted line) using a continuum dipolium model for a flat

surface [71]. Several features warrant comment. First, the E2, intermediate

3.9 eV, and E1 peaks appear with relative amplitudes and widths similar to

those in the corresponding ε2(ω) spectra in Fig. 2.4. The E2 peak dominates

in all cases, and the other two peaks are clearly discernible only for the 5 nm

NC case. Second, the E1 and intermediate peaks, where discernible, appear

within ±0.1 eV of their corresponding positions in the SE spectrum. These

similarities are expected, since the SE data is input to the calculation. Third,

however, the E2 peaks for the NCs occur at ∼ 4.8 eV, shifted about 0.4 eV to

the blue from their positions in the corresponding ε2(ω) spectra, but very close

to their positions in the SHG spectra (see Table 1 and Fig. 3.11). Fourth, the

E2 peak for the flat c-Si surface occurs at ∼ 4.5 eV, very close to its position

in the ε2(ω) spectra.
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Figure 4.1 Normalized SHG response functions (eρNC/R
3
NC)ΓNC(ω) for each an-

nealed sample calculated from their measured linear dielectric functions shown in
Fig. 2.4 using a continuum dipolium model for spherical NC vs. the photon energy,
where ρNC is the NC density, RNC is the radius of the NC and e is the elementary
charge. For comparison, the corresponding SHG response function for a flat c-Si
surface is also plotted (dotted line) using a continuum dipolium model for a flat
surface.

As seen in Fig. 4.1, the SHG response function for a flat c-Si surface

using the continuum dipolium model clearly shows E1 and E2 CPs with energy

positions agreeing well with the reported experimental values for flat c-Si sur-

faces [57, 68]. E2 is only slightly blue shifted from the bulk CP values [E2(X)
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= 4.27 eV; E2(Σ) = 4.52 eV] [51]. This shifting comes from the Fresnel factors

that screen the incoming fundamental fields that generate the SH signal below

the flat surface. For a NC, the screening factors corresponding to its spherical

shape produce a much stronger blueshift than for the flat surface, as seen in

Fig. 4.1. Thus the anomalous blueshift in E2 in the SHG response for NCs,

according to the dipolium model, is directly related to the screening factors

for a spherical shape. E1, on the other hand, is not shifted from the bulk CP

value (E1 = 3.4 eV) for either a flat Si surface or for spherical Si NCs.

While this calculation serves the limited purpose of explaining the ap-

parent shift of the SHG E2 resonance, it also shows that in most other respect-

s the SHG spectrum is not derivable from SE. The relative strengths of the

three main peaks do not reflect their measured values in the SHG spectrum,

nor is their any basis in this model for the unique sensitivity of SHG spectral

structure to NC size and annealing treatment. It therefore re-inforces the con-

clusion of the previous subsection that SHG probes nano-interfacial region of

embedded NCs more sensitively than SE.

4.5 Summary

XP2-SHG has been applied spectroscopically to study the oxide em-

bedded Si NCs of different sizes and interface chemistries. The SHG spectra

response was compared in detail with results from complementary convention-

al spectroscopies to help elucidate the unique structure of the Si NCs. The

appearance of bulk-like CP resonances in the parallel PLE, SE and SHG/SFG
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spectra from Si NCs suggests the basic electronic structure of the bulk c-Si

is preserved in nano-particles as small as 3 nm in diameter, albeit with sig-

nificant size-dependent modification. At the same time, the prominence of

a non-bulk-like resonance intermediate in energy between E1 and E2 CPs in

all three types of spectra demonstrates the important contribution of nano-

interfaces to the electronic structure. The dominance of the latter feature in

SHG spectra of 3 nm NCs, and the unique sensitivity of SHG spectral struc-

ture and amplitude to NC diameter suggest that SHG is uniquely sensitive

to nano-interfacial structure. Thus quadrupolar SHG of nano-composites, in

its ability to reveal interfacial structure, appears to play a role analogous to

dipolar SHG of planar interfaces. The comparative spectroscopy presented

here leads to the hypothesis that this intermediate resonance may arise from

Si/SiO2 interfacial structures such as an a-Si/suboxide shell predicted in recent

simulations.
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Chapter 5

Optical studies of oxide-embedded and

ligand-stabilized Si NCs synthesized by

thermal decomposition of hydrogen

silsesquioxane

In this chapter, we will report optical studies of Si nanocrystals syn-

thesized from thermal decomposition of hydrogen silsesquioxane (HSQ). This

nanocrystal synthesis approach was developed by Hessel et al. at the Universi-

ty of Alberta [19, 72–74]. In this work, the Si nanocrystal synthesis extends the

previous approach to produce oxide-embedded and oxide-free alkyl-terminated

Si nanocrystals with diameters ranging from 3 nm to greater than 10 nm

[47, 75]. In this chapter, first we will briefly review the nanocrystals synthesis

process and the basic characterizations of the samples. Then we will present

the detailed Raman spectroscopy study. The Raman peak shifts for the oxide

embedded samples were significantly less pronounced than for free-standing

nanocrystals as a result of the stress induced by the matrix while the Raman

spectra of the free-standing samples show a monotonic nanocrystalline peak

shift. The size dependence of the Raman peak shift was significantly more pro-

nounced than previous reported or predicted by the RWL (Richter, Wang, and

Ley) [76] and bond polarizability models [77, 78]. In the last section, we will
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show the SE and SHG studies of thin films of oxide-embedded Si nanocrystals

synthesized from thermal decomposition of HSQ.

5.1 Synthesis and characterization of oxide-embedded
and oxide-free alkyl-terminated Si NCs

Oxide-embedded Si nanocrystals are first obtained by thermal decom-

position of HSQ [47, 75]. Solid white HSQ (5.0 g) is placed in a quartz crucible

and heated at a rate of 18oC/min under a flow of 90% Ar/10% H2 to a peak

processing temperature between 1100 and 1400 oC, depending on the desired

nanocrystal size. The sample is held at the peak processing temperature for 1

hour before allowing the furnace to cool to room temperature. A brown/black

glassy product is obtained. This product is ground for 20 min in an agate

mortar and pestle to obtain a brown powder with a grain size of about 2 µm.

The grain size is then further reduced to ∼200 nm by shaking in a wrist-action

shaker for 9 hr with 30 g of 3 mm borosilicate glass beads. Mechanical reduc-

tion of the oxide-embedded Si nanocrystal grain size is essential for uniform

etching of the oxide matrix. Then the ground powder of oxide-embedded Si

nanocrystals (300 mg) is suspended in a solution of 13 mL of 48% HF and 2

mL of 25% HCl in the dark for 6 hr. This procedure etches the oxide and yields

hydride-terminated Si nanocrystals. The nanocrystals are isolated from the

HF solution by centrifugation at 9000 rpm for 3 min. After centrifugation, the

supernatant is discarded and the light brown precipitate is rinsed twice with 5

mL of ethanol and once with 5 mL of toluene and finally dispersed in 8 mL of
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1-dodecene and 2 mL of 1-octadecene. The resulting brown, turbid dispersion

is transferred to a three-neck round-bottom flask and degassed with 4 freeze-

pump-thaw cycles on a greaseless Schlenk line. The dispersion is heated at 190

oC for 8 hr. After about 30 min of heating, the turbid brown dispersion turns to

an optically clear dark orange dispersion. The alkene-passivated Si nanocrys-

tals are washed three times by precipitation using acetone as an antisolvent

(15 mL), and dispersed in 1 mL of toluene. The concentrated nanocrystal

dispersions are then heated under vacuum for 24 hr at 200 oC to remove ex-

cess ligand. The nanocrystals are finally dispersed in toluene for subsequent

characterization. The mass yield of ligand stabilized Si nanocrystals is about

10% with respect to the oxide-embedded Si nanocrystal powder.Figure 5.1

shows transmission electron microscopy (TEM) images of the alkyl-passivated

Si nanocrytals. The nanocrystals studied here were exhaustively characterized

by TEM, XRD, and SAXS as reported in Ref. [75].
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Figure 5.1 TEM images of Si nanocrystals passivated with dodecene and octadecene.
The HSQ decomposition temperature for each sample is indicated. The high resolu-
tion TEM image in (h) shows the typical crystallinity and shape of the nanocrystals
used in the optical spectroscopy study.
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(1)

(2)

(3)

Figure 5.2 The figure illustrates the synthetic steps employed to obtain ligand-
stabilized colloidal Si nanocrystals: (1) high temperature decomposition of HSQ
into oxide-embedded Si nanocrystals; (2) oxide etching in the dark by HF to liberate
H-terminated Si nanocrystals; and (3) thermal hydrosilylation with a long chain
alkene.

During the synthesizing process to obtain ligand stabilized colloidal

Si nanocrystals, as shown in Figure 5.2, the nanocrystal size is governed by

the HSQ decomposition temperature. Higher temperatures (above 1100 oC)

lead to larger nanocrystals. The single heating step synthesis is different from

the previous two-step heating procedure reported by Hessel before [19, 72–

74], in which nanocrystals were first nucleated at 1100 oC and then ripened

to larger size at 1200 to 1400 oC. The uninterrupted heating in the single-

step method yields nanocrystals with a much narrower size distribution than

two-step heating and access to larger nanocrystals at identical reaction tem-

peratures. The combined nucleation and growth at higher temperature in the

single-step heating method appears to lead to an important and influential

change in nanocrystal growth mechanism.
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5.2 Raman Spectroscopy of Oxide-Embedded and Ligand-
Stabilized Silicon Nanocrystals

Optimization of Si nanocrystals for optoelectronic applications requires

control of the optical properties, for which nanocrystal size provides an impor-

tant control parameter. Nanocrystal size is typically determined using electron

microscopy and X-ray scattering. Raman spectroscopy could also provide a

rapid and non-destructive measure of nanocrystal size, especially when locat-

ed at buried interfaces, but Raman spectra are also very sensitive to subtle

differences in crystal structures, defects, compositions and local environmental

conditions [46]. Use of Raman spectroscopy to provide an accurate measure

of Si nanocrystal size requires more accurate experimental data correlating

Raman spectra with size. Most reports of size-dependent Raman spectra in-

volve nanocrystals embedded in a host matrix of SiO2 [31, 79–81], Si3N4 [82],

or sapphire [83], which creates enough stress to shift the Raman signal from

its size-related peak position by a few wavenumbers and is difficult to quanti-

fy [31, 79, 83, 84]. The size of nanocrystals embedded in host matrices is also

challenging to measure and often not accurately known [85–88]. Recently,

methods have been developed to produce crystalline, monodisperse, organic

ligand-stabilized Si nanocrystals with a wide range of size and no surface ox-

ide [72, 89]. This class of Si nanocrystals has not yet been studied by Raman

spectroscopy, yet should provide ideal model materials for observing the true

size-dependence of the Raman signal decoupled from environmental factors

like surface oxide-related strain. The average size of these nanocrystals can
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also be accurately determined by electron microscopy or X-ray scattering.

