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Chapter 1

Introduction to Silicon Nanocrystals

The study of silicon nanocrystals is an expansive area of theoretical

and experimental physics, materials science, and electrical engineering. And

for good reason: a silicon nanocrystal is somewhat of a quantum mechani-

cal playground. When nanocrystals are fabricated so small that their radius

shrinks below that of the classical Bohr radius of a free exciton in bulk Si ( 5

nm), they begin to acquire physical properties far different than that of bulk

Si, such as efficient visible photoluminescence. In this chapter, I will first out-

line some of the history and give a general sketch of how silicon nanocrystals

came about, and indeed how they progressed from a fringe area of materials

science into a major scientific industry with very practical applications. I will

describe some of their unique physical properties. Finally, I will describe our

particular nanocrystal samples in detail and motivate our present study of

them.

1.1 A brief history

Silicon nanocrystals were probably first created incidentally, by ma-

terials scientists developing new polysilicon films. The earliest report in the
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literature of polycrystalline grain sizes of 10 nm or less was in 1981 by Richter

and Ley [1], modifying a technique developed years earlier by Iqbal et al. [2].

They grew polysilicon films on sapphire or suprasil substrates by plasma as-

sisted transport, where ionized hydrogen gas would flow by and migrate with

Si onto the substrate. Originally referred to as “microcrystalline silicon,” they

found it absorbed light in the range 1-3 eV much more strongly than bulk sil-

icon but were unable to explain why, ruling out any modification of the usual

k-vector selection rules.

A few years later, Miyasato et al. reported the fabrication (by pla-

nar magnetron RF sputtering) of “microcrystalline silicon” with polyhedral or

spherical grains only 10 nm in diameter [3]. However, they did not note any

unusual physical properties. Later, in 1988, Miyasato and Furukawa modified

the same technique to make even smaller nanocrystals of 2-3 nm in diameter

[4] (though they still referred to their material as “microcrystalline”), in order

to modify the band gap. This was the first time quantum confinement effects

were seen in silicon nanocrystals. Their important work will be discussed fur-

ther in Chapter 2. The term “nanocrystalline silicon” first appeared in the

literature around 1985 in order to tout the capabilities of the first scanning

tunneling microscopes.
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1.2 Unique physical properties

1.2.1 Photoluminescence

Bulk silicon luminesces in the infrared, and only very weakly. It was

thus a surprising discovery in the spring of 1990 when L. T. Canham reported

strong, visible photoluminescence from porous silicon [5]. Porous silicon is con-

structed by partial electrochemical dissolution of silicon, namely by anodizing

a silicon wafer in hydrofluoric acid. This creates small regularly spaced holes

in the silicon. If the holes grow large enough, they will actually coalesce leav-

ing behind very thin (down to 2 nm) “quantum wires.” Exciting the sample

with an Argon laser, Canham found visible luminescence (775-800 nm) which

blue-shifted with increasing porosity (smaller quantum wires). He described

the photoluminescence “as arising from free-standing Si quantum wire wherein

two-dimensional quantum confinement of carriers has appreciable widened the

band gap.” How a widened band-gap leads to luminescence will be discussed

in Chapter 2. In a later Letter to Nature [6], Cullis and Canham provided

direct evidence in the form of transmission electron microscope (TEM) images

that the photoluminescence was due to the quantum wires in porous silicon

samples. (For an excellent review of porous silicon theory, experiment, and

applications, see Ref. [7].)

The first publication of a report of visible photoluminescence from sil-

icon nanocrystals came in 1991 by Zhang et al. [8]. However, this group

may not have been the first to see the effect since Canham mentioned seeing

pictures of Miyasoto and Furukawa’s nanocrystals glowing red [5].
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1.2.2 Charge trapping

Silicon nanocrystals are very efficient charge trappers [9–11]. Charges

may remain in the absence of any applied voltage for hours, since the only way

out of the nanocrystal may be quantum tunneling. In addition, extra charge

in the nanocrystal reduces the probability of additional charge tunneling in,

an effect known as the “Coulomb blockade.”

1.3 Applications

1.3.1 Si-based optoelectronics

Photoluminescence made nc-Si seem like a possible candidate for use in

future optoelectronic devices integrated directly on a silicon chip. Indeed, in

2000, Pavesi et al. achieved optical gain with silicon nanocrystals by pumping

a 2-D NC layer with a frequency doubled Ti:Sapphire laser [12]. However,

the recent fabrication and application of a silicon Raman laser on a single

chip [13, 14] has apparently pushed nc-Si lasers out of the picture. Industrial

application of silicon nanocrystals is currently limited to making use of their

charge-trapping capabilities. Interestingly, an optical nc-Si memory has been

recently proposed [15]. In this scheme, the nanocrystal state is read optically

by sensing the photoluminescence intensity. In another application, Valenta

et al. have manufactured a silicon nanocrystal based LED [16].
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1.3.2 nc-Si electronic memory

The use of nc-Si as a replacement for polysilicon in electronic memory

was first proposed by Tiwari in 1996 [17]. Since then, non-volatile nanocrys-

tal memories have been manufactured [18]. There are two main attractive

features. First, since the nanocrystals are excellent charge trappers, a lower

voltage and therefore less power is consumed compared to conventional mem-

ories. Secondly, nanocrystal memories are immune to manufacturing defects

that would kill a conventional memory cell: charge leakage to the Si substrate

via cracks or other defects in the gate oxide. By constructing a memory cell

with a number of nanocrystals, such defects are quite unlikely to spoil all the

nanocrystals in the cell.

1.4 Methods of sample preparation

There are five principle ways to manufacture silicon nanocrystals:

Ion implantation: A fused silica substrate is irradiated with silicon ions,

then annealed to precipitate nanocrystals [19, 20].

Chemical vapor deposition (CVD): A silane (SiH4) precursor is “cracked”

by a filiment and deposits on a silicon sample, forming nanocrystals. This

method is suitable for electronic device fabrication [21].

Sputtering: Another film thin deposition method where ions bombard a ma-

terial so that it ejects atoms in the gas phase onto a nearby substrate.

To precipitate nanocrystals, the sputtered sample is annealed [22].
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Laser ablation: Brute force is a very general method of problem solving.

Therefore, it should be no surprise that blasting a silicon wafer with 8

J/cm2, 28 ns KrF laser pulses would form nc-Si [23].

Electrochemical etching: A silicon wafer is annodized in the presence of

HF and H2O2, then crumbled into 1 nm clusters with an ultrasound

acetone bath [24].

1.5 Nanocrystal samples used in this study

1.5.1 Description

Our samples were prepared by S. P. Withrow, C. W. White, et al.

at the Oak Ridge National Laboratory [9, 19, 25]. Samples were prepared by

Si ion implantation into fused silica (Corning 7940) substrates, followed by

annealing in pure Ar or a mixture of Ar and H2 in order to precipitate nc-Si.

Si ions were implanted at six distinct energies on each sample, in order to

create a uniformly dense nanocrystal layer 1.0 µm thick. Three basic sample

types with < d > = 3, 5, and 8 nm nanocrystals were produced (individual

nc diameters varied by 50% size), annealed in Ar or the Ar/H2 mixtures, to

produce a total of six distinct samples. A 1 mm margin from the edge of the

sample was left unimplanted and served as an excellent reference and control.

Table 1.1 summarizes the characteristics of the available samples.

6



anneal < d > ρNC Transmission α cm−1

nm cm−3 400 nm 800 nm 400 nm 800 nm

Ar/H 3 1.5× 1018 0.690 0.822 51070 17257
Ar 3 1.5× 1018 – – – –

Ar/H 5 3.0× 1018 0.574 0.805 46514 –
Ar 5 3.0× 1018 – – – –

Ar/H 8 7.0× 1018 0.0286 0.571 13716 6769
Ar 8 7.0× 1018 – – – –

Table 1.1: Nanocrystal sample characteristics. Alpha and T determined by
spectral ellipsometry (courtesy of J. Price) of a spot in the nanocrystal dis-
tribution, thus reflection at the surfaces and internal interference effects are
included. Ar annealed samples are not measured but are expected to be the
same. T for the glass substrate measured to be 92.6% (400 nm) and 93.2%
(800 nm).

1.5.2 Sample characterization

We measured the linear transmission of light through our samples with

an ellipsometer. The transmissivity of each sample is shown in Fig. 1.1, along

with an unimplanted fused silica (Corning 7940) slide, the same material used

as a substrate for our nc-Si samples. The larger nanocrystals are stronger

absorbers. This behavior is expected since the optical band gap increases with

shrinking nanocrystal size. It is also worth noting that the nanocrystals are

all hardly absorbent at the fundamental wavelength of the Ti:Sapph laser (800

nm or 1.55 eV) but quite absorbent at its second harmonic (400 nm or 3.1 eV).

We recorded images (Fig. 1.2) of the samples illuminated with diffuse

410 nm light (using a broadband source and interference filter). Note the 1

mm glass margin surrounding the implant region. The “X” drawn on each

sample marks the unimplanted side. The samples were rotated and re-imaged
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Figure 1.1: The transmissivity of each sample and the substrate material,
fused silica (Corning 7940). The larger nanocrystals are stronger absorbers.
The nanocrystals are all hardly absorbent at the fundamental wavelength of
the Ti:Sapph laser (800 nm or 1.55 eV) but quite absorbent at its second
harmonic (400 nm or 3.1 eV).
Data courtesy of J. Price.
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Figure 1.2: Images of the nanocrystal samples illuminated with 410 nm light.
Note the 1-mm glass margin surrounding the implant region. The “X” drawn
on each sample marks the unimplanted side. The samples were rotated and
re-imaged to see that the intensity variations in the images resulted from the
imaging system, not the nanocrystals distribution.

to see that the intensity variations in the images resulted from the imaging

system, not the nanocrystal distribution.

1.5.3 Photoluminescence

We excited the samples with an argon-ion laser (multi-line, 100 mW)

and captured the photoluminescence with a small lens coupled to a fiber spec-

trometer. A representative spectrum from the 3 nm, Ar/H annealed sample is
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Figure 1.3: Photoluminescence spectrum of the 3nm Ar/H annealed nc-Si
sample. Sample was excited with a 100 mW multi-line ar-ion laser.

shown in Fig. 1.3. The envelope peaks at 742 nm. The peak is slightly blue

shifted from the 760 nm peak from 5 nm nc-Si measured by C. W. White et al.

