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Abstract

Silicon nanoparticles have sparked researchers’ interest as a biologically compatible and
abundant quantum dot alternative. Doped silicon nanoparticles (SiNPs) offer unique optical and
electronic properties that are not observed for intrinsic Si. These advantageous properties can be
applied towards a number of exciting applications such as medical imaging, photovoltaic devices,
lighting, and catalysis. In order to fully realize the potential of doped SiNPs it is necessary to
precisely control the particle size and surface chemistry, as well as the dopant concentration and
distribution within the NP. This thesis focuses on developing synthetic methods to create well-

defined and tailorable doped SiNPs.

In Chapter 2 we aim to derivatize the surfaces of doped SiNPs obtained from the thermal
processing of HSQ and boric acid. Surface modification of these SiNPs was achieved using a
phosphorous pentachloride etching induced reaction with alkoxy ligands of varied chain lengths.
Throughout this investigation we assessed the SiNP surface chemistry of as-synthesized B-doped
SiNPs through a combination of X-ray photoelectron spectroscopy (XPS), Fourier transform
infrared spectroscopy (FTIR) and cross-polarization magic-angle spinning nuclear magnetic
resonance spectroscopy (CP MAS NMR). The successful attachment of the alkoxy ligands to the
surface of the particle is then assessed by FTIR, XPS and thermogravimetric analysis (TGA) and

the change in photoluminescence emission is observed.

With a convenient method for tailoring the surface chemistry of B-doped SiNPs in hand,
we turned our attention toward achieving size-controlled preparation of doped particles. This saw
the development of a new diffusion-based post-synthesis doping method that drew inspiration from

thermally induced diffusion doping of bulk silicon. Chapter 3 describes a thermal diffusion-based



post-synthesis doping method that exploits parent SINPs with narrow size distributions, boric acid
as the dopant source and hydrogen silsesquioxane as a capping agent. The role of annealing
atmosphere and structural disorder within the SiNPs were found to strongly influence doping
through characterization with TGA, XPS and TGA. The method allows for control of particle size,

dopant concentration and surface chemistry.

In Chapter 4 we attempt to provide control of the dopant location through the development
of a monolayer doping method. The method sees the design of a molecular dopant precursor
scaffold with self-capping properties which forms a monolayer on the precursor intrinsic SiNPs
and allows for the shallow thermal-diffusion of dopants. This chapter lays the ground work for

precise control over dopant location.

Finally, Chapter 5 summarizes the findings from the previous chapters and further explores

relevant future research directions.
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Chapter 1:

Introduction

A version of the chapter has been published:

Milliken, S.; Thiessen, A. N.; Cheong, . T.; O'Connor, K. M.; Li, Z.; Hooper, R. W.; Robidillo,
C.J.; Veinot, J. G. C. “Turning the Dials”: Controlling Synthesis, Structure, Composition, and
Surface Chemistry to Tailor Silicon Nanoparticle Properties. Nanoscale 2021, 13, 16379—16404.



1.1 Semiconductor Quantum Dots and Silicon Nanoparticles

Nanoparticles and their unique properties continue to receive wide-spread attention in both
fundamental research and commercial applications. A straightforward example of their impact is
found in common at-home pregnancy tests that make use of gold nanoparticles with antibodies
attached to its surface that selectively bind with early-pregnancy hormones (human chorionic
gonadotropin) found in urine.! These gold nanoparticles then bind to a strip tagged with anti-bodies
that cause the gold to bind and aggregate, causing a pink colour change. This colour change arises
from a phenomena known as localized plasmonic resonance (LSPR) which occurs through the
collective oscillation of conductance electrons locally about the nanoparticle when illuminated
with resonant wavelength of light.2 Nanoparticles are materials with nano-scale dimensions (1.0 x
10 m), which are defined as “having dimensions of 1 to 100 nm and enable properties (electronic,
optical, magnetic, catalytic, etc.) that are not seen in the bulk”.? These unique properties are in part
due to the large surface area to volume ratio of these materials and quantum confinement effects.
[4, 5] Since particle grain sizes are so small, the relative surface area to volume ratio is significantly
larger, leading to greater chemical reactivity and stress-induced structural changes.* In addition, at
these size-scales confinement-effects play a crucial role in defining the properties and

characteristics of these materials.

Quantum Dots (QDs) are semiconductor nanoparticles. They were first reported by Brus et al.
in 1980, who observed that small semiconductor crystallites exhibited size and shape dependent
properties when prepared at dimensions smaller than those of the Bohr radius of a coulombically
bound electron-hole pair (exciton) in the corresponding bulk material.*” This results in quantum

confinement and sees discrete “atom-like” energy levels emerge that are separated by a forbidden



range of energy levels known as the band gap, and upon excitation they can emit a photon with a
very narrow full-width-at-half-maximum. As the size of the semiconductor nanocrystal is
decreased the band gap increases, resulting in a higher energy photon with a shorter wavelength
being emitted. This size dependence provides a convenient approach toward tailoring optical
response.® QDs also exhibit high quantum yield, signal brightness and improved photo-stability.’
These exceptional optical and electronic properties allow researchers to use these QDs for light-
emitting diodes,!? solar cells,!' fluorescent imaging'?> and sensing applications.'> The most
commonly studied QD systems use toxic/heavy metals (e.g., Pb, Cd) which can pose serious health
and environmental issues. Therefore, the practical impact of many QDs is currently limited
because of the legislation associated with the controlled use of these materials.!* Cd and Pb-free
QDs have been developed such as InP, however, the natural abundance of its constituent elements

can limit their application.

Silicon is the semiconductor that forms the basis for the modern electronics that have
revolutionized society; it is bioinert, abundant, and electrochemically stable.!> The unsurpassed
precision with which the properties of silicon can be tailored and the associated processes used to
incorporate it into devices are a tour-de-force of 20" Century creativity and ingenuity. In the
context of Brus’ discovery (vide supra) and the ubiquitous presence of silicon in the electronics
industry, it is no surprise that nano-scaled silicon became and continues to be the focus of extensive
research efforts. This introduction outlines efforts made to control the optical and electronic
properties of silicon nanoparticles (SiNPs) through four key areas: 1) advances in synthesis
methods, 2) defining internal structure, 3) incorporation of dopants, and 4) tailoring surface

chemistry.



1.2 Preparing Silicon Nanoparticles

One must first have access to materials to fully appreciate their properties, hence it is useful to
begin our discussion with SiNP synthesis. Several methods have been developed to produce SiNPs

16-20

of tailored dimensions including, pyrolysis of silicon precursors, 62 nonthermal plasma,?!** laser

25,26 a5 well as reduction of metal silicides?’ and silicon halides.?®? Each of these diverse

ablation,
(even divergent) procedures comes with associated benefits and challenges while providing
varying degrees of control over parameters (e.g., structure/crystallinity, size, composition, surface
chemistry) that impact SiNP properties; in fact, SINPs often appear to exhibit synthetic method-
dependant characteristics. To afford the reader with context of the challenges associated with SiNP
preparation we begin with a brief historical perspective. Table 1 provides a summary of commonly

reported literature procedures used to produce SiNPs that we have chosen to describe in this

section.



Table 1. 1 A summary of the methods used to prepare SiNPs and their associate properties.

PL Range Diameter PL QY
Method Refs.
(nm)* (nm) (%)’
17,19, 33-
Precursor Thermal 37, 38, 39,
530 - 1060 1-200 5-70
Decomposition 40-42, 43,
44, 45-50, 51
Nonthermal Plasma 690 - 920 2-10 0.5-70 52-57
25, 26, 58,
Laser Ablation 400 - 750 2-100 10-70
59
Etching Bulk Si 300-510 2-35 12-25 60, 61
30, 31, 62-
Solution reactions 320 - 460 1.5-10 10-25
72,73

“ PLmax reported in literature. Excitation wavelengths vary in the range of 300 - 560 nm as

indicated in the listed references.

b Absolute PLQY calculated using excitation and emission peak areas.



1.2.1 Thermally-induced Decomposition of Silicon-based Precursors

One of the first successful synthesis routes for producing small quantities (i.e., <500 mg)
of SiNPs (i.e., silicon quantum dots) reported by Brus and coworkers involved pyrolysis of
disilane.*® This procedure afforded a narrow size distribution (i.e., d = 1 - 2 nm) of particles that
showed photoluminescence maxima (PLmax) in the range of 600 - 750 nm and a relative
photoluminescent quantum yield (PLQY) of 5.6%.>” This early work spawned several studies
focused on silicon cluster growth.” The Swihart group subsequently developed a high-throughput,
scalable method (20 - 200 mg/h) that employed a CO»> laser to induce gas-phase decomposition of
a common industrial silicon precursor — silane (i.e., SiH4). The resulting product contained
oxidized SiNPs with crystallite diameters in the 5 — 20 nm range as well as amorphous silicon-
based materials. In light of the material complexity the authors suggested the polydispersity was
too broad to report accurately. The as synthesized materials showed no detectable PL, however
etching with a mixture of hydrofluoric (HF) and nitric (HNO3) acids reduced the crystalline size,
and led to the appearance of PL. The etched products showed PLuax in the range of 420 - 855 nm
with PLQY of ca. 1%. [50] The Swihart group improved upon the PLQY realizing 2 - 10% for

styrene grafted SiNPs and 10 - 20% for those bearing alkyl ligands.** *°

Looking to further improve upon production rates, Swihart and co-workers developed an
independent microwave plasma methodology for thermolyzing silane that showcased one of the
highest reported rates for generating SiNPs (i.e., 0.1-10 g/h).% As synthesized, SiNPs were ca. 13
nm in diameter with a 10.6% polydispersity and showed no PL, however, etching provided a
photoluminescent material with a range of PLmax (i.€., 456 — 735 nm) that was tuneable by varying
the etching time; unfortunately, PLQY's were not reported.>> One important challenge with these

approaches is silane gas can be unpredictable and presents a significant safety hazard. In this



regard, Guruvenket et al. aimed to supplant silane by synthesizing SiNPs via gas-phase pyrolysis
of cyclohexasilane. This approach afforded SiNPs 2 nm in diameter with a polydispersity of 10%.
Introducing alkyl surface functionalization via hydrosilylation provided a PLmax range of 370 - 457

nm with PLQYs 9 - 13%.4!

In efforts to reduce reliance on costly instrumentation and hazardous precursors, methods
that employ solid-state precursors have also been investigated. Nearly four decades ago,
researchers discovered nanoscale inclusions of crystalline silicon could be formed within silicon
oxide matrices upon annealing of silicon-rich oxides (SRO; SiOx where x = 1.5) often derived from
“silicon monoxide”.** 3 Under high-temperature heating phase segregation of Si and SiO» occurs

to yield oxide-embedded SiNPs that can be liberated via etching (Figure 1.1 a).*?