Raman spectra reported here were collected from Si nanocrystals using

a ReniShaw inVia Micrsoscope with back-scattering geometry and a 514.5

nm Argon laser focused to a circular spot with 5 µm diameter using a 50X

microscope objective and a laser power density of 0.018 mW/µm2. This power

density is two orders of magnitude lower than the threshold (1 mW/µm2) for

Fano broadening and peak shifts due to laser-induced heating since heating

will redshift the Raman spectra [87]. All spectra were collected for 30 s and

multiple measurements were taken at different regions on samples to ensure

reproducibility.

Table 5.1 Parameters of the nanocrystalline Raman peak of Si NC samples annealed
at different temperature

Annealing temperature 1100oC 1150oC 1200oC 1250oC 1300oC 1350oC 1400oC

Particle diameter (nm) 2.7±0.6 2.9±1.0 5.0±1.3 6.0±1.7 8.8±1.8 11.8±2.1 polydisperse

Raman peak

Free-
position (cm−1) 507.1 511.9 513.3 515.4 516.0 518.0 519.2

standing
Raman peak

FWHM (cm−1) 17.3 15 11.5 8.6 8.7 5.9 5.4

Raman peak

Oxide-
position (cm−1) 516.1 518.6 517.1 516.0 518.4 518.0 518.1

embedded
Raman peak

FWHM (cm−1) 13.8 10.6 9.1 9.9 8.7 7.4 7.0

The Raman results from the free-standing ligand-passivated and oxide-embedded

samples are presented in Figure 5.3. For small Si NCs, the Raman spectra

show a dominant peak around 521 cm−1, characteristic of crystalline Si, with
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a broadened asymmetric shoulder at the low energy side. Such asymmetric

shoulder components get weaker for larger particles annealed at higher temper-

ature. The Raman spectra show contrast between the ligand-passivated and

oxide-embedded samples: first, the dominant peak position shifted monotoni-

cally with particle size (as shown in Table 5.1, the higher the annealing tem-

perature, the large the particle size) for ligand-passivated nanocrystals while

no such trend was observed in the oxide-embedded samples; second, the asym-

metric shoulder in the Raman spectra diminish much faster with increasing

annealing temperature for ligand-passivated samples while the Raman spec-

tra of the oxide-embedded samples show more complicated spectral structures

with additional spectral components at the low energy side shoulder.

To analyze the spectral components and to accurately localize the Ra-

man peak position, the spectra were deconvolved and fitted with a combina-

tion of Lorentzian functions with the center frequencies as fitting parameters

as well as the broadening widths [30, 81]. In such a way, the data can be fit

empirically. For the oxide-embedded samples annealed at 1100 and 1150oC, 3

Lorentzian functions are needed to get the perfect fit, one corresponding to the

nanocrystalline core, one corresponding to the residual amorphous Si, one to

the interfacial atoms locating at the boundary between the NCs and the oxide

matrix [30]. With increasing annealing temperature, the contribution from the

possible residual amorphous Si and interfacial boundary atoms decreased and

one Lorentzian function was enough to fit these components. For the sample

annealed at 1400oC, only the contribution from the crystalline Si reside in
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Figure 5.3 Raman spectra of oxide-embedded (right panel) and free-standing ligand-
passivated (left panel) Si nanocrystals synthesized at the indicated reaction temper-
atures. The measured Raman data (black open squares) has been fitted (solid black
curves) and decomposed into Lorentzian oscillator contribution (thin blue, red, and
olive curves).

the spectra. The nonmonotonic trend of the Raman peak with the particle

size may be good example of the combined effect of quantum confinement and

stress on the shift of the Raman peak [31]. Confinement of the phonons re-

laxes the wave vector selection rule (q=0) and redshift the Raman peak [76],

while the stress in the NCs will blueshift the Raman peak [79]. By removing

the oxide completely, we greatly released the stress, if not completely, in these

NCs, and thus provided a much simpler system for study of the size dependent
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shift in Raman peak. Obviously, the contribution from the interfacial atoms

between the NC and the oxide matrix is gone since only two Lorentzian oscilla-

tors are enough to fit the sample annealed at lower temperature, representing

contributions from the possible residual amorphous Si and the nanocrystalline

Si. One Lorentzian function already gives a perfect fit for the samples annealed

above 1300oC. The fitting results are shown as solid curves in Figure 5.3 and

the fitting parameters are presented in Table. 5.1. The diminishing of the con-

tribution from the amorphous component around 480 cm−1 and the enhancing

contribution from the nanocrystalline Si with increasing annealing tempera-

ture indicate the better crystallization at the higher annealing temperature,

well in line with the XRD measurement result [75].

Despite the perfect fit using Lorentzian functions, which is good for

locating the Raman peak position of the nanocrystalline silicon contribution,

it has been well established that the nanocrystalline peak becomes asymmetric

with broadening width when the nanoparticle size decreases, and it is no longer

physically meaningful to fit this asymmetric peak with Lorentzian functions.

Richter, Wang and Ley (RWL) first explained this blueshift peak-position with

asymmetric broadening behavior in 1981 [76, 90, 91]. The Raman active mode

in bulk Si occurs at the center of the Brillouin zone (q = 0), leading to a

sharp Raman scattering peak at 521 cm−1. Crystal momentum is no longer

conserved in Si nanocrystals and phonon modes become allowed away from

the Brillouin zone center (q ̸= 0), which leads to the shift and widening of the

Raman peak towards lower frequencies with decreasing nanocrystal size. RWL
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developed a quantitative model for this, sometimes referred to as the phonon

confinement model [84, 85, 91]:

Ic(ω) = Bc

∫ 1

0

exp(−q2L2/4)4πq2dq

[ω − ω(q)]2 + (Γc/2)2
(5.1)

Bc is an arbitrary constant, L is the particle size in units of a0, and is defined as

L = d/a0 where d is particle diameter and ao is the lattice constant (0.543 nm

for Si). Γc is the Raman peak FWHM for bulk c-Si at room temperature (4.6

cm−1), q is the phonon wave vector in units of 2π/a0, and ω(q) is the dispersion

relation for optical phonons. The dispersion relation, ω(q) = ω(c)(1− 0.23q2)

was used for the calculations; ω(c) is the Raman peak position of bulk Si at

room temperature (521 cm−1) [78, 92]. As shown in Figure 5.4, the RWL mod-

el is used to fit the nanocrystalline component of the Raman spectra with a

symmetric Lorentzian added accounting for the low frequency component to

provide the best fit to the data. In Figure 5.5, we plot the Raman peak posi-

tion as a function of the nanocrystal diameter and compare it with the RWL

model. The RWL model was found to significantly underpredict the Raman

shift. Since RWL, a variety of other theories have appeared, including the

bond polarization (BP) model of Zi and coworkers [77, 78]. The RWL and BP

models yield qualitatively similar results, shown in Figure 5.5 [87, 89, 91]. Ab

initio calculations [93] have been performed, but due to computational con-

straints only nanocrystals smaller than 3 nm with ”bare” surfaces or hydride

passivation have been examined [77, 78, 93]. So, the RWL model provides a

convenient analytical tool for analyzing Raman data. The model by Faraci,

et al.[88] showed better agreement with the data in the smaller size range.
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We found that although the RWL model was a poor quantitative predictor of

nanocrystal size, it provided very good qualitative agreement with the size-

dependent spectral line shape. With the addition of an arbitrary peak shift,

the shape of the Raman peaks matched quite well the RWL model, as shown

in Figure 5.4. Table 5.2 lists the size predicted by the RWL model based on

the shape of the spectral curve.
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Figure 5.4 Raman spectra (black open square) of free-standing alkyl passivated Si
nanocrystals. The spectra were fit to the RWL model (blue curve). The red curve
corresponds to a symmetric Lorentzian added to provide the best fit to the data
(black curve). A Raman spectrum of a bulk c-Si (olive dashed curve) is provided
for reference.
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Figure 5.5 Raman peak position as a function of the nanocrystal diameter for
free-standing alkyl passivated (black diamonds) and oxide-embedded (red circles)
nanocrystals. The black curve is a least-square fit of Equation 5.2 to the Raman
peak positions of the ligand-passivated nanocrystals; the blue and magenta curves
are the predicted Raman peak positions from the RWL and BP models, respectively.
The green dotted curve shows recent model prediction by Faraci et al [85]. Insert:
Raman peak width as a function of the nanocrystal diameter for free-standing alkyl
passivated nanocrystals(black diamonds) and the least-square fit (black curve).

For the smaller nanocrystals, the RWL model failed to capture the

proper line shape of a low frequency tail of the Raman peaks and an addi-

tional Lorentzian feature was needed in addition to the RWL model curve to

adequately match the observed peak shape. This additional low frequency

vibrational mode was more significant for the smaller nanocrystals. A simi-

lar feature has been observed previously in Raman spectra of Si nanocrystals.

Some have proposed that it comes from an amorphous interfacial region, or an
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amorphous shell coating the nanocrystals, since it occurs at approximately the

same peak location as amorphous Si (480 cm−1) [31]. Others have attributed

the position and evolution of this low frequency contribution to small changes

in the crystallinity of nanocrystals with a high surface-area-to-volume ratio

[93]. Nanocrystals with a large fraction of undercoordinated surface atoms

are expected to have shortened bond lengths, inducing Raman scattering at

lower frequencies. The observed shift of this feature to higher frequency with

increased particle size is consistent with the idea that this feature is associated

with the nanocrystal surface.

Table 5.2 Comparison of particle sizes for free-standing ligand-passivated and oxide-
embedded Si nanocrystals determined using SAXS and fitting the Raman spectra
with the RWL model.

HSQ free-standing oxide-embedded peak shift

decomposition nanocrystal size nanocrystal size difference

temperature particles size∗ from RWL from RWL in RWL fitting

(oC) (nm) (nm) (nm) (cm−1)

1100 2.7 2.88 3.26 +3.8
1150 2.9 3.8 4.62 +3.6
1200 5.0 4.07 5.43 +2.0
1250 6.0 4.89 5.70 0.0
1300 8.8 6.24 7.06 +1.0
1350 11.8 8.69 8.15 -1.0
1400 polydisperse 10.86 10.32 -1.5

∗Particle size determined by SAXS of the ligand-passivated nanocrystals.

