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Abstract

Molecular fluorophores and semiconductor quantum dots (QDs) have been used
as cellular imaging agents for biomedical research, but each class has challenges
associated with their use, including poor photostability or toxicity. Silicon is a
semiconductor material that is inexpensive and relatively environmental benign in
comparison to heavy metal-containing quantum dots. Thus, red-emitting silicon
nanoparticles (Si NPs) are desirable to prepare for cellular imaging application to be used
in place of more toxic QDs. However, Si NPs currently suffer poorly understood

photoinstability, and furthermore, the origin of the PL remains under debate.

This dissertation first describes the use of diatomaceous earth as a new precursor
for the synthesis of photoluminescent Si NPs. Second, the stabilization of red PL from Si
NPs in aqueous solution via micellar encapsulation is reported. Thirdly, red to blue PL
conversion of decane-terminated Si NPs in alcohol dispersions is described and the
origins (i.e., color centers) of the emission events were studied with a comprehensive
characterization suite including FT-IR, UV-vis, photoluminescence excitation, and time-
resolved photoluminescence spectroscopies in order to determine size or chemical
changes underlying the PL color change. In this study, the red and blue PL was

determined to result from intrinsic and surface states, respectively.

Lastly, we determined that the blue emission band assigned to a surface state can
be introduced by base addition in originally red-emitting silicon nanoparticles, and that
red PL can be restored by subsequent acid addition. This experimentally demonstrates

blue PL is surface state related and can overcome the intrinsic state related excitonic



resombination pathway in red PL event. Based on all the data collected and analyzed, we
present a simple energy level diagram detailing the multiple origins of Si NP PL, which

are related to both size and surface chemistry.
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Chapter 1

General Introduction to Fluorescent Substances and Their Application in Cellular

Imaging

1.1 General information to early fluorescent substances, fluorescence, and its
application
One of the earliest recorded observations of photoluminescence involved the
detection of a unique blue light emitted from an infusion of wood in 1565, reported by
the Spanish physician, Nicolas Monardes (as shown in Figure 1.1 a).' Later, in 1819,
Edward D. Clarke, a Professor of Mineralogy at the University of Cambridge, discovered
a peculiar blue color emanating from fluorite crystals in Weardale, Durham, England (as

shown in Figure 1.1 b).

Figure 1.1 a) Blue fluorescent color of infusions in a wood illuminated with sunlight, b)
a crystal of green fluorite under sunlight, and c) blue fluorescent color observed from the

crystal of fluorite under UV light.



The following year in 1820, French researchers Pierre Joseph Pelletier and Joseph
Bienaimé Caventou observed that quinine, now a well-known anti-malarial medication
isolated from the bark of trees, exhibited a cyan green color when irradiated with
ultraviolet light.? After the discovery of fluorescence, researchers began to question its
causes, as the reason behind this unusual phenomenon was not understood. In 1852, Sir
George Stokes described the phenomenon of fluorescence, whereby “dark light” or
invisible ultraviolet light was converted into longer wavelength radiation in the region of
visible light. Such conversion was termed as Stokes Shift,®> and a chemical compound
having the property of fluorescence was later on defined as a “fluorophore” by Richard

Meyer in 1897.%

The mechanism of fluorescence was first described by Alexander Jablonski, in an
article published in Nature in 1933. The Jablonski diagram illustrates how electrons
transit between electronic states in a fluorophore. Radiative transition is initiated via UV

absorption, followed by fluorescence in the form of photon (light) emission.

S Intersystem
1 ﬁlsj]::iqina
SSILE
Tl
uv
Fluorescence
P Absorption
Phosphorescence
hv-E
\4
S

Figure 1.2 A simplified Jablonski diagram illustrating fluorescence and phosphorescence
mechanisms. Sp: ground state, S;: singlet excited state, Ti: triplet excited state,

hv: UV-excitation, hv-E: photon emission.


http://en.wikipedia.org/wiki/Joseph_Bienaim%C3%A9_Caventou
http://en.wikipedia.org/wiki/Joseph_Bienaim%C3%A9_Caventou

This process may compete with intersystem crossing and phosphorescence if the
excited state electron is able to transition from a singlet excitated state (S;) to a triplet
excited state (T1). In this situation, the electron eventually returns to the ground state (So)
from the triplet state (T;) and emits a photon with a much slower decay time (i.e., from a

longer lived excited state) vs. fluorescence (as shown in Figure 1.2).

To see is to believe. After the mechanism of fluorescence was discovered,
researchers developed equipment to observe and study fluorescent compounds, including
those with potential applications in biomedical fields. Therefore, in the early 20™ century,
fluorescence microscopy was developed by Heimstaedt and Lehman,® which was a
paramount advance in the study of fluorescence. As a result, in 1924, nucleic acids were
successfully labeled with a fluorophore that emitted visible light and this study advanced
our understanding and knowledge of nucleic acids. Today a wide variety of biomedical
research utilizes fluorophores in applications such as cellular imaging, flow cytometry,
histological staining, and as analytical probes.®

Because the unique actions of bioactive small molecules can be visualized and
tracked in real time, those molecular fluorophores have become very important for cell
biology. The first in vitro study of tumor cells using a fluorophore as a cellular imaging
agent was reported by Musajo and co-workers in 1967." Later, in 1972, a patent was filed
for the first in vivo method of analyzing blood using a fluorophore as a cellular labeling
agent.® In the late 20" century, as molecular fluorophores came to be commonly used in
biomedical research, problems were encountered with their use as analytical probes, such

as photobleaching issues in biological media.



1.2 General information to photoluminescence in semiconductor material

Unlike a molecule’s energy levels, which are very discrete and energetically well
separated, semiconductor energy levels are discrete but energetically closely spaced; thus,
they behave as broad bands, since the energy separations between discrete levels are
easily overcome (e.g., with thermal energy). The energy bands are constructed from
orbitals that originate from atoms, which are periodically arranged in a crystalline solid
such as a semiconductor. In a semiconductor, the conduction band is formed by vacant
frontier orbitals, and frontier orbitals filled with electrons form the valance band. Some
semiconductor materials can also generate visible light after UV excitation due to their
unique direct bandgap nature, and this phenomenon is called photoluminescence (PL),

one of the fluorescence processes.

Briefly, PL in a semiconductor material occurs where an electron is excited from
the valence band to the conduction band by UV excitation (photoexcitaiton).
Subsequently, the excited electron will undergo relaxation to the bottom of the
conduction band, recombine with a hole at the top of the valance band, and emit a photon
with energy corresponding to the band gap energy. If the band gap is in 1.5 -3.1 eV
range, which is the visible spectrum range from 400 to 800 nm, then visible light

emission can be generated by UV excitation.

When the crystalline domain size of a semiconductor is reduced to the nanoscale,
there is a remarkable effect on the PL. For example, I1-VI semiconductors (e.g., CdSe)

have a tunable band gap over the entire visible region (as shown in Figure 1.3), which is a



function of particle size on the nanometer length scale, a phenomenon known as quantum

confinement (QC).

CB
CB
VB- - A — o
| e
.6nm J > Zﬁw

Figure 1.3. Simplified band gap diagram illustrating the band gap energy as a function of
CdSe particle size. A digital image of CdSe QDs under UV light excitation, ranging from
2 nm to 6 nm in diameter, shows blue to red PL spanning the visible from different sized

CdSe QDs. VB: valence band, CB: conduction band, E4: band gap energy separation.*!

Quantum confinement occurs on the nanometer length scale when the size of
semiconductor crystallites is smaller than the bulk semiconductor’s Bohr exciton radius,
which refers to the distance between a hole and an electron in the excited state. As a
semiconductor nanoparticle’s radius become smaller than the Bohr exciton radius, the
band gap (energy separation) of the semiconductor nanoparticle because a function of
nanoparticle radius (QC effect), since the electron-hole pair are confined to a physical
space smaller than the electron-hole mean free path. Kayanuma reported an approximate

expression for the confinement energy (E), shown below:



2 2 2
E =" (= +—) % — 1.786 = — 0.248E;, Equation 1.1

2 \me  mp
In the equation, h is Planck’s constant, me and my are the bulk semiconductor’s electron
and hole effective masses, respectively, ¢ is the dielectric constant of the semiconductor,
R is nanoparticle radius, and E*Ry is the effective Rydberg constant.’ As the equation
illustrates, the energy of the electronic transition corresponding to the band gap energy is
a function of nanoparticle radius; as size decreases, the band gap energy is increased.
Semiconductor NPs that show quantum confinement effects are called quantum dots
(QDs).X® ™ For a semiconductor that has a direct band gap, such as the 1I-VI
semiconductors, size-tunable emission across the visible spectrum from red to blue can
be accomplished solely by manipulating the QDs size (as shown in Figure 1.3).*? PL
occurs as a result of the radiative recombination of excitons (electron/hole pairs) within

QDs at the size-dependent band gap energies.

In 1998, Nie and co-workers published the first application of fluorescent QDs to
cellular imaging, the first report that studied the use of QDs in living cells in vitro. In
their report, cadmium selenide (CdSe) QDs proved to be 20 times brighter than a
molecular dye, 100 times more resistant to photobleaching, and had a narrower emission

spectrum.*®

However, a heavy metal like cadmium is highly toxic to biological systems,** *°

and therefore is not well-suited to use in biological systems. In order to overcome this,
core-shell structures, such as CdSe core/ZnS shell nanoparticles have been synthesized to

make CdSe QDs less toxic. Although CdSe QDs appear to be non-toxic after coating with



biologically benign materials (e.g., ZnS, SiO,), the use of a heavy metal is also
environmentally undesirable. Therefore, finding a biologically benign material for use as

a cellular imaging agent in practical biomedical applications becomes a primary task.

1.3 Photoluminescent silicon nanoparticles as fluorescent imaging agents

Silicon, an environmentally and biologically benign element, is widely used in the
electronics industry and biomedical engineering, as well as commonly studied in
academic labs because of its unique electronic and optical properties. For bulk silicon
with an indirect band gap energy of 1.1 eV, the PL efficiency is low and this low
efficiency of radiative recombination doesn’t favor silicon’s use in fluorescence
applications. However, Canham reported the first observation of efficient visible PL form
porous silicon at room temperature in 1990;° this report revealed a potential alternative

material to 11-VI semiconductors in fluorescence applications.

Eight years later, Liu and co-workers reported a feasible biological clearance
mechanism for silicon nanoparticles (Si NPs) by decomposition into silicic acid followed
by excretion from the kidneys. This work indicated that Si NPs are biologically non-toxic
and suitable for cellular, and perhaps in vivo, imaging applications.!” Given that silicon is
the second most abundant element in the earth’s crust, has unique electronic and optical
properties, emits light efficiently as nanocrystallites, and is nontoxic to biological

systems, Si NPs are attractive candidates as next-generation fluescent imaging agents.



The synthesis of red-emitting Si NPs has been increasingly studied for their
potential use in fluorescence imaging applications. Recently, a number of studies have
been published on water-soluble, red-emitting Si NPs. Ruckenstein and co-workers
described the use of water-soluble poly(acrylic acid) (PAA) grafted luminescent Si NPs
for fluorescent biological staining applications.’® They used CO, laser ablation to
synthesize Si NPs by heating SiH4/H,/He mixtures. HF chemical etching and PAA
passivation techniques were utilized to synthesize aqueous red-emitting Si NPs. An in
vitro cellular imaging study conducted on Chinese hamster ovary (CHO) cells using the

PAA Si NPs is shown in Figure 1.4, A.
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Figure 1.4. (A) Fluorescence microscopy study of CHO cells incubated with PAA-Si
NPs, (B) The intensity of the red emission of Si NPs was a function of time after PAA-Si

NPs immersed in deionized water.'8

PL cellular imaging has been used in biomedical and chemical research because
of the rapid response inherent to fluorescence. A fluorescent imaging agent can be

utilized for both in vitro and in vivo studies of living organisms. Fluorescent probes can
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be used to track tumor cells, understand cell behavior, and find treatments for cancer.®%

However, a crucial factor in obtaining effective imaging in tissues is the use of
fluorophores that emit from 600 nm to 1000 nm, because autofluorescence interference is
less in the near-infrared (NIR) wavelength region (700 — 900 nm) and the depth of light
penetration is greater (vs. the visible), and since it is not efficiently absorbed by cellular

and blood components.?* 2

Two of the main challenges to using photoluminescent Si NPs as fluorescence
imaging agents are changes in PL intensity and spectral position (Amax, em). AS Seen in
Figure 1.4, B, the PL intensity of PAA-Si NPs is not stable in aqueous solutions; the
intensity of the red emission in the PL spectrum is significantly reduced after 24 hrs. In
addition to this, several other reports have shown the conversion from red to blue PL
when Si NPs are oxidized in aqueous solution.?*?*% For fluorescent cellular imaging, it
is necessary to synthesize water soluble red- to NIR-emitting Si NPs, with stable

photophysical properties in biological media for practice use.

After Canham discovered visible red emission from porous silicon,? %

many
syntheses of photoluminescent silicon quantum dots using various methods have been
reported over the past two decades. In general, red-emitting Si NPs haven’t been reported
to be synthesized via chemical solution based syntheses; however, high temperature
annealing, laser ablation, and electrochemical/chemical etching methods have been
routinely shown to generate free-standing silicon quantum dots that have red or near-

infrared emission. For Si NPs generated by these methods, the red emission has

frequently been observed to be unstable in aqueous and biological media. Surface state
9



formation with chemical changes to the surface have been implicated as underlying this
photo-instability. Thus, our recent research has focused on identifying and controlling

surface (and other) defects that may adversely impact the PL intensity and wavelength.

1.4 Present state of knowledge concerning photoluminescence behavior in bulk and

nanocrystalline silicon: Size and surface effects

Unlike 11-VI semiconductors, which have only a direct band gap, bulk silicon (a
group IV semiconductor) has an indirect band gap energy of 1.1 eV and a direct band gap
energy of 3.4 eV." A band gap is defined as indirect when the minimum of the
conduction band (CB) is not directly above the maximum of the valence band (VB) in
momentum space (k), as shown in Figure 1.5.% Because the electronic transition from CB
to VB across the band gap is a momentum-forbidden transition for an indirect band gap
semiconductor, emission can only occur efficiently as a phonon-assisted process.
However, when a Si NP is smaller than 4 nm (the Si Bohr exciton radius),? it is theorized
to display efficient, variable wavelength light emission as a function of size due to
increased efficiency of the momentum-forbidden transition with greater positional

certainty and to QC effects.***
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Figure 1.5. The band structure of bulk silicon, modified from reference 21. I" indicates
[000] direction where wave vector of electron waves k=0; L and X are wavevectors in the

[111] and [100] directions, respectively, where wave vectors of electron waves k # 0.8

For Si° domains that are on the nanometer length scale, previous literature has
shown that, it is not only the size of the Si NPs that matters. Both nanoparticle size and
surface chemical composition have been found to exert a significant influence on PL
emission behavior. In some reports, it has been shown that the emission energy is
adjustable as a function of size, which may indicate that the QC effect dominates the PL
mechanism. As one example of this, Veinot and coworkers reported hydride-terminated
free-standing Si NPs (3.41 nm) with yellow luminescence after a HF wet-etch, and a
blue-shift in emission was observed with an increase in etching time.****3 This is
consistent with HF etching of silicon, and with the expectation that as the size of Si NPs
is reduced in etching, the band gap increases and the PL blue shifts in accordance with

the QC effect.*®
11



At smaller Si NP sizes (< 4 nm), higher energy emission is expected for quantum
confined Si NPs, according to Equation 1.1. However, although red emission is predicted
and often observed for ~ 4 nm Si NPs, blue emission also has been reported for Si NPs
with sizes larger than 4 nm after surface oxidation.***® Surface traps and surface defects
in Si NPs prepared using various synthetic methods have been reported to induce blue or
red shifts in PL, indicating that the PL of Si NPs is not driven solely by QC in larger Si
NPs.**4° Several reports have also shown that blue emission can be obtained through
localized surface defect states.*"**** As one example of this, Manhat et al. reported blue
emission from aqueous Si NPs approximately 4 nm in size, which they attributed to Si-O
surface states.®’ Furthermore, several recent reports have attributed blue emission only or
blue emission alongside other red emission events to localized Si-O surface states lying
outside the band gap.®® *"** This is consistent with the frequent observation of only blue
emission for Si NPs in water due to the possibility of passivation of Si surface sites by
OH’ or H,0. Furthermore, while it is expected that ultrasmall, 1-2 nm quantum-confined
Si NPs should emit blue light,* the observation of blue emission from larger Si NPs (> 4
nm) is unexpected according to QC expectations.” ***® Thus, the many examples of 4-5
nm, blue-emitting aqueous Si NPs that have been reported to date also support the origin
of aqueous, blue emission as arising from Si-O surface states.

The causes underlying the polychromatic emissions and emission-shifts in Si NPs are
quite complex, and are the problem that has attracted the most current attention from
researchers in the Si NP community. Gaining a better understanding of the mechanisms

of PL from Si NPs and stabilizing the photophysical properties, including emission color

12



and intensity are major tasks to be resolved for future applications of Si NPs in

biomedical cellular imaging.

1.5 Outlook of this work

The core of this dissertation focuses on the PL behavior of photoluminescent Si
NPs and their applications in cellular imaging. Aqueous, red-emitting Si NPs were
successfully synthesized and the red emission was persistent for more than six months in
aqueous solutions at pH < 7 (Chapter 2). Then, we demonstrate conversion from red to
blue emission (Chapter 3) and reversible switching between red and blue PL (Chapter 4),
the latter achieved through experimental design with the knowledge gained by identifying
intrinsic and extrinsic PL pathways in Chapters 2 and 3. Finally, we describe a new
synthesis of Si NPs from diatomaceous earth (Chapter 5). Diatomaceous earth is an
inexpensive, earth abundant, and environmentally benign substance, and was found to
produce photoluminescent Si NPs under heat treatment at 1100 °C in a reducing
atomsphere. UV-Vis, PL spectroscopy, and time-resolved PL spectroscopy were utilized
to study dynamic electron transitions and steady-state optical properties of Si NPs.
Surface passivations and chemical compositions of Si NPs were studied via Fourier
transform infrared spectroscopy. The size crystallinity and morphology of Si NPs was
studied by Raman spectroscopy, energy dispersive X-ray spectroscopy, high-resolution

transmission electron microscopy, and powder/thin film X-ray diffraction.
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Chapter 2

Aqueous, red-emitting silicon nanoparticles for cellular imaging: Consequences of
protecting against surface passivation by hydroxide and water for stable, red
emission

Published as: Chiu, S. K.; Manhat, B. A.; DeBenedetti, W. J. I.; Brown, A. L.; Fichter,
K.; Vu, T.; Eastman, M.; Jiao, J.; Goforth, A. M., Journal of Materials Research 2013,

28 (2), 216-230.' Repriented with permission.