[19]. We scanned the laser spot throughout the nanocrystal distribution and

could not detect any changes in the spectral peak. We noted the PL intensity

remained constant to within 1% over ∼4 mm2 regions, but could vary by as

much as 10% between such regions.
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1.6 Motivation for our study

We will show that two-beam second harmonic generation (SHG) is an

effective probe of nanocrystal interface states. These interfaces are known to

be responsible for the many of the unique physical properties of nc-Si. For ex-

ample, the intensity of photoluminescence of our samples is known to strongly

depend on annealing atmosphere [19] and therefore interface chemistry. Pre-

vious work in our group by Jiang et al. [9] showed that single-beam SHG

is also highly dependent on interface chemistry. However, the single beam

configuration is no longer useful once the laser is used to drive a parametric

amplifier for spectroscopic study; since there is an energy loss of several orders

of magnitude, the ultimate SHG signal would fall to undetectable levels. The

two-beam SHG configuration enhances the SHG signal by orders of magnitude,

making spectroscopic study possible. We believe such a spectroscopic study

would help sift through the many available theoretical models of nanocrystal

electronic structure (discussed in Chapter 2) and perhaps even identify new

features. Once the interface states and electronic structure of nc-Si are com-

pletely understood, their physical and electronic properties may be engineered

with greater efficacy.
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Chapter 2

Review of Experiments and Theoretical

Models

Before turning to the main subject of this chapter, recent optical ex-

periments and models of silicon nanocrystals, there are a couple of older but

relevant articles worth discussing. The first is the work of Furukawa and

Miyasato [4] mentioned in Chapter 1. In this work, which was conducted

before the discovery of highly photoluminescent silicon nanostructures, the

authors estimated the optical gap by finding the y-intercept on an
√

α~ω vs.

~ω plot, for 2-3 nm clusters. They found a gaps ranging from 2–2.4 eV, a func-

tion of nanocrystal size, with smaller nanocrystals having a larger gap. They

explained this with a simple effective-mass m∗ model, noting that the energy

increase in the ground state ∆ = 8~2π2

3m∗D2 is expected with a three-dimensional

electron in a box (actually a sphere). Thus the level spacings, which go as

[n2 − (n− 1)2] Eg, should also increase. This is known as the quantum con-

finement effect. This is an oversimplified picture, as there are other appreciable

effects which are the subject of a large part of this chapter. Details about much

of the early (1990’s) experimental and theoretical work on the optical prop-

erties of nc-Si, especially photoluminescence, were reviewed by D. Kovalev et

al. [26]. One notable discussion from Kovalev’s work is on the origin of the
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special optical properties of silicon nanocrystals, as compared to bulk silicon.

Since bulk silicon is an indirect-gap semiconductor (with a k-space distance

of approximately 50 meV/c), exciton recombination may only occur if there

is a momentum conserving transition as well. This means phonon emission.

Thus one finds three (very weak) photoluminescence peaks around 1.05, 1.10,

and 1.15 eV corresponding to three types of lattice phonons. The radiative

time of such indirect transitions is long compared to transport times, so that

most excitons decay nonradiatively, making the quantum yield for radiative

recombination ∼ 10−6. In a nanocrystal, the carriers are delocalized in k-space

(due in part to the smaller uncertainty in physical location) so that optical

transitions across the widened band gap may proceed without the assistance of

phonons. As the size of the nanocrystal decreases, these no-phonon transitions

become more and more probable.

In the rest of this chapter we summarize the current state of research on

the optical properties of silicon nanocrystals. The reader will find that a cen-

tral theme is the important role of the nanocrystal interface, specifically

what physical properties are affected by cluster surface chemistry. Section 2.1

covers computational electronic models, Section 2.2 covers experimental work,

and Section 2.3 covers phenomenological models of second-harmonic genera-

tion. The specific application of the latter models to our experiments is covered

later in Chapter 3 and Chapter 4.
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2.1 Modeling the electronic structure of silicon nanocrys-
tals

The purpose of this section is to give a brief overview of the current

state of computational models of silicon nanocrystals. The two main method-

ologies that have been used to model nc-Si, density functional theory and

tight-binding, are briefly introduced. The current models and their utility are

discussed.

2.1.1 Density functional theory (DFT)

The bulk of the recent computational work on silicon nanocrystals

has been accomplished with density functional theory (DFT) and its time-

dependent counterpart (TDDFT). DFT provides a means to solve the many-

body Schrödinger equation HΨ = EΨ where

H =
N∑
i

−~2

2m
∇2

i +
N∑
i

V (~ri) +
∑
i<j

U(~ri, ~rj),

by mapping it to a single-body equation without an explicit electron-electron

interaction term U(~ri, ~rj). In this methodology, the particle density

n(~r) = N

∫
d~r2 · · ·

∫
d~rNΨ∗(~r, ~r2, . . . , ~rN)Ψ(~r, ~r2, . . . , ~rN)

is the central variable, instead of the many-body wavefunction Ψ. While one

would intuitively expect that some information would be lost, the Hohenberg-

Kohn theorems proves that each ground state n0(~r) uniquely determines the

ground state wavefunction Ψ0(~r1, . . . , ~rN) [27]. The expression of total energy

14



as a sum of functionals (mapping of a function to a number, in this case, n(~r)

to energies)

E[n] = T [n] + U [n] + V [n]

= T [n] + U [n] +

∫
n(~r)V (~r)d~r

is minimized to find the ground state particle density n0(~r) from which Ψ0

may, in principle, be calculated (and therefore any ground state observable).

Here V (~r) is the potential which specifies the system at hand. On the other

hand, the kinetic energy T [n] and electron-electron interaction U [n] are sys-

tem independent, so that they may be developed or approximated in separate

calculations and then used with the system of interest.

DFT and TDDFT models of nanocrystals have recently become ex-

tremely important, handling excitations with various oxygen-containing sur-

face chemistries for clusters as large as ∼ 2.5 nm in diameter. This allows

direct comparison with recent experiments increasing our understanding of

the nanocrystal electronic structure. In particular, Wolkin’s experiments [28]

on the effect of nanocrystal exposure to oxygen are a heavily cited yardstick

for computational accuracy.

2.1.2 DFT and TDDFT models: interface physics and excited states

A recent model by Luppi and Ossicini [29] shows how the nanocrys-

tal surface (or nanocrystal/substrate interface) may be responsible for many

of its optical properties. These authors constructed DFT models for 0.5,
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0.7 and 1 nm H terminated and partially oxidized clusters both in isolation

and in an SiO2 matrix. They modeled three different nanocrystal surfaces:

H-terminated, oxidized with one Si-O-Si bond, and oxidized with one Si=0

bond. The H-terminated and Si-O-Si varieties demonstrated the quantum-

confinement effect of a widening band gap for smaller nanoclusters. However,

the Si=O cluster’s band gap was little affected by cluster size and signifi-

cantly (∼2 eV) redshifted compared to the other two. New electronic states

appeared near both band edges with the introduction of even just one double-

bonded oxygen atom. These orbitals are localized on the oxygen and thus may

termed “interface states”. All transitions involving these states were found to

be allowed. The Si-O-Si bond added states only to the conduction band and

furthermore those states were only weakly localized to the oxygen.

In the second part of this important work, the authors carefully mod-

eled a Si10H16 nanocluster embedded in an SiO2 matrix. (To reduce the re-

quired computational effort, a crystalline matrix was modeled instead of the

amorphous fused silica present in experimental samples. This limitation may

be overcome using a Monte-Carlo approach [30].) They found the system is

comprised of three regions: the nanocrystal, with strained bond lengths com-

pared to bulk-Si due to influence from the surrounding SiO2; an intermediate

region with a distorted SiO2 matrix surrounding the nanocrystal; and lastly

the unstressed SiO2 matrix. In particular, it was found that the location of

the absorption edge is mainly due to transitions into oxygen atoms at the

nanocrystal interface.
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This important work shows that the surface physics may dominate

the optical response of the nanocrystal system, a finding consistent with our

group’s work in the nonlinear optical response of the nanocrystals. It compli-

ments Wolkin’s experimental work [28] where the edge of the absorption band

redshifted upon nanocrystal exposure to oxygen but the amount of redshift

quickly saturated with exposure time.

Garoufalis and Zdetsis [31] obtained complimentary results in their

TDDFT model oxygen-rich and oxygen-free nanocrystals. They calculated

the optical gap and absorption spectra as a function of nanocrystal size, 0.5

nm < d < 2.7 nm. They found that Si=O bonds in nanocrystals with d < 2

nm determine the value of the optical gap (again significantly lower than that

of H-terminated nanocrystals) and that these states were responsible for the

visible luminescence. Additionally, the quantum confinement effect actually

helped stabilize the Si=O bond in that regime. For larger nanocrystals with d

> 2 nm, they found that the Si=O bonds delocalize inside the valence band.

The calculated red shifts of the absorption edge are in full agreement with

Wolkin’s [28] findings. In another testament to the critical relation of surface

chemistry to optical characteristics, they found that the gap energy was sen-

sitive to the physical distribution of Si=O bonds on the surface (keeping the

total number fixed). Conversely, varying the number of Si=O bonds while

keeping the cluster geometry essentially fixed produce little change. These

findings are in general agreement with the work of Luppi and Ossicini [29],

who found that most of the change occurs with the first Si=O bond and that
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Si-O-Si bonds do not produce a such a dramatic effect at all. However, they

did find that using a large number of Si-O-Si bonds would reduce the band

gap appreciably, thus explaining the seemingly contradictory results of Zhou

et al. [32] who found a very red-shifted gap of 2.7 eV for a fully hydroxyl pas-

sivated nc-Si. Turning to examine the electronic structure, they found that

the Si=O bond added states at the conduction band edge, reducing the band

gap. However, the since the nanocrystal is so small the bond is somewhat de-

localized with states running deeper inside, such that the oxygen-related peak

is -3.4 eV under the conduction band edge. The authors conclude that for

larger nanocrystals with a smaller band gap, the Si=O bonds would overlap

appreciably with the conduction band edge and not even be stable.

There are a few other interesting, recent DFT models worth mention-

ing. Degoli, Luppi et al. [33, 34] calculated the Stokes shift for 0 < d < 1.5

nm H terminated and partially oxidized clusters by modeling an excitation.

Their creative model removed the geometric cluster symmetry constraint for

the excited state, so that they obtained a four-level system: the ground state

(E1), the initial excited state (E2), geometric reconfiguration due to the pres-

ence of the exciton (E3), and de-excitation in the new geometry (E4). The

Stokes shift is thus (E2 − E1) − (E3 − E4). Franceschetti and Pantelides [35]

provided some insight into the excitation mechanisms of nanocrystals by mod-

eling the excited-state dynamics of H-terminated clusters, 1 < d < 2.2 nm.