The oxide-embedded Si nanocrystals had significantly different size de-

82



pendence than the ligand-stabilized nanocrystals. Figure 5.6 shows the Raman

spectra of the oxide-embedded nanocrystals and the Raman peak positions are

plotted in Figure 5.5. The Raman peaks are red-shifted from the bulk value of

521 cm−1, but with a much smaller shift in frequency than the ligand-stabilized

nanocrystals. Compressive stress from the oxide matrix is responsible for the

differences, shifting the Raman peak to higher frequency and opposing the

frequency shift due to phonon confinement [31, 79, 83, 84]. The RWL model

does not provide quantitative agreement between the Raman peak positions

and the nanocrystal size, as shown in Figure 5.5, but does provide good qual-

itative agreement with the Raman line shapes and the data can be modeled

quite well by adding an arbitrary shift in frequency to Equation 5.1 to fit

the data. Similar to the ligand-stabilized nanocrystals, the Raman spectra

of the smaller oxide-embedded nanocrystals show an additional low frequen-

cy feature. The additional peak is centered around 470-480 cm−1 for the

nanocrystals processed below 1300 oC. This feature shifts to higher frequen-

cy while decreasing in intensity as temperature increases. In the case of the

oxide-embedded nanocrystals, this Raman spectral feature might be attribut-

ed to molecular-size clusters of zero valent Si in the SiO2 matrix [30, 79]. HSQ

disproportionates to Si and SiO2 upon heating, producing clusters of Si in a

SiO2 matrix that aggregate and coalesce into nanocrystals. As temperature

increases above 1000 oC, atomic diffusion through the matrix increases and

small clusters of Si subside at the expense of larger nanocrystals. HF etching

dissolves away these embedded Si clusters and their presence would not be
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observed in the Raman spectra (Figure 5.4).
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Figure 5.6 Raman spectra (black open square) of oxide-embedded Si nanocrystals.
The spectra were fit to the RWL model (blue curve) using an arbitrary shift in the
peak position as explained in the text. The red curve corresponds to a symmet-
ric Lorentzian added to provide the best fit to the data (black curve). A Raman
spectrum of a bulk c-Si (olive dashed curve) is provided for reference.

The Raman peak positions of the oxide-embedded Si nanocrystals are

also plotted in Figure 5.5 in comparison to the ligand-stabilized nanocrystals

and the RWL and BP model predictions. The RWL and BP models show

better size agreement with the oxide-embedded nanocrystals than the ligand-

stabilized nanocrystals, but the agreement is simply coincidence. The Raman

peak positions of the oxide-embedded nanocrystals shift fairly unpredictably
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due to variations in matrix-related stress in the samples. Methods have been

developed to estimate stress-induced Raman shifts to decouple this effect from

the observed peak shift and reveal the peak shift attributed to phonon con-

finement effects [31, 84]. This data treatment assumes homogeneous strain

throughout the sample, which may not be the case. The ligand-stabilized

nanocrystals do not experience such surface stress from their surroundings

and the Raman peaks shift to lower wavelength systematically with decreas-

ing size. More theoretical work is needed to provide a quantitatively accurate

model of the size-dependence of the Raman spectra of Si nanocrystals. How-

ever, a convenient scaling relationship between the Raman peak position and

nanocrystal size might be used [77, 78, 91]

ω(D) = ω0 − A(
a

D
)γ, (5.2)

where ω(D) is the Raman frequency of the Si nanocrystals with diameter

D and ω0 is the Raman peak position of bulk c-Si (521 cm−1), the lattice

constant a = 0.543 nm. The values for A and γ parameters are −56.63 and

1.00, respectively, from the least-square fit of our experimental data while the

corresponding values are −52.3 and −1.586 in RWL model [76, 91], −47.41 and

1.44 in BP model [77]. The observed Raman spectra of free-standing alkyl-

passivated nanocrystals (black diamonds) in Figure 5.5 lie well below the RWL

and BP predictions. The observation of the much more pronounced shift in

the Raman spectra highlights the need for more theoretical work. Nonetheless,

the empirical relationship between Raman shift, peak shape and size reported
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here for the ligand-stabilized Si nanocrystals can provide a good baseline for

using Raman spectroscopy as a tool to measure size.

In the discussion above, when the RWL model was used to fit the Ra-

man spectra, uniform size distribution was assumed in Equation 5.1. However,

the TEM/SAXS/XRD data showed that there were always size dispersion in

all the samples annealed at different temperatures. Questions arise, such as if

the conclusions above will be affected, when the size distribution is incorporat-

ed into the RWL model [94, 95]. To check that, the particle size dispersion of

free-standing Si nanocrystals synthesized at 1150oC was included in the RWL

model by integrating spectra for a range of particle sizes with a specified size

distribution

Ic = C

∫
Ic(ω,D)f(D)dD, (5.3)

where the Gaussian distribution of the particle size is given as

f(D) =
1√
2πσ2

exp(−(D −D0)
2

2σ2
).

Using size dispersion obtained from SAXS shown in Table 5.1, D0 is the average

nanocrystal diameter (3.8 nm here) and σ is the size standard deviation (1

nm). Figure 5.7 shows the RWL Raman spectra with specified particle size

distribution included. The inset of Figure 5.7 shows the integrated spectra for

3.8 nm particles with σ = 1 nm.
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Figure 5.7 Calculated Raman spectra of Si nanocrystals having a Gaussian size
distribution with different standard deviation (σ). Inset is the integrated Raman
spectra for nanocrystals with 3.8 nm diameter and a standard deviation of 1 nm.

As seen from the figure, incorporating the size distribution in the RWL

model has little effect on the Raman peak shift for nanocrystalline Si. Thus

there would be no change in the predicted nanocrystal size with respect to the

RWL model using a uniform size distribution. However, what needs pointing

out is, incorporating the size distribution does lead to some asymmetric broad-

ening of the nanocrystalline peak at lower frequency. Comparison of fitting

with and without considering the size distribution in Figure 5.8 shows the low

frequency contribution around 480 cm−1 decreases as the size distribution is

included.
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Figure 5.8 Raman spectra (black open square) of free-standing alkyl-passivated Si
nanocrystals synthesized at 1150oC. Panels A and B show the RWL Raman spectra
(blue curves) simulated using a uniform size distribution and a size distribution
with a standard deviation of 1 nm, respectively. The red curves correspond to a
symmetric Lorentzian added to provide the best fit to the data (black curves).

In summary, Raman spectroscopy has been applied to study free-standing

alkyl-passivated and oxide-embedded silicon nanocrystals of different sizes.

Raman spectroscopy is extremely sensitive to subtle changes in crystal struc-

ture and composition and some crystal defects that are not perceptible by

XRD, or even TEM, are clearly visible in Raman spectra. Raman spec-

troscopy can also provide a rapid and non-destructive measure of the nanocrys-

tal size. A systematic trend of decreasing Raman peak frequency with decreas-

ing nanocrystal size was observed for the alkyl-passivated Si nanocrystals. In

contrast, Raman peaks observed from oxide-embedded nanocrystals occurred

at significantly higher frequency than those isolated from the oxide matrix
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and capping with hydrocarbon ligands. Si nanocrystals embedded in an oxide

matrix show significant variation in Raman peak shifts, likely due to variable

matrix-induced stress. The widely used RWL and BP models for phonon con-

finement were compared to the data and found to provide poor quantitative

agreement; however, the RWL model did provide a good approximation to the

observed Raman line shape, requiring only an arbitrary shift in peak position.

The data presented here clearly show that more accurate theoretical models

for size-dependent Raman spectra of Si nanocrystals are needed.

5.3 Optical study of Si NC/SiO2 thin films synthesized
from HSQ

Besides the bulk synthesis of Si NC/SiO2 samples by reductive thermal

processing of hydrogen silsequioxane, we also fabricated Si NC/SiO2 thin films.

The samples were prepared by spin-coating of HSQ solution onto a fused quartz

or silicon substrate and post-annealing. HSQ solution was spin-coated on the

substrate and the resulting transparent precursor films were thermally proceed

at different temperatures from 1100 oC to 1400 oC for one hour in either pure

N2 or N2/H2 mixture. After annealing, a thin film of Si NCs embedded in SiO2

will be obtained and the thickness of the film was controlled via the initial

volume of the HSQ solution and the spin speed of the spincoat. The sizes of

the nanocrystals in the film, just like the bulk samples, are controlled by the

annealing temperature. Unfortunately, most of the time, the films are cracked

after annealing. Even for the samples of good quality for optical spectroscopy
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study, the edge area of the film was cracked, as shown in Figure 5.9. When the

solution was spun and spread out on the substrate, it is uniform at the center,

and gets thicker toward the edge, where the thickness becomes nonuniform,

indicated by the interference pattern at the edge. The dust on the substrate

also causes the nonuniform thickness around it. Annealing induces cracking

around these areas.

Figure 5.9 Image of the as-spined and annealed samples. The interference pattern
at the edge of as-spined sample indicates that the thickness is not uniform at the
edge; the dust on the substrate also causes nonuniform thickness around it. After
annealing, there are cracks near the edge while the central part is non-cracked and
of good quality for optical study.

The samples used in this study were synthesized using 50 µL HSQ

solution on fused quartz or Si substrate at the spin speed of 2000 rpm, and
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annealed at 1100 oC in either pure N2 or mixture of N2 and H2.
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Figure 5.10 Room-temperature PL spectra of Si NC thin films synthesized from
thermal decomposition of HSQ.

The PL spectra of the samples were recorded using the Fluorolog3

fluorimeter from Horiba Jobin Yvon company by exciting the samples with

a filtered Xenon lamp (λex = 450 nm). Figure 5.10 shows the PL spectra of

the thin film samples. The PL spectra peaked around 750 nm, close to the

PL peak of the bulk synthesized samples annealed at 1100oC with diameter

d = 2.6 nm. The annealing in different atmosphere induced a weak contrast

in the PL intensity. Annealing in Hydrogen enhanced the PL intensity as the
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hydrogen passivates the dangling bonds at the interface of the Si NCs, which

serves as the nonradiative recombination center for the electron-hole pairs.
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Figure 5.11 Measured (open squares) Ψ (top) and ∆ (bottom) data for Si nanocrystal
samples annealed in N2/H2 mixture (left) and pure N2 (right), compared to fits (red
curves) based on Gauss-Lorentz oscillator model of the dielectric function of the NC
layer.