2.1 Abstract

Stable, aqueous, red-to-NIR emission is critical for the use of silicon
nanoparticles (Si NPs) in biological fluorescence assays, but such Si NPs have been
difficult to attain. We report a synthesis and surface modification strategy that protects Si
NPs and preserves red photoluminescence (PL) in water for more than six months. The Si
NPs were synthesized via high-temperature reaction, liberated from oxide matrix, and
functionalized via hydrosilylation to yield hydrophobic particles. The hydrophobic Si
NPs were phase transferred to water using the surfactant cetyl-trimethylammonium
bromide (CTAB) with retention of red PL. CTAB apparently serves a double role in
providing stable, aqueous, red-emitting Si NPs in 1) forming a hydrophobic barrier
between the Si NPs and water and, 2) in providing aqueous colloidal stability via the
polar head group. We demonstrate preservation of the aqueous, red emission of these Si

NPs in biological media and examine the effect of pH on emission color.
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2.2 Introduction

Semiconductor nanoparticles (NPs) have received widespread attention in recent
years for their size-tunable UV-to-NIR light emission governed by the quantum
confinement effect. These photoluminescent particles with size-tunable, narrow emission
and broad absorption spectra have been exploited in numerous applications, including in
light emitting/harvesting devices™ and as handles for biomedical tracking and imaging.*”
Although predominantly direct band gap semiconductor nanoparticles, i.e., quantum dots
(QDs), have thrived in semiconductor NP synthesis and application studies, attention has
more recently turned toward the development of potentially less toxic (relative to II-VI
Cd- and Pb-based QD) Si NP fluorophores after the observation of efficient visible
photoluminescence from porous silicon containing nm-sized Si domains in the 1990s.°
Observation of efficient, visible photoluminescence from nm-sized, indirect band gap Si
has been attributed to relaxation of the momentum-forbidden radiative exciton
recombination across the indirect band gap with increased certainty in carrier position on
the nanoscale.”*

Despite potential toxitcity and compatibility advantages in using fluorescent Si

NPs over CdQ and PbQ (Q = S, Se, Te) quantum dots in both devices (e.g., solely Si-

9,10,11 5,12,13

based opto-electronics) and biomedical applications, synthetic control over Si
NP emission color and quantum yield is poor relative to II-VI QDs and emission
wavelength is not always correlated with particle size according to expectations of
quantum confinement.®'*'>'®!" Not only is it expected that biological organisms would

exhibit a greater tolerance to Si NPs over CdQ and PbQ QDs, but other advantages of Si

NPs over CdQ and PbQ QDs include: the ability to form robust covalent surface bonds
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18,19

to Si for surface modification, versus weaker dative bonds for II-VI QDs, and a viable

mechanism of biological clearance for Si NPs (decomposition and renal clearance of

hydrolyzed Si NPs as silicic acid)™***'

versus bioaccumulation and/or cytotoxicity for
CdQ and PbQ QDs.'*"** Nonetheless, because of the possibility of radiative events
occurring from both delocalized core states (i.e., quantum-confinement related emission)
and from localized surface-defect or other trap states (e.g., at the Si NP/ligand or Si NP-

15,23-29 -
’ S1

surface oxide interface), NP emission dominated by core states alone is difficult

to achieve, emission quantum yields are generally low, and polychromatic emission (e.g.,

24-32

having two or more distinct emission events) is frequently observed. Both

133, 34 123,27,29,35

theoretica and experimenta reports support the hypothesis that surface
and/or defect states, in addition to quantum-confined states, significantly influence the
observed emission properties of Si NPs, whether they are free-standing in solution or
embedded in solid hosts (e.g., in porous silicon).

To overcome the challenges in emission wavelength and efficiency control in Si
NPs, it is desirable to identify and mitigate pathways leading to defect-related emission,
which should provide synthetic strategies for emission property tuning to allow the size-
dependent core state emission pathway to dominate the observed optical properties. This
is particularly important for biomedical applications of Si NPs, since narrow, resolvable
emission in the red-to-NIR spectral region is necessary for avoiding cellular
autofluorescence interferance of the Si NP signal, as well as tissue penetration
limitations, and since unstable emission characteristics (including, color and quantum
yield) would result in loss of information. To date, Si NPs have been synthesized with
36373839 4

relatively high emission quantum yields (10-70% absolute quantum yields)
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quantum-confinement related emission spanning the entire visible spectrum has also been

40,41,42,43,

observed in a few reports. #45 Numerous publications have reported red-to-NIR

(600-800 nm) emitting hydrophobic Si NPs 3-10 nm in diameter with suitable optical but
unsuitable miscibility properties for biomedical fluorescence assays. However, when Si

NPs are surface functionalized or surface oxidized to allow dispersion in water, strong

14,16,17,46-47
d, ,10,17,

blue (400-500 nm) emission is most frequently observe even for aqueous

samples having the same or similar sizes and size distributions as the red-emitting,

hydrophobic particles.'* '* 4%

Several recent reports have attributed blue emission only or blue emission

alongside other redder emission events to localized Si-O surface states lying outside the

28,29, 49

band gap, which is consistent with the frequent observation of blue emission only

for Si NPs in water due to the possibility of passivation of unreacted Si surface sites by
OH’ or H,O. Furthermore, while it is expected that ultrasmall, 1-2 nm quantum confined

Si NPs should emit blue,” the observation of blue emission from larger Si particles close

40, 50, 51

to the bulk Si Bohr exciton radius (~4 nm) is unexpected according to quantum

confinement expectations. Thus, the many examples of 4-5 nm, blue-emitting aqueous Si

14, 16, 46, 48

NPs that have been reported to date also support the origin of aqueous, blue

emission as arising from Si-O surface states outside the band gap. Researchers have

previously attributed localized Si-O states to self-trapped luminescent centers (also called

35, 52

self-trapped excitons) with direct excitation and emission ability or to sites where

2 4
8.33.3% Regardless

photogenerated core excitons can decay, radiatively or non-radiatively.
of what role the localized surface state plays, emission from localized states is generally

accepted to be much faster than radiative exciton recombination, and thus would
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dominate due to the relatively faster time scale of the surface state decay (ns-ps) versus
the core state decay (us-ns) process.”
Several observations of stable, red-to-NIR emitting, aqueous Si NPs have been

5,12,21,30,40,55-59
reported,” =77

and most of these describe steps to modify the surface of the Si
NP core to protect it from further undesirable passivation or oxidation. One method of
surface modification is the conversion of Si NPs to Si NP/SiOHy core/shell
structures.”** These methods result in a size-tunable (and consequently, an emission
wavelength-tunable) Si NP core with a uniformly grown oxide shell that is shown to
provide stable surface and photoluminescence characteristics. The oxide shell also
confers water solubility on the Si NPs and apparently preserves red-to-NIR
photoluminescence with maximum emission wavelengths as high as 750-850 nm in
water.” Unfortunately, the red-to-NIR emission properties are not always stable with
respect to time, and certain Si NP/SiOHy core/shell structures exhibit a blue-shifted
emission (Amaxem = 430 nm) with a slow onset. >’

Others seeking to preserve red emission in water have used various surface
stabilizing agents to better protect the Si NP surfaces from further undesired surface
passivation. Kravitz et al. have prepared Si NPs via a solid state synthesis from
commercial, amorphous nanosilica in the presence of magnesium powder, and these
particles were subsequently dispersed in water, using poly(vinyl alcohol) (13,000-23,000
MW) to confer water solubility and to stabilize the particle surfaces.”® The red emission
at Amax = 710 nm observed from the neat, PVA-coated Si powders was apparently
maintained in poly(vinyl alcohol)/water dispersions for some time. However, the study

does not comment on the temporal behavior of the photoluminescence. Li ef al. reported
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that Si NPs prepared via CO, laser-induced pyrolysis of silane, followed by an HF/HNOj3
etch, can be coated using poly(acrylic acid) (PAA) through a graft polymerization of 10
wt% acrylic acid under intense UV irradiation.”> The PAA coating around the Si NPs
helped preserve 80% of the emission intensity at Ama.x = 605 nm for 1 week in water. The
authors concluded that PAA provided an insulating barrier between the Si NP surface and
the water molecules, temporarily preventing water passivation of the Si NP surface.
He et al. have also used PAA to modify the surface of H-Si NPs prepared
electrochemically.”> However, rather than coating the Si NPs with PAA directly, the as-
prepared, hydride-terminated Si NPs first underwent hyrdosilylation with monomers of
acrylic acid, and then were coated with PAA. This method takes advantage of the ability
of Si NPs to form stable covalent bonds with unsaturated hydrocarbons, such as
biocompatible acrylic acid, and further cross-linking with PAA, to better protect the Si
NPs from further undesirable surface passivation while apparently preserving red
emission (Amax = 595 nm) in water for up to six months.

Herein, we report a new synthetic method to produce stable, red-emitting aqueous
Si NPs that retain their red emission (Apax = 580 nm, or Ayax = 740 nm when correcting
for wavelength sensitivity of our photomultiplier tube detector) for longer than 6 months
in aqueous solutions of pH < 7. The method involves solid state synthesis of Si NPs,
followed by a wet chemical etch and hydrophobic workup, and subsequently phase
transfer of decane-terminated Si NPs into aqueous media through alkyl chain self-
assembly using the surfactant cetyl-trimethylammonium bromide (CTAB). The
hydrophobic tail of CTAB is capable of intercalating within the long hydrocarbon chains

on the surfaces of the Si NPs, thus forming a micellar structure around the Si NPs that
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allows stable dispersion in water via the quaternary ammonium head groups and retention
of the red photoluminescence via hydrophobic protection against further, undesirable
surface passivation. Additionally, these CTAB-coated, decane-terminated Si NPs can be
further wrapped with poly(acrylic)acid (PAA) polymer, which imparts a more ideal,
negative surface charge (for biological applications, over a wide pH range) and provides
reactive carboxylic acid groups for bioconjugation. The consequence of protecting the Si
NP surfaces against further, undesirable Si-OH passivation in preserving the aqueous red
emission of Si NPs is demonstrated by the destruction of the micelles in high pH solution
(pH > 8), which is commensurate with the observation of strong, blue PL, loss of red PL,
and increased Si-OH and Si-OH; bonding features. We also demonstrate the facile uptake
of these red emitting Si NPs into live neuroblastoma cells with the preservation of the
photophysical properties and observe an even distribution of the red emission from the Si

NPs throughout the cytoplasm.

2.3 Experimental

Materials. Some chemicals or synthetic procedures were handled under inert (argon or
nitrogen) atmosphere on a Schlenk line, using standard air-free techniques, where
specified. Other steps, including: etching, phase transfer and aqueous workups were
done in air. Electrophoretically pure water (nanopure water, 18 MQecm resistivity) was
used for preparing all aqueous solutions. Trichlorosilane (HSiCl; Alfa Aesar, > 98%), 1-
decene (CH3(CH;);CH=CH,, Aldrich, > 97%), cetyl-trimethylammonium bromide
(CH3(CH;)1sN(CH3);Br, Fisher, > 99%), poly(acrylic acid) sodium salt ((CsH3;NaO;),,

MW: 6000 De, moisture: < 10%), and aqueous hydrofluoric acid (HFq), 48.0-51.0%)
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were purchased from Fisher Scientific and used as received with the exception of the
polymer salt. Prior to use, 2 g of the poly(acrylic acid) sodium salt was dissolved in 150
mL of 12 N NaOH; the aqueous polymer solution was then dialyzed against nanopure
water using 1000 Da MWCO dialysis tubing (regenerated cellulose, Fisher Brand).
Following dialysis, the retentate solution underwent rotary evaporation to obtain dried,
purified poly(acrylic acid). For cellular studies, D-MEM, Opti-MEM, and fetal bovine
serum (FBS) solutions were purchased from Invitrogen/Life Technologies, Grand Island,

NY.

Synthesis of water-soluble, red-emitting silicon nanoparticles (Si NPs). A sol-gel
polymer of putative stoichiometry (HSiO;s), was prepared by hydrolysis and
polycondensation of tricholosilane (5 mL) as previously reported.”” This solid precursor
(0.9 g) was subsequently annealed at 1100°C under flowing N, in a horizontal tube
furnace (Lindberg Blue, Model TF55035A) for 10 hrs to generate nanocrystalline silicon
(Si NC) encapsulated in SiO, matrix. The Si NC/SiO, powder was then ball milled under
ambient atmosphere for 10 sec using a tungsten carbide-lined milling vial with two 1-cm
tungsten carbide balls and a Spex 8000M mill mixer. Hydrogen terminated Si NPs (H-Si
NPs) were liberated from the mechanically milled matrix (~0.5 g) by a 60 min chemical
etch using a 15 mL solution of 1:1:1 (by volume) ethanol/water/HF(aq), according to a
literature method.*’ Following extraction of red-emitting, H-Si NPs into pentane (~40
mL), decane-capped Si NPs (Dec-Si NPs) were prepared by thermal hydrosilylation by
refluxing the H-S1 NPs in 3 mL of neat 1-decene under Ar gas for 18 hrs. Hexane was

used to disperse the Dec-Si NPs several times and rotary evaporation was used to remove

27



excess capping agent and hexane. Water soluble, red-emitting Si NPs were prepared
from the red-emitting, decane-terminated Si NPs by coating with cetyl-
trimethylammonium bromide (CTAB) and/or coating with CTAB followed by wrapping
with poly(acrylic acid) (PAA), as described below. The synthesis of CTAB-
coated/decane-terminated Si NPs from hydrolyzed trichlorosilane (i.e., (HSiOjs),

polymer) is outlined in Scheme 2.1.

i e @ @ @ HF:EtOH:H,0 i
(HSiO4 5), m @ @ @ @@ < 2 H—éfH

H
H
1-decene CTAB/Hexanes | /
H_QH gre— @/W\/\/\ — @/\/\/W\\/\/\/\/\/\/\/\ N &
H 175°C Phase Transfer/H,0 Br

Scheme 2.1 Synthetic procedure for the preparation of stable, aqueous, red-emitting,

CTAB-coated/decane-terminated silicon nanoparticles.

CTAB-coated, decane-terminated Si NPs (CTAB/Dec-Si NPs or CTAB/Dec-Si
NP micelles) were prepared by loading 0.073 g (0.2 mmol) of CTAB into an air-free two-
neck, round-bottomed flask to which 3 mL of decane-terminated Si NPs in hexanes was
transferred. The reaction vessel was sonicated for 30 minutes, and the contents were
subsequently dried under dynamic vacuum for 8 hrs. After transferring 3.5 mL of water
into the flask, the sample was sonicated for 90 min in a 50°C water bath to obtain
aqueous, red-emitting CTAB/Dec-Si NPs. The aqueous layer containing the CTAB/Dec-

Si NPs was dialyzed against nanopure water using 1000 Da MWCO dialysis tubing to
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remove excess CTAB; the measured pH values of aqueous CTAB/Dec-Si NP samples
following dialysis were 6.5+0.5. We have observed that the amount of CTAB required
for aqueous nanocrystal stabilization (i.e., colloidal stabilization) is variable, depending
on whether larger or smaller micelles are desired. We have been able to produce aqueous,
single Si NPs using variations of the method presented in this work, using a smaller
excess of CTAB.

PAA-wrapped/CTAB-coated/decane-terminated Si  NPs (PAA/CTAB/Dec-Si
NPs) were prepared by dissolving 0.05 g of dried, purified PAA in 10 mL of water to
form a poly(acrylic acid) solution. An aqueous CTAB/Dec-Si NP solution (0.2 mL) was
transferred into an ambient atmosphere two-neck, round-bottomed flask and 2 mL of the
PAA solution was added. The resulting solution was stirred for 10 min to generate the
PAA/CTAB/Dec-Si NPs. To remove excess PAA, the aqueous Si NP solution was
dialyzed against nanopure water using 1000 Da MWCO dialysis tubing for 24 hrs. These

synthetic methods are outlined in Scheme 1.

Characterization of water-soluble, red emitting Si NPs and Si NP synthetic
intermediates.

In situ Powder X-ray Diffraction Studies (PXRD) of Solid-State Precursor. The sol-gel
hydrosilicate (HSiO,5), (0.10 g) was loaded onto a Pt sample holder and pressed flat
before loading into the instrument’s furnace for annealing (under vacuum atmosphere).
Data was collected at 30°C and the sample was then heated to 200°C at 20°C/min. The
temperature of the stage was increased in 200°C intervals at a heating rate of 20°C/min
and held at a given temperature (200, 400, 600, 800, or 1000°C) for 1 hr prior to the
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PXRD scan (30 mins).  The temperature of the stage was then further increased in
100°C intervals at a heating rate of 20°C/min and held at a given temperature (1100,
1200, 1300, or 1400°C) for 1 hr prior to the PXRD scan (30 minutes). Data was
collected from 10-60° 2 6 on a Rigaku Ultima IV X-ray diffraction system in parallel

beam geometry.

Characterization by Transmission Electron Microscopy (TEM) Equipped with Energy
Dispersive X-ray Spectroscopy (EDX), Raman Spectroscopy, and Dynamic Light
Scattering (DLS).

Size, composition, and morphology analyses of Si NP colloids were done by TEM, EDX
spectroscopy, Raman spectroscopy and DLS. TEM and EDX were performed on an FEI
Tecnai F-20 TEM operating at 200 kV. Aqueous samples were prepared by drop-casting
concentrated solutions of purified (as described in the synthesis section) Si NPs in
phosphate buffered saline (PBS, pH = 7.4) onto 400 mesh holey carbon coated, Cu grids
(Ted Pella), which were dried in air at 100°C overnight prior to imaging. Point EDX
spectra (collection time = 30-180 s) were collected on several spots within the same
CTAB/Dec-Si NP micelle, as well as on several other micelles on the same TEM grid.
HR-TEM was performed on the same instrument and the d-spacing reported herein is
calculated from the intensity profile of a single Si NP (5 spacings were averaged) within
a micelle. Raman spectroscopy was performed on a J-Y Lab RAM HR800 UV micro-
Raman spectrometer using laser excitation at 532 nm. Aqueous samples were prepared
by drop-casting concentrated solutions of purified Si NPs onto carbon tape adhered to

glass slides. Sample films were deposited in air. DLS measurements were done on the
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aqueous Si NP colloids using a Horiba LB-550 DLS instrument. Purified samples were
diluted in syringe filtered nanopure water for measurement, and measurements were
taken on serially diluted samples to ensure that size measurements were independent of

multiple scattering effects.

Characterization by Fourier Transform Infrared Spectroscopy (FT-IR) and Gel
Electrophoresis. To examine Si NP surfaces, FT-IR spectroscopy was performed on a
ThermoFisher Nicolet iS10 infrared spectrometer in reflection geometry using a single
bounce diamond attenuated total reflectance (ATR) accessory. Purified, concentrated
colloids of the Si NPs were drop-cast and evaporated onto the ATR crystal to deposit a
sample film for analysis. Gel electrophoresis was used to qualitatively determine the Si
NP surface charge after CTAB coating or CTAB coating/PAA wrapping steps. An
agarose gel (0.2% by weight) was made using TBE buffer (90 mM Tris, 90 mM borate, 4
mM EDTA) at pH 8.17 with 200 mM NaCl to enhance ionic strength. CTAB/Dec-Si NP
and PAA/CTAB/Dec-Si NP solutions of different volumes (1-10 uL) were mixed with 5
pL of 50% glycerol, and the samples of varying concentration and surface charge were
loaded into the wells in the center of the gel. Gels were run at 65 V for 1 hr and were

photographed under a 302 nm light source.

Steady State Photoluminescence Spectroscopy (PL) and Quantum Yield (QY)
Measurements. The emission properties of all Si NP colloids (H-Si NPs in hexanes, Dec-
Si NPs in hexanes, CTAB/Dec-Si NPs in water, and PAA/CTAB/Dec-Si NPs in water)

were examined using a Shimadzu-RF5310 PC spectrophotometer. Steady state emission
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spectra were collected in the 350-750 nm range on suitably diluted, purified samples
using excitation wavelengths varying from 250-400 nm. The instrument has a standard
photomultiplier tube (PMT) detector (range 220-750 nm, wavelength accuracy +1.5 nm),
with diminished sensitivity over the red-to-NIR spectral region.