They calculated absorption energy and Franck-Condon shifts, broken down

into ground and excited-state contributions. (The Franck-Condon shift and
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Stokes shift are definitionally nearly the same: the Franck-Condon shift is a

redshift of the emission lines with respect to the absorption lines; the Stokes

shift is any difference between excitation and emission energies.) They found

that the physical mechanism for the Stokes shift changes abruptly when the

cluster diameter reaches approximately one nanometer in size. Single Si-Si

bonds stretching after excitation lower the energy of the system, so that re-

combination emits a lower energy photon. On the other hand, clusters > 1 nm

in diameter change their overall shape (from spherical to ellipsoidal), leading

to a splitting of states at the edge of the valence band. The authors suggest

this is a way to differentiate a “molecule” from a “nanocrystal”. Lehtonen

and Sundholm [36] confirmed that nanocrystals ∼ 1 nm in diameter do not

change shape appreciably, in their DFT and TDDFT studies of H terminated

clusters. They calculated excitation spectra, Franck-Condon shifts and emis-

sion energies. Their work was motivated in part by the experiments of Akcakir

and Neyfeh [24] who fabricated 1 nm diameter nanocrystals by electrochemi-

cal etching. Lentonen and Sundholm hypothesize that nanoclusters fabricated

through this process are in fact Si29H36.

2.1.3 Direct calculation of photoluminescence

Luppi et al. have recently determined [37], using the four-level model

detailed in Section 2.1.2, that the Si-O-Si bridge bond at the nanocrystal

interface is indirectly responsible for the visible photoluminescence from 1 nm

clusters. In this work they calculate the emission and absorption spectra for
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fully hydrogenated, Si=O bonded, and Si-O-Si bridge- bonded nanoclusters. A

clear emission peak emerges at 1.5 eV for only the Si-O-Si case, corresponding

to that found in related experiments. Examining the real-space electronic

probability distribution, they found a corresponding bound excitonic state

localized around the structurally distorted part of the excited cluster next to

the oxygen.

2.1.4 Semiempirical tight-binding (TB)

While most computational work on silicon nanocrystals has been done

with DFT models, there is also a large body of work done using semiempiri-

cal tight-binding methods. In this methodology, molecular wavefunctions are

built using linear combinations of atomic orbitals by fitting a number of in-

teraction (and other) parameters. A lattice is required and the orbitals are

assumed to vanish away from the vicinity of the lattice points. One advantage

of tight-binding over DFT is that it is able to handle much larger nanostruc-

tures, covering the regime between that accessible by ab initio methods (< 3

nm diameter) and effective-mass approximation (> 10 nm diameter); Niquet

et al. calculated the band gap and density of states for Si nanocrystals with

1 < d < 14 nm [38]. Trani et al. showed how a surface polarization ef-

fect could determine the lower edge of the nanocrystal absorption spectrum,

the nanocrystal dielectric response [39], and also used TB to model ellip-

soidal nanocrystals [40]. Delerue et al. modeled charged nanocrystals [41]

and showed that charging greatly effects the dielectric response. Thus, while
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TB has not led to the detailed electronic structure information that DFT has

provided, it can model macroscopic phenomena in the quantum regime. We

speculate that in the future it may provide a bridge from ab-initio models to

the phenomenological SHG models discussed in Section 2.3.

2.2 Optical Experiments

The purpose of this section is to give a summary description of selected

experiments done on silicon nanocrystals. In the ten years following the dis-

covery of photoluminescence (PL) in silicon nanocrystals, the dependence of

PL on cluster size and surface chemistry was thoroughly explored [26, 42–53].

In the past several years, experiments have evolved to a more sophisticated

level where specific information about the electronic structure is sought after

and derived. Most of the current work is in the areas of nonlinear optics and

time-resolved spectroscopy.

2.2.1 Linear optical properties

Wolkin et al. [28] prepared porous silicon samples of varying porosity

(i.e. obtained a range of nanostructure sizes) and recorded photoluminescence

spectra peak from 3.0 to 1.5 eV, with the smaller structures having the more

energetic emissions, as expected from quantum confinement effects. After just

3 minutes of exposure to oxygen the spectra redshifted, with the peaks even-

tually settling around 2 eV. Fourier transform infrared spectroscopy (FTIR)

marked the appearance of Si-O-Si and Si-O-H bonds. The authors used a
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tight-binding method to model nanocrystals from 1 - 5 nm and postulated

that an Si=O bond would become stable for smaller nanocrystals. Recombi-

nation occurs by free excitons for H-passivated clusters of all sizes and those

with Si=O bonds with cluster diameter > 3 nm (“zone 1”). Clusters with

Si=O between 1.5 and 3 nm had a lower conduction band edge due to the

bond (trapped electron, “zone 2”). Clusters < 1.5 nm had both a lower con-

duction band edge and higher valence band edge (trapped electron and hole,

“zone 3”). Thus there are regimes where the interface chemistry plays no

role, a partial role, and a dominating role in determining the optical gap. In

the latter case, the optical gap is much smaller than that expected by quan-

tum confinement, explaining why small nanoclusters exposed to oxygen had a

redshifted photoluminescence peak compared to H-passivated clusters.

Of lesser importance but still worth mentioning, Amans et al. [54]

found the refractive index n and extinction coefficient k in the range 240-700

nm of 1.5 to 6 nm diameter silicon nanocrystals by ellipsometry. The values

found are similar to those reported in Chapter 1 of this work, though the

samples in the study were prepared quite differently than ours: by the laser

pyrolysis of silane, deposited as a film on either a fused silica substrate (which

allows optical transmission), an InP substrate (to give good index contrast) or

mica (to directly determine porosity).
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2.2.2 Time-dependent studies

Klimov et al. performed a femtosecond transient absorption study [55]

on fused-silica implanted Si nanocrystals (single layer, Ar + H2 annealed),

where they concluded that the red photoluminescence results from trapped

excitonic recombination at the cluster interface. (We successfully reproduced

part of this experiment, as detailed in Appendix B, in preparation for our

own time-dependent SHG experiments.) In this experiment, the group used

400 nm, 100 fs pulses to pump the samples and a white-light continuum to

probe absorption versus wavelength as a function of time by varying the delay

between pump and probe. They found two distinct photoinduced absorption

(PA) bands, where absorption was enhanced following the pump pulse. The

authors attributed one band to carriers in the bulk nanocrystal, the other to

interface states. They noted that the fast (< 10 ps) decay of the bulk PA band

suggested efficient surface trapping and hypothesized that the photolumines-

cence results from the deactivation of these surface traps. Myers et al. [56]

performed a similar experiment on samples formed by chemical vapor depo-

sition (CVD) on fused-silica, forming “large” irregularly-shaped nanocrystals

tens of nm across principle axes. They found a fast (240 fs) relaxation pro-

cess and identified it as recombination within the nanocrystal, as the relative

contributions of the effect grew with nanocrystal size. They also found a slow

(tens of ps) process that they associated with the nanocrystal interface.

Trojanek et al. [57] also provided evidence of the importance of the

nanocrystal interface in the PL process. They combined the photolumines-
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cence produced by a frequency doubled Ti:sapphire laser together with a

fundamental Ti:sapphire pulse to generate a sum-frequency signal pulse in

a beta-borium borate (BBO) crystal, achieving a time resolution of about 300

fs. They found an ultrafast initial PL decay and associated it with carrier

trapping by interface states. It appeared predominately in their nc-Si sample

treated with H2O2, which is known to form Si-O-Si bonds at the nanocrystal

interface.

Dovrat et al. [58] performed a time resolved (but not ultrafast, as pulses

were 5-10 ns in duration) photoluminescence experiment on 4 - 8 nm diameter

silicon nanocrystals formed by the sputtering of silicon powder targets onto a

Si substrate followed by annealing in N2. In this series of experiments, samples

were excited with 488 nm Ar laser in either cw or pulsed (by acousto-optical

modulation) mode. Subsequent emission spectra were recorded as functions

of temperature and time. The PL lifetimes ranged from tens of µs at room

temperature up to a ms below 30 K. The authors used a three-level model

where an exciton may recombine through a radiative (upper) or a non-radiative

(lower) channel, with the two excited states separated by a splitting energy

∆, giving a PL lifetime of

1

τ
=

g
τL

+ 1
τU

exp(−∆/kT )

g + exp(−∆/kT )

where g is the degeneracy ratio, and τU , τL refer to the upper (radiative) and

lower (non-radiative) excited state decay constants. They determined that

τR � τNR and in fact, τNR ≥ 1 ms, concluding that the photoluminescence
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arises because the non-radiative decay channel is somehow excluded. Physi-

cally, they attributed the lower level to the nanocrystal interface, specifically

the availability of surface recombination centers.

2.2.3 Non-linear optical properties

Y. Jiang et al. [9, 10] had some notable findings in their study of second-

harmonic generation (SHG) from silicon nanocrystals. Samples used implanted

nanocrystals in a fused-silica matrix or deposited as a thin-film on a silicon

substrate. First, the authors found that the nanocrystal interface was mostly

responsible for the production of second-harmonic radiation. Samples annealed

in an Ar + H2 mixture, believed to have produced solely H-terminated clusters,

produced little SHG. In contrast, samples annealed in a pure Ar atmosphere

produced hundreds of SHG counts per second. Secondly, they found evidence

of the ( ~E · ∇) ~E dependence of the SHG on the input field, as the imaged

output beam formed a double-lobed structure [59]. These findings provided

part of the motivation and background for our present work, in addition to the

development of a phenomenological theory of SHG in arrays of nanocrystals

by Mochán et al. (see Section 2.3.2.3).

Vijayalakshmi et al. [60] determined the intensity-dependent nonlinear

absorption and index coefficients α2 and n2 for 3-4 nm and 5-6 nm clusters

implanted in a fused-silica matrix and annealed in Ar + H2, samples quite

similar to the ones used in our study (ours used multiple implant depths,

whereas Vijayalakshmi used a single 400 keV Si+ implant). They found that
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α2 and n2 varied dramatically with incident wavelength.

2.3 Modeling second harmonic generation of spherical
nanoparticles

In this section we will describe the current phenomenological models of

second-harmonic generation from nanospheres and how they may be applied

to model our experiments. These models are essentially parameterizations of

the nonlinear response, followed by calculations using Maxwell’s equations of

the subsequent second-harmonic radiation resulting from illumination of the

nanospheres.

2.3.1 Recent History

In 1999 Dadap et al. [61] modeled SHG from the surface of a small

sphere (i.e., with diameter much smaller the the wavelength of incident ra-

diation) by a plane wave, with a more detailed exposition arriving in 2004

[62]. The main conclusion was that the SHG results from nonlocally excited

dipole and locally excited quadrupole moments. Mathematically, “nonlocal-

ity” means the derivative of the field is involved in some way, so that dipole

moment at a particular point depends on the field surrounding that point.