Spectroscopic ellipsometry studies were then conducted on the samples

to obtain the thickness of the thin films and the linear optical constants of the

embedded nanocrystals. Spectroscopic ellipsometry measurements were per-

formed at room-temperature at angle of incidence 70o using a J.A. Woolam

M2000 spectroscopic ellipsometer in the wavelength range 250 - 1000 nm in
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steps of 5 nm. To extract the dielectric function of the Si NCs in the Si

NCs/SiO2 composite system, the Bruggeman effective medium approximation

is used for the composite layer. Besides the 2 constituents of the Si NCs and

SiO2 matrix, a void is also added to the Bruggeman EMA to get a better

fitting. A model dielectric function different from that of a bulk Si reference

is needed for the Si NCs. Instead of using Lorentz oscillators and assuming

uniform particle size, we adapted a mixed Lorentzian and Gaussian oscillator

model (given in Equation 2.2), the latter accounting for inhomogeneous broad-

ening of interband transitions caused by size dispersion. The model allows for

different relative strengths of homogeneous (Lorentzian) and inhomogeneous

(Gaussian) broadening at different CP transitions. These oscillator param-

eters plus the thickness of the composite layer and the volume fraction are

freely varying parameters in fitting the ellipsometric spectra angles Ψ(ω) and

∆(ω). Parameters obtained by fitting the same dielectric function model to

Ψ(ω) and ∆(ω) data for bulk Si are used as initial values for fitting ellipso-

metric data for the NC samples. Thickness of the composite layer was first

evaluated at the transparent region using a Cauchy model. ε1(ω) and ε2(ω)

are Kramers-Kronig consistent. The mean-squared error (MSE) between the

theoretical and the experimental ellipsometry parameters is being minimized

during the fitting process. The fitting result shows a good agreement between

the experimental and calculated ellipsometric spectra, as shown in Figure 5.11.

The MSE for the samples annealed in pure N2 (or mixture of N2 and H2) is

23.3 (or 34.2).
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Figure 5.12 Real and imaginary parts of the dielectric functions ε1 + iε2 (bold solid
curves) of silicon nanocrystals extracted from SE measurement of sample annealed
in mixture of N2 and H2 (a, bold solid blue curves ) and sample annealed in pure N2

(b, bold solid red curves). Dielectric functions of bulk c-Si (thin black curves) are
shown for comparison. The shaded areas under the thin solid curves in each panel
show the contributions from each oscillator used to model the dielectric function of
the embedded nanocrystals.

Figure 5.12 presents the extracted dielectric functions of the embedded

NCs. Here 3 Gauss-Lorentz oscillators were employed to model the dielectric

functions of the nanocrystals, and they are atributed to critical point E1 and E2

resonances and the contribution from the interface, just as discussed in the SE

study of Si NCs synthesized by ion-implantation in Section 2.4. The overall

amplitude of the dielectric functions is strongly reduced and this reduction

can be attributed to reduced polarizability induced by the opening of the
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fundamental bandgap or the surface effect. E1 resonances, indicated by the

black area in Figure 5.12, almost disappeared. While E2 resonance, shown as

the lightly-shaded area in Figure 5.12, dominated the whole spectrum with its

peak position blue-shifted to 4.42 eV for the sample annealed in pure N2 and

to 4.43 eV for the sample annealed in mixture of N2 and H2.

Besides the critical point resonances, we also observed a weak resonance

in ε2(ω) at 4.0 eV for the sample annealed in pure N2 and 3.9 eV for the

sample annealed in mixture of N2 and H2. A similar intermediate resonance

has been observed from the samples synthesized by ion-implantation and post-

annealing as reported in Section 2.4, and it was attributed to the interfacial

atoms between the nanocrystalline core and the amorphous oxide matrix.

Cross-polarized two-beam SHG (XP2-SHG) spectroscopy study was al-

so conducted on those samples following the procedure discussed in Section

3.4. Fig. 5.13 presents SHG spectra of two samples on quartz substrate an-

nealed in different atmosphere. Normalized amplitudes Γnc/Γg (Γas−imp/Γg)

(upper panel) and phase differences Φ (lower panel) of these samples are plot-

ted vs. second-harmonic photon energy ~ωSH . However, the SHG spectra are

nearly featureless in the measured spectral range. One possible explanation is

that there are not enough nanocrystals in the sample to generate strong signal

for the spectroscopic study. Considering the thickness and volume fraction of

the nanoparticles in the sample, which is 691.2nm and 2.73%, respectively, for

the nanocrystal embedded film annealed in pure N2 as an example, the total

volume of nanoparticles is about 5 times less than the 3 nm ion-implanted
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samples. It explains that, averaged over the entire spectral range, |Γnc/Γg| is

approximately 5 times weaker for the embedded nanocrystal thin film synthe-

sized from HSQ than for the nanocrystal layer in ion-implanted sample.
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Figure 5.13 XP2-SHG spectral response of Si NC samples plotted vs. second-
harmonic photon energy ~ωSH . Upper panel: SH amplitudes (Γnc and Γas−imp)
normalized to SH amplitude of glass matrix (Γg); lower panel: phase difference Φ
between SH fields from NCs and glass. Blue (filled squares): sample annealed in
mixture of N2 and H2; red (open circles): sample annealed in pure N2.
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Chapter 6

Conclusions

The major contribution of this work was the comprehensive optical

second-harmonic and sum-frequency generation spectroscopy study of oxide-

embedded Si nanocrystals synthesized by ion-implantation and post-annealing,

complemented with photoluminescence excitation, spectroscopic ellipsometry

and Raman spectroscopy. The linear and nonlinear optical spectroscopies were

applied successfully to investigate the electronic structures of Si nanocrystal-

s. The appearance of bulk-like CP resonances in the parallel PLE, SE and

SHG/SFG spectra suggests the basic electronic structure of the bulk c-Si is

preserved in these nano-particles, albeit with significant size-dependent modi-

fication. The prominence of a non-bulk-like resonance intermediate in energy

between E1 and E2 CPs in all three types of spectra demonstrates the impor-

tant contribution of nano-interfaces to the electronic structure of Si nanocrys-

tals. The dominance of the interface contribution in SHG spectra of the Si

nanocrystals, and the unique sensitivity of SHG spectral structure and ampli-

tude to NC diameter suggest that SHG is uniquely sensitive to nano-interfacial

structure. It has been proved that cross-polarized two-beam SHG (XP2-SHG)

is an effective tool for probing the electronic and microscopic structure of Si

nanocrystals.
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Raman spectroscopy study has also been applied to study the oxide-

free alkyl-passivated Si nanocrystals prepared by thermal decomposition of

HSQ. Compared to the oxide-embedded nanocrystals, the free-standing oxide-

free nanocrystals showed a clear and obvious size effect in the Raman spectra.

The oxide matrix has made the electronic and micro-structure, and especially

the interface structure, of the nanocrystals too complicated to observe a clear

size effect. By removing the oxide, these free-standing nanoparticles, with

diameters ranging from 3 nm to greater than 10 nm, provide a perfect system

for further linear and nonlinear optical spectroscopy studies in the future. The

spectroscopic ellipsometric and SHG/SFG spectroscopies can be employed to

study the clear quantum size effect on the electronic structure of the free-

standing Si nanocrystals.

For other directions in this work, a pump beam can be introduced to the

current XP2-SHG/SFG setup and the pump-probe SHG/SFG measurements

will help elucidate the dynamic process of the excited states relaxations from

different electronic transitions: the transition involving quantized electronic

states in the nanocrystals bulk, and the surface/interface related transitions.

The third-order nonlinear optical studies will complement and con-

trast the linear and second-order nonlinear optical spectra of Si nanocrystals.

Open-aperture z-scan measurements can be applied to study nonlinear opti-

cal absorptions, including free-carrier absorption, free-carrier dispersion, and

two-photon absorption, and help distinguish the contributions from quantized

electronic states, interface states, and defect states in Si nanocrystals. Similar
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z-scan technique has been applied to study nonlinear optical response of gold

nanoparticles, as shown in Appendix C.
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Appendix A

Dipolium model calculation of SHG response

This appendix focuses on comparison of the E2 critical point (CP)

resonance in the linear dielectric function ϵ(ω) and the SHG spectra of silica-

embedded Si NCs of 3 and 5 nm average diameter synthesized by ion-implantation

and post-annealing in mixture of Ar and H2, as discussed in Chapter 2 and

Chapter 3. The E2 CP resonance in the SH spectrum of Si nanocrystals (NCs)

is observed to be blue-shifted by 0.5 eV from its energy (4.4 eV) in the linear

dielectric response ϵ(ω) of the same samples. In contrast, the E1 critical point

resonance (3.4 eV) and a third resonance intermediate in energy (3.8 eV) be-

tween E1 and E2 occur at nearly the same energy in both linear and nonlinear

spectra. We explain the anomalous E2 blue-shift by calculating the second-

harmonic response function ∆(ω) of the NCs analytically from the measured

ϵ(ω) using a dipolium model. The analysis shows that the E2 blue-shift origi-

nates from the screening factors of the form [ϵ(2ω) + 2]−1 and [2ϵ(2ω) + 3]−1

that are unique to SHG from nano-spheres. Strong interaction between E2

and E
′
1 (5.3 eV in bulk c-Si) resonant contributions to this factor pulls the E2

peak response toward the higher E
′
1 energy while negligibly influencing lower

energy resonances.
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A.1 Introduction

Mochan et al. [41] showed that in certain simple approximations the

second-harmonic response function ∆(ω) of an array of centrosymmetric nanospheres

can be expressed analytically in terms of its linear dielectric function ϵ(ω). S-

ince ∆(ω) and ϵ(ω) are both available experimentally from the present study,

examination of this simple analysis is highly appropriate. The interior of each

nanoparticle is treated as a continuous distribution of harmonic polarizable

entities. No explicit reference to the microscopic crystalline, amorphous or

interfacial structure of the nanosphere is made in this model. Rather mi-

crostructure is included implicitly by expressing ∆(ω) in terms of ϵ(ω), which

is a reflection of the underlying structure.

A.1.1 Theoretical considerations

To understand the origin of the resonances shown by the SHG spec-

tra we use the dipolium model of Ref. [71, 96]. Then, we assume that the

interior of each nanoparticle is treated as a continuous distribution of har-

monic polarizable entities. In Ref. [41] the nonlinear response is presumed

to originate from spatial variation of the driving field across each dipole.