Quantum yield measurements were done on a Horiba Jobin Yvon FL3-21
spectrofluorometer for the CTAB/Dec-Si NPs in water and the PAA/CTAB/Dec-Si NPs
in water. Emission spectra were collected in the 385-850 and 470-850 nm ranges at
excitation wavelengths of 365 and 450 nm, respectively, using purified samples of
suitable dilution and water as a reference. Also, excitation scans were performed over a
+ 20 nm range about each excitation wavelength to determine sample and blank
absorptivity. Both excitation and emission scans were obtained with the sample (in a
quartz cuvette) placed inside the integrating sphere, both in and out of direct light
excitation, and with a solvent (water) sample in direct light excitation. The resulting 6
data sets (sample excitation scan, in beam and out of beam; sample emission scan, in
beam and out of beam; and water blank excitation and emission scans, in beam only) for
each excitation wavelength were analyzed via two slightly different procedures
previously reported®®™ to give both absorbance and quantum yield values. The raw data
sets were corrected for detector sensitivity (according to a system-specific calibration
algorithm supplied by the instrument’s manufacturer) and integrating sphere reflectance,
as well as for the measured transmittances of various filters used in the beam paths and

variations in the excitation beam intensities.
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Live Cell Microscopy of Si NP Internalization. Murine neuroblastoma (N2a) cells were
plated on 25 mm PDL-coated glass coverslips and cultured in medium containing 47.5%
D-MEM, 47.5% Opti-MEM, and 5% FBS for 48 hrs at 37°C under a 5% CO,
atmosphere. The cellular medium was aspirated and cells were incubated with a solution
of CTAB/Dec-Si NPs in Opti-MEM solution, and then returned to the incubator for 1 hr.
Afterwards, this solution was aspirated, and the cells were washed once with PBS, then
transferred to an imaging chamber with Opti-MEM media for live cell imaging. Cells
were imaged with a Zeiss Axiovert 200m epifluorescence microscope, fitted with an
Andor iXON CCD camera, a stage and objective heater, an appropriate filter set
(excitation: 350 nm +/- 25 nm, dichroic: 400 nm long pass, emission: 420 nm long pass),
and an Apochromat 100x 1.4 NA oil immersion objective. Control cells were treated the
same way except were not exposed to Si NPs. Images were minimally processed for
background subtraction and brightness/contrast adjustment using the NIH freely-

distributed software ImageJ.*’

2.4 Results
2.4.1 Synthesis of Red-emitting, Water Soluble Si NPs.

The synthesis of hydride-terminated Si NPs via disproportionation of solid-state
silicon rich oxides (O:Si ratio, less than 2:1), polymeric alkyl or hydrido-silicates, or
molecular alkyl or hydrogen silsesquioxanes (O:Si ratio, 1.5:1) has been previously

23,41,57,61,62

reported.” Briefly, silicon rich oxide precursors, particularly those of

stoichiometry O:Si 1.5:1, 2276162

are known to wundergo thermodynamic
disproportionation at elevated temperatures (e.g., 900 to 1500°C), producing nanoscale Si
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domains encapsulated in an amorphous silica matrix. Such a reaction is usually done by
heating a Si-rich oxide precursor under flowing forming gas (e.g., 10% H; in Nj),
although qualitatively the same product is obtained using inert (N, or Ar) or vacuum
atmosphere, according to our comparative results (using hydrolysis trichlorosilane
polymer as a precursor in these atmospheres, results not shown).

For all Si NP syntheses reported herein, trichlorosilane was used as the silicon
source. The trichlorosilane was first hydrolyzed and polycondensed to produce a
polymeric sol-gel hydrosilicate precursor of putative stoichiometry O:Si = 1.5:1,”” which
was subsequently subjected to various heating schemes under flowing N,. Though the
subtle differences in reaction product as a function of heating scheme are beyond the
scope of this paper (and have been covered elsewhere),®” in general we have observed
that longer heating times and higher reaction temperatures facilitate the
disproportionation reaction. For example, as shown in Figure 2.1, heating the (HSiO 5),
polymer at 1100°C (here under vacuum, in situ measurement) for 1 hr does not produce
crystalline Si domains, while crystalline domains are observed at the end of 1 hr using a
reaction temperature of 1400°C. However, using longer reaction times, usually 10 hrs or
longer, the crystalline Si domains can be generated at 1100°C (see characterization of
product synthesized at 1100°C below), a temperature achievable in standard laboratory
tube furnaces. It should be noted that the as-synthesized, solid state product containing
the nanoscale Si domains is red-emissive under 365 nm excitation, regardless of heating

parameters and prior to liberation from the oxide matrix.
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Figure 2.1 In situ variable temperature PXRD study of the disproportionation of
(HS10; 5), precursor to produce nanocrystalline Si domains. Vertical reflection markers
are the calculated reflections for bulk silicon and highlighted regions are added to guide

the eye. Oand A are sample holder (Pt) background and SiO,, reprectively.

The crystalline, nanometer-sized Si domains generated in the disproportionation
of the (HS10, 5), polymeric precursor at 1100°C were liberated from the oxide host via a
wet chemical etch (i.e., with HF/EtOH/H,0) to result in red-emitting, hydride-terminated
Si NPs (Amaxem = 580 nm, Figure 2.2 (a); full spectrum, Figure 2.3(a)) that can
subsequently be surface functionalized by thermal, photochemical, or chemically initiated
hydrosilylation with a variety of terminal olefins. The neat Si NPs, as extracted from the
aqueous ethanol/HF etching solution, were shown to have hydride-surface termination by

FT-IR spectroscopy. The Si-H stretching, deformation, and bending modes®®* are
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observed at 2093, 958, and 617 cm™, respectively (Figure 3a), and little indication of
surface oxide formation (as indicated by the Si-O-Si region, 1000-1100cm™)® during the

etching step is observed.
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Figure 2.2 Emission spectra of (a) H-Si NPs (in hexanes), (b) Dec-Si NPs (in hexanes),
(c) CTAB-coated/Dec-Si NP micelles (in water), and (d) PAA-wrapped/CTAB-
coated/Dec-Si NP micelles (in water). Excitation is at 340 nm. Only the red spectral

region is shown.

However, we have observed unpredictable changes in the photoluminescene of the Si
NPs (usually dramatic blue shifts, data not shown) when terminal alkenecarboxylic acids,
alkeneamines, and alkenethiols are used in hydrosilylation reactions, but preservation of
the initial red photoluminescence when terminal alkenes and alkynes are used as capping
agents. Because water-solubility with preservation of red emission could not be directly
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achieved via hydrosilylation with bifunctional terminal alkenes (i.e., having a second,
reactive functional group to impart hydrophilicity), 1-decene was used to cap the Si NP
surfaces, followed by a surface coating step with surfactant, to achieve water-solubility

with preservation of red-emission (Amaxem = 580 nm, Figure 2.2 (b), (c) and Figure 2.3(b),

(©)).
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Figure 2.3 Photoluminescence spectra of (a) H-Si NPs, (b) Dec-Si NPs, (c) CTAB/Dec-
Si NPs, (d) PAA/CTAB/Dec-Si NPs at excitation wavelength 340 nm. The data collected
over the entire rouge 375-650nm is shown, where emission intensity at shorter

wavelength can also be scan (< Amax = 580nm)

FT-IR was used to examine the Si NP surface changes after hydrosilylation
(Figure 2.4(a), before;(b), after): loss of the Si-H stretch at 2093 cm™ is clearly observed;

the Si-H deformation and bend features (958 and 617 cm™) are also lost with new peaks
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in these regions characteristic of decene (perhaps due to excess capping agent) at ~625,
~725 and ~900 cm™. The success of the hydrosilylation reaction to result in partially Si-
C terminated surfaces is indicated by the appearance of an Si-C stretch at 1256 cm™,
other weak features characteristic of decane/decane in the 1300-1600cm™ region, and the
strong CHy, features between 2800-3000 cm™. It is worth noting that the surface is not
significantly oxidized during the hydrosilylation reaction; only weak intensity in the
1000-1100 cm™ region is observed. Furthermore, after hydrosilylation, the Si NP
surfaces appear to be partially hydroxylated as indicated by the Si-OH stretch

at 800 cm™!.64°
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Figure 2.4 FT-IR spectra of freshly prepared (a) H-Si NPs, (b) Dec-Si NPs, (c)
CTAB/Dec-Si NPs, and (d) PAA/CTAB/Dec-Si NPs. CHy (green), Si-H (red), Si-C

(orange), Si—O-Si (purple), and Si—OH (blue) regions are highlighted and labeled.

38



As described by Mazumder et al., a surfactant that intercalates hydrophobic
chains on NP surfaces and is weakly bound to the NP by hydrophobic interactions can be
used for phase transfer.®” Thus, the hydrophobic, red-emitting, decane-terminated Si NPs
(Dec-Si NPs) were made water-soluble through a surfactant mediator and phase transfer
reagent via alkyl chain self-assembly (see Scheme 2.1). Cetyl-trimethylammonium
bromide (CTAB) has a hydrophobic tail and a hydrophilic quaternary ammonium head
group with a net-positive charge, making it an ideal surfactant to phase transfer
hydrophobic, alkyl chain-terminated NPs into aqueous media. An intermolecular,
hydrophobic interaction between CTAB and the decane-terminated Si NPs (previously
dispersed in hexanes) occurs to generate water-soluble Si NPs (Figure 2.5), with the
CTAB hydrophobic tail apparently intercalating the decyl chains on the Si NP surfaces
leaving the quaternary ammonium head groups exposed to water, thus resulting in
colloidally stable, water-soluble Si NP micelle assemblies [Figure 2.6 (a), (b)] with
emission Amax preserved at 580 nm [Figure 2.2 (¢) and Figure 2.3(c)]. It should be noted
that the measured pH values of as-prepared (after purification), aqueous CTAB/Dec-Si
NP solutions are consistently 6.5+0.5, and that, in general, the particles can be taken to
dryness and re-dispersed in other aqueous solutions (e.g., phosphate buffered saline

(PBS) buffer).
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Figure 2.5 Digital photographs of vials under ambient light [(a) and (b)] and 365-nm
light [(c) and (d)] showing phase transfer of the Dec-Si NPs from hexanes to water after
micelle encapsulation by CTAB. (a) and (c) are Dec-Si NPs before phase transfer, (b) and

(d) are CTAB/Dec-Si NP micelles after phase transfer.

(c) o

Figure 2.6 TEM images of CTAB/Dec-Si NP micelles. Scale bars: (a) 100 nm, (b) 50 nm,

and (c) 5 nm.

The Dec-Si NPs, with an average size of 5.14 + 1.46 nm (based on the TEM
analysis of over 1000 individual Si NPs in the CTAB/Dec-Si NP micelles, data not
shown), are observed to be clustered within the micelles. The CTAB/Dec-Si NP micelles

were found to have a very polydisperse size distribution, based on dynamic light
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scattering (DLS) measurements. The effective diameter of the micelle assemblies by
DLS was found to be 123.7 + 96.1 nm (Figure 2.7). The morphology of freshly prepared
CTAB/Dec-Si NPs, as seen by TEM, is shown in Figure 2.6 (a). and (b). Such assembles
have been observed by Erogbogbo et al., who have also reported a hydrophobic chain
interaction to generate micellar Si QDs."*®® HR-TEM [Figure 2.6 (c)] shows the high
crystallinity of the Si NP cores within the micelles; inspection of the intensity profile for
a single, individual Si NP revealed a lattice spacing of 0.31 + 0.2 nm, consistent with the
(111) plane spacingof diamond lattice, cubic Si (JCPDS card no.: 27-1402). Energy
Dispersive X-ray spectroscopy (EDX) on a large CTAB/Dec-Si NP micelle (shown in
Figure 2.8) reveals the presence of C, O, Cu (grid), Br, Si, P (from PBS), CI (from PBS),
and K (from PBS). Despite high elemental counts for the buffer components P, K, and Cl
that were expected to be part of the diffuse micelles, Si and Br belonging to the particle
and CTAB surfactant, respectively, are observed. This is consistent with CTAB-coated,

decane-terminated Si NPs, where Br 1is likely electrostatically associated with the

positively charged micelles. The high counts from C may be attributed to a combination
of the carbon grid coating, the decane surface terminating groups of the Si NPs, and
likely, from CTAB coated on the Si NPs. High counts from O may be attributed to trace
atmospheric oxygen and water molecules associated with the micelle. Some O counts
may be due to partial oxidation or —OH passivation of the Si NP surface, which is better
discerned using infrared spectroscopy (see below). Finally, while it is expected that the
micelles would contain N from the polar CTAB head group, the counts from the Si NP

micelles relative to the grid materials are low, thus the small expected amounts from N
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may be undetectable against this background. Furthermore, the high O and C counts may

hide the weak N signal, since the N signal should be observed between these two.
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Figure 2.7 DLS analysis of (a) CTAB/Dec-Si NP and (b) PAA/CTAB/Dec-Si NP micelle

size distributions.
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Figure 2.8 Point EDX spectrum of CTAB/Dec-Si NPs micelles. Inset: Dark field STEM

image of a CTAB/Dec-Si NP micelle, scale bar 100 nm.
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Once coated with CTAB, a broader feature (relative to that in the Dec-Si NP
spectrum that is assigned to the decyl chain) is observed in the FT-IR spectrum [Figure
2.4 (c)] at ~1500 cm™, which is likely due to CTAB C-C features superimposed on the
decyl chain C-C features. Other weak intensity vibrations characteristic of CTAB are
observed in the 875-1000 cm™ region. Comparing the relative intensities of the Si-C
(1256 cm™), Si-O-Si (1000-1100 cm™), and Si-OH (800 cm™) features for the Dec-Si
NPs versus the CTAB/Dec-Si NP micelles, the number and type of ligands on the Si NP
surfaces appear not to have substantively changed during the CTAB coating step. There
is, at best, a modest increase in the degree of Si-OH surface termination. A new broad
feature between 3000-3600 cm™ can be assigned as a combination of water molecules
part of the micelles, N-H stretches from CTAB, and SiO-H bond stretches.®* ® Raman
spectroscopy was also performed on a macroscopic sample of the CTAB/Dec-Si NPs
(Figure 2.9). The maximum vibration band was found at 515 cm™, which can be
assigned as the Si-Si vibration of elemental Si, consistent with the results of TEM. The
slight Raman blue-shift from the bulk Si-Si vibration of 516 cm™ has been observed for
other Si NPs,” and has been attributed to the small domain size of nanocrystalline Si.
The Raman spectrum, of the CTAB/Dec-Si NPs also shows a weaker intensity Si-O
vibration centered at 493 cm™, which is in agreement with the FT-IR and EDX results in
that the Si NPs do show some degree of surface oxidation/hydroxide passivation

following the alkyl chain self-assembly and phase transfer into water.
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Figure 2.9 Raman spectrum of freshly prepared CTAB/Dec-Si NP micelles.

It should be noted that in adding CTAB to accomplish phase transfer, we have
experimentally observed that the amount of CTAB required for aqueous nanocrystal
stabilization (i.e., colloidal stabilization) is variable, depending on whether larger or
smaller micelles are desired. We have been able to produce aqueous, single Si NPs using
variations of the method presented in this work, using a smaller excess of CTAB.
However, these particles, while equally colloidally stable, are less photophysically stable
with respect to the red emission (i.e., a blue shift of the emission A, originally at 580
nm, is observed within several hrs after phase transfer to water, data not shown). No
attempts were made to optimize the micelle size by optimizing the excess of CTAB used.
The ratio used herein consistently yielded CTAB/Dec-Si NP micelles with persistent red

emission (> 6 months) in water.
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Taking advantage of the net-positive charge on the CTAB/Dec-Si NP micelles,
polymer wrapping with sodium polyacrylate was also done to modify the surface charge
from net positive to net negative and to provide reactive carboxylate groups for future
addition of biological recognition groups. With negatively charged carboxylate groups
that can interact with the positively charged CTAB/Dec-Si NP micelles, an electrostatic
interaction causes PAA to wrap around the CTAB/Dec-Si NPs without precipitation. The
PAA-wrapped-CTAB-coated, decane-terminated Si NPs (PAA/CTAB/Dec-Si NPs), as
analyzed by DLS [Figure 2.7 (b)], were ~ 13 nm larger in diameter than the CTAB/Dec-
Si NPs, supportive of PAA polymer shell encapsulation of the CTAB/Dec-Si NP
micelles. As expected with a change in micelle diameter but not in Si NP core diameter
or Si NP surface ligand identity (see FT-IR results below), the PAA/CTAB/Dec-Si NPs
were also shown to have a persistent red emission in water [emission Ap,x = 580 nm,
Figure 2.2 (d) and Figure 2.3(d)] for several months. When wrapped in PAA, changes
are observed in the FT-IR spectrum [Figure 2.4 (d)], when compared to the FT-IR
spectrum of the unwrapped micelles [Figure 2.4 (c)]. New features characteristic of
polyacrylic acid/polyacrylate are observed between 1300-1450 cm™, at ~1550 cm’
(COO), and at ~1725 cm™ (COOH); otherwise the spectrum is unchanged in its gross
features.

To illustrate the difference in surface charge between the CTAB/Dec- and
PAA/CTAB/Dec-Si NPs, gel electrophoresis was used, and the particle migration under
an applied voltage was followed using a handheld UV lamp (Aex= 302 nm, Figure 2.10).
As colloidal dispersions in buffer at pH ~ 8, CTAB/Dec- and PAA/CTAB/Dec-Si NPs of

varying concentrations were loaded into different wells of an agarose gel. When a current
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was applied, migrations to oppositely charged electrodes were observed via the red Si NP
fluorescence signal: the CTAB/Dec-Si NPs migrated toward the negative electrode,
consistent with a net positive surface charge, while the PAA/CTAB/Dec-Si NPs migrated
toward the positive electrode, consistent with a net negative surface charge. These results
confirm the success of each surface modification step and are consistent with the
predicted positive and negative surface charges owing to the CTAB and PAA functional

groups, respectively, at pH = ~8.

Figure 2.10 Gel electrophoresis of PAA/CTAB/Dec-Si NPs (from lane 1 to 5, increasing
concentration) and CTAB/Dec-Si NPs (from lane 6 to 10, increasing concentration). The

positions of the positive (+) and negative (-) electrodes are indicated.

2.4.2 Stable red emission of Si NPs in live cells under physiological conditions.
Bright, fluorescent Si NPs have been employed as in vivo imaging agents and

advanced tools for molecular tracking over the past 10 years.>" The biocompatible
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nature of fluorescent Si NPs'"> makes them ideal probes for live cellular and small animal
studies involving molecular tracking, particularly for temporal studies if their emission
properties are stable. For example, Rosso-Vasic et al. have reported that positively-
charged, blue emitting, amine-terminated Si NPs are internalized by the murine cell line
BV2.">  However, red-to-NIR emitting particles are more relevant for in vivo
applications, since these long emission wavelengths are capable of penetrating tissues,
thus facilitating imaging of dense biological samples. Additionally, autofluorescence due
to cellular components and common components of cellular media (e.g. flavins) is greatly
diminished when observing fluorescence in the red-to-NIR region, resulting in a high
signal-to-noise ratio.

In Figure 2.11(a)-(c) control images show murine neurobalstoma (N2a) cells that
were not exposed to Si NPs. These control images demonstrate the advantage of using a
filter set appropriate for red or NIR fluorophores in that practically no fluorescent signal
from the cells/media is observed. Figure 2.11(d)-(f) shows images of cells that were
exposed to CTAB/Dec-Si NPs. These images demonstrate the ability of these cells to
internalize the positively charged CTAB/Dec-Si NP. The bright fluorescence signal,
originating from red-emitting CTAB/Dec-Si NPs, is densely distributed throughout the
cell, only being excluded from the nucleus. Exclusion from the nucleus is expected due to
the capacity of the cell to tightly regulate transport into and out of this important

organelle. These internalized Si NPs retain bright red photoluminescence, even from
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(d)

Figure 2.11 Fluorescence microscopy study of control N2a cells [(a), (b), and (c)] and.
N2a cells incubated with CTAB/Dec-Si NPs [(d), (e), and (f)].(a) and (d) are fluorescence
microscopy images, (b) and (e) are differential interference contrast (DIC) images, and (c)

and (f) are overlaid fluorescence and DIC images. Scale bar for all images (a-f) = 10 pm.

within the cellular interior, demonstrating that the micellar, hydrophobically protected Si
NPs in a physiological environment have appropriate spectral characteristics for
biological imaging (see Discussion of conditions which destroy the micelles and result in
loss of red PL below). Though the ~100 nm micellar CTAB constructs and the PAA-
coated micellar CTAB constructs we report herein are relatively large for use as practical
biological fluorophores, optimized syntheses may produce smaller and less polydisperse
micelles with similar, stable aqueous red emission properties. Ultimately however,
inorganic shell passivation may provide better protection of Si NPs against water, as well

as the ability to functionalize for water solubility and bioconjugation, while making the
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size more appropriate (e.g., a 4-5 nm Si NP, with a 2 nm ZnS shell is approximately 12-
15 nm in diameter) for biological fluorescence assays. Furthermore, it should be noted
that CTAB is widely known to be cytotoxic, and that in our ongoing work we have found
that more biocompatible lipids can be used for phase transfer to achieve micelles with

similar photophysical properties to the particles reported herein.