“Nonlocally excited dipole” means that the net dipole excitation at a partic-

ular point in the material does not depend on just the external field applied

at that point. It requires a contribution from either an electric quadrupole

or magnetic dipole moment, in addition to the excitation from the applied
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field at that point. In Dadap’s work, these interactions which produce the

nonlocal dipole excitation are referred to as “E1 + E2” and “E1 + M1” re-

spectively. This is in contrast to SHG from a planar surface, which is generated

in the leading order by locally excited dipoles, or “E1 + E1” interactions. The

group’s own experimental verification would come in 2006 [63] by measuring

angle and polarization resolved SHG from dye-coated polystyrene spheres. In

the interim, Brudny et al. developed an independent model by calculating the

nonlinear dipole and quadrupole moments induced in a small sphere [64] illu-

minated by a Gaussian beam, followed by Mochán et al. (same group, different

principal author) further developing the model by including charge-screening

effects and calculating the response of an array of spherical nanoparticles [65].

The latter work was motivated in part by the pioneering single beam silicon

nanocrystal SHG experiments of Y. Jiang [9, 10].

2.3.2 Details of the theory

2.3.2.1 Single sphere model– Dadap

Dadap et al. construct two different single sphere SHG models. The

first is the standard vector potential treatment and has the advantage of being

familiar and physical to anyone who has studied Jackson’s Classical Electro-

dynamics. However, it requires that the dielectric function of the nanosphere

matches that of the ambient medium. Happily, the derivation is still useful

because it may be applied to the general case of unequal dielectric functions by

redefining the susceptibilities which appear in the solution. The general prob-
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lem with unequal dielectric functions was solved using a partial wave expansion

to find the electric fields everywhere (inside, surface, and outside the sphere)

and applying boundary conditions to find the expansion coefficients. Again,

the radiated fields which result are essentially the same as those obtained in

the homogeneous dielectric problem, but with more complicated nonlinear re-

sponse factors. There is some additional physical insight gained, as the partial

wave expansion clearly illustrates how the total nonlinear response has both

nonlocal dipole and local quadrupole contributions.

The homogeneous model is constructed as follows:

1. A plane wave ~E
(ω)
inc with wavelength λ, wave vector ~k1 = k1k̂ = k1ẑ,

and arbitrary polarization state ε̂0 in the xy-plane is incident upon a

centrosymmetric dielectric sphere of radius a.

2. a << λ << r where r is the distance to the observation point (this is a

model of radiation in the far-field).

3. The ambient medium, sphere, and interfacial region have isotropic di-

electric functions ε1, ε2, and ε′ respectively.

4. The second-harmonic field ~E(2ω) emerges with polarization ε̂ in direction

K̂ making an angle θ with the ẑ axis. Its wave vector is K̂1 = K1K̂.

5. Following Jackson [66], the vector potential ~A(~r) is expressed in terms

of a multipole expansion:

~A(~r) =
−iK exp (iK1r)

r

[
~p− (r̂ × ~m)− iK1

6
~Q(r̂)

]
.
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6. The SHG radiation in the far-field is then expressed in terms of the vector

potential via ~E(~r) = i
ε1K
∇×∇× ~A(~r), yielding

~E(2ω) =
K2

1

ε1(2ω)

exp(iK1r)

r
(K̂ × ~peff)× K̂

where

~peff = ~p− (K̂ × ~m)− iK1

6
~Q(K̂)

7. The nonlinear source polarization is the sum of a local surface and non-

local bulk terms ~P (2ω)(~r) = ~P
(2ω)
surface + ~P

(2ω)
bulk where (assuming the bulk is

isotropic)

~P
(2ω)
surface(~r) = χ(2)

s : ~E
(ω)
inc (~r)

~E
(ω)
inc (~r)δ(r − a)

~P
(2ω)
bulk (~r) = χ

(2)
b : ~E

(ω)
inc (~r)∇ ~E

(ω)
inc (~r)

= γ∇( ~E
(ω)
inc · ~E

(ω)
inc ) + δ′( ~E

(ω)
inc · ∇) ~E

(ω)
inc .

Here, the χ(2) are the nonlinear susceptibilities and γ(ω) and δ′(ω) are

parameters known as the bulk nonlinear response functions. It is worth

noting that the form of the nonlinear response of the isotropic bulk of

the nanosphere is identical to the that of any isotropic bulk material; in

other words, any centrosymmetric material will have a local quadrupolar

response. In Chapter 3 of the present work, we will devote much atten-

tion to the quadrupolar background signal generated by the isotropic

glass substrate of our nanocrystal samples.

8. The radiating parts of the multipole moments ~m, ~p, and ~Q are found by
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the usual integrations (e.g. ~p =
∫

~Pd~r′) to be

~p = p0(ε̂0 · ε̂0)k̂

~m = 0

~Q = q0(K̂ · ε̂0)ε̂0

where p0 and q0, the strength of dipole and quadrupole emissions, pro-

portional to k1a
3E2

incχ1 and a3E2
incχ2 respectively. The χ are quite com-

plicated linear combinations of the three non-vanishing components of

χs and linear dielectric functions, resulting from the nanosphere surface

contribution to the SHG. The dipole factor, χ1, involves E1+E2 (dipole-

quadrupole) and E1+M1 (electric-magnetic dipole) interactions, while

χ2 results from the local quadrupolar interaction.

An interesting feature to note is that ~p points in the direction of k̂, the

incident field. Thus, it does not radiate in the forward direction as the

fundamental dipole (linear Rayleigh scattering dipole) would.

9. For circularly polarized light, the contribution from ~p is nullified and the

effective dipole moment reduces to

~peff = −iK1q0

6
(K̂ · ε̂0)ε̂0.

10. The second-harmonic radiation in the far-field is thus found to be

~E(2ω)(~r) =
exp (iK1r)

r
K2[(p0ε̂0 · ε̂0)(K̂ × k̂)× K̂ −

q0
iK1

6
(K̂ · ε̂0)(K̂ × ε̂0)× K̂]
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In summary: when illuminated with a circularly polarized plane wave,

a single nanosphere will produce only a quadrupolar second-harmonic field

proportional to the volume of the sphere and dependent upon the surface sus-

ceptibility. Using a linearly polarized incident wave adds a nonlocal dipole

contribution. The strength of second harmonic radiation is therefore quite de-

pendent upon the form of the incident beam (unlike linear Rayleigh scattering

which is simply proportional to the strength of the incoming field). Would the

response be any different using non-plane wave illumination? The theory of

Mochan et al. addresses this question (and the answer is “yes”).

2.3.2.2 Single sphere model– Brudny

Brudny et al. construct an essentially equivalent single sphere model

[64] using a slightly different approach using symmetry arguments:

1. Assume the applied field ~E
(ω)
inc is inhomogeneous, but varies on a scale

>> a, the radius of the nanosphere. Make the center of the sphere

the origin of coordinates. The spherical symmetry requires that the

dipole moment ~p is nonlocal, constructed from ~E
(ω)
inc (0) and ∇ ~E

(ω)
inc (0),

by the following reasoning: If the sphere is rotated, there is no physical

difference so the dipole moment must not change. Equivalently it must

not change if the incident field is rotated. If ~p is constructed from just ~E,

e.g. ~p = E2ε̂, then it will change signs when ε̂ flips. On the other hand, a

vector constructed from ~E and its derivative will not change overall sign

when ~E is flipped, because both the field and derivative change signs,
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leaving the product of the two unchanged. Thus, the most general way

to construct the dipole moment is

~p(2) = γρ ~E(0)∇ · ~E(0) + γe ~E(0) · ∇ ~E(0) + γm ~E(0)×
[
∇× ~E(0)

]
.

The γe, γρ, and γm are parameters which characterize the response. The

∇ · ~E term may be discarded for a model of uncharged nanocrystals.

2. Similarly, the spherical symmetry requires the induced quadrupole mo-

ment tensor
↔
Q to be traceless and symmetric. Thus

↔
Q

(2)

= γq

[
~E(0) ~E(0)− 1

3
E(0)2

↔
1

]
.

Here γq is the response parameter. Note that this is a local quantity as

it does not depend on the derivative of the field.

3. The same spherical symmetry requires that ~m = 0, since magnetic fields

must flip when their sources are flipped. Such a vector is impossible to

construct from ~E and ∇ ~E.

4. The next step is to calculate the response parameters γi from Step 1

in terms of the physical properties of the nanosphere. This is done, as

in Dadap’s model, by choosing a simple form for ~Einc, inserting it into

expressions for the macroscopic polarizations

~P
(2ω)
bulk (~r) = γ∇E2 + δ′ ~E · ∇ ~E

~P
(2ω)
surface(~r) = χ(2)

s : ~E
(ω)
inc (~r)

~E
(ω)
inc (~r)δ(r − a)
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and integration over the surface and throughout the bulk of the sphere.

Here again, γ and δ′ parameterize the response and are functions of ω.

5. At this point, the γi from have been calculated in terms of the bulk (γ, δ′)

and surface (a, b, f) response parameters, and dielectric functions of the

nanosphere and surrounding material. It is worth examining simplified

versions of these expressions to gain some insight into the origin of the

nonlinear polarizations:

γe ∝ a3 [F (δ′, γ) + F ′(χs, a, b, f)]

γm ∝ a3 [G(δ′, γ) + G′(χs, a, b, f)]

γq ∝ a3H ′(χs, a, b, f)

where the capitalized romans F, F ′, G, G′, and Hdenote functions of the

bulk or surface intrinsic nonlinear responses. Thus the nonlocal dipolar

response, parameterized by γe and γm, depends on both the bulk and

surface responses of the nanosphere. The local quadrupolar response,

characterized by γq, depends only on surface or interfacial properties.

All are proportional to the volume of the nanosphere.

2.3.2.3 Array of spheres model – Mochán

Having derived the nonlinear dipole moment ~p(2) and quadrupole mo-

ment
↔
Q

(2)

for individual spheres, the overall nonlinear response of an array of

nanospheres is obtained by multiplying by the nanocrystal volume density ns:

~P (2) = ns~p
(2) − 1

6
∇ ·

[
ns

↔
Q

(2)
]

.
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For constant ns = nb (density gradients are explored in Appendix A), this

expression reduces to

~P (2) = ∆′
(

~E · ∇
)

~E

where ∆′ ≡ nb(γ
e − γm − γq/6), a sort of effective bulk response function.

A longitudinal term proportional to ∇E2 was thrown out since it does not

radiate.