In 2006, Hessel et al. drew inspiration from these early SiOy studies and developed a
versatile approach using a solution processible SRO polymer, hydrogen silsesquioxane (HSQ;
(HSi101 5)n). Others have followed this method using alternative insoluble sol-gel derived polymers
as precursors.'® > > Heating HSQ induces disproportionation and provides oxide-embedded
SiNPs in thin films, as well as bulk powders from which freestanding SiNPs are readily isolated.?°
The SiNPs prepared in this way possessed dimensions in the range of from 3.3 - 8.7 nm that were
defined by the thermal processing conditions (i.e., temperature, dwell time, etc.) as well as etching
time. These particles show size dependant PLmax. As synthesized H-terminated particles have low
PLQY of ca. 4%,* however like SiNPs prepared using many other procedures presented here,
hydrosilylation-based surface passivation provided improved PLQYs (up to ca. 70 %) with an
accompanied approximate four-fold increase in brightness.!”> 1> 4% 46. 47. 76 Fyrthermore, the
dimensions of SiNPs prepared in this way could be tuned throughout the range of 1.1 - 90 nm with

PLmax spanning 530 - 1060 nm (Figure 1.1 b-h). 17-19-44.46.48.76



The Fujii group used a similar method to that reported by Hessel to grow SiNPs with
diameters as large as 200 nm and polydispersities of ca. 6%. This was achieved by increasing the
temperature range beyond the melting point of bulk Si (i.e., 1414 °C) but below that of bulk silica
(i.e., 1710 °C).* Although the resulting particles showed no PL, they exhibited Mie scattering with
diffuse reflectance peak maxima spanning from 420 to 700 nm.*’ Terada et al. also suggest the
HSQ internal structure can also influence SiNP size and crystallinity and showed that decreasing
the HSQ cross-linking density provided comparatively large SiNPs with red-shifted PL maxima
(700 - 800 nm).!® The versatility of the HSQ method, has faciliated the synthesis of near-
monodisperse SiNPs and superlattices,'® provided graded structure SiNPs (vide infra), SINP-based
LEDs,”” narrow band width emission from SiNP/polymer hybrid optical cavities,”® and even a

report claiming a SiNP-based prototype distributed feedback laser.”
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Figure 1. 1 a) Synthesis of SiNPs from thermally-induced disproportionation of HSQ. b)
Photoluminescence spectra of allylbenzene-passivated SiNPs showing a blue-shift with
decreasing size. c)-h) Bright-field transmission electron microscopy (TEM) images of SiNPs
prepared at the indicated temperatures using the procedure in (a). Adapted with permission from

Nano Lett. 2012, 12, 1, 337-342. Copyright 2012 American Chemical Society.



Producing SiNPs from SRO thermal treatment comes with several advantages: the required
infrastructure is straightforward and inexpensive, precursors are safe and readily manipulated,
SiNPs are prepared as oxide-embedded (thin film and bulk) and freestanding forms with a broad

34,42,49.30,51 and particle surfaces are readily designed

range of SiNP sizes and PLnax are accessible,
using solution-phase reactions.!” !> 4% 4547 Despite these favourable aspects, no approach is
perfect. For example, it is necessary to prepare/obtain a suitable precursor. HSQ is attractive
because it can be manipulated under ambient conditions but must be prepared using literature
methods or purchased from a commercial supplier.?’ Other SROs (e.g., “SiOx”) are also attractive
but their processability and tailorability are somewhat more limited. It is also necessary to address
safety protocols associated with HF etching if freestanding SiNPs are the final target. Finally, the
“batch” nature of the various stages of this approach and the low yield of freestanding SiNPs

produced (ca. 10%) potentially limits the economically viable large-scale production.?

1.2.2 Nonthermal Plasma Precursor Decomposition

An alternative aerosol-phase method for preparing SiNPs employs nonthermal plasma to
controllably activate precursors. In these syntheses, a defined mixture of argon carrier gas and
silicon precursor (e.g., SiHa or SiCly) is passed through a nonthermal plasma that imparts energy
to induce precursor decomposition and nanocrystal formation.?> %* Pioneering nonthermal plasma
synthesis work of the Kortshagen group provides SiNPs with diameters in the range of 2 - 8 nm
with polydispersities of 12 - 17% that show tuneable PLmax throughout the 700 - 900 nm range.>
Consistent with other thermal decomposition methods, functionalization improves PLQY
substantially (as high as 60%).2* 3* Pringle et al. improved upon the PLQY even further by using

the liquid precursor, cyclohexasilane, which has the added benefit of being a significantly safer

10



alternative to silane gas.’® The researchers then employed density-gradient ultracentrifugation to
effectively size-separate alkene-passivated SiNPs and produce PLQY's approaching 70% for PLax
in the range of 700-1000 nm.*® Recently, Li and Kortshagen expanded upon their method and
reported a scalable, high-production rate (10 mg/h) aerosol-phase synthesis method for alkene
functionalized SiNPs that exhibit 20% PLQY (Figures 1.2 a and b).>? This latest advance presents
an attractive option for rapid mass production of SiNPs, however, unlike materials produced using
other methods such as thermolysis, the surface functionalization has only a minor effect on PLQY,

making the resulting materials potentially less desirable for applications that require high PLQY.

11



Si NC growth  Si NC functionalization In-flight annealing

1

: (~5ms) (~20ms) (~100ms)

]

EUE SN | "% = i’
1

S

d=4.5nm
0.6 nm
3 4 3 4 5 6
Size (nm) Size (nm) Size (nm)

Figure 1. 2 a) Nonthermal plasma synthesis/functionalization of SiNPs. b) Bright-field TEM
images of SiNPs produced using non-thermal plasma processing. Reprinted with permission

from Chem. Mater. 2019, 31, 20, 8451-8458. Copyright 2019 American Chemistry Society.
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Generally, nonthermal plasma preparation of SiNPs brings with it several very attractive
attributes. Of particular note, it can provide materials with similar polydispersity and PLnax range
to those prepared using thermolysis, but at comparatively high production rates (20 - 52 mg/h).>*
53 Other appealing aspects are: the synthesis occurs entirely in the gas phase and solution-phase
processing (i.e., etching, functionalization, etc.) required and the process is amenable with “flow
through” preparation and scaling. Still, challenges remain. At present, the accessible NP size range
is limited because particles become negatively charged and growth is arrested; this characteristic
is both a benefit, because size focusing can be achieve, and a limitation, when larger particles are
targeted.”* % Additionally, high PLQYs (i.e., 70%) have only been realized for SiNPs >4 nm, and
PLQY decreases markedly for smaller sizes.’’ Finally, while alternative precursors have been
explored, the general procedure employs hazardous precursors (e.g., SiH4) whose behaviour is

often unpredictable.’® 8!

1.2.3 Laser Ablation and Etching of Bulk Silicon

Broadly, top-down methods involve breaking bulk crystalline Si into smaller pieces with
nanoscale dimensions. These methods are generally characterized by less well-defined (i.e.,
shape/size) products, however, benefit from straightforward infrastructure and scalability. Laser
ablation sees bulk Si wafers broken into SiNP fragments using a high-power density light (Figure
1.3 a). Svrcek et al. prepared polydisperse (d =2 — 100 nm) blue-emitting (PLmax ~ 400 - 430 nm)
SiNPs using laser ablation in deionized water.’® Irradiating the SiNPs in an appropriate organic
solvent passivates the particle surfaces with alkyl groups and provides PLQYs of 10 - 20%.%6 >
More recently, Yuan et al. showed irradiation of crystalline Si followed by exposure to pulsed UV
light in HF-containing organic solvents produced SiNPs showing PLQY of 50 - 70% and PLmax =

750 nm. The particle size ranged from ca 3.1 - 5.5 nm and possessed a bimodal distribution; when

13



HF was introduced the size was reduced to 2.9 nm with reported improved polydispersity, however

it was not quantified (Figure 1.3 b).?

Another popular top-down method draws on the original porous silicon preparations and
involves electrochemical etching of Si wafers; this approach is well-established for producing
mesoporous SiNPs and has been expanded to provide SiNPs.%? Hwang et al. formed SiNPs by
sonicating electrochemically prepared mesoporous and nanoporous silicon.*’ To improve the size
distribution, remove surface oxide and introduce Si-H surface reactivity, the particles were
exposed to an HF/HNO3 acid mixture. Following functionalization, using thermal- or photo-
induced hydrosilylation small quantities of product (i.e., 0.3 mg NCs per cm? of wafer) comprised
of SiNPs with an average diameter of 2.7 nm were obtained that showed a blue PLmax (i.e., 410
nm) with a QY of 20%.° In another study, Liao et al. developed a straightforward one-pot
hydrothermal etching procedure that provided particles of 2 - 3 nm diameter and qualitatively
appeared to exhibit low polydispersity. The relative PLQY for these SiNPs was ca. 12 % for PLax

in the range of 300-480 nm.°!
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Figure 1. 3 a) Representative top-down approaches for the synthesis of SiNPs by liquid-phase
laser ablation. Reprinted with permission from Ghosh, B.; Shirahata, N. Science and Technology
of Advanced Materials 2014, 15 (1), 014207. b) Laser ablation by pulsed-UV-laser irradiation in
a liquid medium with and without HF. Adapted with permission from J. Phys. Chem. C 2017,

121, 15, 8623-8629. Copyright 2017 American Chemical Society.

Upon first inspection, top-down methods appear very appealing because they employ

readily available, safely handled, high purity starting materials (i.e., Si wafers), and offer
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straightforward, rapid, and cost-effective approaches that may be amenable with mass-production.
Unfortunately, many procedures employ HF etching, provide very small material quantities, and
products suffer from large size dispersion and low PLQYs. These factors make them the least-
desirable option of those presented here for applications requiring near monodisperse SiNPs that
exhibit high luminescence efficiencies; however, this general approach has proven useful in

preparing other silicon nanostructures.®’

1.2.4 Solution-Reduction

Given the versatility and prevalence of solution-phase nanomaterial synthesis, it is not
surprising that many “wet-chemical” synthesis methods for producing SiNPs have been reported
and some of these approaches even come with substantial controversy.®* 84859 A common and
well-established method for synthesizing SiNPs in solution involves the reaction of silicon halides
(e.g., SiX4; X = Cl, Br, I) with a strong reducing agent in the presence of a “capping agent”. The
liquid/solution phase strategy was originally inspired by work by Heath who used sodium
dispersion to simultaneously reduce SiCls and octyltrichlorosilane at high temperatures (385 °C)
and pressures (> 100 atm) to produce large polydisperse SiNPs (d = 5 - 3000 nm).*! Wilcoxon et
al. subsequently reduced silicon halides at room temperature and atmospheric pressure by reacting
LiAlH4 with SiCls to produce SiNPs in the presence of tetraoctylammonium bromide (TOAB).%
The SiNPs produced ranged from 2 - 10 nm in diameter and exhibited PLyax emissions of 350 —
700 nm, however, the polydispersity of the SiNPs was not mentioned. Unfortunately, the reaction

as presented comes with the added hazard of producing significant quantities of pyrophoric SiH4

(incorrectly identified as hydrogen in the original report) as a side product.®® %" As such, using
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hydride-based reducing agents in comparatively high concentrations is ill-advised for the

preparation of SiNPs.