2.4.3 Effect of pH on aqueous Si NP photoluminescence.

The photoluminescence (PL) properties of the CTAB/Dec-Si NPs were also assessed in
varying pH environments. TEM images, FT-IR spectra, and PL spectra for aqueous
CTAB/Dec-Si NPs adjusted to pH = 3.3 or 12.3 (Figures 2.13 and 2.14) were compared
against the corresponding data [Figures 2.2(c), 2.3(¢c), 2.4 (¢), 2.6 (a)-(c), 2.12) for the as-
prepared, aqueous solutions (following dialysis), which were at pH ~7, to correlate
morphology and/or surface changes to PL changes as a function of pH and time. In
neutral solutions the red at first and then up to 90 days at which point repeat
measurements were ceased. In strongly acidic conditions (pH = 3.3), the CTAB/Dec-Si
NPs maintain a persistent red emission for over 180 days, both visually [Figure 2.13 (a),
(b)] and spectroscopically [Figure 2.14 (a)], with Amaxem = 580 nm when excited at 370
nm, similar to the photoluminescence behavior of CTAB/Dec-Si NPs at pH ~ 7[Figures
2.2 (c), 2.3 (¢), 2.12; Note: PL data in Figure 2.2 and Figure 2.3 correspond to excitation
at 340 nm, rather than 370 nm, but the red Amaxem 1S at 580 nm using either excitation
wavelength]. By contrast, in strongly basic conditions (pH = 12.3), the emission of the
CTAB/Dec-Si NPs changes drastically and rapidly. Within three days, the observed

emission color has changed from red to blue [visually, Figure 2.13 (¢), (d)] with a new
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Amaxem at 488 nm when excited at 370 nm [Figure 2.14 (a)]. The blue emission also
remains qualitatively unchanged over the course of 180 days. Unlike the red emission,
which changes in intensity but not lambda max with changing excitation wavelength
(data not shown), the blue emission changes substantively in both intensity and peak

position with changing excitation wavelength (Figure 2.15 (b)).

Emission inte nsity (a.u.)

Wawvelength (nm)

Figure 2.12 PL spectra of CTAB/Dec-Si NPs collected a1, 7, 23, 36, 64, 87 days
following synthesis using an excitation of 370 nm. Inset: UV-illuminated inspection of

aqueous CTAB/Dec-Si NPs (a) on day 1 after synthesis, and (b) on day 87.
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Day1l Day 180 Day 1 Day 3

Figure 2.13 (a) As-prepared (day 1) CTAB/Dec-Si NPs at pH = 3.3, (b) CTAB/Dec-Si
NPs at pH = 3.3 after 180 days, (c) as-prepared (day 1) CTAB/Dec-Si NPs at pH = 12.3,
(d) CTAB/Dec-Si NPs at pH = 12.3 after 3 days, and (¢) TEM image of CTAB/Dec-Si
NPs from a pH = 3.3 solution, and (f) TEM image of CTAB/Dec-Si NPs from a pH =

12.3 solution. Scale bars: (e) 50 nm, (f) 20 nm.
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T T T T
% Transmission

400 4.")0 560 5&0 SCI'O 650 1300 ‘ 12lOO ' 1100 ' 1000 900 ' 800
(a) Wavelength (nm) (b) Wavenumber (cm”)
Figure 2.14 (a) Emission profile (370-nm excitation) of CTAB/Dec-Si NPs at pH = 12.3
(blue trace, i) and pH = 3.3 (red trace, ii), and (b) corresponding FT-IR spectra of

CTAB/Dec-Si NPs at pH = 12.3 (blue trace, iii) and pH = 3.3 (red trace, iv).
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Since CTAB is simply coated on or intercalated with the decane-surface groups of
the Si NPs, it is possible that electrostatic interactions between the positively-charged
CTAB and negatively-charged hydroxide ions may have occurred in the very basic
solution. Such an effect has been previously observed for nanovalves synthesized in the
presence of CTAB.”’ Liu et al. report that as the pH and deprotonation of the solvent
increases, the electrostatic interaction between CTAB and OH™ ions is significant enough
to remove CTAB from the surface, causing the nanovalve to open. For the as-
synthesized CTAB/Dec-Si NPs presented herein, a similar result may be expected: if the
CTAB becomes de-intercalated from within the decane chains under basic conditions,
this would result in gaps along the protective layer, thus exposing the Si NP surface to
water and/or hydroxide that can passivate unsaturated surface sites, remove alkyl surface
passivation, partially or wholely dissolve the Si NPs, or otherwise corrode the Si NP
surfaces.

TEM was used to analyze the morphology of the CTAB/Dec-Si NP micelles after
exposure to acidic or basic conditions, and as shown in Figure 2.13 (e), (f), particles
exposed to basic conditions no longer maintain the micellar structure [Figure 2.13 ()],
whereas the micelles are preserved (from near neutral pH solutions, see Figure 2.6 for
comparison) at acidic pH [Figure 2.13 (e)]. The breakdown of the micellar structure can
cause the Si NP surfaces to be more susceptible to oxidation, other passivation, surface
re-construction, or dissolution (partial or whole), although, with respect to the latter, the
Si NPs after breakdown of the micelles in base are still abundant in number, not
significantly different in size, and still contain crystalline cores (see HR-TEM image,

Figure 2.15 (a)). Furthermore, evidence for retention of Si°’ cores at high pH also comes
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from the photoluminescence spectra, which show an excitation wavelength dependence
of Amaxem (Figure 2.15) that others have reported as characteristic of aqueous, blue-

emitting particles that have been confirmed to contain nanoscale Si’ domains.

(A)

Emission Intensity (Arb. Units)

T T T
400 450 500 550 600

Wavelength (nm)
Figure 2.15 (A): HR-TEM image of Si NPs at pH = 12.3 showing crystallinity (lattice
fringes); (B): PL spectra of CTAB/Dec-Si NPs at pH = 12.3. Inset: UV-illuminated

inspection of CTAB/Dec-Si NPs.

While there are not significant differences in the sizes of individual Si NPs
regardless of pH, the FT-IR spectra of these pH adjusted samples [Figure 2.14 (b)]
indicates a large difference in the degree of surface oxidation/hydroxide passivation in
acidic versus basic media. While both the Si-O-Si and Si-OH features are observed for
the CTAB/Dec-Si NP micelles regardless of pH [Figures 2.4 (¢), (pH ~ 7), and 2.14 (b),
(red, pH = 3.3; blue, pH =12.3)], the breath of both features is greater in highly basic
versus highly acidic or near neutral media, suggesting a greater number and variety in the
various Si-O surface bonding environments with greater accessible Si NP surface area in

aqueous base. FT-IR spectroscopy is thus supportive of the hypothesis that electrostatic
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interaction between CTAB and hydroxide essentially deprotects the Si NP surfaces,
making them more susceptible to formation of Si-O bonds. Conversely, the FT-IR
spectrum of the CTAB/Dec-Si NPs at pH = 3.3 [Figure 2.14 (b)] does not show a
significant difference in the Si-O-Si and Si-OH regions as compared to the FT-IR
spectrum of the CTAB/Dec-Si NPs in neutral water [Figure 2.4 (c)]. The qualitative
behavior of the PAA/CTAB/Dec-Si NPs as a function of pH is the same as that of the

unwrapped CTAB/Dec-Si NPs (not shown).

2.5 Discussion

2.5.1 Photoluminescence Properties of Water Soluble Si NPs: Consequences of
Protecting Against Surface Passivation by OH™ and H,O in Preservation of Aqueous,
Red Photoluminescence

We have shown persistent, red emission (> 6 months) from aqueous Si NPs encapsulated
in sufficiently large micelles, on the order of 100 nm in size. We have also observed a
rapid onset of blue emission (< 3 days) intensity with commensurate loss of red emission
intensity for single Dec-Si NPs rendered hydrophobic by CTAB coating (data not shown)
and we have shown herein a similar, rapid (< 3 days) red to blue photoluminescence
change when the large CTAB/Dec-Si NP micelles are destroyed by base. These results
demonstrate the importance of protecting Si NPs against water and hydroxide in
achieving persistent red emission in aqueous media. It should be noted that for the ~100
nm, micellar CTAB/Dec-Si NPs reported herein there is a gradual intensity increase in
the blue region (400-500 nm) in neutral to acidic pH solutions (see Figure 2.14, which is
at pH ~7), indicating that even with the micellar constructs intact, the presumably diffuse
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hydrophobic organic shell around the Si NPs is somewhat permeable to H,O and OH’,
which is consistent with other reports of somewhat long-term stable red emission from
micellar Si NPs. '***%®  Despite the gradual increase in blue emission intensity over time,
we observe that the red emission event remains dominant over the blue emission event
for prolonged periods, likely because the majority of particles are well-protected from
H,O and OH™ within the interior of the large, intact micelles. However, although the
diffuse organic shell provides reasonable protection against further H,O and OH" reaction
with Si NP surfaces, an epitaxially grown inorganic shell should ultimately provide better
long-term surface protection, and thus more stable emission properties, and we are

examining this in our ongoing work.

While our data show the consequences of protecting Si NPs against water and
hydroxide in achieving persistently red, aqueous emission, they do not fully explain the
origin of the red emission, the origin of the blue emission, or the reason for the observed
red-to-blue photoluminescence change.  However, recent literature reports have
suggested that either slow, unintended surface oxidation of Si NPs or passivation of Si NP
surfaces by coordinating solvents or ligands (e.g., water or hydroxide), result in a blue
emission due to formation of emissive Si-O surface states.”™ ** * Our FT-IR and
accompanying PL data indicate that the blue emission is likely not originating due to the
formation of states associated with pure surface oxide, consistent with prior reports of

5,40 30 - Co
’ since red emission is

stable red emission from purposefully oxidized Si NPs,
observed here alongside significant indications of surface oxidation. Our data are not

contra-indicated with previous suggestions that strong blue PL from Si NPs results from
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localized Si-OR states lying outside the Si NP band gap, since we have observed that at
low to neutral pH, samples exhibiting a lesser degree (relative to their basic counterpart)
of Si-OH bonding features characteristic of water or hydroxide surface passivation
remain red-emitting, while at high pH a large increase in the degree of Si-OH bonding is
observed and is accompanied by a rapid emission color change from red to blue.
However, it is also possible that Si-OH surface bonding deactivates or destroys a red
emission pathway, versus activating or creating a blue emission pathway, or that invasive
corrosion, dissolution, or surface reconstruction of the Si NPs by H,O or OH', versus
simple surface passivation by these species, results in the formation of a competitive,
blue emissive state. We are examining these and other reasonable origins of the red and

blue photoluminescence events in our ongoing work.

2.5.2 Photoluminescence Properties of Water Soluble Si NPs. Quantum Yield and
Detector Sensitivity

In addition to photoluminescence emission scans done on a standard laboratory
fluorimeter (light collection from the sample only at 90° to the incident angle), we also
measured emission quantum yields for the aqueous Si NPs using an instrument having an
integrating sphere (light collection from the sample over a sphere, with the sample both
in and out of direct light excitation). Both instruments have photomultiplier tube
detectors; the latter has an instrument specific algorithm to correct for the variable
wavelength sensitivity of the detector, while the former currently does not. The two
instruments, consequently, give qualitatively the same raw emission spectra, but slightly

different processed emission spectra, as we discuss below.
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The peak of the emission spectrum for the CTAB/Dec-Si NPs using a 365 nm
excitation and after correcting for both background and detector sensitivity is at 740 nm
[Figure 2.16 (a)], versus at 655 (not shown) in the uncorrected data, which is greatly red
shifted as compared to the observed emission Anax at 580 using the 340 nm and 370 nm
excitation lights of the traditional laboratory instrument without detector sensitivity
correction. For the most part, sensitivity of a photomultiplier tube detector steeply
decreases over the emission wavelength range of 555-850 nm, which is consistent with
the large, observed red-shift of Amaxem in the raw versus processed data when a detector
sensitivity correction is applied. It should be noted that the two instrument detectors also
vary in their sensitivity and operable wavelength range, enough to produce differences in
the raw emission data. However, this result shows that the CTAB/Dec-Si NPs also have
considerable NIR fluorescence intensity, which spans a wavelength range of over 200 nm
[FWHM = 185 nm, Figure 2.16 (a)]. The absolute quantum yield of the CTAB/Dec-Si
NPs was determined to be 4.8 + 0.1% when excited at 365 nm and 3.9 + 0.2% when
excited at 450 nm. The Amaxem at 740 nm does not substantively change as a function of
excitation wavelength, which we also observe using the standard laboratory instrument.
The PAA/CTAB/Dec-Si NPs also have an emission Ap, at 740 nm [Figure 2.16 (b)]
when excited at 365 nm. The absolute quantum yield of the PAA/CTAB/Dec-Si NPs was
determined to be 4.6 + 0.2% when excited at 365 nm and 3.8 + 0.3% when excited at 450
nm. The samples used in this measurement were of unknown concentration, but the
solution absorptance values were 91.1 £ 0.6% (excitation at 365 nm) or 66 = 3%
(excitation at 450 nm) for CTAB/Dec-Si NP and 47.3 + 2% (excitation at 365 nm) or

11.3 = 1% for PAA/CTAB/Dec-Si NP [Figure 2.16 (a), (b)].
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Figure 2.16 Quantum yield analysis of (a) CTAB/Dec-Si NPs and (b) PAA/CTAB/Dec-
Si NPs.
2.6 Conclusions

We have developed a new synthetic strategy that produces aqueous, red-emitting
micellar silicon nanoparticles, where red photoluminescence is stable in water and certain
other aqueous solutions for longer than 6 months. Micellar protection by
CTAB encapsulation provides water solubility and protection against surface interaction
with water and hydroxide, which we have shown is crucial for preserving red
photoluminescence and avoiding blue photoluminescence in aqueous solutions. We have
also shown, as others have reported in the past, that gradual or purposeful oxidation of Si
surfaces occurs with preservation of red emission. The photophysical properties of the
~100 nm CTAB/Dec-Si NP and PAA/CTAB/Dec-Si NP micelles are stable in water and
aqueous buffers with pH less than or equal to 7, as well as in cellular media at
physiological pH (7.4), but unstable in sufficiently basic environments (greater that or

equal to 8) where substantive interaction with H,O and OH™ occurs.
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Chapter 3 Red-to-Blue Photoluminescence Conversion in Alcohol Dispersions of
Alkyl-Capped Silicon Nanoparticles: Insight into the origins of visible

photoluminescence in colloidal nanocrystalline silicon

3.1 Abstract

Visibly emissive, hydride-terminated silicon nanoparticles (Si NPs) were obtained
via high-temperature annealing of (HSiO4 5), polymer, followed by chemical etching. The
hydride-terminated Si NPs were surface-functionalized via thermal hydrosilylation with
1-decene and were subsequently re-dispersed in straight chain alcohols varying in carbon
chain length (C1-C10). The initial red photoluminescence (PL) (Amaxem ~580 nm)
observed from neat hexane dispersions of the decane-terminated Si NPs became weaker
upon exposure to alcohols smaller than a certain minimum chain length, commensurate
with appearance of strong, blue PL (Amaxem ~450 nm). A comprehensive suite of
spectroscopic and microscopic techniques was employed to study and correlate the
change in Si NP PL with composition and/or size changes to the Si NPs. The results of
these studies support that the observed red-to-blue PL conversion originates from
dangling bond defect passivation by small alcohol molecules, resulting in an enhanced
blue/red PL ratio, and likely, an overall increase in PL quantum yield. We discuss these
experimental results in light of current hypotheses about the origins of Si NP visible light
emission, which we demonstrate is markedly influenced by the Si NP surface chemistry.
A simple energy level diagram is proposed to account for the key spectral and dynamic

features observed in our work, in which the role of surfaces states is highlighted.
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3.2 Introduction

Semiconductor nanoparticles (NPs), also called quantum dots, have received
widespread attention for their wavelength-tunable visible light emission, a property that is
generally governed by a core size-dependent quantum confinement (QC) effect. This
property has allowed photoluminescent (PL) semiconductor NPs to be used in many
applications, such as in opto-electronic devices,' energy storage materials,® and
biophotonics.*® These and future commercial applications of visible light emitting NPs
rely heavily on synthetic methods to produce desired particle sizes, with narrow size
distributions and uniform morphologies. The NPs must furthermore be stable and
resistant to aggregation, degradation, and detrimental redox chemistry, which is generally
accomplished by NP surface passivation, e.g., by inorganic shells, organic ligands, or
both. With respect to degradation, light emission applications require both chemical (e.g.,
oxidative) and photo-stability (e.g., stability with respect to emission Amax and quantum
yield (QY)) in variable or complex environments.

Elegant synthetic procedures have been developed for semiconductor NPs,
particularly for I1-VI semiconductor quantum dots (QDs), where QD size, size
distribution, morphology, and surface stabilizing ligands are precisely controlled. This
precise synthetic control has enabled production of size monodisperse, direct band gap,
[1-VI semiconductor QDs (e.g., CdQ or PbQ QDs (Q =S, Se, or Te)) and core/shell 11-VI1
semiconductor QDs (e.g., CdSe/ZnS QDs) exhibiting size-dependent, narrow emission
spectra, broad absorbance spectra, and high emission quantum vyields.”® Although 11-VI
semiconductor QDs often exhibit more favorable emission properties relative to
molecular fluorophores, including tunable emission colors that can be excited with a
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single wavelength of light, narrower emission spectra, higher QYs, and enhanced
chemical and photo-stabilities,®® their inherent biological toxicity renders them
unfavorable for widespread use in biological and environmental applications.'®*®
Consequently, recent research has focused on the development of more benign
photoluminescent NPs, e.g., silicon NPs (Si NPs), which are also, in theory, capable of
exhibiting QC-related emission in the nm-size regime.

Although photoluminescent Si NPs are considered biologically adventitious
compared to 11-VI QDs due to their lower cytotoxicity,** control over the emission
characteristics of colloidal Si NPs is relatively challenging. Particularly, the emission
Amax 1S not always well-correlated with particle size, an expectation of quantum
confinement, and the emission Amax Can furthermore change with respect to time and
chemical environment.

The origin of light emission for nm-sized Si domains, whether in colloidal Si NPs
(i.e., free-standing) or in Si NPs embedded in solid hosts (e.g., nanocrystalline Si
domains in porous Si), has been the subject of intense debate since the observation of
efficient, visible light emission from crystalline, nanometer-sized Si domains over two
decades ago.>® While Si NPs prepared by some methods have sample emission maxima

17-25

that are reported to be well-correlated with particle size, as expected for an emission

process strictly governed by QC, other reports have shown particle size distributions and

emission spectra that do not correlate with expectations of the QC theory.?®®

Furthermore, many reports have suggested that localized luminescent centers (LCs),

which may or may not be associated with Si(0) cores (e.g., a self-trapped exciton in the

30-32

oxidized shell of an Si nanocrystal), are responsible for observed QC-inconsistent
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PL.2* Finally, several recent reports on the origins of Si NP PL have been in agreement

29, 33-38

that both core and surface states may give rise to visible light emission, although
there is still variation in assignments of size-dependent core vs. (presumably) size-
independent surface states

A quantum confinement/luminescence center (QC/LC) emission mechanism has

been considered by numerous groups, 2230333940

where QC/LC PL involves exciton
formation in a quantum confined Si(0) core followed by radiative decay of the electron
(or hole) at localized luminescent centers. This mechanism is often evoked for Si NP
samples that show two or more distinct emission peaks, which may be attributed to
multiple, possible radiative decay pathways available to the photogenerated Si NP excited
state.