2.3.3 Summary

Armed with a model for ~P (2) for our nanocrystal distribution, we may

use it to model SHG experiments via two different methods. In the first

method, the vector potential ~A may be used to find a closed form expression

for the far-field SHG radiation. The wave equation for ~A is

∇2 ~A + (2q)2 ~A = −4π

c
~j

and the source is related to the nonlinear polarization by ~j = ∂
∂t

~P (2). Examples

of this method are given in references [62] and [65]. In the second method,

as we will demonstrate in Section 4.1, the nonlinear polarization may be di-

rectly inserted into the coupled non-linear differential equations which describe

second-harmonic or sum-frequency generation.

The theory shows that the second-harmonic response of nanocrystals

depends not only on the strength of the incident beam, but on its form as

well (plane wave or Gaussian beam, polarization, etc). We arrive at a natural

question: what incident field configuration leads to the strongest measurable

signal? In Section 3.1 we will describe such a configuration.
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Chapter 3

Two-beam Second Harmonic Generation in

nc-Si at 800 nm

In this chapter, we describe how we employed two-beam second har-

monic generation (SHG) to capture and discriminate a signal highly sensitive

to the curved nc-Si interface. Using the orthogonally polarized arrangement

of beams described in Section 3.1, we brought the signal out of the photon

counting regime, producing approximately 10 second-harmonic photons per

incident fundamental pulse. In doing so, we also enhanced the leading or-

der contribution from the glass substrate, also quadrupolar in nature. We

discuss the generation of this signal in Section 3.4 and provide methods for

discriminating the nc-Si signal out of it in Section 3.5.

3.1 Enhancing a quadrupolar signal

In Section 2.3 we learned that the second harmonic response of nanocrys-

tals is proportional to ( ~E · ∇) ~E, where ~E is the incident laser field. If the

incident field is a plane wave polarized anywhere in the xy plane, ( ~E · ∇) ~E

is exactly zero since its spatial variation is along ẑ while the field is directed

perpendicular to ẑ. If the field is a normally incident Gaussian beam, of the
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form

~E = E0 exp
(
−r2

‖/w0

)
exp (ikz)

then the field does vary in the xy plane and such a derivative pulls out a term

proportional to 1/w0. This was the source of the SHG measured by Jiang et

al. [9]. Unlike a conventional dipolar signal, which scales as

frepI
2Aτ =

frepE
2

τA
,

the quadrupolar single beam SHG introduces an extra factor of A in the de-

nominator (the square of the derivative 1/w0) making the scaling law

frepE
2

τA2
. (3.1)

In the scaling laws I is the beam intensity, E is the pulse energy, frep is the

repetition rate, τ is the pulse duration, and A is the laser spot size.

Figure 3.1: Coordinate system and parameters for intersecting beam experi-
ment.

If, instead of a single beam, we split the incident laser pulse and re-

combine it at on the sample at angle α (Fig. 3.1), the incident field is the sum
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of two plane wave fields, ~E1 and ~E2, which when inserted into the expression

for ~P
(2)
SHG yields

~P
(2)
SHG = inNC [( ~E1 · ~∇) ~E2 + ( ~E2 · ~∇) ~E1]e

i(~k1+~k2)·~r (3.2)

where ~Ei(~r) = ε̂iEie
i~ki·~r. Here ε̂i is the polarization of each beam. What results

from Eqn. 3.2 depends on these ε̂i. We consider two possibilities:

1. ε̂1 is perpendicular to ε̂2. For example, ε̂1 = x̂ and ε̂2 = ŷ. Result:

~P
(2)
SHG ∼ ikE1E2 sin αŷ contributes a strong forward-radiating polariza-

tion. Now this is proportional to k or 1/λ, inherently stronger than the

source in the single beam case.

2. ε̂1 and ε̂2 lie in the xz plane. Result: ~P
(2)
SHG ∼ −iE1E2

sin2 α
1+cos α

(~k1 +

~k2), which points in the direction SFG radiation would propagate and

therefore does not radiate.

Thus, the two-beam configuration uses the largest electric field gradient

available– the wavelength of the incident radiation. The scaling law is the same

as Eqn. 3.1, but replacing the 1/w0 derivative (which arose from the Gaussian

cross-section of the single beam) with sin α/λ in the polarization, and squaring

for the signal intensity:

sin2 αE1E2frep/λ
2Aτp. (3.3)
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3.2 Experimental setup

The output pulses from the Spitfire amplifier (factory specifications: 1

kHz, 800 nm, 100 fs, 1 mJ; actual results may vary) first pass through a thin

flim plate polarizer, which ensures that the beam is p-polarized to one part

in 200. (The weak reflection from this plate is focused down into quartz to

produce second harmonic light (400 nm), collected with a Hamamatsu 4220P

photomultiplier tube and used as a quadratic reference.) The main pulse is

split by a 50/50 beamsplitter, with one of the subsequent beam paths subject

to a 1 cm translation stage used as a variable time delay in order to temporally

overlap the pulses on the sample. This pulse arrives at the sample at normal

incidence, so that dipolar second-harmonic generation (SHG) from the glass

substrate’s surface is strictly forbidden by selection rules. The other pulse

passes through a half-wave plate which polarizes it vertically. It arrives at

the sample s-polarized at a 20 degree angle of incidence. Dipolar SHG is also

forbidden on the glass substrate’s surface for the so-called “angled beam,” as

long as it is s-polarized. To avoid damage, the beam energies were attenuated

to approximately 50 µJ and the spot radius made to be w0 = 250 µm. We un-

fortunately found that these parameters were just below the damage threshold

for nc-Si, as we damaged portions of some of the samples with approximately

twice that power.
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Figure 3.2: SHG as a function of time delay, showing that the signal depends
on the temporal overlap of the laser pulses. Taken with the 3 nm Ar annealed
implanted nc-Si. Gaussian width is 69 µm.

3.3 Verification of sum-frequency generation

We performed a series of tests to ensure that the measured signal was,

in fact, a second-harmonic signal generated by the nc-Si.

We verified that the measured signal had a quadratic dependence on

the input power, as shown in Fig. 3.3. Plotted on a log-log scale and fit to a

line y = mx + b yielded m = 1.93± and b = −3.1± 0.1 with R = 0.996. The
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data demonstrate the required quadratic dependence.

Fig. 3.2 shows the generated signal as a function of time delay between

the two pulses. The signal was generated only across a specific, short spatial

interval (69 µm) along the delay stage position, indicating temporal pulse

overlap is required. In addition, the signal vanished when either beam was

blocked. Incidently, these data also serve as an autocorrelation to measure the

pulse duration, calculated to be 69 µm × 0.7 (form factor) × 2 (one unit of

delay changes distance traveled by two units) × 3.3 fs / µm = 320 fs.

We confirmed that the two-beam signal exhibited the predicted sin2 (θ)

dependence on the angle θ between ~E1 and the projection of ~E2 onto the xy

plane. As shown in Fig. 3.4, the polarization of ~E1 was varied with a half-

wave plate. SHG was maximized with ~E1⊥ ~E2 and nearly vanished with ~E1‖ ~E1.

Identical results were obtained by varying the polarization of ~E2 holding ~E1

fixed.

3.4 Background signal from the fused-silica substrate

As we scanned the sample laterally through the two-beam intersection,

we obtained a large signal from both the nanocrystal distribution and the

unimplanted glass margin, as shown in Fig. 3.6. The fused silica is amorphous

silicon dioxide and thus, like all centrosymmetric materials, has no dipolar

contribution to the nonlinear polarization. The expansion can be written [67]

~PNL(2ω) = δ′( ~E · ∇) ~E + β ~E(∇ · ~E) + γ∇(E2) (3.4)
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Figure 3.3: Log-log plot of measured signal vs. input energy. The measured
signal is proportional to the square of the input energy. Taken with the 3 nm
Ar annealed implanted nc-Si. Fit to y = mx + b with m = 1.93 ± 0.07, b =
-3.1 ± 0.1 and R = 0.996
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Figure 3.4: SHG signal depends on the cross-polarization of the two beams.
Data are fit to sin2 (θ), angle between beam polarization axes.
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where ~E is the incident laser field and δ′, β, and γ are response parameters.

The ∇ · ~E term is zero since fused silica is a homogeneous medium. The

remaining terms produce radiating parts of ~PNL(2ω) when the incident laser

field has gradients transverse to the direction of propagation, as does a single

Gaussian beam. In that case the gradients would be proportional to E/w0,

the average field strength over the beam radius. The first term is identical in

mathematical form to the quadrupolar term in the nanocrystal polarization

described in Section 3.1. Thus, it is also enhanced in the two-beam SFG

configuration. (The γ∇(E2) term is not enhanced.) As we will discuss in

Section 3.5.1, we should expect the bulk fused- silica to produce SFG radiation.

We still had to look and see if there were additional contributions to the

background signal generated at the non-centrosymmetric surface of the glass.

Since the surface is isotropic there are only a few non-zero components of the

χ(2) tensor. Referring again to the coordinate system defined in Fig. 3.1, those

components, together with the associated components of the driving nonlinear

polarization are:

Px, Py

{
χxzx = χyzy

χxxz = χyyz

which produce SFG polarized along x̂ or ŷ, and

Pz

{
χzzz

χzyy = χzxx

which does not contribute to the measured signals.

When ~E2 is vertically or s-polarized (the ŷ direction) there is no allowed

surface SFG, since ~E1 is necessarily polarized in the xy plane and there are no
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components of χ(2) that can map these fields to Px or Py. However, when ~E2

is p-polarized it will have components

E2 (x̂ cos α + ŷ sin α)

and will produce transverse polarizations{
Py = χyyzE1yE2z for E1 vert. pol
Px = 0

and {
Px = χxxzE1xE2z for E1 horiz. polarization.
Py = 0

In fact, since χxxz = χyyz the measured total SFG signal should be the

same for any ~E1 polarization in the xy plane, even if it is elliptically polarized.

An ( ~E · ~∇) ~E quadrupolar signal from the bulk would of course have a

different dependence on input beam polarizations. It is simply proportional

to sin2 θ where θ is the angle between the polarizations of E1 and E2 in the

xy plane. When one of the beams is elliptically polarized, we would expect

to lose an appropriate amount of signal as more of beam’s electric field is

aligned parallel to the other. For example, with one beam linearly polarized

and one beam circularly polarized, we would expect to see half of the signal

obtained when the beams are linearly and orthogonally polarized. Table 3.1

is a summary of what SFG signals are expected when the polarizations of

the input beams are varied. We performed the experiment using the Clark

Ti:sapphire oscillator (810 nm, 100 fs, 76 MHz, 0.9 nJ). The results are shown

in Fig. 3.5 and clearly indicate the bulk quadrupolar nature of our background.
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SURFACE SFG E1 vertical horizonal circular
E2 vertical 0 0 0
horizontal max max max
circular 1/2 1/2 –

(E · ∇)E SFG E1 vertical horizonal circular
E2 vertical 0 max 1/2
horizontal max 0 1/2
circular 1/2 1/2 –

Table 3.1: Summary of SFG signals vs. incoming beam polarizations.