As noted earlier, the radiated SH field of a composite of spherical nanopar-

ticles is proportional to the transverse part of the non-linear polarization

Pnl ∝ ∆(ω)E(ω) · ∇ E(ω), where E(ω) is the fundamental electric field oscil-

lating at frequency ω, ∆(ω) = (ne/R3)(γde − γdm − γqe/6), n is the number

density of nanoparticles, assumed uniform, e is the electron’s charge and R
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is the radius of each nanosphere. The nanoparticle response functions γi are

written as

γi =
3R3

8πne
SiFi, (A.1)

where i = de, dm, qe denotes the dipolar electric, dipolar magnetic or quadrupo-

lar electric origin of the response, respectively. From Ref. [41]:

Sde =
ϵ(ω)− 1

[ϵ(ω) + 2][ϵ(2ω) + 2][2ϵ(ω) + 3]
, (A.2)

Fde = 5
[
ϵ(ω)− 2ϵ(2ω) + 1

]
+
[
ϵ(ω)− 1

][
2ϵ(2ω)a(ω)

+ b(ω) + 2ϵ(2ω)f(ω)
]
, (A.3)

Sdm =
ϵ(ω)− 1

[ϵ(ω) + 2][ϵ(2ω) + 2]
(A.4)

Fdm =
1

2

{ Fde

(2ϵ(ω) + 3)
−

[[
ϵ(ω)− 6ϵ(2ω) + 5

]
+

[
ϵ(ω)− 1

][
b(ω)− ϵ(2ω)f(ω)

]]}
, (A.5)

Sqe =
[ϵ(ω)− 1]2

[ϵ(ω) + 2]2[2ϵ(2ω) + 3]
, (A.6)

Fqe = 6
[
ϵ(2ω)a(ω) + 3b(ω)− ϵ(2ω)f(ω)

]
, (A.7)

where a(ω), b(ω) and f(ω) are dimensionless functions that are commonly

employed to parametrize the response of a homogeneous surface [71, 96–98].

For dipolium, b = −1, f = 0 and a(ω) is given by Eq. B8 of Ref. [41]. As

explained in Ref. [41], the surface of each sphere is considered to be locally

flat, an assumption that is valid for the NC sizes considered in this work.
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In general

Llm =
2l + 1

lϵ(mω) + l + 1
, (A.8)

are the screening factors for the fields within a sphere, where l is the angular

momentum of the fields with frequency mω [41]. Thus, in the expressions

for Si we recognize L11 ∝ 1/(ϵ(ω) + 2) as the dipolar screening factor for the

fundamental fields, L12 ∝ 1/(ϵ(2ω) + 2) as the dipolar screening factor for

the SH fields, L21 ∝ 1/(2ϵ(ω) + 3) as the quadrupolar screening factor for the

fundamental fields, and L22 ∝ 1/(2ϵ(2ω) + 3) as the quadrupolar screening

factor for the SH fields. Therefore, the Si terms correspond to the screening

factors while the Fi terms correspond to the response factors of γi.

Since it is instructive to compare the SH response of nano-spheres with

that of a flat surface, we reproduce here the radiated SHG efficiency of a

flat surface for p-in, P -out polarization [71, 96]: RpP = (2π3ω2/n2e2c3)|rpP |2,

where c is the speed of light in vacuum (smaller than that of the neutrinos, of

course!), and rpP = SF with

S =
Q(ω)

q(ω)

(
ϵ(ω)− 1

4π

)2
t(2ω)t2(ω)

ϵ(ω)ϵ(2ω)
, (A.9)

as the screening factor for a flat surface, and

F =
ϵ(2ω)

ϵ(ω)
Q2(ω)a(ω)− k(ω)k(2ω)

ϵ(ω)
b(ω)

+ 2
ϵ(2ω)− 1

ϵ(ω)− 1
d(ω), (A.10)

as the response of the flat surface. In F, d(ω) is another dimensionless function

that parametrizes the bulk SH response (d(ω) = 1 for bulk dipolium [71]), t(ω)
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is the transmission Fresnel factor, and q(ω), Q(ω) and k(ω) are wave-vectors

that depend on the angle of incidence of the fundamental field incoming from

vacuum. In contrast with the screening factors for spherical nanoparticles, the

screening factors for the flat surface are simply 1/ϵ(ω) for the fundamental

fields and 1/ϵ(2ω) for the SH fields. These two factors appear in the third

term on the right-hand side of Eq. (A.9).
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Figure A.1 SHG response functions ∆(ω) for 5 and 3 nm annealed NC samples
calculated from their measured linear dielectric functions shown in Fig. 2.4 using
a continuum dipolium model for spherical NCs. For comparison, the corresponding
SHG response function |rpP | for a flat c-Si surface from a continuum dipolium model
for a flat surface is also plotted.

105



0

1000

2000

3000

4000

5000

6000

7000

8000

3 3.5 4 4.5 5

|R
es

p
on

se
F
u
n
ct

io
n
|

SH Photon-Energy (eV)

E1

E2

|Fde|
|Fdm|
|Fqe|

Figure A.2 Absolute values of response factors |Fi| for 5 nm nanospheres vs. SH
photon energy, where i = de, dm, qe denote dipolar electric, dipolar magnetic and
quadrupolar electric origin. E1 and E2 resonances appear at the same energies (3.35
and 4.36 eV, respectively) for all three Fi.

A.1.2 Results of calculations

Fig. A.1 presents our analytic calculation of ∆(ω) for the two annealed

samples studied here, using the experimental ϵ(ω) shown in Fig. 2.4 as input.

For comparison, the corresponding SHG response function for a flat c-Si surface

calculated from a continuum dipolium model for a flat surface [71, 96] is also

plotted. Several features warrant comment. First, as in the corresponding

ϵ2(ω) spectra in Fig. 2.4, the E2 peak dominates in all cases. The other

two peaks are clearly discernible only for the 5 nm NC case. Second, the E1

106



0.2

0.22

0.24

0.26

0.28

0.3

0.32

0.34

0.36

0.38

3 3.5 4 4.5 5

|R
es

p
on

se
F
u
n
ct

io
n
|

SH Photon-Energy (eV)

|∆|
|∆/L12|
|∆/L22|
|∆/L11|
|∆/L21|

Figure A.3 Absolute value of the full SH response function |∆(ω)| vs. SH photon
energy for 5 nm nanospheres, compared to |∆(ω)/Llm|, the response function with
the effect of the corresponding screening factor Llm removed.

and intermediate peaks, where discernible, appear within ±0.1 eV of their

corresponding positions in the ϵ2(ω) (Fig. 2.4) and SHG/SFG spectra (Fig.

3.10). These similarities are expected, since the SE data from Fig. 2.4 is input

to the calculation. Third, however, the E2 peaks for the NCs occur at ∼ 4.8

eV, shifted about 0.4 eV to the blue from their positions in the corresponding

ϵ2(ω) spectra, but very close to their positions in the SHG/SFG spectra (see

Fig. 3.10). Fourth, the E2 peak for the flat c-Si surface occurs at ∼ 4.5 eV,

very close to its position in the ϵ2(ω) spectra (see Fig. 2.4) and in experimental
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Figure A.4 Absolute value of the response functions |rpP |, |ϵ(2ω)rpP |, and |F| vs.
SH photon energy for a flat c-Si surface, using the bulk c-Si dielectric function ϵ(ω)
as input.

SHG spectra of flat c-Si surfaces [57, 68]. Thus the 3 calculated peak positions

are consistent with all available experimental data for both Si NCs and flat

c-Si surfaces.

In order to isolate the origin of the E2 blueshift in the SHG/SFG spec-

tra, we now analyze the screening factors embedded in γi. In Fig. A.2 we plot

|Fi| vs SH photon energy for 5 nm NCs. The spectral shapes of the three

contributions (i = de, dm and qe) to the NC SH response are very similar.

Moreover |Fde|, |Fdm| and |Fqe| reproduce the E1 and E2 CP resonances seen
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1 are indicated by vertical
lines.

in Fig. 2.4 (3.35 ± 0.1 and 4.35 ± 0.1 eV, respectively) very well. There is

no anomalous E2 blueshift. However when the Fi are multiplied by Si and

∆(ω) is calculated, E2 is blueshifted by 0.4 eV (solid curve in Fig. A.1, re-

produced for reference as solid curve in Fig. A.3), whereas E1 remains at the

same energy as for |Fi|. To understand where this strong blue shift is coming

from, we also plot the 4 quantities |∆(ω)/Llm| in Fig. A.3 — i.e. the full SH

amplitude |∆(ω)| with each of the 4 screening factors Llm selectively removed.

We find that |∆(ω)/L11| and |∆(ω)/L21| — i.e. |∆(ω)| with either dipolar

or quadrupolar screening of the fundamental fields removed — still show the

same the blueshifted E2 as the full response function. Therefore L11 and L21
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cannot be responsible for the blueshift. On the other hand, |∆(ω)/L12| and

|∆(ω)/L22|, which describe the SH response function with either dipolar or

quadrupolar screening of the second harmonic fields removed, show an un-

shifted E2, like the |Fi| in Fig. A.2. We can therefore identify the screening

factors L12 and L22 as the sources of the anomalous E2 blueshift. All four

|∆(ω)/Llm| plots show E1 at the same energy as for |Fi| in Fig. A.2. Similar

results regarding peak positions are found for 3 nm NCs.

It is worth comparing the above results with those for a flat c-Si surface.

In Fig. A.4 we show |F| from Eq. (A.10) vs. ~ωSH for a flat surface, where we

used ϵ(ω) of c-Si. The E1 and E2 resonances are now very well defined. When

we multiply F with S and obtain |rpP |, E1 appears at the same energy as for

|F|, but E2 is blueshifted by about 0.2 eV, about half as much as the shift

for Si NCs. Removing the screening factor for the SH fields at a flat surface

removes the blueshift of E2, as can be seen in the plot of |ϵ(2ω)rpP | in Fig. A.4.

Thus the calculation indicates that the same qualitative E2 blueshift occurs

in SHG spectra of both flat c-Si surfaces and composites of Si NCs, but is

approximately twice as large in the latter case.

We can relate the large selective effect of L12 = 3[ϵ(2ω) + 2]−1 and

L22 = 5[2ϵ(2ω)+3]−1 on the NC SH response near E2 to the dielectric functions

plotted in Fig. 2.4. L12 and L22 have resonances when the real part of ϵ(2ω),

ϵ1(2ω) = −2 and −3/2, respectively. The strength of these resonances is

controlled by the value of the imaginary part of ϵ(2ω). For 5 nm NCs, ϵ1(2ω) =

−2 and −3/2, occur near 2~ω ∼ 4.4 eV, and again at ∼ 5.0 eV (see Fig. 2.4,
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top). However, at 2~ω ∼ 4.4 eV, the imaginary part of ϵ is large (ϵ2 ∼ 30),

whereas at 2~ω ∼ 5.0 eV, it is much smaller (ϵ2 ∼ 7; see Fig. 2.4, bottom).