Though two other studies have observed photophysical property changes in
nanocrystalline Si exposed to alcohols, such as increasing or decreasing quantum vyield,
neither of them reported the red-to-blue PL conversion that we describe herein.*** In the
latter, both blue- and red-emitting nanocrystalline Si were prepared electrochemically,
and both samples were observed to undergo PL quenching without a change in Aqnax When

exposed to methanol.*?

Another study comparing the photophysical properties of free-
standing vs. oxide embedded nanocrystalline Si upon exposure to amines also reported
quenching of initially red PL and did not report a change in emission Ama.’> These
samples were also prepared by electrochemical etching of Si wafers.

We report herein observation of red-to-blue PL conversion when alkyl-terminated
Si NPs prepared by thermal reduction of (HSiO;s), followed by hydrosilylations are

re-dispersed in alcohol solvents smaller than a minimum steric volume. The composition
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of the Si NPs was assessed using attenuated total reflectance Fourier transform infrared
(ATR-FT-IR) spectroscopy and particle size was monitored by transmission electron
microscopy (TEM) to determine structure/property relationships underlying the PL color
change. Absorption, PL, and PL excitation (PLE) spectra were also measured. In
addition, excited state dynamics associated with both the red and blue emissions have
been studied using time resolved PL (TRPL) spectroscopy. Based on all the data
collected and analyzed, in conjunction with previous literature, we propose that the
solvent insensitive red emission likely originates from an intrinsic state and is an indirect
bandgap transition, while the solvent sensitive blue emission results from a surface trap
state associated with the direct bandgap transition. From these data and their analysis, a
surface reaction mechanism and a simple energy diagram are constructed to explain the
origins of the observed red and blue PL and associated dynamic processes concerning the

excited electronic states.

3.3 Experimental

Materials: Synthetic preparations of the alkyl-terminated Si NPs were performed under
inert (Ar) atmosphere using standard air-free techniques, unless otherwise noted.
Alcohol dispersions of the alkyl-terminated Si NPs were prepared and handled under
ambient atmosphere. The following analytical grade chemicals were purchased and used
as received: trichlorosilane (HSiCl; Alfa Aesar, 97%), hydrofluoric acid (aqueous HF,
Sigma Aldrich, 49 wt.%), ethanol (C,HsO, Sigma Aldrich, anhydrous), pentane (CsHiy,

Sigma Aldrich, anhydrous), and 1-decene (CioHz, Sigma Aldrich, 99%). Straight-
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chained alcohols (Sigma Aldrich, 97-99%) with hydrocarbon chains ranging from

C1-C10 were dried over activated 3 A molecular sieves for 24 hours prior to use.**

Synthesis of hydride-terminated Si NPs (H-Si NPs): A modified literature procedure’®
was used to synthesize free-standing H-Si NPs. In a typical reaction, 4.5 mL of HSIiCl;
(45 mmol) was placed in a two-necked round bottom flask equipped with two 16-gauge
needles and a small PTFE-coated magnetic stir bar. The flask was cooled to 0°C to
prevent volatilization of HSICls, and an aliquot (90 mmol) of nanopure water (nH,O, 18
MOhmecm resistivity) was rapidly injected to catalyze the hydrolysis and
polycondensation of HSICls. The reaction progress was qualitatively monitored at the
exhaust vents for the cessation of HClg) using wet pH paper. The polymerization
reaction resulted in the formation of a sol-gel hydridosilicate of putative stoichiometry
(HSiO4.5),.*® The resulting sol-gel hydridosilicate was dried in vacuo for 24 hrs to remove
adsorbed water and HCl ), placed in an alumina combustion boat (90 x 17x 11.5 mm),
and loaded into a quartz flow through reactor (24 mm x 28 mm x 1 m). The reactor was
situated in a tube furnace (Lindberg Blue M*, L = 30.5 cm, O.D. = 2.54 c¢cm) and
annealed at 1100°C for 10 hrs under flowing industrial-grade N,. Annealing resulted in
an amorphous SiO, matrix encasing nanocrystalline Si (nc-Si) domains.**** This binary
phase material was ball-milled for 10 s in a tungsten carbide lined milling vial with two
1-cm tungsten carbide balls using a high energy mill mixer (Spex 8000M). After
mechanical attrition, the nc-Si/SiO, nanocomposite was placed in a Teflon™ beaker and
chemically etched according to a modified literature procedure.*® Briefly, the chemical
etch mixture was prepared by combining aqueous HF (49 wt.%), ethanol, and nH,O in a
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1:1:1 volume ratio. The nc-Si/SiO, powder (~0.8g) was added to the chemical etch
mixture (15 mL) and was vigorously stirred for 1 hr. The chemical etch was quenched by
extracting the H-Si NPs into pentane. At the termination of a typical etch, 10-15
extractions were performed using 5 mL aliquots of pentane, which were subsequently

combined to produce a stock solution of H-Si NPs.

Synthesis of decane-terminated Si NPs (dec-Si NPs): The Si NPs were functionalized via
thermal hydrosilylation reaction*® of the H-Si NPs with 1-decene. In a typical thermal
hydrosilylation reaction, a solution of pentane containing 15 mg of H-Si NPs (dried mass)
was placed in a two-necked round bottom flask on a dual vacuum/gas manifold and 2.5
mL of degassed 1-decene was transferred to the reaction vessel under positive pressure of
Ar via cannula. The solution was briefly sonicated and subsequently brought to reflux
with vigorous stirring for 24 hrs under a heavy flow of Ar. After cooling to room
temperature, the decane-terminated Si NP solution was transferred into an air-free
scintillation vial and taken to dryness on a rotary evaporator to remove excess, unreacted
1-decene. The decane-terminated Si NPs (dec-Si NPs) were then re-dispersed in 5 mL of

dry hexanes or toluene and stored under Ar for further use.

Alcohol Dispersions of dec-Si NPs: dec-Si NPs were re-dispersed after drying from
hexane solution into straight chain alcohols of varying hydrocarbon chain lengths, from
C1-C10 (methanol-decanol). A separate dispersion was made for each alcohol. To keep
the Si NP concentration consistent from sample to sample, 2 mL aliquots of dec-Si NP
stock solution in hexane were dried in separate vials via rotatory evaporation. Once dry,
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2 mL of a straight-chained alcohol was added to each vial, so as to retain the
approximate, original concentration of Si NPs. Individual dispersions were sonicated for

2 min prior to characterization.

Analytical Characterization of Si NPs by Transmission Electron Microscopy (TEM),
Fourier Transform Infrared (FT-IR) and Photoluminescence (PL) Spectroscopies:
Selected colloidal dispersions of the Si NPs were characterized by TEM and FT-IR
spectroscopy before and after dispersion in alcohol. All colloidal dispersions of the Si
NPs were characterized using steady-state PL spectroscopy. TEM measurements were
performed on a Tecnai F-20 HR-TEM operating at 200 kV. Samples for TEM were
prepared by drop casting diluted aliquots of the Si NPs onto 400-mesh holey carbon-
coated copper grids (SPI), which were subsequently dried in air at 100°C for two hours
prior to imaging. FT-IR data were collected using a Nicolet iS10 spectrometer equipped
with a diamond, single-bounce attenuated total reflectance (ATR) attachment. For these
measurements, Si NP films were drop cast onto the ATR crystal and excess solvent was
evaporated using a heat gun. IR absorbance spectra were corrected for
atmospheric/background signal after 150 scans. Steady-state PL measurements were
collected on a Shimadzu-RF5301PM spectrophotometer using standard 1 cm quartz
cuvettes and excitation wavelengths ranging from 250-490 nm. While the exact
concentration of the Si NP dispersions was not known, attempts to keep the relative Si
NP concentration the same for each PL measurement, before and after dispersion in the
alcohol solvents, were accomplished by drying (from hexanes) 2 mL aliquots of dec-Si
NP stock solutions and dispersing them in an identical volume of alcohol.
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Time-resolved Photoluminescence (TRPL) Spectroscopy: Prior to TRPL Spectroscopy
measurements for representative red-, blue-, and dual red/blue-emitting alcohol-dispersed,
dec-Si NPs, the steady-state PL spectra were re-measured using a Varian Cary Eclipse
fluorescence spectrophotometer to verify the temporal stability of the PL wavelength
maxima, at which excited state lifetimes were subsequently measured. The same was
done for an as-prepared sample of dec-Si NPs in hexanes. For these samples, PL
excitation (PLE) spectra were also collected on the same spectrophotometer, and
electronic absorption spectra were collected at room temperature on a Hewlett Packard
845A diode array UV-Vis spectrometer. It should be noted that the peak of the red PL
band was observed at different positions for the two instruments used to measure steady
state PL due to differing detector sensitivities in the red-to-NIR spectral region, which we
have discussed at length in our prior work.*

The PL lifetimes on the order of nanoseconds were measured using a time
correlated single photon counting (TCSPC) system. A 5 W Coherent Verdi-V5 (532 nm)

continuous wave laser was used to pump a tunable (790—820 nm), mode locked

Ti:sapphire laser (Kapteyn-Murnane Laboratories, model: MTS Mini) operating at a
repetition rate of 200 MHz. A wavelength of 800 nm was passed through a pulse picker

(Conoptics, model 350-160) to increase the time between pulses to 50 ns. This 800 nm

light was then frequency doubled to 400 nm using a bismuth borate (BiBO) crystal,
which was used to excite Si NPs dispersed in different solvents. Light emitted from the Si
NP samples was collected at a 90° angle and guided into a monochromator. The
monochromatic photons were counted using an avalanche photodiode detector (ID

Quantique SA id-100, Switzerland) operated in reverse start-stop mode. The instrument
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response function was 50 ps. The decay spectrum was recorded at the blue PL lambda
max of the Si NP colloids (445 nm for butanol and decanol colloids, 450 nm for ethanol
colloid) using 390 nm excitation.

The PL lifetimes on the order of us were measured using a Varian Cary Eclipse
fluorescence spectrophotometer. The lifetime was monitored at the red PL lambda max of
the Si NP colloids (645 nm for butanol and decanol colloids, 650 nm for hexane colloid)
using 380 nm excitation. The decay and gate times were set at 0 and 0.001 ms,

respectively.

3.4 Results
Synthesis and Characterization of H- and dec-Si NPs

The red-emitting Si NPs used in this study, which examines the effects of alcohol
solvents on the emission wavelength, size, and composition of alkyl-terminated Si NPs,
were prepared by modification of previously reported synthetic methods.*® Briefly, the
high temperature annealing of an (HSiO1s), polymer and subsequent aqueous HF
chemical etch produced hydride-terminated Si NPs (H-Si NPs) that were extracted into an
apolar solvent (pentane). While it has been reported that the emission wavelength of H-
Si NP colloids may be controlled by varying the chemical etch time, as increasing the
etch time should decrease the Si NP core size,'® in this study, the chemical etch was
guenched upon the initial observation of red emission (emission Amax at ~580 nm, A¢x =
375 nm). These H-Si NPs were subsequently functionalized using 1-decene via thermal

hydrosilylation.
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Figure 3.1. (A) TEM image of dec-Si NPs dispersed from hexane, scale bar 50 nm; (Inset
A) HR-TEM image of the same, scale bar 5 nm. (C) Histogram corresponding to image A.
(B) TEM image of dec-Si NPs dispersed from ethanol, scale bar 50 nm; (Inset B) HR-

TEM image of the same, scale bar 5 nm. (D) Histogram corresponding to image B.

Our group and other groups have previously shown that the Si NPs obtained from
the high-temperature annealing of (HSiO15), polymer and functionalized with alkyl
groups are composed of crystalline Si NP cores.'®?24° Consistent with this, representative
TEM and HR-TEM images of the as-prepared decane-terminated Si NPs (dec-Si NPs)
dispersed from hexane solution are shown in Figure 3.1A. In general, TEM images of the

dec-Si NPs showed that the samples contain abundant, spherical, crystalline Si NPs that
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are somewhat polydisperse. Representative of the typical size population produced by the
high-temperature synthesis/etching/hydrosilylation method, measuring 300 NPs from
various areas of the TEM grid, the dec-Si NPs were determined to have an average
diameter of 7.4 = 1.5 nm, as shown in the histogram in Figure 3.1C. From the HR-TEM
image (inset, Figure 3.1A), lattice fringes with spacing of 0.31 nm are observed,
supporting that the Si NP cores are composed of crystalline, diamond lattice Si® domains
(<111> plane spacing = 0.31 nm).*

FT-IR was used to evaluate the success of the thermal hydrosilylation reaction of
the H-Si NPs with neat 1-decene. The FT-IR spectra of H-Si NPs and dec-Si NPs, both
dispersed from hexane, are shown in Figure 3.2 (lines a and e, respectively). After
thermal hydrosilylation with 1-decene, the characteristic Si-H stretch at 2100 cm™ is no
longer observed, and a Si-C stretch at 1260 cm™, indicative of covalent Si-C surface
termination, appears. We note here that after hydrosilylation, there is some very weak
absorption in the Si-O-Si region (1000-1100 cm™) that would indicate minor surface
oxidation. Other features observed in the FT-IR spectrum of dec-Si NPs are assigned in

Table 3.1 and further discussed below.

Table 1. Features present in dec-Si NP colloid FT-IR spectra
wavenumber ) dec-Si NP samples dispersed in:
assignment

(1fcm) hexane ethanol butanol decanol
3100 C=C-H stretch YES/weak NO NO YES/weak

2900-3000 C-C-H stretch YES YES YES YES
1650 C=C stretch YES/weak NO NO YES/weak

1460 C-H methyl scissor YES YES YES YES
1375 C-H methyl rock YES/weak YES/weak YES/weak YES/weak

1260 5i-C YES YES YES YES

1000-1100 Si-0-8i (TO/LO modes) Yes/v. weak YES YES/weak YES/v. weak|
990 ) C=C-H vinyl oop bend YES NO YES/weak YES
S

915 C=C-H vinyl oop bend YES NO YES/weak YES

800 ) 5i-C YES YES YES YES
740 long chain methyl rock YES/weak YES/v.weak YES/v. weak YES/weak
Present Weakly Not Present| oop = out

Present
of plane
YES weak NO

Table 3.1. Features present in dec-Si NP colloid FT-IR spectra.
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Figure 3.2. FT-IR spectra of (a) H-Si NPs in hexanes and (b)-(e) dec-Si NPs in EtOH (b),

BuOH (c), DecOH (d), or hexane (e).

In the PL spectra of these crystalline core, dec-Si NPs (Fig. 3.3), no change in the
emission wavelength vs. that of the H-Si NPs (data not shown) was observed after surface
functionalization; the emission Amax remained ~580 nm with Aex at 370 nm. Furthermore,
these PL spectra show that the PL intensity changes with varying excitation wavelength
(between 340 and 460 nm), while the emission Amax does not change. In general, the
emitted red light intensity was maximal when the samples were excited at 370 nm. Thus,
this excitation wavelength was used for the PL comparison of alkane- vs. alcohol-
dispersed, dec-Si NPs discussed below. For the dec-Si NPs dispersed in hexane, the
emitted visible light was observed to be red/orange under a handheld UV lamp (Aex = 365
nm) and was visually observed to be relatively stable over time. To confirm the latter, PL
spectroscopy measurements taken periodically on the same dec-Si NP sample over the
course of several weeks of storage under ambient conditions were identical in emission

Amax but were observed to diminish slightly in intensity (Fig. 3.4).
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Figure 3.3. Emission spectra of dec-Si NPs dispersed in hexane using various excitation
wavelengths: a, Aex = 340 nm; b, Aex = 370 nm; ¢, Aex = 400 nm, d, Aex = 430 Nm; e,

Aex = 460 nm. Inset: Digital image of dec-Si NPs dispersed in hexane under 365 nm light.
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Figure 3.4. Dec-Si NPs in ethanol (blue curves), butanol (pink curves), and hexanes

(black curves) after 1 day (dashed lines) or 5 weeks (solid lines) in air. Insets:
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Photographs of colloids in the solvents indicated, at the time points indicated, under 365
nm light.

To examine the effects of exposure to potential surface passivants on the PL
behavior, the dec-Si NPs were re-dispersed after drying from hexane solution into
straight chain alcohols of varying chain lengths. For the straight chain alcohol
dispersions, a series of potential surface passivants that varies in steric volume can be
used to probe correlations between surface chemistry and PL properties, based on size-
limited surface access, and therefore, reactivity.

Comparison of Hexane vs. Primary Alcohol (C1-C10) Dispersions of dec-Si NPs

When dispersed in the shortest-chained alcohols, i.e., methanol (data not shown),
ethanol (Fig. 3.5, line a), and propanol (Fig. 3.5, line b), the emission Amax Of the dec-Si
NPs dramatically blue-shifted to ~450 nm, vs. ~580 nm as-prepared and dispersed in
hexane. After dispersion in these solvents, the samples were visually observed to emit
blue light under a handheld UV lamp (Aex = 365 nm), and dissimilar to the red emission
intensity of Si NPs in hexane, the intensity of the blue emission of the Si NPs in short-
chained alcohols was observed to increase with time (Fig. 3.4). Also unlike the original
red emission, the blue emission Amax Of these samples is observed to be dependent on the
excitation wavelength, as shown for the ethanol-dispersed dec-Si NP PL spectra in Figure
3.6. Similar blue light emission that changes with varying excitation wavelength has
often been reported,*®*% and in general has been attributed to ultra-small (1-2 nm) Si NP
cores with a polydisperse size distribution and therefore differentially excited quantum
efficiencies. While this explanation is plausible, the excitation wavelength-dependent

blue emission Amax can also be due to instrumental effects when the emission Amay IS close
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to Aex (Fig. 3.6), which accounts for the absence of this observation for the red emission

that is energetically well separated from the excitation wavelength.

T . T
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400 500 600 700
Wavelength (nm)

Figure 3.5. Emission spectra of dec-Si NPs excited at 370 nm dispersed in (a) ethanol, (b)

propanol, (c) butanol, (d) pentanol, (e) hexanol, (f) octanol, and (g) decanol.
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400 450
Figure 3.6. Emission spectra of dec-Si NPs dispersed in ethanol at various excitation
wavelengths: a, Aex = 340 nm; b, Aex = 370 nm; ¢, Aex = 400 nm; d, Aex = 430 nm;
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e, Aex = 460 nm. Inset: Digital image of dec-Si NPs dispersed in ethanol under 365 nm
light.

The same sample of dec-Si NPs was examined by TEM and FT-IR before (in
hexanes) and after ethanol dispersion to survey for changes in size (by TEM) or
composition (by FT-IR) that could be linked to the observed red-to-blue PL conversion.
As shown in Figure 3.1, an approximately 1 nm decrease in the mean particle diameter
was observed for the dec-Si NPs dispersed in ethanol (Fig. 3.1B, 3.1D) vs. those
dispersed in hexane (Fig. 3.1A, 3.1C). The diameter distributions obtained were
respectively 6.3 £ 1.7 nm (250 NPs measured) and 7.4 £ 1.5 nm (300 NPs measured).
However, there are no obvious differences in the crystallinity or morphology of the
particles as observed by HR-TEM (see insets to Figs. 3.1A and 3.1B). The difference in
the population mean diameters is statistically significant (p < 0.01), but not consistent
with the size change predicted using the effective mass approximation for such a large
hypsochromic shift.>*°

While the small but significant change in the population mean diameters is
inconsistent with quantum confinement expectations of the large blue shift, the FT-IR
spectra of the dec-Si NPs in hexane vs. ethanol show marked differences. Though Si-C
bonds are clearly still observed, compared to the spectrum of the hexane colloid (Fig.
3.2e), there is a notable increase in intensity in the Si-O-Si region (1000-1100 cm™) for
the ethanol colloid (Fig. 3.2b), which is furthermore, better resolved into two distinct
peaks. For oriented Si single crystals, these two peaks have been assigned as the TO
(transverse optical) and LO (longitudinal optical) phonon modes of a surface oxide
layer.>® Additionally, for the ethanol colloid, there is not a sharp peak at 915 cm™, which

86



along with features at 3100, 1650, and 990 cm™, indicate the presence of 1-decene.
Finally, both the blue-emitting ethanol colloid and the red-emitting hexane colloid have
intensity in the feature observed at 800 cm™; this peak has been variably assigned in the
literature as Si-OH deformation,®” *® Si-O-Si symmetric stretch,>® or Si-C deformation.*’

As supported by the additional FT-IR data discussed below, presence or absence
of the 1000-1100 cm™ oxide and the 915 cm™ alkene modes are predictive of the steady
state PL spectra: in general, presence of a strong, well developed oxide mode at 1000-
1100 cm™ is associated with blue emission (~450 nm), presence of a strong peak at 915
cm™ is associated with red emission (~580 nm), and significant intensity in both the
1000-1100 cm™ and 915 cm™ peaks is associated with a sample exhibiting both red and
blue PL emissions.