3.5 Discrimination of silicon nanocrystal SFG from sub-
strate SFG

In this section we describe two methods for discriminating the SFG

signal of the nc-Si from that of the fused silica substrate.

3.5.1 Entry vs. exit configuration

There are two ways to mount our transparent samples in the intersect-

ing beam:

1. “Entry configuation”: the pulses pass through the nanocrystal layer first,

then the rest of the fused silica substrate

2. “Exit configuration”: the silicon nanocrystal layer is on the “down-

stream” side, so that the pulses pass through the nanocrystal only after

propagating through the glass.

Both the glass and nanocrystal layer generate their own sum-frequency

radiation. We captured the full, integrated (all wavelengths in the second-
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Figure 3.5: Two-beam sum-frequency response of fused silica. (Top) ~E1 varies

between linear and circular polarization, for ~E2 vertically polarized (triangles)
or horizontally polarized (squares). (Bottom) The opposite configuration with
~E2 varying between linear and circular polarization with ~E1 either vertically
(squares) or horizonally (triangles) polarized.

harmonic envelope of the fundamental pulse) signal with a photomultiplier

tube (PMT) and gated integrator, thereby measuring the superposition of

the glass and nanocrystal SFG fields. Since the nanocrystals absorb at the

sum-frequency wavelength of 400 nm (by varying amounts, depending on the

nanocrystal size), by taking this data in both “exit” and “entrance” configu-

ration we obtained

Sentr =
∣∣E2ω

g + exp (iφ) E2ω
NC

∣∣2 (3.5)

Sexit =
∣∣∣E2ω

g

√
TNC + exp (iφ) E2ω

NC

∣∣∣2 (3.6)

Sglass =
∣∣E2ω

g

∣∣2 , (3.7)

where Sentr and Sexit are measured signals in the entrance and exit configura-

tions, Sglass is the signal from the glass margin (no nanocrystals there), E2ω
g
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and E2ω
NC are the second-harmonic generated (SHG) electric fields by the glass

and nanocrystals, TNC is the transmitted fraction of intensity of SHG radia-

tion through the nanocrystals (the linear transmittance), and φ is function of

frequency which allows for the SHG fields to be out of phase due to nearby

resonances.

By measuring Sentr, Sentr, |Eg|2 and Sentr as shown in Fig. 3.6, and TNC

by making use of the data in Sec. 1.5.2, we can find the unknowns ENC and

φ. Measured values and calculated results are shown in Table 3.5.1. This is

not the best method of signal discrimination, as it requires data from different

portions of the nanocrystal distribution, introducing a source of non-random

error. (Still, notice in Fig. 3.6, the variation in signal with position once inside

the nanocrystal distribution corresponds roughly with random measurement

error shown by taking multiple measurements at each point.) Also, the quan-

tity TNC is measured indirectly, since we cannot physically isolate the thin

nanocrystal layer. It is determined by dividing the transmission through the

nanocrystal portion by the transmission through the unimplanted glass. Ad-

ditionally, we do not take into account absorption of the nanocrystal SHG

radiation by the fused silica in the entrance configuration. The calculation is

still somewhat valuable since we can see qualitative trends due to nanocrystal

size. In addition, we can compare the results with the better method of signal

discrimination discussed in Sec. 3.5.2.

Significant phase shifts φ with respect to the substrate SFG were recorded.

All three nc-Si signals interfered destructively with the radiation from the glass
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8 nm Sentr(a.u.) 324 ± 9 |Eg/ENC |2 1.51 ± 0.08
Sexit(a.u.) 707 ± 21 φ (0.79 ± 0.02)π
Sglass(a.u.) 593 ± 18

TNC 0.0309 ± 0.0002

5 nm Sentr(a.u.) 646 ± 18 |Eg/ENC |2 3.74 ± 0.19
Sexit(a.u.) 1000 ± 30 φ (1.00 ± 0.09) π
Sglass(a.u.) 782 ± 24

TNC 0.620 ± 0.003

3 nm Sentr(a.u.) 795 ± 24 |Eg/ENC |2 0.98 ± 0.05
Sexit(a.u.) 1028 ± 30 φ (0.66 ± 0.01) π
Sglass(a.u.) 789 ± 24

TNC 0.745 ± 0.004

Table 3.2: Signal discrimination by “exit” and “entrance” sample configu-
ration for 800 nm fundamental beams (400 nm SFG). Measured (left) and
extrapolated (right) signals for 3, 5, and 8 nm nc-Si distributions

substrate. Thus, the “exit” or absorbing configuration resulted in a higher

overall signal level because a portion of the destructive signal from the sub-

strate was absorbed before it could interfere. The phase shifts indicate that

the SFG nc-Si is nearly resonant at 3.1 eV. Indeed, blue shifted silicon E1

resonances were previously found in 8 nm and 5 nm nc-Si grown by CVD on

a silicon substrate [10]. However, due to the previously mentioned problems

with this method of signal discrimination, it is best to save any quantitative

conclusions for the method of discrimination discussed in Section 3.5.2.

3.5.2 Second-harmonic spectra

In this section, we will demonstrate a method of nanocrystal signal

discrimination superior to that shown in Section 3.5.1. Instead of collecting

the time integrated signal through a PMT, we directed the spectrally dispersed
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Figure 3.6: Comparison of entry and exit scan configurations for 3, 5, and 8 nm
nc-Si. ”X” denotes samples mounted in the exit configuration, where pulses
encounter the glass substrate before nc-Si. Filled squares denote samples
mounted in the entrance configuration, where pulses encounter nc-Si before
the glass substrate. For 5, 8 nm samples, multiple scans were performed to
quantify random experimental error.
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Figure 3.7: Top: second harmonic spectra from the 5 nm nc-Si Ar sample, on
the glass margin (plus) in the nc-Si distribution (squares). Bottom: same, but
for both beams horizontally polarized.
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SFG radiation to a CCD array thereby measuring |E(2w)|2. We took two

exposures with the 5 nm nc-Si sample: one with the beams overlapping on the

glass margin, and one exposure on the nanocrystal distribution (see Fig. 3.7).

Specifically, on the glass margin we measure
∣∣E2ω

g

∣∣2, where

E2ω
g =

Γg

(∆kg)
(ei∆kgLg − 1) |E(ω)|2 , (3.8)

|E(ω)|2 is the fundamental spectral intensity, ∆k is the phase mismatch =∣∣∣~k1 + ~k2 − ~k3

∣∣∣ calculated using the refractive indices ng(ω) and ng(2ω), and Lg

is the effective glass thickness Lg along ~k1 +~k2. Moving inside the nanocrystal

distribution, we measure ∣∣E2ω
NC + E ′

g
2ω

∣∣2 (3.9)

where

E2ω
NC =

iΓNC

(i∆kNC + α2ω
NC)

(ei∆kNCLNC − e−α2ω
NCLNC ) |E(ω)|2 (3.10)

is the SFG radiation from the nanocrystal layer, and

E ′
g
2ω =

Γg

(∆kg)
e(−α2ω

NC+ikSFG)LNC (ei∆kgLg − 1) |E(ω)|2 . (3.11)

is the SFG radiation generated the glass substrate, taking the absorption by

and propagation through the nanocrystal layer into account. Here, ∆kNC is the

phase mismatch in the nanocrystal layer, ΓNC and Γg represent the nonlinear

response, LNC is the effective thickness of the nanocrystal layer, and α2ω
NC is

the linear absorption in the nanocrystal layer.

The advantage of this method of signal discrimination is that by placing

the sample in a single (in this case, “exit”) configuration, we eliminate the
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angle outside 20.0 deg
n(ω) 1.461

n(2ω) 1.476
angle inside 13.5 deg

2π/∆k 16 µm
substrate 0.90 mm

Lg 0.93 mm
nc layer 1.0 µm

LNC 1.03 µm

Table 3.3: Phase-mismatch and related quantities.

sources of error discussed in Section 3.5.1. Data are collected from a single

portion of the nanocrystal distribution, and SHG radiation collected has passed

the same way to the detector for both signal (inside the nc distribution) and

reference (the glass margin).

Referring back to Fig. 3.7, we have calculated Eq. 3.8 and plotted it

over the data, fitting only the amplitude Γg. The interference fringes shown

are known as Maker fringes [68], arising from the phase mismatch that occurs

when the length of second-harmonic generating material exceeds the coherence

length of the radiation in that material. The calculated coherence lengths, to-

gether with related measured and calculated quantities, are listed in Table 3.3.

The nanocrystal layer, however, is much thinner than a coherence length, so

that the de-convolved signal would not exhibit Maker fringes. Evidence of this

is also shown in Fig. 3.7, where we show the much weaker (but background

free) SFG radiation generated in the nc-Si by like-polarized ( ~E1‖ ~E2) beams.

We then fit Eq. 3.9 to the spectrum from the nc-Si distribution and extract

the nanocrystal signal reference to the glass signal via ΓNC/Γg = P1e
iP2 . This
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procedure yielded

P1 = 1.35± 0.01 (3.12)

P2 = (0.39± 0.002) π. (3.13)

Thus we confirmed that the SFG radiation from the nc-Si is out of

phase with that of the substrate, and that the nc-Si is near resonance. The

amount of phase shift determined is less than half that determined by the

methods of Section 3.5.1. We have completely discriminated the nanocrystal

SFG radiation from that of the substrate.