Still, important, and impressive advances using solution-phase reactions employing
hydride-based reducing agents have been achieved. The Tilley group improved upon the size
distribution and the colloidal stability of the particles reported by Wilcoxon by employing a 1-
heptene capping agent that was introduced via Pt-catalysed hydrosilylation. This procedure
provided 1.8 nm diameter SiNPs showing a 11% size polydispersity and PLmax of 290 nm.** As is
the case for the products of other syntheses, surface passivation with organic ligands can provide
fluorescent SiNPs with improved quantum yield and defining the strength of the reducing agent
can offer some control over the NP size.® Tilley et al. also showed that particle size could be
changed from 1.6 to 2.5 nm using LiAlHs and NaBH4, with resulting PLmax of 347 and 352,
respectively.®® Rosso-Vasic et al. went on to demonstrate this reaction could be scaled to produce

100s of mg quantities.®

To circumvent the obvious challenges/hazards associated with hydride-based reductants
while embracing the potential benefits of solution-based syntheses, the Kauzlarich group turned to
sodium naphthalide and prepared colloidally stable, 5.2 nm (36% polydispersity) diameter
particles from SiCls in glyme that were surface capped with 1-octanol; the resulting SINPs showed
PL in the range of 410 - 430 nm, however no PLQY data was provided.*® It was later demonstrated
by these researchers that the same general approach could offer some degree of size control by
varying the ratio of starting materials. Particle sizes ranged from 3 to 9 nm with polydispersities

of 15 - 25% and a range of PLuax from 375 - 425 nm with PLQYSs of ca. 12%.%

Even more gentle reducing agents (e.g., trisodium citrate) used in solution-phase syntheses

of non-silicon nanoparticles have been reported to reduce silicon alkoxide precursors (e.g., 3-
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aminopropyl trimethoxysilane). Unfortunately, the data provided in these contributions are

68,85 and independent investigations found the luminescent material reported to be

inconclusive
SiNPs could be realized even in the absence of any silicon source bringing the identity of the

products of these reactions into question.®

A unique solution-based strategy for preparing SiNPs involves the reaction of metal
silicides (M = Mg, K, or Na) or so-called Zintl phases a variety of reagents. The first report saw
the Yang et al. react SiCls with Mg>Si in refluxing glyme followed by functionalization using
Grignard reagents to provide alkyl-terminated SiNPs with in the size regime of 2 - 5 nm.”
Subsequently, Pettigrew et al. reported the preparation of SiNPs upon reaction of magnesium
silicide (i.e., Mg2Si) with bromine, followed by functionalization with n-butyl lithium. The
apparent 4.5 nm diameter particles showed blue (340 - 390 nm) PL arising from a short-lived
excited state.”! Highlighting the challenges associated SiNP syntheses, Wilbrink et al. performed
the identical reaction without including the Mg>Si silicon source and observed similar TEM and
PL characteristics.”! Clearly, the approach to preparing SiNPs is complex and should be revisited
to elucidate the mechanism and identity of the products. The Kauzlarich group also developed
procedures to prepare Mn- and Fe-doped SiNPs upon reaction of doped Zintl phases (i.e., Na4Si4)
and NH4Br which were coated with allylamine and dextran that could be used for multimodal (i.e.,
magnetic resonance and luminescence) biological imaging. Particles prepared using this approach

showed diameter of 3 - 4 nm with a polydispersity of 23 — 37% as well as a broad PL ranging

peaking at 441 nm, yielding PLQY from 1-18 %.7> 7
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Figure 1. 4 Common solution-based methods for preparing SiNPs.

Preparing SiNPs via solution-phase reduction of silicon halides, as well as reactions of
metal silicides coms with common challenges. Currently these approaches provide very small
material quantities and can require specialized precursors (e.g., metal silicides). In addition,
products often contain unidentified impurities that may, or may not, be nitrogen-based that lead
SiNPs that exhibit excitation wavelength dependent blue PLmax that arise from a short-lived excited
state that resembles the F-band emission of other silicon nanomaterials.*> While these factors do
not preclude using these NPs in a variety of specialized applications, they are not well-suited for

those that require tuning throughout the visible spectrum.
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1.3.0 The Influence of Nanocrystal Structure

It is no surprise that the nanomaterial structure dictates material properties;>” - %° this is
well illustrated by the observation that the PLiax of core@shell SiNPs bearing a shell of graded
composition/structure differs from that of NPs bearing an epitaxially grown shell. [123] In this
section, SiNP properties are considered in the context of their structure - the nanoparticle core (i.e.,
composition, degree of crystallinity) as well as the surface groups attached to it (Figure 1.5). The
size and crystallinity of, as well as structural strain within the SiNP core, can be controlled by
defining the synthesis method/parameters (e.g., plasma power during synthesis, etching protocols

)92-94

during liberation, temperature, etc. as well as applying external pressure through a diamond

anvil.!3!

While the nature of surface groups is defined by their molecular structure, as well as the
method used to tether them to the particle. Oxidation can also influence SiNP surface and core

structures and hence plays a crucial role in material properties.
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Figure 1. 5 An illustration of the structural components that make up SiNPs and the parameters

that can be altered to define properties.
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1.3.1 The Influence of Silicon Nanoparticle Core Structure

As is the case for all QDs, the physical dimensions of the semiconductor core influence the
optoelectronic response (i.e., PL); tailoring this aspect of SiNPs can be achieved by defining the

43,53, 95 a5 well as through post-synthesis modification.? 3% 4% % When

synthesis conditions
preparing SiNPs from SROs like SiOx or HSQ, particle size is defined by peak
processing/annealing temperature, particle shape is tied to the heating profile, and crystallinity is
impacted by post-synthesis etching.!® 43 %5 %7 Similarly, plasma syntheses offer considerable
control over SINP morphology and structure; size is defined by controlling precursor concentration

and plasma residence time, while crystallinity is dictated by the power applied.>* %% %

To date, much of the work related to evaluating SiNP structure has focused on size-property
relationship; however, some reports have also examined the roles of size uniformity and internal
structure. In 2013, pair distribution function (PDF) analysis was used to interrogate Si-Si-Si bond
angles and structural coherence within SiNPs; this study showed the internal structure of small
particles was disordered and, as the particle sizes increased, the Si atoms became increasingly
ordered, as evidenced by more consistent Si-Si-Si bond angles and a Si-Si coordination number
closer to 4.'% Raman spectra combined with structural modelling of plasma synthesized SiNPs
revealed a thin (two monolayer) amorphous shell on the outer surface.”® Together, these studies
point to complexities of the SINP structure that were recently evaluated for HSQ-derived SiNPs
using »Si Solid State NMR (Figure 1.6).* This investigation showed these SiNPs consist of a
radially graded core structure, with a relatively well-ordered core, semi-ordered subsurface, and
disordered surface.”> While the structure was generally consistent across sizes (Figure 1.6¢), only

very small (i.e., ca. 1.2 nm) ordered domains were observed in the smallest SiNPs (i.e., d =3 nm).*?
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This picture of SiNP structure will be invoked in the following discussion regarding the influence

of SiNP structure on PL response.
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Figure 1. 6 a) A Si['H] HETCOR MAS NMR spectrum of 64 nm H-SiNPs. b) An overlay of
29Si MAS NMR and »’Si['H] CP MAS NMR of 64 nm H-SiNPs for the indicated mixing times.
Arrows in the top spectrum highlight subsurface NMR features in the direct 2’Si MAS NMR. c)
A representation of the layered H-SiNP structure consisting of an amorphous surface, semi-
ordered subsurface, and crystalline core. Adapted with permission from Chem. Mater. 2019, 31,

3, 678-688. Copyright 2019 American Chemical Society.

1.3.2 Impact of Structure on Optical Response

SiNPs often are categorized broadly into two groups: those that exhibit size-dependent PL
response and long (i.e., microsecond) excited state lifetimes (so-called S-band emitters) and those
that show largely size-independent PL and short (i.e., nanosecond) excited state lifetimes (so-

called F-band emitters).!®! As is typical for QDs, the size-dependent emission is often attributed
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to carrier quantum confinement.!” 1% 191:102 Degpite a general trend, the relationship between size
and PLmay is often not as “clear cut” as for prototypical Cd-based QDs.!?? It has been proposed that
this apparent material difference is related, in part, to size-dependent quantum yields that shift in

the PLmax as a function of the SiNP size distribution.!’

Despite the established complexities of the SiNP structure noted above, these materials are
still typically considered crystalline or amorphous — this is an important distinction because bulk
amorphous and bulk crystalline Si exhibit different band structures.!? In crystalline Si atoms are
tetrahedrally coordinated and there is long range order. In the amorphous-phase, some atoms are
not four-fold coordinated and this disorder leads to defects. Crystalline Si is an indirect band gap
semiconductor with Eg = 1.12 eV; amorphous Si is a direct band gap semiconductor with Eg = 1.75
eV.!% While quantum confinement of carriers occurs in crystalline and amorphous SiNPs,!%
disordered (i.e., amorphous) systems typically show larger band gaps and smaller Stokes shifts
than their ordered (i.e., crystalline) counterparts.'° Anthony et al. demonstrated PLQYs are
impacted by the SiNP core structure - PLQYs are considerably lower for amorphous SiNPs

(prepared using low input power plasma) than crystalline systems (prepared using high input

power plasma) (Figures 1.7 a and b).%
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Figure 1. 7 a) The relationship between SiNP PLQY and input power used during plasma
synthesis. b) A comparison of the PL spectra of crystalline (red) and amorphous (blue) plasma
synthesis prepared SiNPs. ¢) The relationship between amorphous SiNP diameter and band gap.
Images a) and b) reprinted with permission from Anthony, R.; Kortshagen, U., Phys. Rev. B,
2009, 80, 11540. DOI: 10.1103/PhysRevB.80.115407. Copyright 2009 by the American Physical

Society. Image c) reprinted from Adv. Mater., 2015, 27, 8011-8016. Licensed under CC BY.

Amorphous SiNPs are attractive because hydrogenation alters their core composition, band
gap, and PL response (Figure 1.7 ¢).!” Askari et al. demonstrated particle size-dependent
hydrogenation and that increased hydrogenation caused band gap widening.!?” The authors did not
report the relationship between degree of hydrogenation and PLQY clearly, this would be an
interesting topic for future study, as it has long been proposed that hydrogenation increases SRO
PL efficiency and could lead to further tuning of optical response.!®® Like hydrogenation, crystal
phase impacts the band gap of bulk silicon and could, in principle, define SiINP PL. In addition,
bulk Si allotropes that exhibit direct band gaps in the range of 0.39 - 1.25 eV have been proposed
— these energies are in stark contrast to the indirect band gap (1.12 eV) of the ubiquitous diamond-

cubic Si that typically comprises SiNPs.!” Unfortunately, it is currently not possible to access

24



these Si phases using traditional preparation methods, hence studying their impact on SiNP
properties (e.g., PLmax, PLQY, etc.) requires a different approach. An indirect and qualitative
evaluation of the impact of crystal structure can be performed by monitoring pressure dependence
of SINP PL as reported by Hannah et al. who noted the PLnyax red-shifted and the PLrwum
broadened with increased pressure.!!” Despite identifying a number of crystal phases within the
SiNP samples, the PL of these phases were not reported presumably because the complexities of
obtaining phase pure systems. In another independent investigation, tensile strain induced a blue-
shift in the PLpax that arises from a strain-induced direct band gap.'!! Interestingly, the authors

found the impact of tensile strain could be reversed with applied pressure.