Thus the greatest enhancement of L12 and L22, and therefore of ∆, occur

at 2~ω ∼ 5.0 eV, just above the E2 CP, producing a blueshift. A similar

conclusion applies to 3 nm NCs. On the other hand, L11(ω) = 3[ϵ(ω) + 2]−1

and L21 = 5[2ϵ(ω) + 3]−1 can become large only when ϵ1(ω) = −2 and −3/2,

respectively. These conditions are never realized since the fundamental photon

energy ~ω remains below 2.5 eV, for which ϵ1 ∼ +10 (see Fig. 2.4, top), for

our SHG spectral range. Similarly, for bulk c-Si, the screening factor 1/ϵ(2ω)

can become large when ϵ(2ω) = 0, which occurs only at 2~ω ∼ 4.2 eV (see

Fig. 2.4, top). However, the imaginary part is large (ϵ2(2ω) ∼ 40) at this

frequency, so the enhancement in 1/ϵ(2ω) is modest. Moreover, this condition

occurs at the E2 resonance, and thus does not produce a blueshift. The smaller

E2 blueshift for planar c-Si can be attributed to enhancements in 1/ϵ(2ω) at

photon energies higher than E2. These are modest in comparison to those for

NCs since the denominator |ϵ(2ω)| > 10 throughout this range.

These qualitative points are made quantitative in Fig. A.5, where we

plot |L12(2ω)| and |L22(2ω)| for 5 nm NCs, and 1/|ϵ(2ω)| for c-Si. For reference,

the CPs (bulk values) E1, E2 and E′
1 are indicated by vertical lines. The large

enhancement in |L12(2ω)| and |L22(2ω)| near 2~ω = 5 eV, and the much weaker

enhancement in 1/|ϵ(2ω)| at the same energy, are now clearly evident. The

screening factors show weak features at E1 and just below E2. The dominant

5 eV features that are responsible for the blueshifts, however, fall between E2
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and E′
1. E′

1 comes from Λ-line transitions between the top valence band and

the second lowest conduction band, and occurs at 5.3 eV in bulk Si. [99] The

small negative values of ϵ1(2ω) in this range are the result of a delicate balance

between the oscillator strengths of the E2 and E
′
1 resonances. Moreover, ϵ2(2ω)

is relatively small because this range falls between two absorption resonances.

These two facts combined lead to the large |L12| and |L22| enhancements and

large E2 blueshifts for Si NCs. The competition between E2 and E
′
1 comes

out very differently for 1/ϵ(2ω) in bulk c-Si, accounting for the weaker E2

blueshift in SHG spectra of flat c-Si surfaces. Similar arguments account for

the absence of a corresponding blueshift in the E1 resonance. At frequencies

between E1 and E2, the competition between E1 and E2 is clearly won by the

much stronger E2 resonance, resulting in a strong, positive ϵ1(2ω) ∼ 10. E′
1

exerts minimal influence here because of the large energy gap between E1 and

E′
1. Moreover, the presence of the strong intermediate 3.8 eV resonance in

this spectral region creates a large ϵ2(2ω). These facts all keep the screening

factors |L12|, |L22| and 1/ϵ(2ω) small in this spectral range. Thus an E1 shift

is observed neither in the calculations of Fig. A.1 nor in experiments.

A.2 Summary

The second-harmonic response function ∆(ω) and the linear dielectric

function ϵ(ω) of annealed composites of silica-embedded Si NCs of 3 and 5

nm average diameter both exhibit E1- and E2-like resonances, along with an

intermediate resonance having no bulk Si counterpart. The E2-like resonance
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in ∆(ω) is blueshifted by ∼ 0.5 eV compared to the corresponding feature in

ϵ(ω). We present a theoretical dipolium model that explains the unusually

strong blueshift of the E2 SH resonance. In this model, ∆(ω) is derived from

ϵ(ω) of the same sample. Dipolar and quadrupolar screening factors of the

SH fields within the spherical NCs are responsible for the shift. Competition

between E2 and E′
1 contributions to these factors gives the detailed structure

of the shifted E2 SH resonance. This competition plays out very differently

for spherical Si NCs than for a flat c-Si surface because of the different func-

tional form of the screening factors and the different shape and magnitude of

ϵ(ω). The model explains the strong E2 blueshift for Si NCs, the weaker E2

blueshift for flat c-Si surfaces, and the absence of comparable shifts in the E1

or intermediate resonances. While this calculation serves the limited purpose

of explaining the shift of the SHG E2 resonance, it also shows that in most

other respects ∆(ω) is not derivable from ϵ(ω). In particular, the calculated

relative strengths and widths of the main peaks do not reflect their measured

values in the SHG spectrum, nor is there any basis in this model for the u-

nique sensitivity of SHG spectral structure to NC size. The latter features

suggest that SHG uniquely probes nano-interfacial structure not included in

ϵ(ω). Calculation of these unique SHG spectral features presents a continuing

challenge for theory.
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Appendix B

XP2-SHG of fused silica cuvette

The SHG spectroscopy was proposed to study free-standing Si nanocrys-

tals. To achieve large particle density and uniform density profile, free-standing

Si NCs will be dispersed in the solvent, such as hexane. The XP2-SHG mea-

surements on the quartz cuvette container and the solvent were first conducted

for the purpose of background signal check. The XP2-SHG z-scan of the emp-

ty fused silica cuvette (3×3×40 mm, Model: 13965 Newport), shows 4 peaks

(see Figure B.1 (a)) with similar intensity from the 4 interfaces between the

cuvette wall and air. Figure B.1 (b) shows SHG from the interfaces of the

inner walls of the cuvette is depressed when the cuvette is filled with Hexane.

This is because the fused silica of the cuvette and the Hexane inside have

similar refractive indices and nonlinear susceptibilities, which makes the filled

cuvette like a single uniform bulk sample with only two interfaces. However,

the z-scan peak distance from the out surfaces of empty cuvette differs from

that of the cuvette filled with Hexane, which can be explained by the Snell-low

induced beam path bending in the solvent, as shown in the discussion below

and Figure B.2.

114



0

70

140

 Empty cuvette

 

 

 

S
H
G

(a)

(b)

(c)

0

70

140

 Cuvette filled with Hexane

 

 

S
H
G

-3000 -2000 -1000 0 1000 2000 3000

0

70

140

 Cuvette filled with NCs

 

S
H
G

z-Position ( m)

Figure B.1 XP2-SHG z-scan profile of empty cuvette (a), cuvette filled with Hexane
(b) and cuvette filled with NCs dispensed in Hexane (c).

115



x L

Ld

h
H

H

(c)

(b)

(a)

i

i

Leff

Figure B.2 XP2-SHG z-scan of cuvette filled with solution.

Leff = (d+ L)− (x+ L) = d− x (B.1)

where d = H
tan i

and x = H−L tan t
tan i

, thus

Leff =
H

tan i
− H − L tan t

tan i

= L
tan t

tan i

< L (B.2)

since t < i
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Appendix C

Nonlinear absorption of gold nanoparticles

C.1 Introduction

Gold nanocomposite such as gold nanoparitcles embedded in silica have

attracted a lot of attention for the amplified nonlinear optical response due

to local field enhancement at SPR. As the effective third-order nonlinear sus-

ceptibility of metal nanocomposite materials is determined by the medium

morphology and composition (the local field factor f and the volume frac-

tion p), and the intrinsic third-order susceptibility χ
(3)
m of the metal inclu-

sions: χ
(3)
eff = pf 2|f |2χ(3)

m . The plasmon resonance of the Gold nanoparticles

can cause local field enhancement, which give a strong local field factor, and

hence, can greatly enhance the third-order nonlinear response, such as non-

linear absorption. Generally, there are three different electronic contributions

to the value of χ
(3)
m : the intraband contribution from transitions involving the

conduction electrons within the sp band; the interband contribution from the

transitions from the d bands to the sp band, and the hot electron contribu-

tion. [F. Hache, D. Richard, and C. Flytzanic, J. Opt. Soc. Am. B 3, 1647

(1986); F. Hache, D. Richard, C. Flytzanic, and U. Kreibig, Appl. Phys. A:

Solids Surf. 47, 347 (1988). ] For ultrashort pulses with high instantaneous

power near SPR, part of the absorbed energy excites interband transitions,

117



while the rest, being absorbed by the conduction electrons, will significantly

raise their temperature, and thus modify their Fermi-Dirac distribution until

a new thermal equilibrium with the lattice is reached. This phenomenon leads

to a modification of the dielectric constant εm and that is the origin of the so

called hot electron contribution. As the electron temperature varies with the

energy absorbed, χ
(3)
m from hot electrons will be not be independent of incident

intensity, like the other real third-order susceptibilities. Such electron-electron

scattering induced thermalization process is often associated a characteristic

time on the order of a few hundreds of femtoseconds. To probe the nonlinear

response in this athermal regime, subpicosecond laser pules are essential since

in the popular experimental setups for third-order susceptibilities studies, such

as z-scan or degenerate four-wave mixing (DFWM), the pulse plays the role

of both the excitation and the probe. For pulses with τp of the order of a few

picoseconds, the internal thermalization is almost achieved before the end of

the probe pulse.

Here we present our study of the nonlinear absorption of Gold nanopar-

ticles embedded in silica by open aperture z-scan technique using subpicosec-

ond laser pulses in the spectral range covering the SPR. Our results show

intensity and wavelength dependent nonlinear absorptions near the SPR.

C.2 Experiments

The gold nanoparticle sample was synthesized by ion implantation. The

gold ions were implanted at 2 MeV at a fluence of 5.0 × 1016 ions/cm2 into
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fused silica (Suprasil 300)with a Gaussian density profile of an 0.58 µm implant

depth and a 0.25 µm FWHM. The as-implanted sample was then thermally

annealed at 1100 oC in an oxidizing atmosphere (air) for 1 hour to precipitate

the formation of nanoparticles. Size of the nanoparticles was measured by

scanning electron microscopy to be 3nm.

Linear optical spectra of the sample were obtained using a Varian Cary

500 double beam scanning UV/Visible/Near-Infrared spectrophotometer at

normal incidence in the 200 − 800 nm wavelength range. The linear trans-

mittance in Figure C.1 shows a strong SPR absorption band around 525 nm.

Nonlinear optical absorption studies of the sample were conducted by using
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Figure C.1 Linear transmittance of Au nanoparticles

a femtosecond open-aperture z-scan experiments. The excitation source is a

tunable home-built noncollinear optical parametric amplifier (NOPA) driven

by a Ti:sapphire laser/amplifier. The laser pulses used in the study were tuned

over the wavelength range from 510 to 620 nm with a pulse width of 300 fem-
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tosecond. The laser pulses were focused with a focal spot size of ω0 ≈ 16 µm

onto the sample on a translation stage. In the open aperture z-scan measure-

ment, the transmittance of the sample was recorded at different positions as

the sample moved toward and away from the beam focus.