3.6 Signal sensitive to the nanocrystal interface

It was previously determined that the surface chemistry of nc-Si con-

trols the amount of single-beam SHG radiation produced [9]. In other words,

SHG is a surface-sensitive probe, capable of extracting information about the

curved nanocrystal interface. By comparing the two-beam SFG signal pro-

duced by Ar annealed and Ar + H2 annealed samples, as shown in Fig. 3.8,

we have determined that two-beam SFG is also sensitive probe of the nanocrys-

tal surface. The samples were scanned laterally from off-sample (air), through

the glass margin, and into the nanocrystal distribution, in the “exit” config-

uration. While the Ar annealed sample yields a measurable signal inside the

nanocrystal distribution, the Ar/H2 annealed sample signal level is indistin-

guishable from that of the glass substrate.
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Figure 3.8: Two-beam SHG depends on the structure of the surface of the
nanocrystals. Squares: samples annealed in inert (Ar) atmosphere. “X”:
Samples annealed in 5% H, 95% Ar. Region I: off the sample. Region II: glass
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glass margin/nc-Si sample boundary.
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Presumably, annealing in an atmosphere with H present would lead to

partially or wholly H-terminated nanocrystals, while annealing in the Ar only

atmosphere would leave only the possibility of Si-O-Si, Si=0, or some Si-only

bulk-like termination. If we assume, referring to Luppi’s recent work [37], that

Si-O-Si bonds are present in both samples since both are photoluminescent, we

can conclude that either H-termination quenches second-harmonic production

or that Si=O bonds are the cause of it. In any case, none of the recent ab initio

models have addressed the origin of the nonlinear polarization. These results

provide theorists with a useful constraint for construction of such a model.
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Chapter 4

Two-beam Second Harmonic Spectroscopy of

nc-Si

The recent construction of a noncollinear optical parametric amplifier

(NOPA) in our laboratory by Y. An (see Fig. 4.1) has made a nonlinear spec-

troscopic study of nc-Si possible. The NOPA provides tunable femtosecond

pulses (150 fs, 15 µJ, 450-750 nm) which are used as input to a two-beam

sum-frequency generation (SFG) configuration similar to that described in

Chapter 3. A photograph of the two-beam apparatus is shown in Fig. 4.2.

The available photon energies run from 1.65 to 2.76 eV. Splitting the NOPA

output and recombining for SFG gives a spectral range of 3.3 to 5.5 eV, easily

covering the bulk silicon E2 resonance at 4.3 eV and the potentially interest-

ing area between E1 (3.3 eV) and E2. It is potentially interesting because

so-called interband resonances have been found at planar Si/SiO2 interfaces

[69]; perhaps the curved Si/SiO2 nanocrystal interface would present some-

thing comparable in the same range. Ideally, we would have liked to apply

the spectral methods of Section 3.5.2. However, the greater absorbance of the

nanocrystals at shorter wavelengths (see again, Fig. 1.1) made capturing the

spectrally dispersed signal exceedingly difficult. Instead we found that trans-

lating the sample through the two-beam intersection, a procedure previously
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Figure 4.1: The recent construction of a nonlinear optical parametric amplifier
(NOPA) in our laboratory by Y. An has made a nonlinear spectroscopic study
of nc-Si possible. The NOPA provides tunable femtosecond pulses (150 fs, 15
µJ, 450-750 nm) pulses.

used to characterize the SFG of the fused-silica substrate, could produce a

reasonably large signal used to characterize the second-harmonic response of

the nc-Si with respect to the substrate. A diagram of this scheme is shown

in Fig. 4.3. (A promising single beam second-harmonic spectroscopy scheme,

where the sample is tilted about x̂, is described in Appendix A.)

We used Y. R. Shen’s model of sum-frequency generation [70] to com-

pare the results of our two-beam experiments on the transparent nanocrystal

samples. This portion of our work is very recent and somewhat immature
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Figure 4.2: Photograph of the two-beam sum-frequency generation apparatus.

Figure 4.3: Schematic representation of the longitudinal scan technique. The
thickness of the nc-Si layer is exaggerated. The z coordinates along the bottom
are used for modeling the output signal.
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compared to that presented in previous chapters. Still, we are able to outline

a method for the nonlinear spectroscopic study of nc-Si and compare some of

the predictions of the Mochán theory to experiment.

4.1 Modeling Two-beam SHG with Maxwell’s Equa-
tions

Here we quickly outline Shen’s development of the first-order differential

equations which we used to model our experiments. Maxwell’s equations for

the electromagnetic fields in a medium may be combined into a driven-wave

equation, [
∇× (∇×) +

1

c2

∂2

∂t2

]
~E(~r, t) = −4π

c2

∂2

∂t2
~P (~r, t),

which describes a single wave driven by the total polarization ~P . Sum-frequency

generation, where two input fields at frequencies ω1 and ω2 combine in the

medium to generate a third field at ω3 = ω1 + ω2, is described by three cou-

pled, second-order driven-wave equations in k-space:[
∇× (∇×)− ω2

i

c2
~ε·

]
~Ei(~ki, ωi) = −4πω2

i

c2
~P (2)(ωi).

They are coupled since, for example, ~P (2)(ω3) depends generally on both

~E1(~k1, ω1) and ~E2(~k2, ω2). (Mathematically, the χ(2) tensor produces ~P (2)(ω3)

by acting on ~E1 and ~E2.) By assuming that all waves involved are plane

waves, that the inputs waves are not depleted, and that the growth of the

sum-frequency generated wave takes place on a scale much greater than its

wavelength, these equations may be uncoupled and furthermore reduced to a
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single partial first-order differential equation for the sum-frequency field am-

plitude E3(z):(
∂

∂z
+ β3

)
E3(z) =

i2πω2
3

c2k3z

P(2) exp [i∆k(z − V )] exp [−(β1 + β2)(z − V )] .

(4.1)

Here, linear absorption effects have been included by allowing an imaginary

component to the wavevectors, denoted βi, and V is the z-coordinate of the

origin of the medium. The ∆k = ẑ ·
(

~k1 + ~k2 − ~k3

)
here refers to just the real

components of the wavevectors, and k3z is the real z component. The nonlinear

polarization P(2) does not include the canonical polarization wave that goes

like exp [i(k1 + k2)z], as that has been absorbed in the δk term. However, it

will include the integrations of special polarization terms from the Mochán

theory discussed in Section 2.3.

4.2 Nonlinear polarization in the two-beam configura-
tion

In this section we will show that the nonlinear polarization P(2) result-

ing from the enhanced two-beam SFG configuration described in Section 3.1,

incident on both glass and nc-Si, is proportional to exp
(
−z2

2w2
0

)
where w2

0 is the

Gaussian beam radius.

Referring again to Fig. 4.3, let the sample be parallel to the xy plane

and let z = 0 always mark the center of the two-beam overlap, as the beams are

considered to be fixed in space. The incident laser fields ~E1 and ~E2 from the

normally incident and angled beams respectively are described by the plane
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waves

~E1 = A1x̂ exp
(
i~k1 · ~r

)
exp

(
x2 + y2

2w2
0

)
and

~E2 = A2ŷ exp
(
i~k2 · ~r

)
exp

(
η2 + ξ2

2w2
0

)
.

Here A1 and A2 are constant amplitudes (non-depleted input approximation).

The coordinates η and ξ are the rotated x and z coordinates (about the y

axis) used to describe the angled beam, i.e., η = (η̂ · x̂)x + (η̂ · ẑ)z, with the

rotated unit vectors η̂ and ξ̂. Using these fields in Eqn. 3.2 yields the radiating

ŷ component of

~P = Γ
(

~E1 · ~k2

)
~E2

where Γ is an unimportant scaling factor. The expression for ~P · ŷ may be

integrated over all space in x and y to finally yield the effective polarization

Py(z) = Γ′ exp

(
−z2

2w2
0

)
exp

[
i
(
~k1 + ~k2

)
· ~z

]
with the even more complicated but still unimportant scale factor Γ′. Thus,

we have shown that P(2)(z) = exp
(
−z2

2w2
0

)
may be inserted into the differential

equations described in Section 4.1 to model the longitudinal scan experiments.

4.3 Solution of the differential equations

Armed with P(2)(z) and a symbolic computational package such as

Mathematica, Eqn. 4.1 may be solved analytically. Let the z axis correspond

to the longitudinal axis of the slab. The center of the beam overlap is fixed at
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z=0. The sample may move. The downstream end of the sample is located at

z=M and beam entrance located at z=V, so that the length of the sample is

L=M-V. The solution for a single slab of nonlinear medium, with the boundary

condition E(z = V = M − L) = 0 (SFG field zero at the entrance side of the

slab) is:

E(z) = Ω exp [−zβ3 + V (β1 + β2 − i∆k)]{
Erf

[
−V + w2

0 (∆β − i∆k)√
2w0

]
− Erf

[
−z + w2

0 (∆β − i∆k)√
2w0

]}
.(4.2)

Here the so-called error function Erf(x) ≡ 2√
π

∫ x

0
exp (−t2) dt, and ∆β = β3 −

β1−β2 is a “phase mismatch” term analogous to ∆k but constructed with the

imaginary portion of the wavevectors, and Ω is a constant.

To model the longitudinal sample scan experiment, we used Eqn. 4.2

to represent a fused-silica layer, and then again to represent the much thinner

nc-Si layer. In the “exit” configuration (see Section 3.5.1), we first let the SFG

field from the glass propagate through the nc-Si layer. Then, we interfered

it with the SFG e-field from the nc-Si layer to yield the total SFG signal e-

field. We obtained the output signal by taking the modulus squared of the

total e-field. The procedure was reversed for the “entrance” configuration.

The separate (uncombined) calculated signals are shown in Fig. 4.4. Note

the surface-like double peak effect in the thicker glass slab. This is just a

consequence of cancelation by dephasing when the entire two-beam interaction

region is within the bulk of the fused-silica slab. The cancelation is lost as

more of the interaction region pokes out of the slab. The beam, sample, and
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w0 75 µm
∆kg 9.056× 105m−1

∆kNC 1.253× 106m−1

β3 (nc) 7.192× 105m−1

β1,2 (nc) 3.707× 103m−1

Lg 1.0 mm
LNC 1.0 µm

Table 4.1: Parameters used to generate Fig. 4.4.

calculated parameters used in the model are shown in Table 4.1.

Figure 4.4: Left: Model of SFG in 1 mm thick fused silica. Note the surface-
like double peak effect. This is just a consequence of cancelation by dephasing
when the entire two-beam interaction region is within the bulk of the fused-
silica slab. Right:Model of SFG in 1 micron thick nanocrystal layer. Since
the two-beam interaction region is hundreds of microns, the nanocrystal layer
cannot contain it.

4.4 Longitudinal sample scans

Experimental data taken at 622 nm are shown in Fig. 4.5. Approxi-

mately 150 fs, 5 µJ pulses were incident upon the 3 nm Ar annealed nc-Si

sample. Detection was by a solar-blind photomultiplier tube mounted at the
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exit slit of a monochromator with a detection bandwidth of approximately 5

nm. Three longitudinal scans are shown: the fused-silica sample margin (no

nanocrystal implant), inside the nc-Si distribution in the “exit” configuration,

and inside the nc-Si distribution in the “entrance” configuration. Note how

the signal from the unimplanted glass (M = 1.2) is diminished by absorption

in the nanocrystal layer in the “exit” configuration. By fitting the calculated

fields to the data, one may be able to extrapolate the magnitude and phase of

the nc-Si polarization relative to the fused-silica.