The structural uniformity of the SINP core and its impact on PLmax are also intriguing.
Many of the aforementioned studies assume uniform internal SiNP structure — this is not
necessarily accurate.'!? In the absence of conclusive evidence, one study examining the PL from
plasma-synthesized SiNPs suggested an amorphous layer encapsulating the crystalline core could
give rise to a high energy fast-PL band (i.e., F-band).”® It is not clear whether these conclusions
could be readily invoked to explain the optical properties of SiNPs prepared using other
methods.!3*13* Petkov et al. also reported a correlation between SiNP structure and PL response;
in the context of the complex nature of the materials it was broadly attributed to carrier
confinement, under-coordinated surface atoms, and local structural variabilities.'® To gain insight
into the structural uniformity of the SiNP core and its influence on PL response, we evaluated
SiNP optical properties as a function of crystallite size (determined using X-ray diffraction) and
particle diameter (determined using electron microscopy).’? SiNPs comprised of larger crystallites
showed longer-lived, lower energy PL and the effective mass approximation (EMA) provided

reasonable predictions of the SINP PL when using the crystallite size (Figure 1.8).
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Figure 1. 8 Schematic representations of SiNPs with (a) a significant difference between the
overall particle diameter and crystallite size and (b) a similar overall particle diameter and
crystallite size. The photoluminescence emission maxima of the two types of SINPs was plotted
as a function of overall particle size (drem) and crystalline domain size (dxrp). Adapted with
permission from Chem. Mater. 2020, 32, 16, 6838-6846. Copyright 2020 of the American

Chemical Society.

The combination of the established low PLQYSs noted for amorphous SiNPs,”” a graded
internal structure of SiNPs prepared via thermally processing (e.g., annealing) of SROs, and the
etchant-based surface functionalization methods in which reagents remove the outer SiNP surface

provide impressive PLQY's provide insight into how careful consideration of structural features
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that could improve SiNP optical response.*® 93113 In fact, surface functionalization was achieved
upon exposure of hydrogenated SiNPs to PCls* or XeF, ''® in the presence of terminal alkenes.
These reagents etch bulk silicon surfaces and remove/minimize surface defects on the SiNP
surfaces while providing reactive sites for tethering alkyl surface groups.''* The resulting materials

showed impressive PLQY's of up to 62 and 68%, respectively.*S, 113

1.4. Doping SiNPs

Incorporating low concentrations (e.g., 10 - 10'® atoms cm ™) of impurities (i.e., dopants)
has provided exquisite tailoring of bulk silicon electronic characteristics.'!'®> Suffice it to say, it is
common knowledge that introducing dopants such as phosphorus (P) or boron (B) can provide
desired conductivity (Figure 1.9) and has facilitated the fabrication of fundamental devices such
as diodes and transistors.!'® This doping is readily achieved in bulk materials with exceptional
precision. It is also important to recall that doping does not always come with positive outcomes,
some impurities (e.g., Au) induce “deep defects” that compromise favourable electronic
characteristics.'!” Given the benefits afforded by doping in bulk silicon, it is of no surprise that it

has been explored as method for tailoring material properties at the nanoscale.
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Figure 1. 9 Schematic representation of a) p-type and b) n-type doped silicon. In p-type doping
with B used as an example, when substituted into the Si lattice it generates a free hole, resulting in
an acceptor energy level (Ea) near the valence band (VB). In n-type doping with P is used as an
example, when substituted into the Si lattice it generates a free electron, resulting in a donor energy

(Ep) level near the conductance band (CB).

As is the case for bulk Si, nanoscale doping must be done with the greatest possible
precision if properties are to be predictably controlled. The key material parameters at play when
doping NPs have been summarized elsewhere and include dopant location, synthesis method
employed and characterization of the resulting materials.!'® Clearly, establishing methods that
allow definition of these characteristics is paramount to understanding, defining, and exploiting
the resultant material properties. However, it is important to recall that regardless of how the NP
is prepared, physical dimensions play a role in defining the dopant location. For example, doped
SiNPs that are strongly confined (i.e., d < 6 nm) experience “self-purification” that arises because
of stress within the crystalline NP core induced by substitutional dopants causes dopants to migrate

to the surface.!!1?! Clearly, doping nanoparticles is challenging and important.

There are some reports describing doping of SiNPs with various species (e.g., B, P, Sb)

that are embedded in a matrix (e.g., oxides, oxynitrides, etc.).!%® 22 These important and
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foundational contributions point to the potential that doping holds; however, material complexities
require use of indirect evaluation (e.g., nuclear magnetic resonance, energy dispersive X-ray
spectroscopy, X-ray photoelectron spectroscopy) of dopant species, concentration, and location.
While doping freestanding SiNPs comes with some of the same challenges (e.g., accurate
determination of dopant concentration, locating low Z elements, material uniformity, etc.) in many
cases characterization of these systems can be more definitive and property correlation more

straightforward; hence, we have chosen to limit this discussion to doped freestanding SiNPs.

Traditional dopants employed in bulk Si (e.g., P, B), as well as others (e.g., Sb) have been

123-126 ) 127
2

introduced to SiNPs using plasma, chemical vapor deposition (CVD),'?7 solution,® 7 laser

129 130,

pyrolysis,'?® thermal decomposition,'? electrochemical etching!*® and co-sputtering methods.
131.1321n 2013, Borowik et al. prepared P-doped SiNPs on the surface of n-type silicon substrates
using plasma-enhanced CVD with silane and phosphine precursors.'** These supported SiNPs
were formed in the size regime of 2 — 50 nm and volumetric doping concentrations (Np) of 10%° -
10?! cm™ were assumed based upon precursor ratios. Since only limited characterization (i.e.,
SEM, electrical measurements) was provided it is not possible to comment on the influence of
dopant location, crystallinity, hydrogenation, etc. Still, the authors provide a glimpse of the
importance of dopant concentration. They found the depletion layer width within the resulting

nanocrystal junction that existed between the particle and the underlying substrate varied with

SiNP dopant concentration and that the depletion charge increased linearly with NP size.

Almeida et al. employed co-sputtering of Si, SiO;, and P.Os to fabricate silicon-rich
phosphosilicate glass thin films that they annealed to obtain oxide-embedded P-doped SiNPs;
freestanding H-terminated SiNPs (d = 5.0+1.2 nm) doped with P (0.4 at. %) were liberated using

HF etching.!3? Electron pair resonance (EPR) analysis of the oxide-embedded and freestanding
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particles is core to this study. Using fingerprinting methods, the authors concluded P atoms resided
in substitutional sites. They also related the magnitude of the hyperfine splitting in the EPR spectra
to the NP size. Additionally, they demonstrated the environment/surface of the NP (e.g., oxide-
embedded, freestanding in air, freestanding in argon) impacts the doping efficiency and proposed
surface water and oxygen molecules could adhere (reversibly) to the NP surface and provide states

that trap electrons supplied by the P donors.!'!*-1?!

Reaching beyond the tuning of electronic properties, doping SiNPs provides unique
opportunities in tailoring optical response that can benefit advanced photovoltaic devices and
plasmonic materials. Computational data suggest doping can offer fine tuning of optical properties
to facilitate optimized absorption of the solar spectrum;'!® doping SiNPs also raises the possibility
for all-silicon tandem solar cells that require p- and n-type SiNPs. !4 113 130. 134 135 o applications
involving the formation of a p/n junctions and conductivity, doping concentration and surface
chemistry play important roles. Rocks et al. showed that upon controlled oxidation of p- and n-
type SiNPs synthesized by electrochemical etching of doped wafers, dramatic changes in the band
gap and Fermi level were observed.!** For oxidized p-type SiNPs, improvement in fill factor and
efficiency were observed for test devices, while oxidized n-type SiNPs showed little improvement
to fill factor and a marked decrease in efficiency. The same research group discovered that the
electronic structure of doped SiNPs and perovskite MAPbI3 films, ideally aligned to form a Type-
I heterojunction, showed dramatic increase in short circuit current density, power conversion

efficiencies, and slowed the chemical decomposition of perovskite.!*

Doping of SiNPs also comes with unique properties not accessible using the bulk material.
Using non-thermal plasma methods, Rowe et al. examined how incorporating dopants at

concentrations exceeding the bulk solid solubility limit influenced material properties.'>> These
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so-called hyperdoped particles can exhibit localized surface plasmon resonance (LSPR) that arises
from the collective oscillation of free charge carriers in response to exposure to an external
electromagnetic field (Figure 1.10 a). This phenomenon is most commonly associated with noble
metals (e.g., gold), and offers the opportunity to overcome the diffraction limit of standard optical
fibres concentrating light into exceptionally small areas.!*® Unlike noble metals whose plasmonic
response is typically tuned by defining particle size and shape, LSPR of doped QDs can be tuned
by controlling dopant distribution and carrier concentration.!*® *7 The usefulness of these
materials was demonstrated by Ni et al. who incorporated plasmonic B-doped SiNPs into
graphene-based hybrid phototransistors and achieved high-sensitivity ultrabroadband
photodetection. The hybridized graphene-SiNP structure allowed absorption of light in the UV-
NIR region while the B-doped SiNP LSPR extended the detection range to the MIR (Figure 1.10

b).138
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Figure 1. 10 a) Representation of charge carriers oscillating in an electromagnetic field
producing LSPR b) Schematic diagram of the structure of the hybrid phototransistor based on B-
doped Si QDs and graphene. Adapted with permission from ACS Nano 2017, 11, 10, 9854-9862.

Copyright 2017 American Chemistry Society.
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Zhou et al. extended the scope of plasmonic SiNPs and demonstrated that n- and p-type
doping of SiNPs could provide LSPR response using 13 nm diameter SiNPs containing P (4 — 18
atomic % dopant) and B (7 — 31 atomic % dopant). Interestingly, the authors indicate that full
surface oxidation of both types of NPs was necessary to realize an LSPR response and suggested
oxidation lowered the surface defect concentration.!?® In a subsequent study, Kramer et al. noted
B-doped SiNPs required oxidation to realize LSPR, however, for P-doped SiNPs oxidation was
not necessary. This difference in behaviour was attributed to dopant location; P atoms within the
SiNPs resided primarily in substitutional sites while B atoms were primarily in surface locations.
[165] This proposal was further supported by an independent study by Ni et al.'?® Recently, Rohani
et al. used a laser ablation to produce SiNPs hyper-doped with B. This kinetically controlled
synthesis method provided high concentrations of B atoms in substitutional sites and as such, these
QDs showed LSPR in their native (i.e., non-oxidized) state.!?® This series of reports involving
hyperdoped SiNPs prepared using different methods points to the complexities of these systems

and the importance of controlling dopant location.