Prior to FT-IR measurements, we made our best effort to remove excess 1-decene
remaining from the hydrosilylation capping step, and we discuss below that the 1-decene
observed in the FT-IR spectra of the red-emitting samples is likely, at least in part,
regenerated by heterolytic cleavage of the Si-C bond. We note also that the assignment of
the 800 cm™ peak, which was observed for all dec-Si NP colloids, as Si-OH deformation,
is inconsistent with the absence of O-H stretch modes (expected, ~3300 cm™). We
suggest that the 800 cm™ feature corresponds to an Si-C mode, since its intensity scales
with that of the putatively assigned 1260 cm™ Si-C stretch.

The TEM and FT-IR data together indicate that the red-to-blue PL conversion
observed for the short chain alcohol dispersions of the dec-Si NPs is not due to
substantial shrinkage or degradation of the crystalline Si NP cores, but is likely associated
with changes in the surface-passivating layer. To further test this, we attempted to
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correlate FT-IR features to the steady-state PL spectra for dec-Si NP dispersions in
longer-chained alcohols, which would have less access to the Si NP surfaces.

Supporting that the red-to-blue PL conversion is associated with a change in the
surface passivating layer, when dec-Si NPs were exposed to alcohols with linear steric
volume greater than or equal to that of hexanol (Figure 3.5, hexanol, line e; octanol, line
f; decanol, line g), the PL spectra show no appreciable shift in the emission Anax at ~580
nm when compared with the original hexane dispersion. These colloids continue to
appear visually red/orange-emitting under 365 nm light. Additionally, the FT-IR
spectrum of the dec-Si NPs in decanol (Figure 3.2, line d) reveals only modest growth in
the 1000-1100 cm™ Si-O-Si feature when compared with that of the dec-Si NPs
from the ethanol dispersion (Figure 3.2, line b). Furthermore, there is strong intensity in
the 915 cm™ alkene mode in the decanol dispersion, as there also is for the hexane
dispersion (Figure 3.2, line e). Thus, these data indicate that sufficiently long chain
alcohols (e.g., hexanol, octanol, decanol) cannot effectively intercalate the decane surface
groups to interact with the Si NP surfaces, which suppresses surface oxidation and results
in preservation of the alkene bonding features that are correlated with the red PL (See
Discussion).

For butanol and pentanol, the alcohols with linear steric volume between those
giving rise to predominantly blue PL (methanol, ethanol, and propanol) or predominantly
red PL (hexanol, octanol, and decanol), both red and blue PL bands are observed (Fig.
3.5, butanol, line c; pentanol, line d), and these samples appear visually pink-emitting
under 365 nm light. These PL data indicate that the blue and red emissions are related
and that both transitions responsible for these PL bands are accessible in certain solvent
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environments. Furthermore, when the butanol colloid was monitored spectroscopically
over time (Fig. 3.4), the red PL band diminished in intensity and the blue PL band
increased in intensity, analogous to the intensity changes observed for samples exhibiting
only red (decreasing with time) or only blue PL bands (increasing with time). Although it
seems as though the red emission intensity is decreased at the expense of the blue
emission intensity, it is likely that the overall PL yield is increased by passivation of non-
radiative defects (See Discussion), and that the blue PL yield increases faster than the red.
Quantitative analysis of the red, blue, and overall PL yields is the subject of on-going
studies, which requires careful control over the optical density of the samples.
Nonetheless, the FT-IR spectrum of the butanol-dispersed dec-Si NPs (Figure 3.2, c)
shows intensity in both the 915 cm™ alkene mode and the 1000-1100 cm™ Si-O-Si mode,
and overall, the PL and FT-IR spectra of the dec-Si NP butanol dispersion are

intermediate between those of the corresponding ethanol and decanol dispersions.

Further optical characterization of dec-Si NPs

In order to explore the nature of the blue and red emissions further, PL excitation
(PLE, Fig. 3.7, grey lines), UV-visible absorption (Fig. 3.7, black lines), and time-
resolved PL spectra (Fig. 3.8) were measured for dec-Si NPs dispersed in representative
solvents (hexane, red PL only; ethanol, blue PL only; butanol, dual red and blue PL;
decanol, red PL only). In Fig. 3.7, it can be seen that the PLE spectra corresponding to
samples that are predominantly red-emitting are much broader in FWHM than those
corresponding to samples with a blue emission band. The narrower PLE bands observed
for the blue- or dual red/blue-emitting samples could be partly due to instrumental effects
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resulting from partial distortion by the optical filter used for the long wavelength side.
Nonetheless, regardless of the dispersion solvent, a fairly narrow excitation peak,
centered between 360-390 nm, was observed in the PLE spectra when monitoring at
either the blue or the red emission maximum. Thus, these data demonstrate that the same
absorption results in both the blue and red emissions, further supporting that these
emission transitions are related. Furthermore, the relatively narrow PLE spectra observed
for the Si NP colloids are atypical for quantum confined nanoparticles and are indicative
of absorption transitions involving electronic states that are localized or molecular in

nature.
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Figure 3.7. Absorption (black lines), PLE (grey lines) and PL (red, blue, or pink lines)
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spectra of dec-Si NPs dispersed in (A) hexane, (B) ethanol, (C) butanol, and (D) decanol.
(4 and °) indicate corresponding PLE and PL spectra; that is the PLE is monitored at the

correspondent PL Anax (excitation at 370 nm). Insets, show the color of the Si NP colloids

under 365 nm excitation.

However, in the UV-Vis absorption spectra (Fig. 3.7, black lines), the broad
absorbance with visible onset and increasing absorption cross-section at higher energies
is as expected for quantum confined nanoparticles. Therefore, we propose that the PLE
band observed is due to electronic transitions starting from the valance band and ending
in a localized surface state, which subsequently leads to the blue and/or red PL.
Additionally, because of the overlap of the PLE band with the absorption continuum,
some of the localized states must be slightly higher in energy than the bottom of the
conduction band corresponding to the direct band gap (See Discussion).

We further examined the PL lifetimes of the red- and blue-emissions of these
colloids. Fig. 3.8 shows the time-resolved PL spectra of the Si NP colloids on two
different time-scales. The intensity decay curves as a function of time (I(t)) were fit by
the nonlinear least squares method to the double exponential decay function as given by
the expression:

I(t) = Ip+ A1 exp(-t/T1) + Az exp(-t/12) (1),
where A; and A, are the amplitudes and t; and t, are the lifetimes of the two components,
respectively, and |y is the y-axis offset.

For the alcohol colloids, the blue emission decays within several ns, as shown in

Fig. 3.8A. However, the blue emission was only weakly observed for the red-emitting
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hexane colloid and therefore reliable lifetime data from this sample could not be obtained
at the blue Amax. The excited state lifetime of the blue emission for the alcohol colloids
follows the sequence Teion < TeuoH < Tpecon, @S Seen in Table 3.2. Thus, the blue PL
lifetime was observed to be fastest in ethanol and slowest in decanol, and which is also
correlated with the degree of surface oxidation observed for these samples by FT-IR,
being faster with greater degrees of Si-O surface coverage.

Quite different from the blue emission, the red emission has a long lifetime of
tens of ms (Fig. 3.8B), and the blue-emitting ethanol colloid does not show a measurable
red component. For colloids with strong red components, the lifetime is less correlated
with the identity of the dispersion solvent, and there is furthermore no clear lifetime trend
paralleling the degree of Si-O surface coverage (see Table 3.2). This may indicate that the
red emission is not strongly associated with the surface states, and is more related to the

intrinsic states of the Si NPs. Table 3.2 gives the fits for the data shown in Fig. 3.8.
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Figure 3.8. Photoluminescence intensity time decay of blue- (A) and red- (B) excited
states for Si NP colloids dispersed in hexane (black lines), ethanol (blue lines), butanol

(pink lines), and decanol (red lines) monitored at the PL Amax.
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Lifetime of blue emission

lo A T1 (ns) Ao T2 (ns)
EtOH 0.008+0.0002 0.38+0.001 0.26+0.001 1.0+0.01 4.6+0.05
BuOH 0.008+0.0002 0.25+0.001 0.27+0.002 1.7+0.02 8.7+0.09
DecOH  0.027+0.0002 0.17+0.002 0.42+0.006 4.0+0.1 15.86+0.227

Lifetime of red emission

lo Az T1 (ms) JAVS T2 (ms)
BuOH 0.001+0.0001 0.58+0.004 23.9+0.118 0.88+0.008 151+1.99
DecOH  0.001+0.0001 0.51+0.008 22.9+0.209 0.76+0.007 85.9+1.18
Hexane  0.001+0.00007 0.68+0.004 31.6+0.125 0.98+0.007 158+1.78

Table 3.2. Photoluminescence lifetimes of blue- and red-emitting Si NPs dispersed in
hexane, ethanol (EtOH), butanol (BuOH), and decanol (DecOH). Time decay of the
photoluminescence intensity (I(t)) was fit according to the double exponential decay
function: I(t) = 1o + A; exp(-t/71) + A, exp(-t/z,), where lgis the y-axis offset, A; and A,
are the amplitudes and 11 and 1, are the lifetimes of the two components, respectively.
The hexane sample shows very weak blue emission, with a low signal to noise ratio. The

EtOH sample does not show the red emission.

3.5 Discussion

A proposed mechanism for the surface chemical reactions resulting in the red-to-
blue PL conversion and consistent with the data presented herein is shown in Scheme 3.1.
It is generally accepted that thermal hydrosilylation reactions are initiated and propagated
via Si surface radicals formed by Si-H bond scission.*® Thus, considering the bulky decyl
capping ligands used in this study, after thermal hydrosilylation there are likely surface
trap states associated with remaining dangling bonds (i.e., surface radicals) on

unpassivated or incompletely coordinated surface Si atoms, which is consistent with
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recent reports of EPR active Si NPs.?® 3 These remaining dangling bonds may further
interact dynamically with the and alkene ligands in propagating surface radical reactions.

As shown in the propagation step of Scheme 3.1, Si surface radicals remaining
after hydrosilylation may reversibly interact to some extent with surface bound
hydrocarbon ligands in the absence of O-donor ligands, which would result in
regeneration of the terminal alkene and give rise to the alkene features observed by
FT-IR. Supportive of the radical reaction we propose, Veinot and co-workers have
recently reported radical-mediated alkene polymerization accompanying surface
hydrosilylation reactions to produce Si NPs with oligomerized alkane surfaces.®® Thus,
when the surface capping ligand is sufficiently bulky and unstable, it cannot fully remove
the existent dangling bonds, which likely act as non-radiative recombination sites for the
photogenerated carriers and thereby reduce the PL quantum yield.

However, when the Si NP surfaces are exposed to alcohols, more of the dangling
bonds would be eliminated, since Si-O bonds are more stable (800 kJ/mol in the gas
phase) vs. Si-H, Si-Si, or Si-C bonds (299, 327, and 452 kJ/mol, respectively, in the gas
phase).”® Thus, reaction with alcohols essentially terminates the surface radical
reactions, since the Si NPs are stably Si-O passivated. Loss of alkene features in the FT-
IR spectra of the short-chained alcohol dispersions with high levels of Si-O surface
passivation is compatible with the combination of carbon radicals to produce stable
alkanes as the surface radical reaction is terminated, a suggestion that we will further
investigate in our future work. Surface alkoxylation, followed by hydrolysis and
polycondensation, also accounts for the modest crystallite size change observed in the
TEM study and the strong Si-O-Si modes observed in the FT-IR study for the blue-
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emitting samples. As we discuss below, changes in the surface passivation as a result of
surface radical reactions, accompanied by changes in available excited states, can account

for the red-to-blue PL conversion.

1. Initiation
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Scheme 3.1. Proposed surface reaction mechanism for H-Si NPs in the presence of
alkene and/or alcohol (ROH, R = alkyl or H). Once the surface is initially alkylated,
either reversal or propagation can occur. Termination of the dynamic radical reaction
will occur upon formation of stronger (vs. Si-H and Si-C) Si-OH bonds. Hydrolysis and
polycondensation following this step is likely (not shown), resulting in an oxidized

surface.

Scheme 3.2 shows schematically the energy vs. k-space diagram of Si NPs within
the first Brillouin zone along the (100) direction. The electronic transitions involved in
both the photoexcitation and emission processes are illustrated as arrows, along with the
key states and bands involved. While the indirect band gap of bulk Si is 1.1 eV (1100 nm)

and the direct band gap is 3.4 eV,** quantum confined Si domains are expected to have
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wider band gaps proportional to their length scale. We note that the size onset of the
QCE effect for nanoscale Si has been discussed in the literature and that red emission is

predicted for 4-5 nm diameter Si NPs,>*®°

while it has been experimentally observed for
much larger particles, such as these we have studied herein.

For Si NPs with alkylated surfaces, we propose that there exists a large number of
surface trap states that may be related to unpassivated sites, including the following two
types: 1) dangling bonds (Si¢) that would likely result in non-radiative de-excitation of
the photogenerated carriers leading to emission intensity loss, and 2) surface
reconstructions (e.g., Si=Si), which are expected to be molecular (localized) in nature and
may account for the narrow PLE absorptions. Other molecular surface species, such as
silanone, have previously been implicated as involved in Si NP PL.%

When the red PL is relatively dominant, as in the cases of the dec-Si NPs in
hexane or long-chained alcohols, where the surface bonds are primarily Si-C (Panel A),
the overall PL yield is likely low and the density of trap states is likely high. In this
scenario, following photoexcitation into a localized state, the electron quickly relaxes into
the initial state for the red PL and produces the red PL observed. The initial state is likely
the bottom of the conduction band, but could also be a localized deep trap state, and the
final state is most likely the valance band. The initial state for the blue PL is either absent,
or present but non-emissive (i.e., dark). The long lifetime of the red PL indicates that the
emission is indirect bandgap in nature or dipole forbidden. The indirect nature of this
transition may differ quantitatively from that of bulk Si, which has larger Ak and PL that

is usually very weak.
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When the blue PL is dominant, as in the cases of the dec-Si NPs in short-chained
alcohols, where the surface has a high degree of Si-O coverage (Panel B), following
photoexcitation into a localized excited state, the electron can relax non-radiatively via
trap states with a certain percentage reaching the initial state for the blue PL and
subsequently, to a lesser degree, to the initial state for the red PL. The reduction in
intensity or absence of red PL could be due to removal of the initial state responsible for
the red PL due to surface passivation or to a relatively small population reaching the red-
emitting state compared to the dominant blue-emitting state; nonetheless, the nature of
the red PL is believed to be the same as in Panel A. The blue-emitting state, which could
be absent or dark in the Si-C cases, now becomes more emissive due to the lower density
of trap states as a result of overall better surface passivation. It is likely that the blue, trap
state emission is more direct with respect to momentum (k) and does not require phonon
assisted excitation and de-excitation, which accounts for the fairly short excited state

lifetime of the blue emission (ns).
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Scheme 3.2. E-k diagram of Si within the first Brillouin zone along the (100) direction
and the proposed electron transitions in PL and PLE processes. (A) Si NPs with alkylated
surface; (B) Si NPs with oxidized surface.

Briefly, we propose that the number of dangling bonds is decreased as the
alkylated surface becomes increasingly oxidized. This results in a simultaneous increase
in the possibility of radiative transition via newly available, Si-O emissive surface trap
states, and thus an overall rise in the PL QY. In this scenario, surface dangling bonds act
as the trip switch between intrinsic (red) and surface-trap (blue) emissions. Passivation of
the surface dangling bonds by O atoms is expected to occur most efficiently in the
smallest alcohol solvents. This hypothesis is supported in that the fastest radiative rate of
the blue emission for Si NPs is observed in ethanol and in that the radiative rate becomes
gradually slower with increasing size of the alcohol.

In general, the majority of Si NPs in water, alcohols and amine (polar) solvents
have been reported to be blue-emitting, while the majority of Si NPs in hydrocarbon

98



(nonpolar) solvents have been reported to be red-emitting. Assignment of the blue PL as
arising from the transition from a Si-O related surface trap state to the valence band is
consistent with the data we present as well as with several recent literature reports,
particularly the surface-oxide-related near-interface traps reported by Cai and co-
workers.?® Alternately, red-to-blue PL conversion has been attributed to the development
of surface defects caused by N-donor ligands.”® However, our work herein and trends
reported in literature support that development of emissive trap states maybe a general
effect of the formation of stable, highly polarized Si-X (X = N, O, for example) surface

bonds.

3.6 Conclusion

In summary, visibly emissive Si NPs were synthesized from the high-temperature
annealing of a (HSiOy5), polymer, followed by chemical etching that allowed for the
liberation of Si NPs with hydride surface groups. The H-Si NPs were surface-
functionalized via thermal hydrosilylation with 1-decene and were re-dispersed in straight
chain alcohols varying in carbon chain lengths. The initial red PL band (Aem, = ~580 nm)
observed for the neat hexane dispersions of the alkyl-terminated Si NPs was found to
decrease upon exposure to alcohols below a certain minimum chain length. The reduced
red PL was also commensurate with an increase in blue PL (Aem = ~450 nm).
Spectroscopic (FT-IR, steady state and time resolved PL, PLE and UV-visible) and

microscopic (TEM) evidence supports that the observed red-to-blue PL conversion is
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associated with passivation of the Si NP surfaces by alcohols small enough in steric
volume to access the alkyl-passivated surfaces.

Furthermore, spectroscopic data indicate the existence of a localized excited state,
as well as competitive emission pathways resulting from both intrinsic and surface states.
Specifically, the red PL event can be attributed to emission from an intrinsic state, while
the blue PL likely results from a transition between a surface trap state and either the
valence band or another trap state. Relaxation from the blue-emitting state to the red
emitting state is facilitated by other trap states associated with either defects or dangling
bonds. When the red PL dominates, the overall PL yield is likely low and the total
number of trap states is likely high. When the blue PL dominates, the overall PL yield is
likely relatively higher and the total number of trap states is likely lower. It is possible
that each of these emissive states may exist regardless of the observation of PL, as a high
density of trap states can quench the PL. However, it is also feasible that the emissive
states are directly associated with surface passivation, which we will further investigate

in our ongoing work.
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Chapter 4
Temporal and environmental effects on PL with changes of core size and surface

chemistry in Si NP

4.1 Abstract

The motivation of this chapter is to test PL changes in H-Si NPs via acidic and
basic treatments. Red-to-blue conversion in PL spectra was achieved by both acid/base
additions and different etching time approaches, and that both etched products can be

treated to look at size independent effect of oxidation.