4.5 Conclusion

While the methods of this Chapter can provide immediate access to

spectroscopic information, they are inferior to the spectral methods described

in Section 3.5.2. The major drawback to longitudinal scans is that the sample

must be flipped so that entrance and exit scans do not use the same area of the

nanocrystal distribution. There are also some extra sources of experimental

error such as the determination of the beam radius. With further improvement

of the experimental apparatus and detection capabilities, SFG spectra will be

within reach.
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Figure 4.5: Results of longitudinal scan experiments at 622 nm. Three scans
are shown: the fused-silica sample margin (no nanocrystal implant)– squares;
inside the nc-Si distribution in the “exit” configuration– diamonds; and inside
the nc-Si distribution in the “entrance” configuration– triangles.
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Chapter 5

Conclusions

The main value of this work was the demonstration and characteri-

zation of the two-beam method of sum-frequency generation. In addition,

we have shown how this interface-specific technique can be used for the the

spectroscopic study of silicon nanocrystals implanted in fused silica. We have

given the theorists some nice data to work with, which clearly show that pre-

sumably H-terminated clusters (annealed with hydrogen present) give at least

an order lower nonlinear response than those annealed in pure argon. The

ab initio camp has honed in on the nanocrystal interface, but has been deal-

ing solely with linear spectroscopy, and that only recently. The models of

second-harmonic generation from nanospheres are phenomenological; surface

chemistry does not even enter into them. Some work needs to be done in

bridging the two theories, or at least addressing nonlinear response in the ab

initio calculations.

There are a few specific directions the work in our lab could pro-

ceed in order to continue to contribute to the recent investigations into sil-

icon nanocrystal interface chemistry and the microscopic origins of their spe-

cial optical properties. The first and most obvious is the exploitation of the

66



current spectroscopic methods, already underway. Improving the signal lev-

els even incrementally could provide enough signal to capture sum-frequency

spectra using the 3 nm Ar-annealed sample. Secondly, a time-dependent sum-

frequency experiment could uncover information about the recently proposed

scheme [33, 34] where excited nanocrystals change shape. According to the

phenomenological SHG models, the shape of the nanocrystal has much to do

with the induced nonlinear polarization. There may be dramatic changes in

SHG production as the nanocrystal surface is altered by excitation. Our first

efforts at such an experiment are described in described in Appendix B. Those

experiments utimately failed because we were unable to isolate the weak 400

nm signal from the strong 400 nm pump, even with robust spatial filtering.

However, using the NOPA we should revisit this type of experiment. Since we

are getting a signal with a visible fundamental input beam, we can pump with

residual 400 nm from the NOPA and it would not contaminate the deeper UV

sum-frequency signal. Lastly, spectroscopic techniques using the single-beam

titled sample signal, demonstrated in Appendix A, should be investigated.

The origins of the signal are poorly understood, but the signal is quite strong

and potentially very useful.

Clearly, sum-frequency and second-harmonic generation provide a sorely

needed interface-specific probe for investigations into the electronic structure

of silicon nanocrystals. Furthermore, the two-beam technique could find ap-

plication in other systems where the dipolar nonlinear response is suppressed

or absent.
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Appendix A

Single beam SHG with nc-Si

We discovered that the nc-Si samples yielded a large SHG signal with

a horizontally polarized single beam if the sample was tilted vertically. While

this experiment is currently not well understood, we include the current theory

and available data in this appendix. At the present time, we believe this signal

derives from the large gradient of nanocrystal density when passing though the

sample in the direction of beam propagation.

A.1 Theory

1. The expansion of ~PNL has two terms which involve the gradient of the

SiNC density distribution: ∇n Q̃(2) and ∇ · n
↔
Q

(2)

.

2. The first term, ∇n Q̃(2), contributes to the transverse nonlinear polar-

ization with a vertical tilt of the sample. The contribution is

γ̃qE2∂n

∂y
= γ̃qE2

x

∂n

∂y

for a p-polarized incident beam. This term is proportional to the inten-

sity of the incident beam and thus it makes sense that we get a large

signal with the Spitfire, even with a large spot size (the signal is not pro-
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portional to the gradient of the field, like the signal is from a normally

incident beam).

3. The second term, ∇ · n
↔
Q

(2)

, has a smaller term which partially cancels

the contribution from the first term for a vertical tilt, but would greatly

enhance the signal for a horizontal tilt. The computational details are

as follows:

(a)
↔
Q= γq

(
~E ~E − E2

↔
I

3

)
(b) ∇ · (n

↔
Q) =

↔
Q (∇n) + n(∇·

↔
Q). The first term would change when

tilting the sample. The second term will not apply to the forthcom-

ing single beam experiment; if anything, it will contribute a small,

constant background count.

(c) For a normally incident beam (which therefore has no longitudinal

(z) electric field component) ,
↔
Q (∇n) =

γq


2E2

x−E2
y

3
ExEy 0

EyEx
2E2

y−E2
x

3
0

0 0
−E2

x−E2
y

3




∂n
∂x

∂n
∂y

∂n
∂z

 .

(d) For an x-polarized beam the above reduces to

γq


2
3
E2

x
∂n
∂x

−1
3
E2

x
∂n
∂y

−1
3
E2

x
∂n
∂z

 .
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Similarly, for a y-polarized beam it reduces to

γq


−1

3
E2

y
∂n
∂x

2
3
E2

y
∂n
∂y

−1
3
E2

y
∂n
∂z

 .

(e) A vertical tilt gives a non-zero ∂n
∂y

, making the total nonlinear po-

larization in the ŷ direction with magnitude

γ̃qE2
x

∂n

∂y
− 1

3
γqE2

x

∂n

∂y
.

In other words the ∇ · n
↔
Q

(2)

term partially cancels the ∇n Q̃(2)

term when tilting the sample vertically, for an x-polarized incoming

beam.

(f) However, a horizontal sample tilt gives a non-zero ∂n
∂x

, which is

seen to add to the ∇n Q̃(2) term. In this case the total nonlinear

polarization is in the x̂ direction with magnitude

γ̃qE2
x

∂n

∂x
+

2

3
γqE2

x

∂n

∂x
.

(Note: if γ̃q � γq, we would not see the difference when the γq

term is added and subtracted. Physically, we expect that they are

roughly equal.)

A.2 Experiment

The four unknowns in the preceding two equations are γq, γ̃q, ∂n
∂x

, and ∂n
∂y

.

71



With a normally incident x-polarized beam, tilt the sample vertically and

measure the SHG signal. Then turn the beam so it is y-polarized and

repeat the measurement. Now repeat those two steps for a horizontal

tilt to yield four equations for the equal number of unknowns.

The limiting factor for our experimental error will be the determination

of the electric field strengths Ex and Ey. The expected count rate ∼ 100

cts/s with the Spitfire.
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Appendix B

Electronic dynamics of silicon nanocrystals

We successfully reproduced part of Klimov’s transient absorption exper-

iment [55] in preparation for our own pump-probe study using two-beam

SHG as the probe. As shown in Fig. B.1, there is a measurably large

change in absorption of the nc-Si with rise time in the hundreds of fem-

toseconds and decay time in the tens of picoseconds. In this experiment,

we ran a weak 800 nm pulse from the Spitfire through the sample, re-

flected it off a folding mirror in the upstream direction, then into a heav-

ily ND filtered (2.0) fast-photodiode (ThorLabs). We took the main

part of the Spitfire output and doubled it with a BBO crystal, focusing

this pump pulse to a fluence of 13 mJ/cm2 at the sample. The pump

was subject to an adjustable delay. For signal detection, we chopped

the pump at 490 Hz and sent the photodiode signal through a lock-in

amplifier.

After the arrival of the 400 nm pump pulse, represented by the pump-

probe cross correlation (x), the absorption of the nc-Si changes. The

slight difference in results with Ar and Ar+H annealed samples shown

here is presently thought to be an artifact due to some shortcomings in

the experimental methodology. More investigation is needed.
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Figure B.1: Transient absorption experiment with 5 nm nc-Si samples. After
the arrival of the 400 nm pump pulse, represented by the pump-probe cross
correletion (x), the absorption of the nc-Si changes. Green circles are ∆α of
the Ar+H annealed sample; black squares denote the Ar annealed sample.
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We then tried replacing the linear absorption probe with the two-beam

SHG probe. However, this made the signal the same wavelength as the

strong pump. Even after extensive spatial filtering, the scattering of

the pump from the sample overwhelmed the sensitive photomultiplier

tube signal detection. This problem may be overcome by using the

NOPA output as a two-beam SHG probe and doubling the residual 800

nm NOPA input, followed by spectral filtering of the weak UV signal

from the strong 400 nm pump. This is an important experiment as it

would most certainly be able to follow any physical reconfiguration of

the nanocrystal as suggested by Degoli et al.[33]
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K. Chan. A silicon nanocrystals based memory. Applied Physics

Letters, 68:1377–1379, March 1996.

[18] L. D. Bell, E. A. Boer, M. L. Ostraat, M. L. Brongersma, R. C.

Flagan, H. A. Atwater, J. deBlauwe, and M. L. Green. A Radiation-

Tolerant, Low-Power Non-Volatile Memory Based on Silicon Nanocrys-

tal Quantum Dots. In Forum on Innovative Approaches to Outer

Planetary Exploration 2001-2020, pages 4–+, January 2001.

78



[19] C. W. White, J. D. Budai, S. P. Withrow, J. G. Zhu, E. Sonder,

R. A. Zuhr, A. Meldrum, D. M. Hembree, Jr., D. O. Henderson,

and S. Prawer. Encapsulated semiconductor nanocrystals formed in

insulators by ion beam synthesis. Nuclear Instruments and Methods

in Physics Research B, 141:228–240, May 1998.

[20] J. G. Zhu, C. W. White, J. D. Budai, S. P. Withrow, and Y. Chen.

Growth of Ge, Si, and SiGe nanocrystals in SiO2 matrices. Journal

of Applied Physics, 78:4386–4389, October 1995.

[21] Jianhong Zhu, W. Thomas Leach, Scott K. Stanley, John G. Ekerdt,

and Xiaoming Yan. Growth of high-density si nanoparticles on

si[sub 3]n[sub 4] and sio[sub 2] thin films by hot-wire chemical vapor

deposition. Journal of Applied Physics, 92(8):4695–4698, 2002.

[22] R. Gago, L. Vázquez, R. Cuerno, M. Varela, C. Ballesteros, and
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