It is not surprising that, in addition to impacting SiNP electronic and plasmonic properties,
dopants can also strongly influence the material optical properties, and that the optical response is
closely related to identity of the dopant(s) as well as their position and concentration within the

particles. Dopant-induced quenching of SiNP PL and/or reduction of PLQY is well established

and many studies have aimed to eliminate dopants/impurities to improve PL performance.!*® 140

41 In some cases, dopant atoms can lead to non-radiative processes such as Auger

recombination;'*°

strain induced defects arising from differences in the sizes of host silicon and
dopant atoms have also been implicated and may act as non-radiative recombination centres. !4’

142,143 Interstitial defects can also to lead to a loss of PL.!#% 142143 While this may paint a picture
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that dopants compromise SiNP PL, this is not always the case and typically occurs at comparatively
high concentrations (i.e., >3 at. %).!2% ** Interestingly, there are reports indicating that introducing
low concentrations (<1 atomic %) of B or P atoms leads to increased PLQY while the excited state
lifetimes remained in the microsecond region.!'® 144 145 These observations are consistent with
dopants passivating dangling bonds on the SiNP surfaces and suppressing the associated non-
radiative recombination pathway.!?® 46 Somewhat surprisingly, even hyperdoped SiNPs can
exhibit PL as demonstrated by Limpens and Neale for P-doped SiNPs.!*? The explanation provided
by the authors is, for very small SiNPs (d < 6 nm) the large binding energy of dopant-induced
carriers in highly confined systems leads to negligible rates of Auger recombination leading to the
appearance of PL. In the same study, the authors note that larger SiNPs (i.e., d > 6 nm) show
dramatically reduced PL response; the authors suggest the weak luminescence arises from a small
subset (i.e., impurity) of non-doped SiNPs.!*!: 142 Together, these examples highlight the
importance of complications associated with controlling dopant concentration and doping
uniformity and underscores the importance of careful and thoughtful material characterization and

evaluation.

To this point in our doping discussion, we have focused on SiNPs doped with a single
species. Co-doping also offers intriguing possibilities and addresses some of the perceived
challenges associated with PL quenching.'¥’ Co-doped SiNPs are typically prepared with
approximately equal concentrations of B and P in each particle. The resulting charge compensation
makes it possible to realize substantially higher dopant concentrations than when single dopant
species are used and this same charge compensation leads to a significant reduction in the free
carriers leading to a reduction in Auger recombination rates to values that approach that of intrinsic

Si.!”? The Fujii group used co-sputtering to prepare B and P co-doped SiNPs (d = 1 — 14 nm) that
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show size dependent PL (670 - 1350 nm).!*® The PL emission of the co-doped particles were red-
shifted as compared to intrinsic silicon. It was observed that the PLQY increased from 1 — 13%
for diameters of 1 — 2.8 nm, then decreases dramatically with increasing diameter. The authors
attributed this to an increase in the fraction of “not-perfectly compensated” NCs in which Auger
recombination becomes the dominant emission pathway.!*® In a subsequent study they define a
critical size for carrier delocalization: co-doped SiNPs smaller than 6 nm in diameter show
negligible Auger recombination due to localization of the dopant-induced electrons and SiNPs
with diameters larger than 6 nm, activation energies are such that dopants induce majority free-

carriers leading to altered photophysics and quenched PL.'#!

Realizing near-infrared (NIR) PL is particularly desirable for luminescence-based
bioimaging because interference from auto-fluorescence background can be significantly
reduced.'* Nanoscale Si is particularly attractive due to its low toxicity, long-lived excited states
that can provide time gated imaging and co-doping now provides access to the NIR spectral
region.'> Fuyjii et al. demonstrated solvent-induced self-assembly of B/P co-doped SiNPs followed
by silica encapsulation that provided supramolecular particles showing PLmax in the red-to-NIR
(790 nm) with a relative PLQY of 2.3 % and the silica coating presents the opportunity to
functionalize the assembly surfaces with a variety of molecules that could facilitate targeted
imaging.!>! The authors observed a decrease in PL lifetime, which they attributed to an energy-
transfer between the agglomerated SiNPs, where excitons could recombine nonradiatively in
“dark” SiNPs. In a complementary study, Limpens et al. produced P and B co-doped SiNPs (d =
2.9-7.3 nm) using non-thermal plasma. Particles larger than 4 nm prepared in this way showed
NIR emission and PLQYs similar to the assemblies prepared using the co-sputtering method

(~12%).1%?
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Moving beyond B and P dopants, Chandra et al. incorporated transition metal dopants (i.e.,
Co, Mn, and Ni) into oleophilic SiNPs using thermal disproportionation of a hydrosilicate gel
preloaded with metal ions. The resulting octadecyl-capped SiNPs exhibited diameters of 3 - 8 nm
and contained sub-0.2 atomic % dopant based upon ICP-OES analysis. The particles grown at
1100 °C exhibited only minor red-shifts in PLmax upon incorporation of the transition metals as
compared to intrinsic SiNPs (Mn = 985 nm, Ni = 992 nm and Co = 1000 nm corresponding to
shifts of 67, 74 and 82 nm), however a significant red-shift was seen in particles grown at 900 °C
(Mn =984 nm and Co = 928 nm corresponding to a shift of 278 and 222 nm). The PLQY for the
Co-doped system approached 26%, however the PLQY of the Mn and Ni doped systems were only
8 and 5%, respectively, the authors attributed the decrease in PLQY's to nonradiative pathways
induced by the doping energy levels.!? McVey et al. also explored incorporating transition metal
doping and introduced Cu into SiNPs using a solution-based method in which Si and Cu precursors
were co-reduced using hydride-based reagents in the presence of amine surfactants. The resulting
particles were 2.5 nm in diameter with an estimated average of 2-6 dopant atoms per SiNP based
upon ICP-MS analyses. The resulting materials showed PLmax that varied with dopant
concentration (438, 451 and 479 nm for dopant concentrations of 2, 4 and 6 dopants per NP) and
exhibited a red-shift compared to undoped equivalents (PLmax = 418 nm) and the PLQY
approached 22%.!3 It should be noted that dopant concentration in both studies was determined
by bulk elemental analysis methods (ICP-OES and ICP-MS respectively) which cannot directly

confirm if the dopants are incorporated into the NCs.
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1.5.0 Controlling Particle Surface Chemistry

Prototypical tuning of quantum dot PL is achieved by defining the nanoparticle size (i.e.,
quantum confinement). This is also possible for SiNPs,!” however, the origin of SiNP PL is
complex and surfaces matter. As-synthesized SiNPs are often terminated with hydride (i.e., Si-
H), halogen (i.e., Si-X; X=Cl or Br), and/or oxygen containing species (e.g., Si-OH, Si-O-Si, etc.).
The established reactivities of these functional groups mean SiNPs are susceptible to oxidation;
furthermore, they are not readily compatible with common solvents.”> As such, surface SiNP
modification has been widely explored and methods linking surface groups through Si-C,!'3: 134
Si-X, 195157 §iN,;32 §i-0,1%% 139 Gi-§,'0 and more recently Si-Ge?® have been reported.
Comprehensive reviews of SiNPs surface functionalization have appeared elsewhere;* > 16! the

present discussion focuses on recent advances specifically related to tuning SiNP optical and

electronic properties through the direct tailoring of surface species.

1.5.1 Tuning PL Emission Maximum

In 2014 Dasog et al. reported SiNP surface-chemistry dependent PL spanning the visible
spectrum.*® Alkyl-terminated SiNPs (d = 3—4 nm) prepared via hydrosilylation reactions under
inert atmosphere exhibited a PLmax at 730 nm (red appearance). This emission arose from a long-
lived (us) excited state consistent with reports of so-called slow-band (S-band) emission and was
attributed to a band gap transition; this luminescence also did not fade upon prolonged excitation.
Equivalent alkyl-functionalized SiNPs prepared in air were partially surface oxidized and a PLmax

at 630 nm (orange appearance) with a low energy shoulder at 710 nm. This PL emanated from
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short-lived excited-states (ns) consistent with so-called fast-band (F-band) emission, did not fade

with prolonged constant excitation, and was attributed to unidentified surface states.

In the same study, identical H-SiNPs were functionalized using other protocols to tune the
PLmax (Figure 1.11 a). Exposure to trioctylphosphine provided trioctylphosphine oxide capped,
oxidized SiNPs with a PLmax= 590 nm (yellow appearance) and an excited-state lifetime with nano
and microsecond components. Reactions with CO> yielded blue/green emitting acetal-terminated
SiNPs, while N-bonded dodecylamine-SiNPs provide blue PL. In both cases these materials
showed excitation wavelength dependant PLmax attributed to complex surface chemistry and
emission from short-lived excited states. Finally, reaction with diphenylamine provided green-
emitting particles PLyax= 305 nm, however rapid loss of PL intensity upon excitation precluded
acquisition of lifetime data. In all cases the exact emitting species was not identified, however,
the authors reasonably attributed long-lived excited states (i.e., S-band) and short-lived excited
states (i.e., F-band) to band gap and surface state transitions, respectively. It is also interesting,
that in all cases involving surface states alone PL intensity decreased with prolonged excitation

while emission from band gap transitions did not.

In 2015 Dasog et al. subsequently showed trace halide (i.e., Br, I, Cl) content impacts SiNP
PL inducing red, yellow/orange, and blue emission, respectively (Figures 1.11 b, ¢).!>> Again, red-
emitting SiNPs showed S-band type behaviour while yellow/orange-, and blue-emitting SiNPs
showed short-lived excited states that were attributed to surface species. These observations
highlight the important role of surfaces in SiNP PL.!> Interestingly, Matsumoto et al. followed
Dasog’s investigations and showed that the PL of weakly emitting organic fluorophores could be
enhanced via surface adsorption to SiNPs, reinforcing the idea that the surface bonded molecules

are a reasonable explanation for the F-band emission.'®!
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Figure 1. 11 a) Tuning photoluminescence by functionalizing H-SiNPs with alkyl, carbon
dioxide, alkylamines, and alkylphosphine oxide. b) Representation of halogenation and
alkylation of H-SiNPs and c¢) PL spectra of alkylated SiNPs bearing Cl, I, and Br surface species.
Adapted with permission from Ange. Chemie 2015, 55, 7, 2016 and Chem. Mater. 20185, 27, 4,

1153-1156. Licensed under CC BY and copyright 2015 American Chemical Society.
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In 2017, Sinelnikov et al. provided more insights on the influence of surface oxidation and
amine moieties on PL response via temperature-dependent PL and time-resolved PL (TRPL;
Figure 1.12).12 Two sizes each (davg = 3 and 5 nm) of photoluminescent alkyl-terminated SiNPs
(R-SiNPs; R = dodecyl; red) with negligible surface oxidation, partially oxidized alkyl-terminated
SiNPs (OxR-SiNPs; orange), and alkylamine-terminated SiNPs (RN-SiNPs; R = N-bonded alkyl
and oxynitrides; blue) derived from identical Si-H terminated SiNPs were investigated.'®? For R-
and OxR-SiNPs the PL maxima red-shifted slightly for larger NPs and the PL blue-shifted upon
decreasing the temperature from 377 to 37 K. This size- and temperature-dependent PL response
is congruent with band gap-induced transitions and is consistent with the proposal that alkanes do
not interfere with intrinsic core emission.!®> An emission mechanism involving exciton splitting
(i.e., electrons were trapped in oxide surface states and recombined with holes in the valence band)
was proposed for oxidized SiNPs because their PL lifetimes remained in the microsecond regime
regardless of the temperature. In contrast, and consistent with other reports, the blue emission from
RN-SiNPs was independent of the particle size and did not show substantial temperature
dependence (and even red-shifted slightly).?® #% 5% Based on these observations, and the
nanosecond lifetimes, the authors proposed a charge-transfer (CT) from the excited state of the
SiNP to a high-energy silicon oxynitride surface state; subsequently, exciton recombination

occurred entirely at the oxynitride surface state and is isolated from the SiNP core.
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the corresponding cross-section of some NCs on which the spectra was acquired. Adapted with

permission from ACS Photonics 2017, 4, 8, 1920-1929 and Nanoscale, 2016, 8, 7849-7853.