4.2 Experimental
4.2.1 Materials

A Schlenk line was utilized to maintain an air-free environment during the sol-gel
polycondensation and thermal hydrosilylation reactions, with either N, or Ar as the inert
gas. Other synthetic procedures, such as etching and solvent media switching, were done
in air. Trichlorosilane (HSiCls), < 98%; Alfa Aesar), 1-decene (CH3(CH2)sCHaqy, < 97%;
Aldrich), aqueous hydrofluoric acid (HF@q), 48.0-51.0%, Fisher Scientific), aqueous
hydrochloric acid (HClg), 12N, Fisher Scientific), potassium hydroxide (KOHg),
reagent grade, EMD chemicals), and ethanol (anhydrous EtOH, ACS grade, Pharmco-

AAper) were purchased for syntheses and used without further purification.
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4.2.2 Synthesis of nanocrystalline Si NPs encased in an oxide matrix by thermal

reduction

5 mL of trichlorosilane was hydrolyzed and polycondensed to produce a
sol-gel polymer hydrosilicate as previously reported.> A tube furnace was used to anneal
approximately 0.9 g of the hydrosilicate polymer at 1100 °C for 10 h under flowing N,

gas to yield nanocrystalline silicon encased in an oxide matrix (Si NC/SiOy, x <2).
4.2.3 Synthesis of H-Si NPs

The annealed Si NC/SiOy (x < 2) powders were ball-milled for 10 seconds in a
tungsten carbide lined milling vial with two 1 cm tungsten carbide balls and a Spex
8000M mill mixer (SPEX SamplePrep, Metuchen, NJ). The milled Si NC/SiO4 powder
was subsequently etched in a chemical etching solution of 1:1:1 (by volume)
ethanol/water/HF q) to liberate hydride-terminated Si NPs (H-Si NPs), and subsequently
partitioned extracted into 50 mL of pentane by biphasic extraction. The influence of PL

in H-Si NPs will be studied via pH changes in solution and the difference in etch time.
4.2.4 Acid-base Addition for Reversible Red and Blue Emission in H- Si NPs

Rotary evaporation was used to remove pentane or hexane from H-Si NP colloids
prepared as described in previous Section 4.1.3. Approximately 20 mg of H-Si NPs were
then re-dispersed in 3 mL of anhydrous ethanol in a reaction vial. 100 pL of a 2.5 M
aqueous solution of KOH,q was added to the vial, with PL and FT-IR spectroscopy used
to characterize the resulting colloid. Following bas addition, 200 pL of 12 N HCl,q) was

then injected into the vial, and the resulting colloid was also characterized by PL and
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FT-IR spectroscopy. The base and acid additions to the ethanolic H-Si NP colloids were

done in air.

4.2.5 Synthesis of dec-Si NPs and post-treatment of dec-Si NPs

A thermal hydrosilylation reaction was performed to functionalize Si NPs and
generate decane-terminated Si NPs (dec-Si NPs). To accomplish this, 3 mL of 1-decene
was degassed and transferred into a two-necked round-bottom flask containing 20 mg of
H-Si NPs, followed by refluxing for 18 hrs under inert gas flow. After the thermal
hydrosilylation reaction was completed, dec-Si NPs were re-dispersed in 5 mL of hexane
and degassed to minimize oxygen exposure. As a control, sample of dec-Si NPs in
1-decene was heated at 160 °C in ambient air for 18 hrs. This treatment is referred to as

the hot-air treatment (HA-treatment) from here on out.

4.2.6 Characterization of H-Si NP colloids

Photoluminescence (PL) and Photoluminescence Excitation (PLE) Spectroscopy

Emission spectra (i.e., PL spectra) were collected using a Shimadzu-RF5310 PC
spectrophotometer in the 400 to 700 nm range with excitation at 370 nm. It should be
mentioned that the instrument has an abated sensitivity over the red-to-NIR spectral
region. PLE spectra were collected on the same instrument and were monitored at the

corresponding PL Amax.

ATR-FT-IR Spectroscopy
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Si NP composition was examined using a ThermoFisher Nicolet iS10 infrared
spectrometer in reflection geometry with a single bounce diamond attenuated total
reflectance (ATR) accessory. Si NP samples were drop-cast onto the ATR crystal to form
a thin film for FT-IR spectrum acquisition. A heat gun was used to evaporate excess

solvents to avoid solvent interference during the measurement.

Dynamic Light Scattering (DLS)

Approximately 20 mg of H-Si NPs were re-dispersed into 3 mL of hexane, and
the size distribution of the Si NPs was measured using a Horiba LB-550 DLS instrument
with a 532 nm laser (Horiba, Edison, NJ). Measurements were taken on serially diluted
samples to minimize multiple scattering effects.

Transmission Electron Microscopy (TEM)

The crystallinity, size, and morphology of H-Si NPs were studied on a FEI Tecnai
F-20 TEM (North America NanoPort, Hillsboro, OR) operating at 200 kV. TEM samples
were prepared by drop casting H-Si NP colloids onto 400 mesh holey carbon-coated Cu

grids (Ted Pella, Redding, CA) prior to TEM measurement.

4.3 Results
4.3.1 Reversible red-to-blue PL conversion in ethanolic colloids of H-Si NPs via

subsequent acid/base additions

To understand the effects of acidic and basic additions on the PL behavior and

composition of H-Si NPs, KOHq and HClqg were added successively into ethanolic
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colloids of H-Si NPs. The successive additions to the ethanolic H-Si NP colloids were

monitored by PL and FT-IR spectroscopy.

Prior to the sequence of base and acid additions, the H-Si NPs, which were
dispersed in pentane, had a red emission with Amax at 580 nm when excited with a
wavelength of 370 nm (Figure 4.1, wine line). This red PL was quenched immediately
after pentane removal upon re-dispersion of the H-Si NPs in anhydrous EtOH, (Figure
4.1, black line). Weak blue PL (Figure 4.1, blue dashed line) was observed after KOH )
addition to ethanolic colloids of H-Si NPs, and the intensity of the blue PL with Ay at
460 nm (excitation at 370 nm) was enhanced after 24 hrs (Figure 4.1, blue solid line).
The Amax Of 580 nm previously observed prior to the addition of KOHgq was
re-established following addition of HClyg (Figure 4.1, red line) to the KOHq)-
containing ethanolic colloids of H-Si NPs while the blue PL at 460 nm was again

quenched.

Emission Intensity (A. U.)

400 450 500 550 600 650 700
Wavelength (nm)

Figure 4.1. Emission spectra of H-Si NPs in pentane (wine line), EtOH(y (black line),

EtOH/KOH g (blue dashed line), EtOH/KOH(.q) after aging 24 hrs (blue line), and in

EtOH/KOH|) after HCl 5 addition sufficient to neutralize OH ™ (red line).
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Figure 4.2. FT-IR spectra of H-Si NPs dispersed from pentane (black line), base (blue

line), and acid (red line). * = alkane (solvent).

The FT-IR spectrum of H-Si NPs and dispersed from pentane following etching
shows a Si-H stretching peak at 2083 cm™, a Si-H, scissor mode at 910 cm™ and a Si-H,
bending mode at 665 cm™ (Figure 4.2, black line). No evidence of Si-O features is seen
in the 1000-1100 cm™ range, indicatingthat the freshing etched H-Si NPs can be regarded
as un-oxidized. However, after the addition of KOH g to the ethanolic colloids of H-Si
NPs, Si-H stretching modes were no longer observed, and a broad vibration in the
approximately 700-1200 cm™ range was present, which may be attributed to Si-O surface
modes arising from surface oxidation (Figure 4.2, blue line).? This result may suggest that
the hydrogen passivation initially present on the Si NP surfaces has been replaced with an
oxidized SiOy-type shell upon dispersion in aqueous base. Subsequently after the addition
of HClyq) to the KOH4q)-containing ethanolic colloids of Si NPs, the weak Si-H stretch at

2083 cm™ in the FT-IR spectrum was present again (Figure 4.2, red line), which suggests
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that Si-H bonding was restored to some degree on the Si NP surfaces, in the acid
treatment and that this restoration of the surface is correlated with the re-emergence of

the red PL.

However, the strong Si-O-Si stretching indicative of surface oxidation remained
after the acid treatment. Additionally, it should be noted that weak stretch at 1650 cm™
was observed in both the basic and acidic samples (Figure 4.2, blue and red lines), which
may suggest a carbonyl stretch from acetaldehyde (the oxidation product of ethanol) in

the presence of Si NPs under these conditions.?

4.3.2 Conversion from red to blue PL in H-Si NP colloids via HF etch control

Red-emitting H-Si NPs with a Amax at 580 nm (Figure 4.3 a, red line, excitation at
370 nm) were obtained via a 1 hour wet chemical etching of the annealed, ball-milled Si
NC/SiOy powders; the nanoparticle size distribution after 1 hr of HF ) etching was 10.0
+ 2.2 nm by DLS measurement (Figure 4.3 b). In addition, lattice fringes with a 3.1 A
d-spacing were observed by HR-TEM (Figure 4.3 c), which corresponded to the (111)

plane spacing of nanocrystalline silicon domains.

After a 2.5 h wet chemical etch of the annealed Si NC/SiOx powders, blue-
emitting H-Si NPs with a Aynax 0f 410 nm were obtained (Figure 4.3 d, blue line, excited
of 370 nm), with an average particle size of 4.3 + 1.0 nm as observed by DLS (Figure 4.3
e). Furthermore, lattice fringes with the same d-spacing as the red-emitting H-Si NPs

were also observed (Figure 4.3 f) by HR-TEM. Though both red- and blue-emitting H-Si
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NPs from the same annealed Si NC/SiO, powders contain crystalline Si° domains a blue
shift (the conversion from red to blue emission) is observed in the PL emission spectra
with the longer etch time, which the blue shift in the PL spectra of H-Si NPs is a core-
related size effect, considering both red- and blue-emitting H-Si NPs can be presumed to
have the same hydrogen surface passivation (Figure 4.2, black line for red-emitting H-Si
NPs; FT-IR measurement of blue-emitting H-Si NPs was not shown because of sample’s

low concentration).
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Figure 4.3. PLE (monitored at 410 nm and 580 nm) and PL (excitation at 370 nm)
spectra (a), DLS size distribution (b), and HR-TEM image of H-Si NPs produced from a
1 hour etch (c). PLE (monitored at 410 nm and 580 nm) and PL (excitation at 370 nm)

spectra (d), DLS size distribution (e), and HR-TEM image of H-Si NPs produced from a
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2.5 hours etch (f). Insets: digital images of H-Si NPs colloids in hexane, under 365 nm

UV-light irradiation.
4.3.3 Size-independent cyan-blue emission in Si NPs via surface thermal oxidation.

For the two differently size H-Si NP samples produced by varying the HF-etch
time in Section 4.2.2, the PL Amax Was not changed by the air-free thermal hydrosilylation
of Si NPs with 1-decene , although FT-IR demonstrated that the hydrogen passivation

was replaced by carbon passivation from 1-decene, as shown in Figures 4.3 and 4.4.
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Figure 4.4. a) and c) are PLE (black lines) and PL (red and blue lines) spectra of dec-Si

NPs; b) and d) are PLE (black lines) and PL (cyan-blue lines) spectra of dec-Si NPs after
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underwent HA-treatment. The PLE is monitored at the corresponding PL emission at

Amax, and excitation wavelength at 370 nm for PL spectra.

However in comparing the PLE spectra before and after the HA-treatment
reaction, it can be seen that the PLE absorption become narrorer after Si-C replaces Si-H
for both Si NP size populations (as shown in Figure 4.3, a and d vs. Figure 4.4, a and b)
Subsequently, regardless of the size population and initial PL Ama, When Si NPs
underwent the HA-treatment, the Amax Of the PL emission shifted to 460 nm and the PLE
spectra also become more similar. H-Si NP PLE spectrum look more like absorption
continuing with visible onset expected for QDs, but dec-Si NP PLE spectra before and
after HA-treatment are narrower, more resembling the absorption spectra of molecular

fluorophore.

To monitor for compositional chages in the Si NPs after the HA-treatment,
FT-IR spectroscopy was utilized. In Figure 4.5 (A), the FT-IR spectrum of neat 1-decene
is also shown for comparison with the dec-Si NPs after thermal hydrosilylation. The
internal RCH=CHR structure vibration at 730 cm™, RCH=CH, modes at 910-920 cm™
and 990-1000 cm™, C=C bond vibration at 1640-1680 cm™, and =C-H unsaturated vinyl
modes vibration at 675 cm™ and 3020-3080 cm™ were assigned as alkene-related features
in 1-decene. For alkane features, the CH methyl rock mode at 1375 cm™, CH methyl
scissor mode at 1460 cm™, and C-C-H stretches at 2900 — 3000 cm™ were also observed
in the FT-IR spectrum for 1-decene. The two signature Si-C bond vibration peaks found

at 800 cm™ and 1260 cm™ in dec-Si NPs (as shown in Figure 4.5 (B)) suggests
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passivation with decane on the Si NP surface. A weak surface oxidation was also
observed after hydrosilylation with 1-decene; the Si-O-Si (TO/LO modes) modes seen at
1000-1100 cm™ in Figure 4.5 (B), indicate some degree of particle oxidation during the

H-Si NP thermal hydrosilylation reaction with 1-decene.
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Figure 4.5. FT-IR spectra of (A) 1-decene, (B) red-emitting, dec-Si NPs dispersed from
hexanes, (C) after HA-treatment, originally red-emitting, dec-Si NPs dispersed in excess
1-decene, and (D) after HA-treatment, originally blue-emitting, dec-Si NPs dispersed in

excess 1-decene.
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FT-IR analysis of the red-emitting dec-Si NPs that underwent the HA-treatment
after air-free thermal hydrosilylation showed an increase in the level of surface oxidation,
as seen in Figure 4.5 (C). Some alkene feature peaks disappeared, such as =C-H
unsaturated vinyl structure vibration at 675 cm™ and 3020-3080 cm™, the C=C bond
vibration at 1640-1680 cm™. Additionally, the RCH=CHR vinyl structure vibration at
730 cm™ and RCH=CHj vibration at 910-920 cm™ and 990-1000 cm™ became weaker, as

shown in Figure 4.5 (C).

However, two new vibrations at 1150 cm™ and 1718 cm™ were observed,® *
which is unexpected in Si NP after HA-treatment; further characterizations need to be
measured to cyan-blue emitting Si NPs for identifying possible components for cyan-blue
emission. Interestingly, a similar surface chemistry was observed in blue-emitting dec-Si
NPs after undergoing the HA-treatment. This may suggest that the cyan-blue emission is
related to the increase of surface oxidation in Si NPs, formed during the HA-treatment. It
is worth noting that the two signature Si-C bond vibration peaks at 800 cm™ and 1260
cm™ remained in the FT-IR spectra (as shown in Figure 4.5 (C) and (D)), which suggests

that surface may still contain some decane passivation after the HA-treatment.

4.4 Discussion
Size-independent Photoluminescence in Si NPs via surface oxidation

As scheme 4.1 shows, when hydroxide ions were introduced to H-Si NPs, blue PL

was observed from KOH ,q)-containing ethanolic Si NPs colloids (which were originally
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red-emitting H-Si NPs dispersed in pentane) and resulting in a broad SiOy (surface
oxidation) peak from 700 to 1200 cm™, along with stretches corresponding to the
presence of free hydroxide ions stretch seen from 3300 to 3600 cm™. Since the average
diameter of base-containing, blue-emitting Si NPs was 7.1+ 1.8 nm (measured by DLS,
data not shown), which is not a typical quantum confinement-related blue PL event as Si
NP size is below 4 nm,” this implies the blue PL event is a result of surface oxidation in
Si NPs, which is surface-related PL event. The PL behavior was no longer dominated by

this core state, but rather by surface oxidation.®"®

Interestingly, the red PL event was
reestablished in KOH,q)-containing ethanolic Si NP colloids after HCI addition. A weak
Si-H stretch at 2083 cm® appeared and a shoulder-like  peak
at 900 cm™ for Si-H, bending mode were found in the FT-IR spectrum, suggesting the
red PL event is related to the partial removal of surface oxidization from the particles.
Although the Si-O-Si stretch at 1000 to 1100 cm™ and free hydroxide stretches

at 3300 to 3600 cm™ are still present in the FT-IR spectrum, this reveals the surface of Si

NPs are still partial oxidized and passivated with hydroxide.

H.
EtOH p.

—_—
12N HCI™ H-\
'

Scheme 4.1. Scheme showing the sequence of base and acid additions to ethanolic

colloids of H-Si NP, which result in reversible red-to-blue luminescence conversion. As
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described herein, red PL originates from the H-Si NP core (red circles), while blue PL is

associated with the development of an oxidized surface (blue shell).

H-Si NPs have been reported that the emission wavelength is inversely
proportional to the diameter of the nanoparticle.>® Theoretical calculations predict that
red- and blue-emitting particles should have ~4.5 nm and ~2.0 nm diameters,
respectively.’®**? In this work, the average diameter of red-emitting H-Si NP pentane
colloids is 10 = 2.2 nm, and blue-emitting H-Si NPs is 4 + 1.0 nm. While these sizes are
larger than those predicted with the theoretical calculations, DLS measurement to NP size
is over estimated because the measured particle size is hydrodynamic diameter, instead of
real nanoparticle diameter This blue shift in the PL lambda max may be due to QC,
corresponding to size reduction of H-Si NPs. Without further surface oxidation in H-Si
NPs (examined by FT-IR), the PL emission suggests a size-related core state of Amax, as

demonstrated in the corresponding PL spectra and TEM data for H- and dec-Si NPs.

When dec-Si NPs with significantly different size distributions underwent HA-
treatment, both were observed to emit the same cyan-blue. With very similar surface
chemistry observed by FT-IR in Si NPs, cyan-blue emission may be related to surface
effect. However, further size analysis by TEM or DLS for dec-Si NPs after the HA-
treatment is necessary to confirm the assumption of that the size of dec-Si NPs does not
change significantly to give a large emission shift in the PL spectra after the HA-

treatment.
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4.5 Conclusion

In this study, red-to-blue PL conversion was repeated by base (KOHqq) and
acid (HClq) additions to H-Si NPs. Blue PL was consistently observed in Si NPs when
the surface of the Si NP was hydroxide passivated and oxidized following the addition of
KOH,q (wet oxidation). The hydroxide passivated surface acts as a deep surface trap and
alters the excitonic radiative recombination pathway in KOHq)-containing ethanolic Si
NPs colloids, producing a short wavelength, high-energy, blue PL band. The acid
(HCl(ag) addition to KOHgq)-containing ethanolic Si NPs colloids changed surface
chemical components, and a weak Si-H stretch was observed again in the FT-IR
spectrum, which was corresponding to a red PL band. Therefore, the red PL band may be
related to hydrogen passivation along with surface oxidation removal while Si NP size is
still larger than 4 nm. Since there is no significant change in Si NP size between acid and
base additions, this suggests that the blue PL was related surface oxidation as deep
surface traps in KOHgq)-containing ethanolic Si NPs. The size-independent, cyan-blue
PL in dec-Si NPs was found and related to the increase of surface oxidation after the HA-
treatment. Surface characterizations for cyan-blue-emitting dec-Si NPs will be the future

work to investigate chemical compounds that responds to cyan-blue emission light.
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Chapter 5
Diatomaceous earth as a new precursor for photoluminescent silicon nanoparticle

fabrication

5.1 Abstract

We propose diatomaceous earth (DE) as an alternate precursor for
photoluminescent silicon nanoparticles (Si NPs). DE (95% silica) was transformed to
SiOx-encapsulated (x < 2) nanocrystalline silicon via annealing at 1100°C. Following a
wet chemical etch of the annealed matrix, blue luminescent (~400nm), free-standing
hydride-terminated Si NPs (H-Si NPs) were obtained. SEM and TEM were used to
characterize the SiOy-encapsulated nanocrystalline silicon and H-Si NPs, respectively.
Passivation of the H-Si NPs was accomplished by thermal hydrosilylation with 1-decene.
Following passivation, a red shift (35 nm) in the emission spectrum was observed. DE is
an inexpensive, non-toxic, and earth abundant natural silicon source, all of which make it
a novel, low-cost, alternative precursor for synthesizing emissive Si NPs for both solid-

state and solution-based luminescence applications.

5.2 Introduction

Silicon is an environmentally benign and earth abundant element. It has been
extensively studied in past decades, with special attention being paid to its bulk electronic
properties. Attention has been focused more recently, however, on the optical behavior of
sub-10 nm crystallites. The optical properties of such Si NPs are attractive to researchers
for their potential applications in various areas such as light-emitting devices,® energy
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storage,”” and biomedical imaging.® Photoluminescent Si NP fabrication has been studied
extensively over the past two decades and some of the representative synthetic methods
are summarized in Scheme 5.1 and briefly described below.