C.3 Analysis and Discussion

In our measurement range, open aperture z-scan showed peak-shaped

curves at excitation wavelengthes around SPR, indicating photon-induced trans-

parency due to saturable absorption, and valley-shaped curves, characteristic

of multi-photon absorption and reverse saturable absorption, depending on

the pulse wavelength and peak intensity. The z-scan results at 510 and 550

nm are shown in Figure C.2 as the examples. We then analyze and fit the
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Figure C.2 Open-aperture z-scan measurements at different peak intensity of gold
nanoparticles at (a) 510nm and (b) 550nm

z-scan data to extract the nonlinear absorption coefficient β. The effective
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nonlinear absorption coefficient β, including the contribution from saturable

absorption and 2-photon absorption is defined as α(I) = α0 + βI. Then the

normalized beam transmittance for the z-scan can be fitted by the expression

[M. Sheik-Bahae, A. A. Said, T. Wei, D. J. Hagan, and E. W. Van Stryland,

IEEE J. Quantum Electron. 26, 760 (1990).]

T (z) =
∞∑

m=0

[−βI0(0)Leff/(1 + z2/z20)]
m

(1 +m)3/2
(C.1)

where β is the effective nonlinear absorption coefficient, including saturable

absorption, 2-photon absorption, and other contributions, I0 is peak inten-

sity on the sample, Leff = 1−e−α0L

α0
is the effective interaction length with

the sample thickness of L (i.e. the FWHM of the distribution depth of the

nanoparticles, and α is the linear absorption coefficient. We display the results

of intensity dependent nonlinear absorption from 510− 550 nm in Figure C.3

and the result wavelength dependent nonlinear absorption at peak intensity

I0 ∼ 300 GW/cm2 in Figure C.4.
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Figure C.3 Relationship between the effective nonlinear absorption coefficient βeff
and peak intensity I0 of incident laser at different wavelength
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Figure C.4 Wavelength dependent effective nonlinear absorption coefficient βeff with
peak intensity I0 around 300 GW/cm2

As shown in Figure C.3, the effective nonlinear absorption coefficient

is intensity dependent, suggesting the observed nonlinear absorption is not a

pure third-order nonlinear response. We simply plot the transmittance at the

focus spot normalized to the linear transmittance.

As shown in Figure C.5, the normalized transmittance increases with

the intensity, and reaches a constant level at higher intensity around 300

GW/cm2. Figure C.6 shows the transmittance normalized to its linear trans-

mittance at the laser focus spot as a function of laser wavelength. It is worthy

noting that there is one resonance centered at approximately the same wave-

length as the SPR.
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Figure C.5 Normalized transmittance of the sample at the focus spot as a function
of laser peak intensity.
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and I. Balberg, “Evidence of quantum confinement effects on interband

optical transitions in si nanocrystals,” Phys. Rev. B, vol. 82, p. 045302,

Jul 2010.

128



[29] J. Wei, J. Price, T. Wang, C. Hessel, and M. C. Downer, “Size-dependent

optical properties of si nanocrystals embedded in amorphous sio2 mea-

sured by spectroscopic ellipsometry,” J. Vac. Sci. Technol. B, vol. 29,

no. 4, p. 04D112, 2011.

[30] H. XIA, Y. L. HE, L. C. WANG, W. ZHANG, X. N. LIU, X. K. ZHANG,

D. FENG, and H. E. JACKSON, “Phonon mode study of si nanocrystals

using micro-raman spectroscopy,” Journal of Applied Physics, vol. 78,

pp. 6705–6708, Dec. 1995.

[31] S. Hernandez, A. Martinez, P. Pellegrino, Y. Lebour, B. Garrido, E. Jor-

dana, and J. M. Fedeli, “Silicon nanocluster crystallization in sio(x) film-

s studied by raman scattering,” Journal of Applied Physics, vol. 104,

p. 044304, Aug. 2008.

[32] I. Stenger, B. Gallas, B. Jusserand, S. Chenot, S. Fisson, and J. Rivory,

“Raman spectroscopy of si nanoparticles embedded in silica films,” Euro-

pean Physical Journal-applied Physics, vol. 44, p. French Microscopy Soc,

Oct. 2008.

[33] D. Barba, F. Martin, and G. G. Ross, “Evidence of localized amorphous

silicon clustering from raman depth-probing of silicon nanocrystals in

fused silica,” Nanotechnology, vol. 19, p. 115707, Mar. 2008.

[34] G. A. Kachurin, S. G. Yanovskaya, V. A. Volodin, V. G. Kesler, A. F.

Leier, and M. O. Ruault, “Silicon nanocrystal formation upon annealing

129



of sio2 layers implanted with si ions,” Semiconductors, vol. 36, no. 6,

pp. 647–651, 2002.

[35] J. F. McGilp, “Optical second-harmonic generation as a semiconductor

surface and interface probe,” Physica Status Solidi A-applied Research,

vol. 175, no. 1, pp. 153–167, 1999.

[36] G. Lupke, “Characterization of semiconductor interfaces by second-harmonic

generation,” Surface Science Reports, vol. 35, no. 3-4, pp. 77–161, 1999.

[37] W. Daum, “Optical studies of si/sio2 interfaces by second-harmonic gen-

eration spectroscopy of silicon interband transitions,” Applied Physics

A-materials Science & Processing, vol. 87, pp. 451–460, June 2007.

[38] K. Pedersen, “Second harmonic generation spectroscopy on si surfaces and

interfaces,” Physica Status Solidi B-basic Solid State Physics, vol. 247,

pp. 2002–2011, Aug. 2010.

[39] J. I. Dadap, J. Shan, K. B. Eisenthal, and T. F. Heinz, “Second-harmonic

rayleigh scattering from a sphere of centrosymmetric material,” Phys.

Rev. Lett., vol. 83, pp. 4045–4048, Nov 1999.

[40] V. L. Brudny, B. S. Mendoza, and W. Luis Mochán, “Second-harmonic

generation from spherical particles,” Phys. Rev. B, vol. 62, pp. 11152–

11162, Oct 2000.

130



[41] W. L. Mochán, J. A. Maytorena, B. S. Mendoza, and V. L. Brudny,

“Second-harmonic generation in arrays of spherical particles,” Phys. Rev.

B, vol. 68, p. 085318, Aug 2003.

[42] Y. Jiang, P. T. Wilson, M. C. Downer, C. W. White, and S. P. With-

row, “Second-harmonic generation from silicon nanocrystals embedded in

sio2,” Applied Physics Letters, vol. 78, pp. 766–768, Feb. 2001.

[43] P. Figliozzi, L. Sun, Y. Jiang, N. Matlis, B. Mattern, M. C. Down-

er, S. P. Withrow, C. W. White, W. L. Mochan, and B. S. Mendoza,

“Single-beam and enhanced two-beam second-harmonic generation from

silicon nanocrystals by use of spatially inhomogeneous femtosecond puls-

es,” Physical Review Letters, vol. 94, p. 047401, Feb. 2005.

[44] T. Heinig, K.H.and Muller, B. Schmidt, M. Strobel, and W. Moller, “In-

terfaces under ion irradiation: growth and taming of nanostructures,”

Applied Physics A: Materials Science & Processing, vol. 77, pp. 17–25,

June 2003.

[45] S. P. Withrow, C. W. White, A. Meldrum, J. D. Budai, D. M. Hembree,

and J. C. Barbour, “Effects of hydrogen in the annealing environment

on photoluminescence from si nanoparticles in sio2,” Journal of Applied

Physics, vol. 86, no. 1, pp. 396–401, 1999.

[46] G. Gouadec and P. Colomban, “Raman spectroscopy of nanomaterials:

How spectra relate to disorder, particle size and mechanical properties,”

131



Progress in Crystal Growth and Characterization of Materials, vol. 53,

no. 1, pp. 1 – 56, 2007.

[47] C. M. Hessel, J. Wei, D. Reid, H. Fujii, M. C. Downer, and B. A. Ko-

rgel, “Raman spectroscopy of oxide-embedded and ligand-stabilized sil-

icon nanocrystals,” The Journal of Physical Chemistry Letters, vol. 3,

no. 9, pp. 1089–1093, 2012.

[48] M. Stutzmann, M. S. Brandt, M. Rosenbauer, J. Weber, and H. D. Fuchs,

“Photoluminescence excitation spectroscopy of porous silicon and silox-

ene,” Phys. Rev. B, vol. 47, pp. 4806–4809, Feb 1993.

[49] R.-J. Zhang, Y.-M. Chen, W.-J. Lu, Q.-Y. Cai, Y.-X. Zheng, and L.-Y.

Chen, “Influence of nanocrystal size on dielectric functions of si nanocrys-

tals embedded in sio(2) matrix,” Applied Physics Letters, vol. 95, p. 161109,

Oct. 2009.

[50] A. R. Forouhi, Properties of Amorphous Silicon, 2nd ed. The Institute

of Electrical Engineers, EMIS Data Reviews Series No. 1 (INSPEC, Lon-

don), 1989.

[51] E. D. Palik, Handbook of Optical Constants of Solids. Academic, Lon-

don), 1985.

[52] H.-C. Weissker, J. Furthmüller, and F. Bechstedt, “Optical properties of

ge and si nanocrystallites from ab initio calculations. ii. hydrogenated

nanocrystallites,” Phys. Rev. B, vol. 65, p. 155328, Apr 2002.

132



[53] K. Seino, F. Bechstedt, and P. Kroll, “Influence of sio 2 matrix on elec-

tronic and optical properties of si nanocrystals,” Nanotechnology, vol. 20,

no. 13, p. 135702, 2009.

[54] R. W. Terhune, P. D. Maker, and C. M. Savage, “Optical harmonic gen-

eration in calcite,” Phys. Rev. Lett., vol. 8, pp. 404–406, May 1962.

[55] J. E. Sipe, V. Mizrahi, and G. I. Stegeman, “Fundamental difficulty in

the use of second-harmonic generation as a strictly surface probe,” Phys.

Rev. B, vol. 35, pp. 9091–9094, Jun 1987.

[56] O. Aktsipetrov, I. Baranova, and Y. Ilinskii, “Surface contribution to the

generation of reflected second harmonic for centrosymmetric semiconduc-

tors,” Sov. Phys. JETP, vol. 64, pp. 167–172, 1986.

[57] G. Erley andW. Daum, “Silicon interband transitions observed at si(100)−

sio2 interfaces,” Phys. Rev. B, vol. 58, pp. R1734–R1737, Jul 1998.

[58] T. Stehlin, M. Feller, P. Guyot-Sionnest, and Y. R. Shen, “Optical second-

harmonic generation as a surface probe for noncentrosymmetric media,”

Opt. Lett., vol. 13, pp. 389–391, May 1988.

[59] L. Sun, P. Figliozzi, Y. Jiang, M. C. Downer, W. L. Mochan, and B. S.