Copyright of 2017 American Chemical Society and 2016 CC BY-NC.

SiNP functionalization via reaction with organolithium reagents provided additional insight

into the impact of surface groups and their structure on SiNP optical and electronic properties.'®

4

Hohlein et al. prepared solution processible SiNPs bearing aryl and alkynyl monolayer passivation

and observed phenylacetylene functionalization resulted in red-shifted PLmax compared to

equivalent SiNPs bearing hexyl or phenyl moieties (Figure 1.12 b), however, no explanation for

the observation was provided.'® Although, n—r stacking of conjugated surface groups (e.g., poly-
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3-hexylthiophene (P3HT),!¢ styrene,!*® '®7 naphthalene,'®® and allylbenzene'®®) led to SiNP
aggregation and red-shifted PLmax. In a follow up study, Angi et al. investigated the
phenylacetylene-functionalized SiNPs using scanning tunnelling spectroscopy and found an in-
gap state near the conduction band edge that was attributed to the surface groups and shifts the
PLmnax to a lower energy (Figure 1.11 ¢).'® The same authors extended this general approach and
used the structure of the surface moiety to define the in-gap state energy and tuned the SiNP
PLmax. [229] The selected examples noted here show that through appropriate definition of SiNP

surface chemistry tailoring of SINP PLmax may be achieved.

1.6 Thesis Scope

The preceding discussion has introduced the concepts of quantum dots and qualitative
aspects of quantum confinement. Readers have also been provided with an overview of recent
progress in the tailoring of SiNP optical and electronic properties via methodically designed
synthesis methods that afford some control over composition (i.e., doping) and surface
modification. This thesis focuses on tailoring the material properties of SiNPs through controlled
incorporation of dopants into SiNPs which provides another important degree of freedom in tuning
optoelectronic properties through the definition of the material electronic structure. Manipulation
of key characteristics can allow tuning of optical and electronic properties of doped SiNPs: 1)

surface chemistry, 2) particle dimensions, and 3) dopant concentration and distribution.

In Chapter 2 we aim to derivatize the surfaces of doped SiNPs obtained from the thermal

processing of HSQ and boric acid. Surface modification of these SiNPs was achieved using a

41



phosphorous pentachloride etching induced reaction with alkoxy ligands of varied chain lengths.
Throughout this investigation we assessed the SiNP surface chemistry of as-synthesized B-doped
SiNPs through a combination of X-ray photoelectron spectroscopy (XPS), Fourier transform
infrared spectroscopy (FTIR) and cross-polarization magic-angle spinning nuclear magnetic
resonance spectroscopy (CP MAS NMR). The successful attachment of the alkoxy ligands to the
surface of the particle is then assessed by FTIR, XPS and thermogravimetric analysis (TGA) and

the change in photoluminescence emission is observed.

With a convenient method for tailoring the surface chemistry of B-doped SiNPs in hand,
we turned our attention toward achieving size-controlled preparation of doped particles. This saw
the development of a new diffusion-based post-synthesis doping method that drew inspiration from
thermally-induced diffusion doping of bulk silicon. Chapter 3 describes a thermal diffusion-based
post-synthesis doping method that exploits parent SINPs with narrow size distributions, boric acid
as the dopant source and hydrogen silsesquioxane as a capping agent. The role of annealing
atmosphere and structural disorder within the SiNPs were found to strongly influence doping as
determined by XRD, XPS and TGA. The method allows for control of particle size, dopant

concentration and surface chemistry.

In Chapter 4 we attempt to provide control of the dopant location through the development
of a monolayer doping method. This is achieved through the design of a molecular dopant
precursor scaffold with self-capping properties which forms a monolayer on the precursor intrinsic

SiNPs and allows for the shallow thermal-diffusion of dopants.

Finally, Chapter 5 summarizes the findings from the previous chapters and further explores

relevant future research directions.
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2.1 Introduction

It is fair to say silicon and its semiconductor properties have helped to revolutionize
modern society - it is a key component of all electronic devices and is the dominant active material
in solar cells.! Silicon nanomaterials, particularly silicon nanoparticles (SiNPs), have emerged as
intriguing systems that show a variety of promising and useful characteristics including, but not
limited to photo- and electro-luminescence.? The optical and electronic properties of SiNPs of
dimensions smaller than the Bohr-exciton radius of bulk Si (<5 nm) can be tuned spectrally (i.e.,
colour) and temporally (i.e., excited-state lifetimes) by judiciously defining particle size, shape,
and surface chemistry.® SiNPs are attractive alternatives to the status quo heavy/toxic metal
containing quantum dots because they are comprised of abundant elements (i.e., Si is the second
most abundant element in the earth’s crust),* have low toxicity,’ and a broad spectral range over
which their photoluminescence (PL) may be tuned (i.e., blue through NIR).® A significant
challenge facing the development of all silicon nanomaterials is the naturally forming oxide layer,
which can diminish crystallinity and influence luminescence intensity.” Fortunately, surface
functionalization methods that involve covalent attachment of surface groups have proven
effective in minimizing the deleterious effects of oxidation on SiNP optical properties and helped

facilitate the development of high quality colloidal SiNPs with tunable band gaps.®%10:11-13

Strictly speaking silicon is a semiconductor, however, at room temperature its electronic
properties approach those of an insulator because of the very low number of free carriers; this leads
to poor conductivity."* Silicon’s interesting electronic properties emerge once tailored low
concentrations (10" to 10" ¢cm™) of well-defined impurities are introduced to generate free-
carriers.” Fujii et al. first demonstrated B doping in SiNPs embedded in SiO2 and noticed the

SiNPs PL could be tuned by defining the B concentration.!® Pi et al. extended B-doping to
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freestanding SiNPs, leading to extensive studies on the resulting change in optical and electronic
characteristics.!” Since then, several methods such as non-thermal plasma and laser ablation have
been developed to produce freestanding B-doped SiNPs with concentrations of up 60 at. %.!%%!

These doped SiNPs present intriguing and important opportunities in microelectronics,'’

18-20,22,23,24 13,16,25

semiconductor plasmonics, multimodal medical imaging agents, among others.

Surface chemistry has proven to be an invaluable tool in controlling and tailoring the
properties of intrinsic SiNPs; it imparts resistance to oxidation and compatibility with various
media (e.g., polar and non-polar solvents), provides tailoring and enhancement of PL
response,'%11:262728 tyning of electronic structure through the introduction of mid-gap states,?’ and
offers interfacing with biological systems.*® If doped SiNPs are to realize their full practical
potential, it is essential that methods for tailoring their surface chemistry be established.
Unfortunately, B-doped SiNPs are resistant to the standard post-synthesis surface derivatization
protocols (e.g., hydrosilylation, dehydrocoupling, etc.).”!!"'>7 Greenhagen et al. recently reported
non-thermal plasma preparation and in sifu functionalization of polyethylene glycol functionalized
B-doped SiNPs; these SiNPs are soluble in biological buffer media,*' however, the scope of studies
investigating functionalization of B-doped SiNPs remains limited and solubility in non-polar
organic-phase solvents has yet to be reported. As synthesized, heavily B-doped SiNPs (i.e., B
concentrations of 7 — 60 %) are soluble in polar solvents, including water, and exhibit negative
zeta-potential.>!*1-33 These characteristics are reasonably ascribed to a large number of ionized B-
atoms being located at, or near, the particle surface, leading to an altered surface chemistry from
that of intrinsic SiNPs.?! An associated benefit of doping SiNPs with B is they are more resistant
to oxidation than their non-doped counterparts, which can be explained by the Cabrera-Mott

theory.** This may also be the origin of the limited reactivity of B-doped SiNPs. Previously, our
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group has developed procedures that activated intrinsic SiNPs toward functionalization via in situ
etching with reagents such as XeF2 or PCls.'"!1? These procedures offer an intriguing possibility
for B-doped systems. Herein, we report phosphorus pentachloride-mediated functionalization of
B-doped SiNPs that were prepared using a scalable thermal processing method. Our approach
provides a convenient method for introducing alkoxy surface functional groups of varied chain

lengths, rendering the B-doped SiNPs organic-phase soluble.
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2.2 Experimental Details
2.2.1 Reagents and Materials

Hydrofluoric acid (48-50%) and sulfuric (reagent grade, 95-98%) acids were purchased from
Fisher Scientific and Caledon Laboratory Chemicals, respectively. Fuming sulfuric acid (reagent
grade, 20% free SO; bases), trichlorosilane (99%), boric acid (reagent grade, 99.5%), 1-pentanol
(reagent grade, 99.0%), 1-octanol (anhydrous, 99.0%), 1-nonanol (98.0%), 1-decanol (98.0%), 1-
dodecanol (reagent grade, 98.0%), ethanol (anhydrous, <0.003% water) and toluene (HPLC grade)
were purchased from Sigma-Aldrich. Acetonitrile was purified using a Pure-Solv purification

system and collected immediately prior to use.

2.2.2 Synthesis of Hydrogen Silsesquioxane (HSQ)

HSQ was synthesized using a modified literature procedure.’ Briefly, dry toluene (45.0 mL) is
added dropwise to a solution of concentrated (15 mL) and fuming (7.2 mL) sulfuric acid.
Subsequently, a mixture of trichlorosilane (16 mL) in dry toluene (110 mL) was added dropwise
to the solution with stirring. The organic phase was isolated and washed with sulfuric acid solution.
Removal of the solvent in vacuo to provide a white crystalline solid (25-30 g). The product was

used without further characterization.