Commercially available chemical reagents, such as silicon tetrachloride (SiCl,)
and trichlorosilane (HSICls), are widely used as precursors in solution reduction reactions
in tandem with a variety of reducing agents to produce Si NPs. Zintl-phase reactions are
another common subset of solution phase reactions that produce Si NPs, where these
precursors are employed either exclusively, is solution oxidation reaction (using various
oxidizing agents, such as Br,), or in tandem with SiCl,. For example, alkyl-terminated Si
NPs have been made via reduction of SiClsg) by Mg:Si(s in ethylene glycol dimethyl
ether solution.” KSi has also been used to reduce SiClsg in THF solvent.® A popular
variation of these reactions involves oxidation of Zintl polyanions (e.g., Sis*) of KSi or
NaSi. For example, Zhang et al. fabricated Si NPs in a low temperature solution reaction
by reacting sodium silicide (NaSii) with ammonium bromide (NH4Brg) in N,N-
dimethylformamide (DMF).° The vast majority of the solution-phase fabrication routes
utilize SiClyq), SiHsg), or NaSi), all of which are extremely reactive and highly toxic
materials.

Silane (SiHag) has also been heavily utilized as a precursor to prepare
photoluminescent Si NPs. Si NP fabrication. In a method published by Kirkey, SiHa)
was dissociated via CO, laser beam heating in an aerosol reactor to produce to produce

red-emitting Si NPs.™
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Shirahata et al. reported the use of a Nd:YAG pulsed laser to make Si NPs from a
hydrogen-terminated silicon substrate.** However, such pulsed laser or electrochemical
systems studied by Li*? and Amoruso™ are expensive and the syntheses are not scalable.

Another alternative method for fabricating Si NPs uses tetraethyl orthosilicate
(TEOS()). TEOSy is fairly inexpensive and non-toxic. Other studies have revealed that it
is possible to fabricate crystalline Si domains at low temperatures by reducing TEOS

with sodium.** However, sodium is highly reactive, thus making it dangerous to use.

Mg, Sii+ SiClyy’
ethyleneglycol [ Refluxat 121°C
dimethyl either | 36-48 hrs

. KSi, + SiCl,,,8
Si(0;Hs)a0)*+ Naw'™ 700, intoluene THF (S) a0

Sonm’ m 66°C
48-96 hrs
Nd:YAG laser, A: 532 nm

power density: 0.5J cm:2 ] DMF

Reflux at 154°C

Sifg (Si-H substrate)'t €02 #%%]  aghrs NaSi i+ NH,Br(,?

60 Watts
SiH 4(g)10

Scheme 5.1 A summary of common Si NP synthesis methods from the literature.”*?

In order to avoid unstable chemical reagents and costly, unsalable synthesis
apparatus, researchers have begun to study a solid state thermal reduction process that
uses chemically stable and inexpensive materials, such as silicon monoxide (SiO)) and
silica (SiOy¢) as starting materials. For example, thermal annealing treatment of
amorphous SiOg) between 1000°C and 1300°C has been shown to generate elemental
silicon nanoparticles.*>™® Furthermore, it has been shown that DE can be used to obtain

elemental silicon structures via a magnesiothermic reduction at 650°C.**** DE is a
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biosilica template comprised of micrometer-mesostructured intricate hierarchical porous
structures.”® These templates are inexpensive, earth abundant, produced naturally, and are
environmentally friendly. SiOx is found in abundance in various natural sources, such
as rice hulls™® and DE.

Herein we utilize DE as a novel precursor for Si NPs. The Si NPs prepared by
annealing DE at 1100°C under Ar were confirmed to contain crystalline elemental were
imaged using SEM and TEM, and crystalline Si° domains were confirmed by EDS and
XRD. Blue-emitting H-Si NPs were liberated from the annealed DE matrix using an
aqueous HF chemical etch. To avoid surface oxidation of the H-Si NPs, the air-free
thermal hydrosilylation reaction with 1-decene was performed to generate dec-Si NPs. A
red shift in the PL was observed following passivation of the surface with 1-decene vs.
the H-Si NPs. In this chapter, we demonstrate that photoluminescent Si NPs can be
fabricated using abundant, inexpensive, and naturally produced DE, without using toxic,

highly reactive Si precursors, reactive reducing agents, or expensive specialty equipment.

5.3 Experimental Details
Materials and methods

Celite 545  (diatomaceous  earth, Fisher  Scientific), 1-decene
(CH3(CH,);CH=CHyq), > 97%, Sigma-Aldrich), and aqueous hydrofluoric acid
(HF@q), 48.0-51.0%, Fisher Scientific), were purchased and used as received.
Electrophoretically pure water (nanopure water, 18 MQscm resistivity) was used for the
etching process. Hydrosilylation was performed under an inert argon atmosphere on a

Schlenk line, using standard anaerobic techniques.
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Synthesis of decane-terminated silicon nanoparticles (dec-Si NPs)

Celite 545 solid powder (1.5 g) was annealed at 1100°C under flowing N, gas in a
horizontal tube furnace (Lindberg Blue, Model TF55035A) for 10 hrs to generate
nanocrystalline silicon nanocrystal encapsulated in an SiO, matrix (Si NC/SiO;). The Si
NC/SiO; (~0.5g) powder was mixed with a 15 mL chemical etching solution of
EtOH/H,0/HF 5 (1:1:1 (by volume)). The powder was etched for 60 min, and blue-
emitting, H-Si NPs  were extracted into pentane (~40 mL).
dec-Si NPs were made by refluxing the H-Si NP in 3 mL of neat decene (b.p. = 172 °C)

under Ar for 18 hrs. This process is shown in Scheme 5.2.

H
1) Wet chemical etch | Thermal hydrosilylation
. 1100°C (HF, H,0, EtOH), 1hr with 1-decene
Dlatomar:eous > NCSi/sio, H H
Earth (Si0,) N,/ 10hrs 2) Pentane extraction | 1atm, 172°C, )
b Ar, 18hrs Dec-SiNP

Scheme 5.2 Outline of photoluminescent Si NP synthesis using diatomaceous earth as the

silicon source.

Characterization of DE, Si NC/SiO, and dec-Si NPs
Scanning Electron Microscopy (SEM) with Energy Dispersive Spectroscopy (EDS)

DE and Si NC/SiO;, samples were placed on carbon tape adhered to a pin type
SEM mount (SPI) and sputter coated with gold (PELCO 91000 Sputter Coater) for 60 s
prior to imaging. SEM and EDS were performed on an FEI Siron XL30 model SEM at an
accelerating voltage of 5 kV.
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Transmission Electron Microscopy (TEM) with Energy Dispersive X-ray

Spectroscopy (EDS)

An FEI Technai F-20 TEM operating at 200kV was used to analyze the
morphology and composition of Si NC/SiO; and dec-Si NPs. Samples were prepared by
drop-casting concentrated solutions of dec-Si NPs onto 400 mesh holey carbon coated,

Cu grids (Ted Pella) prior to imaging.
Fourier Transform Infrared Spectroscopy (FT-IR) and Raman Spectroscopy

FT-IR spectroscopy was performed on a ThermoFisher Nicolet iS10 infrared
spectrometer in reflection geometry using a single bounce diamond attenuated total
reflectance (ATR) accessory. Concentrated dec-Si NP solutions (in pentane) were drop-

cast and evaporated onto the ATR crystal for analysis.

Raman spectroscopy was performed on a J-Y Lab RAM HR800 UV micro-
Raman spectrometer using laser excitation at 532 nm. A concentrated dec-Si NP sample
(in pentane) was prepared by drop-casting the solution onto carbon tape adhered to a
glass slide.

Dynamic Light Scattering (DLS)

The dec-Si NP size distribution was analyzed by a Horiba LB-550 DLS
instrument (Horiba, Edison, NJ). The dec-Si NP colloid was dispersed hexane and
purified through a 25 nm sized syringe filter before measurement.

UV-visible and Steady-state Photoluminescence (PL) Spectroscopies
UV-visible absorption spectra were collected from 200 to 800 nm on a Shimadzu

UV-2450 UV-vis spectrophotometer in a standard 1-cm quartz cuvette. The PL properties
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of H-Si NPs and dec-Si NPs were examined using a Shimadzu-RF5310 PC
spectrophotometer (Shimadzu Corporation, Kyoto, Japan). Steady state emission spectra
were collected from 350 to 700 nm on an undiluted sample, with excitation wavelengths
varying from 250 to 490 nm. The instrument is equipped with a standard photomultiplier
tube detector (range 220-750 nm, wavelength accuracy +1.5 nm), with diminished

sensitivity over the red-to-NIR spectral region.

5.4 Morphology and composition analysis before and after high temperature
annealing of DE

SEM with EDS was used to examine the effect of annealing. Before annealing,
the morphology of the DE was similar to the porous structure of molecular sieves; it
appears as a silica matrix with monodisperse pores (Figure 5.1 a). Annealing the porous
silica matrix at 1100°C under N, caused it to fuse into a collapsed SiOy (x < 2) matrix

with embedded Si® domains (circled in Figure 5.1 b).

Figure 5.1 SEM image of DE a) before the 1100 °C thermal reaction (scale bar 2
um) and b) after the 1100 °C thermal reaction (scale bar 2 um). Red circles areas are

where Si is rich in composition.
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SEM-EDX analysis supported the partial reduction of the highly oxidized matrix,
resulting in the enrichment of Si in the material. In the EDX spectra shown in Figure 5.2,

it can be seen that DE has an O: Si ratio of 2:1, which decreases to 0.7: 1 upon annealing.
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Figure 5.2 Point energy dispersive X-ray spectra of DE a) before and c) after the 1100°C
thermal reaction. SEM image of DE b) before (scale bar: 2 um) and d) after annealing
(scale bar: 150 nm). Red crosses indicate the position where the EDS spectrum shown

was acquired.

TEM shows a high-resolution TEM image (HR-TEM) of annealed DE, where
crystalline domains have a lattice d-spacing of ~3.1 A, which is indicative of elemental
silicon (111) plane (Figure 5.3 b, d).® This supports Si nanocrystals were formed in the

annealed, Si-rich precursor in Figure 5.2 c. In addition, the variation of contrast along the
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line in the image of annealed DE (Figure 5.3 d) showed a regular pattern, which indicated
a high degree of crystallinity. For comparison, TEM and HRTEM images were also taken
of DE before annealing. The variation of contrast along the line in the image is given of
un-treated DE shows a lack of an ordered structure (Figure 5.3 ¢), TEM analysis strongly

suggests the formation of crystalline silicon domains via thermal reduction of DE.

Figure 5.3 TEM image of DE a) before annealing (scale bar 1um), inset: HR-TEM image
(scale bar 150 nm); b) after annealing (scale bar 500 nm), inset: HR-TEM image of
nanocrystalline Si encapsulated in annealed diatomaceous earth (scale bar 5 nm); and The
variation of contrast along the line in the inset image is given in ¢) before annealing, and

d) after annealing.

Liberation and Characterization of H-Si NPs from thermally reduced DE
H-Si NPs were liberated from Si NC/SiO, via wet chemical etch, following

thermal hydrosilylation with 1-decene to synthesize dec-Si NPs as showen in Figure 5.4;
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Crystallinity of the Si NPs was present after passivation with 1-decene, as shown the
presence of the Si (111) plane, as shown in lattice spacing of 3.11 A in Figure 5.4 d. The

size distribution of dec-Si NP was about 4.6 £ 1.7 nm as shown in Figure 5.5, b.

Energy (keV)

Figure 5.4 a) TEM image of dec-Si NPs (scale bar 20 nm), b) HR-TEM image of
dec-Si NPs (scale bar 5 nm), c) EDX point scan of dec-Si NPs (inset: a dark field STEM
image of Si NPs) (scale bar 100 nm), and d) the variation of contrast along the line in the

Figure 5.4 b image is given, represents a lattice d-spacing of 3.11 A in dec-Si NP.
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Figure 5.5 a) TEM image of dec-Si NP with scale bar 8 nm, b) the dec-Si NP size

distribution in hexane, the mean diameter is 4.6 + 1.7 nm.
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UV-vis and steady-state Photoluminescence (PL) spectroscopies

The optical properties of the Si NPs were studied by PL and UV-visible
spectroscopies. As synthesized, ~4 nm H-Si NPs were found to emit 347 nm light with
excitation wavelength at 310 nm (Figure 5.5). Thermal hydrosilylation was performed on
H-Si NPs at178°C with 1-decene to prevent further oxidation on Si NP surface. Notice
that the thermal hydrosilylation caused a red shift in the PL, which presented as a broad
emission spanning from 350 nm to 600 nm (Figure 5, green line). The Amax at 484 nm

could be the scattering effect in dec-Si NPs.
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Figure 5.6 Room temperature PL spectra (excitation wavelength 310 nm) of H-Si NPs
(blue line) and dec-Si NPs (green line) and UV-Vis spectra of H-Si NPs (red line) and
dec-Si NPs (black line). Inset image: Luminescent dec-Si NPs irradiated by UV-light at

365 nm.

138



In UV-Vis spectrum of H-Si NPs (Figure 5.5, red line), the absorption started to
increase at around 350 nm and overlapped with H-Si NPs PL spectrum. The broad
absorbance with PL band overlapping in H-Si NPs, may suggest photons are emitted for
radiative recombination as core state, which is quantum confinement effect. Compared
UV-Vis spectra between H-Si NPs and dec-Si NPs as shown in Figure 5.5, absorption
was broader and started to rise at ~400 nm in dec-Si NPs’ UV-Vis spectrum. This may
suggest the surface passivation with 1-decene has provided a new surface trap that alters

excitonic recombination pathway, resulting in red shift of PL spectrum in dec-Si NPs.

Fourier Transform Infrared Spectroscopy (FT-IR), Raman Spectroscopy

Thermal hydrosilylation was performed to passivate the surface of Si NP using
1-decene. The surface passivation in dec-Si NPs has been studied by FT-IR, and decane-
terminated surface functionalization is confirmed by the presence of Si-C stretching

vibrations at 1260 and 800 cm™ (as shown in Figure 5.7).%%%°
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Figure 5.7 Room temperature IR spectrum of dec-Si NP
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Furthermore, there is no Si-H stretches observed at ~ 2100 cm™, which indicates
the thermal hydrosilylation reactionof the H-Si NPs was successful. The 1000-1100 cm™
region was present in the FT-IR spectrum, which was attributed to Si-O-Si bonding on
the surface.

Raman spectroscopy was also performed on a macroscopic sample of dec-Si NP,
the maximum vibration band was found at 506 cm™ (Figure 5.8), which was assigned as
the Si-Si vibration of elemental Si, consistent with the result of EDX analysis in TEM
dark field. This value is blue-shifted by 10 cm™ from the Si-Si vibration of 516 cm™ in
bulk crystalline silicon, ®*%and this blue shift has been attributed to the small domain size
of the Si NPs (Figure 5.5). No Si-O vibration (~ 493 cm™)® was found in the Raman

spectrum indicated that there were silicon-rich cores free of surface oxidization on Si NP

surface.
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Figure 5.8 Raman spectrum of dec-Si NP.
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5.5 Discussion
Nanocrystalline silicon encapsulated in silica

Diatom frustrules, which are composed of SiO; in the form of well-defined pores
with a sieve-like structure, were converted into the Si NCs via magnesiothermic
reduction at 650°C.**?> Chen and co-workers also reported silica-based materials were
magnesiothermically converted into a matrix that contained microporous, nanocrystalline
silicon-rich structures with Si NPs (size of 8 + 1 nm). The composition was confirmed by
EDX analysis and HR-TEM with the presence (111), (220), and (311) Si planes. In
another study, Shen used magnesium to reduce DE, and was able to observe a change in
morphology, but with the retention of the porous structure in DE.?* Ordered, mesoporous
silicon was made via magnesium reduction of silica polymer thin films, and produced 10
-17 nm Si nanocrystals, reported by Tolbert and coworkers.??

Si NPs can also be made via the thermal dynamic disproportionation of hydrogen
silsesquioxane or other SiOx matrices by heating to temperatures above 1100°C under a
reducing atmosphere (N, gas or 5% H,/95% Ar gas). For example, Xie has made
photoluminescent, periodic mesoporous nanocrystailline silicon encapsulated in silica by
thermally disproportioning hydrosilica (HSiO15) at 1100°C under 5% H,/95% Ar flow.
Their Raman data showed that the Si-Si vibration (515 cm™) peak was observed when the
temperature reached 1100°C.** Colin reported a Raman peak position dependency with
regards to Si NP size in freestanding and oxide-embedded Si NPs. As Si NP size
decreased, a blue shift of the Si-Si peak was observed. *?

In the study presented herein, the annealing of DE resulted in a formation of
oxide-embedded Si NPs (process shown in Scheme 5.3). We propose that the annealing
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procedure reduces the silicon, resulting in the evolution of oxygen. A collapsed structure
formed after DE was annealed, and nanocrystalline silicon was generated, indicated as
blue circles in collapsed structure.

A Si-Si vibration peak at 506 cm™ was observed in Raman spectrum of dec-Si
NPs, which is blue shift from bulk silicon (520 cm ). Furthermore, the amorphous
silicon Raman scattering peak at 480 cm™ was not found, which indicated that the dec-Si

NP cores were crystalline.*
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Scheme 5.3 Proposed mechanism of the formation of Si NPs encapsulated in silica

during the annealing the process. The blue dots indicate nanocrystalline silicon.

Bathochromic shift (red shift) observed in the photoluminescence spectrum of Si
NPs after surface passivaiton with 1-decence by thermal hydrosilylation

This red-shift was also reported by Eckhoff and coworkers. Their ultra-small
1 nm H-Si NPs initially emitted 305 nm light, revealed red-shift emission after a stable
Si-C covalent bond formed via thermal hydrosilylation reaction®”, which is consistent

with the result presented in this study.

142



According to quantum confinement theory, the band gap of nanoscale silicon
should increase as the NP’s size decreases, along with red shift in PL emission
wavelength.?® This phenomenon is dictated by the quantum confinement (QC) effect.
However, the red shift in PL was discovered in both our work and Eckhoff’s after thermal
hydrosilylation, without any size changed after hydrosilylation. In their system, the red
shift occurred and emissions were shifted from 315nm to 350nm. Our red shift
phenomenon was also revealed from the reaction of 1-decene insertion into a thermally
activated H-Si bond to give dec-Si NP, which had emission shift from 347nm to 382nm
and the maximum peak at 484nm could be the scattering effect.

In Wolkin’s paper, a red shift was also found after H-Si NPs were transferred
from an Ar environment into air. Wolkin suggested that the red shift was caused by
surface passivation by oxygen.** Gole also stated that PL shifts correspond to changes in
the surface chemistry of porous Si NP, and they were able to induce a red shift by adding
ethylene glycol to their etching mixture.*®> Another similar observation was reported by
Eckhoff. Methyl 4-pentenoate was capped on the H-Si NPs, which resulted in a red shift
in the PL spectrum from 295-315 nm to 350-410nm, which could refer to surface defect
or passivation by carbon.?’

In our work, a red shift, from 347 nm to 382 nm in PL spectra was observed in Si
NPs after surface passivation with 1-decene (Figure 5.5). A conclusion may be suggested
that the 347 nm blue emission from H-Si NP is from quantum confinement,*® and the red
shift in PL emission along with another red shift in absorption spectrum (Figure 5, from
red line to black line) were found in dec-Si NP after thermal hydrosilylation with
1-decene may refer surface passivation by carbon as Eckhoff reported.”’
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5.6 Conclusion

DE is an earth abundant and environmentally benign alternate precursor for
fabricating photoluminescent Si NPs. Si NPs were synthesized via the thermal reduction
of DE at 1100°C, without highly reactive metal reducing agents. SEM, TEM, EDS, and
Raman data confirmed the presence nanocrystalline, Si° rich cores. A red-shift in PL was

observed after thermal hydrosilylation of Si NPs with 1-decene.
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