Mendoza, “Second-harmonic spectroscopy of nano-interfaces,” Physica S-

tatus Solidi C - Conferences and Critical Reviews, Vol 2 , No 12, vol. 2,

no. 12, pp. 4067–4071, 2005.

133



[60] O. A. Aktsipetrov, V. O. Bessonov, A. A. Nikulin, Q. Gong, X. Huang,

and K. Chen, “Size effect in the optical second harmonic generation by

silicon nanoparticles,” Jetp Letters, vol. 91, pp. 66–70, Jan. 2010.

[61] N. Bloembergen, R. K. Chang, S. S. Jha, and C. H. Lee, “Optical second-

harmonic generation in reflection from media with inversion symmetry,”

Phys. Rev., vol. 174, pp. 813–822, Oct 1968.

[62] Y. Shen, The principles of nonlinear optics. Wiley classics library, Wiley-

Interscience, 2003.

[63] R. Boyd, Nonlinear Optics. Electronics & Electrical, Academic Press,

2003.

[64] C. W. Siders, J. L. W. Siders, A. J. Taylor, S.-G. Park, and A. M. Weiner,

“Efficient high-energy pulse-train generation using a 2 n-pulse michelson

interferometer,” Appl. Opt., vol. 37, pp. 5302–5305, Aug 1998.

[65] T. Wilhelm, J. Piel, and E. Riedle, “Sub-20-fs pulses tunable across the

visible from a blue-pumped single-pass noncollinear parametric convert-

er,” Opt. Lett., vol. 22, pp. 1494–1496, Oct 1997.

[66] A. Wirth, J. Wei, J. J. H. Gielis, P. Figliozzi, J. Rafaelsen, Y. Q. An,

and M. C. Downer, “Second-harmonic spectroscopy of si nanocrystals

embedded in silica,” physica status solidi (c), vol. 5, p. 2662, 2008.

[67] J. Jackson, Classical Electrodynamics. Wiley, 1999.

134



[68] S. Bergfeld, B. Braunschweig, and W. Daum, “Nonlinear optical spec-

troscopy of suboxides at oxidized si(111) interfaces,” Physical Review Let-

ters, vol. 93, p. 097402, Aug. 2004.

[69] P. M. Gevers, J. J. H. Gielis, H. C. W. Beijerinck, M. C. M. van de Sanden,

and W. M. M. Kessels, “Amorphization of si(100) by ar[sup +]-ion bom-

bardment studied with spectroscopic and time-resolved second-harmonic

generation,” Journal of Vacuum Science & Technology A: Vacuum, Sur-

faces, and Films, vol. 28, no. 2, pp. 293–301, 2010.

[70] W. Daum, H.-J. Krause, U. Reichel, and H. Ibach, “Identification of s-

trained silicon layers at si-sio2 interfaces and clean si surfaces by nonlinear

optical spectroscopy,” Phys. Rev. Lett., vol. 71, pp. 1234–1237, Aug 1993.

[71] B. S. Mendoza and W. L. Mochán, “Exactly solvable model of surface

second-harmonic generation,” Phys. Rev. B, vol. 53, pp. 4999–5006, Feb

1996.

[72] C. M. Hessel, E. J. Henderson, and J. G. C. Veinot, “Hydrogen silsesquiox-

ane: A molecular precursor for nanocrystalline si-sio2 composites and free-

standing hydride-surface-terminated silicon nanoparticles,” Chemistry of

Materials, vol. 18, no. 26, pp. 6139–6146, 2006.

[73] C. M. Hessel, E. J. Henderson, and J. G. C. Veinot, “An investigation of

the formation and growth of oxide-embedded silicon nanocrystals in hy-

drogen silsesquioxane-derived nanocomposites,” The Journal of Physical

Chemistry C, vol. 111, no. 19, pp. 6956–6961, 2007.

135



[74] C. M. Hessel, M. A. Summers, A. Meldrum, M. Malac, and J. G. C.

Veinot, “Direct patterning, conformal coating, and erbium doping of lumi-

nescent nc-si/sio2 thin films from solution processable hydrogen silsesquiox-

ane,” Adv. Mater., vol. 19, no. 21, pp. 3513–3516, 2007.

[75] C. M. Hessel, D. Reid, M. G. Panthani, M. R. Rasch, B. W. Goodfellow,

J. Wei, H. Fujii, V. Akhavan, and B. A. Korgel, “Synthesis of ligand-

stabilized silicon nanocrystals with size-dependent photoluminescence s-

panning visible to near-infrared wavelengths,” Chemistry of Materials,

vol. 24, no. 2, pp. 393–401, 2012.

[76] H. Richter, Z. Wang, and L. Ley, “The one phonon raman spectrum

in microcrystalline silicon,” Solid State Communications, vol. 39, no. 5,

pp. 625 – 629, 1981.

[77] J. Zi, H. Buscher, C. Falter, W. Ludwig, K. M. Zhang, and X. D. X-

ie, “Raman shifts in si nanocrystals,” Applied Physics Letters, vol. 69,

pp. 200–202, July 1996.

[78] J. Zi, K. M. Zhang, and X. D. Xie, “Comparison of models for raman

spectra of si nanocrystals,” Physical Review B, vol. 55, pp. 9263–9266,

Apr. 1997.

[79] T. Arguirov, T. Mchedlidze, M. Kittler, R. Roelver, B. Berghoff, M. Fo-

erst, and B. Spangenberg, “Residual stress in si nanocrystals embedded

in a sio2 matrix,” Applied Physics Letters, vol. 89, p. 053111, July 2006.

136



[80] L. Khriachtchev, M. Rasanen, S. Novikov, and L. Pavesi, “Systematic

correlation between raman spectra, photoluminescence intensity, and ab-

sorption coefficient of silica layers containing si nanocrystals,” Applied

Physics Letters, vol. 85, pp. 1511–1513, Aug. 2004.

[81] N. Maslova, A. Antonovsky, D. Zhigunov, V. Timoshenko, V. Glebov,

and V. Seminogov, “Raman studies of silicon nanocrystals embedded in

silicon suboxide layers,” Semiconductors, vol. 44, no. 8, pp. 1040 – 1043,

2010.

[82] L. V. Mercaldo, E. M. Esposito, P. D. Veneri, G. Fameli, S. Mirabella, and

G. Nicotra, “First and second-order raman scattering in si nanostructures

within silicon nitride,” Applied Physics Letters, vol. 97, no. 15, p. 153112,

2010.

[83] S. Yerci, U. Serincan, I. Dogan, S. Tokay, M. Genisel, A. Aydinli, and

R. Turan, “Formation of silicon nanocrystals in sapphire by ion implan-

tation and the origin of visible photoluminescence,” Journal of Applied

Physics, vol. 100, no. 7, p. 074301, 2006.

[84] I. F. Crowe, M. P. Halsall, O. Hulko, A. P. Knights, R. M. Gwilliam,

M. Wojdak, and A. J. Kenyon, “Probing the phonon confinement in

ultrasmall silicon nanocrystals reveals a size-dependent surface energy,”

Journal of Applied Physics, vol. 109, no. 8, p. 083534, 2011.

[85] C. Ossadnik, S. Veprek, and I. Gregora, “Applicability of raman scatter-

ing for the characterization of nanocrystalline silicon,” Thin Solid Films,

137



vol. 337, pp. 148 – 151, 1999.

[86] G. Faraci, S. Gibilisco, P. Russo, A. R. Pennisi, and S. La Rosa, “Modified

raman confinement model for si nanocrystals,” Physical Review B, vol. 73,

p. 033307, Jan. 2006.

[87] G. Faraci, S. Gibilisco, and A. R. Pennisi, “Quantum confinement and

thermal effects on the raman spectra of si nanocrystals,” Physical Review

B, vol. 80, p. 193410, Nov. 2009.

[88] G. Faraci, S. Gibilisco, A. R. Pennisi, and C. Faraci, “Quantum size effects

in raman spectra of si nanocrystals,” Journal of Applied Physics, vol. 109,

p. 074311, Apr. 2011.

[89] A. Gupta, M. T. Swihart, and H. Wiggers, “Luminescent colloidal disper-

sion of silicon quantum dots from microwave plasma synthesis: Exploring

the photoluminescence behavior across the visible spectrum,” Adv. Funct.

Mater., vol. 19, no. 5, pp. 696–703, 2009.

[90] I. Campbell and P. Fauchet, “The effects of microcrystal size and shape

on the one phonon raman spectra of crystalline semiconductors,” Solid

State Communications, vol. 58, no. 10, pp. 739 – 741, 1986.

[91] V. Paillard, P. Puech, M. A. Laguna, R. Carles, B. Kohn, and F. Huisken,

“Improved one-phonon confinement model for an accurate size determi-

nation of silicon nanocrystals,” Journal of Applied Physics, vol. 86, no. 4,

pp. 1921–1924, 1999.

138



[92] Z. Sui, P. P. Leong, I. P. Herman, G. S. Higashi, and H. Temkin, “Raman

analysis of light-emitting porous silicon,” Applied Physics Letters, vol. 60,

no. 17, pp. 2086–2088, 1992.

[93] K. H. Khoo, A. T. Zayak, H. Kwak, and J. R. Chelikowsky, “First-

principles study of confinement effects on the raman spectra of si nanocrys-

tals,” Physical Review Letters, vol. 105, p. 115504, Sept. 2010.

[94] M. N. Islam and S. Kumar, “Influence of crystallite size distribution on

the micro-raman analysis of porous si,” Applied Physics Letters, vol. 78,

no. 6, pp. 715–717, 2001.

[95] W. Ke, X. Feng, and Y. Huang, “The effect of si-nanocrystal size distri-

bution on raman spectrum,” Journal of Applied Physics, vol. 109, no. 8,

p. 083526, 2011.

[96] B. S. Mendoza and W. L. Mochán, “Erratum: Exactly solvable model

of surface second-harmonic generation [phys. rev. b 53, 4999 (1996)],”

Phys. Rev. B, vol. 61, pp. 16243–16243, Jun 2000.

[97] J. Rudnick and E. A. Stern, “Second-harmonic radiation from metal sur-

faces,” Phys. Rev. B, vol. 4, pp. 4274–4290, Dec 1971.

[98] W. L. Schaich and B. S. Mendoza, “Simple model of second-harmonic

generation,” Phys. Rev. B, vol. 45, pp. 14279–14292, Jun 1992.

139



[99] D. E. Aspnes and A. A. Studna, “Dielectric functions and optical param-

eters of si, ge, gap, gaas, gasb, inp, inas, and insb from 1.5 to 6.0 ev,”

Phys. Rev. B, vol. 27, pp. 985–1009, Jan 1983.

140