2.2.3 Preparation of Boron-Doped Silicon Nanoparticles (SiNPs)

B-doped SiNPs were synthesized using a modified literature procedure in which boric acid is used

as a dopant source and incorporated into the HSQ prior to the formation of the SiNPs.*? HSQ (0.21

63



mmol) was dissolved in methyl-isobutylketone (5 mL) and combined with ethanol solutions
containing predefined quantities of boric acid (4, 8, 16, 32, and 48.5 mmol). The resulting mixture
was stirred for no less than 3 hours after which the solution was dried overnight under nitrogen
flow to provide a free-flowing white powder. This precursor was transferred to a standard tube
furnace and thermally processed in a flowing atmosphere of 5% H2:95% Ar for 1 hour at 1100 °C
to induce formation of SiO»-like matrix containing silicon nanodomains. Following cooling to
room temperature, the resulting black solid was removed from the furnace, ground to a fine powder
using an agate mortar and pestle, and etched with a mixture of hydrofluoric acid (HF), ethanol and
water (v:v:v; 1:1:1) for one hour to remove the silica matrix. Caution, HF is extremely dangerous
and must be handled with all recommended personal protective equipment in the chemical safety
data sheet. The resulting solution was brown and transparent, it was then washed 3 times with a

2:1:2 ethanol, methanol, and n-pentane solution at 3000 rpm for 20 minutes.

2.2.4 Phosphorus Pentachloride (PCls) Initiated Functionalization of B-Doped SiNPs

Freshly etched B-doped SiNPs (20 mg) dispersed in dry acetonitrile (10 mL) were combined with
PCls (0.3 g) and stirred for one hour. The solvent was subsequently removed in vacuo and the
product was redispersed in 10 mL (i.e., excess) of the ligand of choice (i.e., 1-decanol). This
mixture was subjected to three freeze-pump-thaw cycles and subsequently refluxed for 12 hours
with stirring. The resulting product mixture containing alkoxy-functionalized B-doped SiNPs was
transferred to Nalgene® centrifuge tubes with 40 mL of ethanol and centrifuged at 11400 rpm for
50 minutes to yield a brown pellet. The clear colourless supernatant was decanted and discarded
while the pellet was redispersed in a mixture of toluene (5 mL) and ethanol (45 mL) with sonication

in a bath sonicator and then recovered upon centrifuging at 11400 rpm for 50 minutes. This
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dispersion/centrifugation cycle was repeated twice after which the dark-brown pellet was

redispersed in dry toluene to yield a transparent dark-yellow solution.

2.2.5 Fourier-Transform Infrared Spectroscopy

FT-IR spectra were collected by a Thermo Nicolet Continum FT-IR microscope of a freeze-dried

B-doped SiNPs in a KBr pellet.

2.2.6 X-Ray Photoelectron Spectroscopy (XPS)

Samples were prepared by drop-casting toluene solutions of the B-doped SiNPs of interest onto
copper foil. XP spectra were measured using Kratos Axis 165 Ultra X-ray Photoelectron
Spectrometer with a monochromatic Al Ka source operating at 210W with an energy of 1486.6
eV. High resolution spectra were obtained using an analyzer pass energy of 20 eV and a step of
0.1 eV. For survey spectra, a pass energy of 160 eV and a step of 0.3 eV. Spectra were calibrated
to C 1s 284.8 eV using adventitious carbon. Peak fitting was performed using CasaXPS software
with a Shirley-type background. Spin-orbit coupling in Si 2p was fixed to an area ratio of 2:1 and

0.6 eV energy spacing, the 2 pi,2 is not presented for clarity.

2.2.7 Electron Microscopy and Associated Methods

Transmission electron microscopy (TEM) and HR-TEM were performed on a JEOL JEM-
ARM200CF S/TEM (Cold Field Emission Gun) electron microscope with an accelerating voltage

of 200 kV using SiQDs drop-coated from a toluene solution onto a holey carbon-coated copper
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grid. The SiQD size was determined by averaging the size of 300 particles using ImageJ software
(version 1.51j8) and plotted as an average shifted histogram as outlined previously by Buriak and
co-workers.>® A representative set of histograms are formed by shifting the origin at even steps
through the width of one bin. The ASH is generated by averaging all the histograms that were
generated to form one plot. High-resolution TEM (HRTEM) measurements were conducted using
TEM (TEM) (JEOL 2200FS, 200 kV). Electron energy loss spectroscopy (EELS) analysis was
also conducted using a 200 kV JEOL 2200FS scanning TEM with a nominal beam size of 0.5 nm.
Digital Micrograph (Gatan, Inc.) was employed for signal collection and data extraction from
EELS spectra. Typical current densities for HRTEM imaging were 13.15 pA cm ™ at 400 K and

16.72 pA cm™2 at 500 K.

2.2.8 Solid-State Nuclear Magnetic Resonance (NMR)Spectroscopy

All NMR experiments were performed on a 14.1 T Varian Inova spectrometer equipped with a 3.2
mm triple resonance Varian magic-angle spinning (MAS) probe doubly tuned to vo ("H) = 599.94
MHz and vo (''B) = 192.48 MHz. Powdered samples of the nanoparticles were packed into ZrO
rotors (3.2 mm o.d., 22 pL, 30-40 mg) with Torlon drive and top caps. ''B NMR spectra were
referenced using 0.1 M H3BO3 (aq) as a secondary reference set at +19.6 ppm. All NMR data were

processed using OpenVnmr] v.2.1A.

The "B NMR data were acquired at ambient temperature (293 + 2 K) with a MAS frequency of
16 kHz. "B MAS NMR experiments were obtained using a short 0.4 us Bloch pulse (9° tip angle,
vB1/27=62.5 kHz) with a 3 s recycle delay, 2 steady state scans and between 1024 and 24100 co-

added transients. The 'B['H] cross-polarization (CP) MAS NMR experiments were acquired on

66



the 9.6% B-doped SiNP using a series of mixing times ranging between 0.2 and 5 ms. All CPMAS
NMR experiments were performed with a linear ramp on 'H (vir= 62.5 kHz) to obtain an optimized

Hartman-Hahn match for each contact time with TPPM 'H decoupling.’’

2.2.9 Photoluminescence (PL) Spectroscopy

An argon ion laser with 351 nm emission wavelength was used to excite SiNPs suspended in
toluene. The resulting photoluminescence was collected by an optic fiber, passed through a 400
nm long-pass filter to eliminate scattered light from the excitation source and fed into an Ocean
Optics USB2000 spectrometer. Absorption was measured using the Ocean Optics spectrometer
with a MINI-D2T Deuterium Tungsten light source for 9.6 %B SiNPs before and after
functionalization with 1-decanol and compared with intrinsic SiNPs functionalized with 1-
decanol. Absolute quantum yield (QY) measurements were performed using a homemade
integrating sphere with a 365 nm light-emitting diode excitation source. The photoluminescence
and excitation intensities were captured through a fiber attached to the sphere and analyzed with a
calibrated Ocean Optics spectrometer. The equation QY = (Ipr, sampte — IpL, blank)/(Iex, blank — ex, sample)
was used to calculate the absolute quantum efficiency, where IpL is the integrated

photoluminescence intensity and Iex is the excitation intensity recorded inside the sphere.
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2.3 Results and Discussion

2.3.1 Investigation of the structure of B-doped silicon nanoparticles

For the present study, B-doped SiNPs with an average diameter of 3.86 + 0.92 nm (Figure

2.1 ¢) were prepared using a modified thermal annealing method in which boric acid provided the

dopant source and hydrogen silsesquioxane was the Si precursor (Scheme 2.1).3233
Ar Ar/H, 955 (555 — L Grinding 5 B
HSQ + B(OH), * e S e ———— B B B
A 30 min A 1 hour Y e e “ e %] 2 HFEtching B
400°C 1100°C SiNC/SiO,

Scheme 2. 1 Preparation of B-doped of SiNPs via thermal-induced disproportionation of hydrogen

silsesquioxane in the presence of boric acid.

The original white solid reactant mixture changes to a brown composite after the first
thermal processing step and then to a black solid with further heating. Infrared spectra were
acquired for the HSQ before and after mixing with boric acid and after each thermal processing
stage (Figure 2.1 a). Additional features attributable to B-O, B-H, and O-H are observed after the
initial mixing step at 1400, 2500, and 3300 cm™! respectively, consistent with the addition of boric
acid. The Si-Hx stretching region in the HSQ spectrum is significantly reduced after thermal
processing and Si-O and B-O features become dominant; this is consistent with thermally-induced
decomposition/crosslinking of HSQ. Thermogravimetric analysis (TGA) was also performed for
mixtures containing the lowest and highest amounts of dopant precursor (0.25 g vs. 3 g); these
analyses showed a greater weight-loss when more boric acid is added, suggesting that under the
present conditions boric acid begins to decompose at approximately 200 °C (Figure 2.1 b). Upon

etching the doped composite with hydrofluoric acid (HF) the starting cloudy dispersion becomes
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a transparent brown solution and the liberated B-doped SiNPs are readily recovered via
centrifugation. FTIR analysis of the liberated B-doped SiNPs reveals Si-H and Si-O stretching
modes at 2250 and 1080 cm™!, respectively (Figure 2.1 a).!''?®3® We also note characteristic
stretching modes for B-H and B-O at 2500 cm™ and 1400 cm™.2*32° These observations are
strongly suggestive of the B dopants being located in/on the SiNPs and that they impact the particle

surface chemistry.
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Figure 2. 1 a) Fourier-transform infrared spectra of undoped hydrogen silsesquioxane (HSQ),
boric acid doped HSQ, the resulting composite after each thermal processing step and the
resulting freestanding particles from Scheme 2.1. b) TGA of the lowest and highest
concentration of B (0.25 g and 3 g of boric acid for 1.8 and 9.6 atomic % B). c) average shifted
histogram for 9.6 atomic % B-doped SiNPs with resulting average diameter of 3.86 + 0.92 nm.
d) Electron energy loss spectroscopy (EELS) point spectrum of intrinsic Si and 9.6 atomic % B

SiNPs showing L-edge of Si at 100 eV and the K-edge of B in the doped sample at 200 eV.
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A key challenge when working with doped SiNPs is differentiating the doped system from
a straightforward mixture of non-doped nanoparticles and other species; this requires confirmation
of the localization of the doping atoms. Complicating matters, detecting light atoms like boron can
be difficult. For the present systems, B content in the liberated SiNPs was confirmed using electron
energy-loss spectroscopy (EELS); EELS point spectra show a sharp and intense feature at 200 eV
consistent with the B K-edge (Figure 2.1 d).** EELS line scans also clearly show localization of
the B within the SiNPs (Figure 2.2 b). Methodic variation of the amount of boric acid (0.25 -3 g)
added to the reaction mixture allowed definition of the B content within the SiNPs in the range of
1.8 - 9.6 atomic % as determined using ICP-MS (Figure 2.2 c). Even at these high doping
concentrations, which exceed the solid solubility limit of B in Si (approx. 1 at.%),** the present
SiNPs retain the diamond cubic Si crystalline structure as confirmed by powder X-ray diffraction
(XRD:; Figure 2.2 d) and high-resolution transmission-electron spectroscopy (HRTEM; Figure 2.2

a).41
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Figure 2. 2 a) TEM of bare 9.6 atomic % B-doped SiNPs after HF etching with a measured
average diameter of 3.86 = 0.92 nm determined from the average shifted histogram in Figure 2.1.
HRTEM inset provides measured lattice fringe of 0.31 nm that is characteristic of crystalline Si.
b) Integrated B and Si counts derived from EELS line scan of a single 9.6 atomic % B-doped
SiNP using the L-edge of Si at 100 eV and K-edge of B at 188 eV. c¢) Atomic % B measured
using ICP-MS shows a resulting B concentration of 1.8 — 9.6 atomic % B for B-doped SiNPs

synthesized with varying amounts of boric acid precursor. d) X-ray diffraction pattern of as-
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synthesized 9.6 atomic % B-doped SiNPs after HF etching, characteristic reflections for

crystalline Si are observed.

X-ray photoelectron spectroscopy (XPS) provides insight into the nature (i.e.,
concentration, oxidation state) of the B and Si atoms in the doped SiNPs. High-resolution XP
spectra of the Si 2p region were obtained for the highest (9.6 atomic %) and the lowest (1.8 atomic
%) concentrations of B-doped SiNPs (Figure 2.3). The spectrum of the SiNPs containing 1.8 at. %
B shows a decrease in intensity for the emissions arising from Si(I), Si(II), and Si(III) when
compared to that of the SiNPs containing more B; this difference could, in part, be due to an
increase in Si-B bonding, however, definitive assignment must be done with caution. The
spectrum of the SiNPs containing a 1.8 atomic % B also sees the emergence of Si(IV), suggesting

that these particles are more susceptible to oxidation.*?

a) | Si 2p 1'si 2p
9.6 % B 11.8%8B
Si (|V) -
106 104 w 1 ' N e Ml e 1 e % ®
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Figure 2. 3 High resolution XP spectra of Si 2P region for a) 9.6 and b) 1.8 atomic % B doped

SiNPs.
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High-resolution XP spectra of the B 1s spectral region reveals a single broad emission that
is readily fit with two components corresponding to binding energies of 187 and 189 eV (Figures
2.4 a - d). The lower binding energy emission (i.e., 187 eV) has previously been attributed to
substitutional B atoms bonded to four Si atoms.** The higher binding energy emission matches
closely with that of hydrogenated B atoms bonded to two or three Si atoms and can reasonably
attributed to B atoms residing at, or near the NP surface.** This assignment is further reinforced
when considering the B concentration within the SiNPs far exceeds the solid solubility limit of B
in bulk Si. As such, it is reasonable the NP core becomes saturated and excess B migrates to, or

stays at, the particle surface.!82!-24
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Figure 2. 4 High resolution B 1s XP spectra for a) 9.6, b) 6.7, and ¢) 1.8 atomic % B-doped
SiNPs. d) CP "B MAS NMR spectra of 9.6 atomic % B-doped SiNPs acquired with the
indicated contact times. ¢) Image representing the two dopant locations in the NP: the core (top)
and the surface (bottom). The core B species corresponds to B substituted in the Si lattice, in this
case an electron would be donated from a neighboring Si to B, creating a hole. The surface

species B corresponds to a partially hydrogenated B bonded to two or three Si atoms.
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Consistent with this proposal, we also note that the integrated area of the peak arising from the
surface substituted B decreases when total B concentration decreases, while the integrated peak

area of the feature we assign to internal substitutional B remains relatively constant (Table 2.1).

Table 2. 1 Integrated values of “surface” and “core” B species found by taking the area under the
fitted peaks centred at 189 eV and 187 eV in the B 1s spectra for samples with 9.6, 6.7, and 1.8

atomic % B.

Sample Area of “surface” species Area of “core”
(189 ¢eV) species (187 eV)

9.6 %B 282.4 174.0

6.7 %B 74.3 178.2

1.8 %B 30.2 180.0

The "B magic-angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy
provides complementary atomic-level structural information to that provided by XPS; as such, it
was used to investigate the NPs containing different B concentrations (Figure 2.5). In all cases, a
broad !'B resonance centred near 2.2 ppm is detected. The quadrupolar coupling constant of this
resonance is ca. 1 MHz, indicating the B resides in a pseudo-tetrahedron 4-coordinate (*/B)
chemical environment, consistent with our XPS analyses.!®** Together the low frequency center
of mass and small quadrupolar coupling constant measured for this series of samples supports the

presence of a dominant */B species. The breadth of this signal is reasonably attributed to the
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influence of the surface ''B species that reside in the more structurally disordered surface (Figure
2.5).3%% Cross polarization (CP) MAS NMR provides a convenient way to differentiate the NMR
active species at the surface, sub-surface and core of nanoparticles.*®*4%*” For the present work, we
employed "B['H] CP MAS NMR to differentiate between surface and core-like B species in
SiNPs doped with 9.6 atomic % B. In 'B['H] CP MAS NMR surface protons are polarized, and
the nuclear spin polarization is transferred to ''B via the 'H -!'B nuclear spin bath in the sample.*®
"B atoms residing at, or near the NP surface interact more readily with the surface OH and H
moieties than do the B atoms within the core-like region.*® Therefore, at short contact times the
surface B species are preferentially detected, while at longer contact times the growth of ''B
resonances arising from core species will emerge and become more prominent.*” For the present
system, two regions co-exist when contact times of less than 3 ms are used (Figure 2.4). The feature
centred at ~0 ppm is attributed to the “core-like” region of the NP and is indicative of tetrahedral
boron that substitutes into the diamond cubic lattice.*>*° Based on the presented evidence from the
B 1s XP spectra, we reasonably conclude this feature corresponds to substitutional B bonded to
four Si atoms. The emerging peak detected at -11 ppm is related to the surface species and is
assigned to hydrogenated B bonded to Si atoms.*’ As these particles are 4 nm (40 A), the “core-
like” region is still disordered resulting in a broad resonances similar to what has been previously

observed in SiNPs.?®
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Figure 2. 5 Direct polarization ''B MAS NMR of B-doped SiNPs with indicated atomic % B

(ICP-MS).

From these complementary analyses we propose that for the present B-doped SiNPs, B
atoms reside in the core and at the surface of the particles (Figure 2.4 e). Additionally, the core
and surface B species are both 4-coordinate. This latter observation differs from reports describing
B-doped SiNPs prepared using solvent-free plasma methods in which B atoms are present as 4-
coordinate species within the particle core and 3-coordinate Lewis acidic species at the particle

18,19.21.22.2431 This difference is readily understood in the context of the liberation of

surfaces.
freestanding SiNPs from oxide composites and involves treatment with hydrofluoric (HF) acid in
solutions containing ethanol and water followed by centrifugation to isolate the solid. After
decanting the supernatant, the solid is washed thoroughly with excess ethanol to remove residual
HF; this can result in partial oxidation of the SiNP surface. Under these conditions, any Lewis

acidic SiNP surface species is exposed to Lewis bases (e.g., water, ethanol, F-, etc.) that would

coordinate to and fill the empty B bonding site passivating the NP surface. Furthermore, the
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passivating nature of this capping surface would be significant given coordinated Lewis bases
would be linked to the NP through comparatively strong bonds (e.g., B-O; B.E. = 806 kJ/mol at
298 K).>! In this context, any method used to derivatize these oxide-liberated SiNPs must

effectively remove this passivating surface to induce appropriate reactivity.

2.3.2 Surface modification of boron-doped silicon nanoparticles

Previously we demonstrated that treatment of oxide liberated hydride-terminated SiNPs
with dilute solutions of XeF, or PCls (i.e., mild etchants) provides an effective approach to
inducing surface reactivity while simultaneously removing ill-defined species (i.e., defects) that
limit photoluminescent response.!'"'>?® These reagents effectively remove surface species
providing a “clean” surface that is subsequently derivatized. For the present B-doped SiNPs, it is
reasonable that surface species (e.g., oxides, coordinated Lewis bases, etc.) will be removed and a
“clean” surface on which controlled reactions may proceed will be revealed. We have chosen to
employ PCls because associated reactions proceed more slowly and are more readily controlled.
Alkoxy ligands are an ideal starting point for surface functionalization, as both B and Si have a
high affinity to O atoms. In this context, we explore the reactivity of 9.6 atomic % B-doped SiNPs

with alkoxy ligands of varying length after PCls etching of the NP surface (Scheme 2.2).
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Scheme 2. 2 A pictorial representation of a 2-step etching/functionalization protocol for B-doped

SiNPs derivatization.

Initial qualitative observations of the products of the PCls activated reactions with a variety
of alcohols show a dramatic change in the solvent compatibility of SiINPs — unlike the starting
doped SiNPs, the alkoxide-terminated SiNPs are compatible with common organic solvents (e.g.,
toluene; Figure 2.6 a). The functionalization was subsequently investigated using
thermogravimetry analysis (TGA). Surface coverage increased with the chain length of the alkoxy
ligand, from 54.35% for 1-pentanol to 95.90% for 1-decanol, then decreased to 47.91% for 1-

dodecanol (Figure 2.6 b; Table 2.2).
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Figure 2. 6 a) B-doped SiNPs in indicated solvents, left: water, middle: toluene before PCls
etching/thermal treatment, right: toluene after PCls etching/thermal functionalization with 1-
decanol. b) TGA weight-loss plots for 9.6 atomic % B-doped SiNPs functionalized with the

indicated alkoxy ligands using the PCls/thermal method described in Scheme 2.2.

The decrease in surface coverage from a carbon chain length of 10 to 12 is reasonably
ascribed to the molecular packing interactions between surface bonded functionalities. In the case
of shorter carbon chain alcohols, there is a possibility their lower boiling points contribute to
limiting the effectiveness of the heating step of the surface functionalization — this is the subject

of ongoing investigation in our labs.
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Table 2. 2 Surface coverage of 9.6 atomic % B-doped SiNPs with different ligands calculated

using TGA analysis. Detailed calculation in Appendix A.

Ligand Theoretical  Experimental Surface Coverage

Weight-loss Weight-loss

(“o) (%)
1-pentanol 46.27 25.15 54.35
1-octanol 55.99 41.45 74.03
1-nonanol 58.50 48.07 82.78
1-decanol 60.70 58.20 95.90
1-dodecanol 64.54 30.90 4791

A comparison of the FT-IR spectra of as-prepared B-doped SiNPs with that of SiNPs
exposed to PCls (Figure 2.7 a) gives more quantitative insight into the progression of surface
functionalization. We find that features at 1080 and 1400 cm™! are absent from the latter spectrum,
consistent with the PCls treatment removing Si-O and B-O containing surface species,
respectively. After PCls etching, the B-doped SiNPs were heated for 12 h in a neat alcohol of
choice (i.e., 1-pentanol, 1-octanol, 1-nonanol, 1-decanol, 1-dodecanol), isolated via centrifugation,
and purified via washing with a mixture of toluene/ethanol. In all cases, the IR spectra of the
resulting products show diminished Si-H (2250 cm!) stretching features with concomitant
increases in Si-O (1080 cm) and B-O (1400 cm!) stretching features consistent with surface
tethering of alkoxide moieties at the B and Si sites on the particle surface (Figure 2.7 b).
Additionally, the prominent features associated with C-Hy stretching modes from 2850-2950 cm’!

attributed to surface tethered alkoxy moieties are visible after functionalization.** The symmetric
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and assymetric stretching feature for -CH; visibily increases in intensity as the chain length of the
alkoxy-ligand increases (2850 cm™ and 2930 cm™!, respectively). The broad feature appearing at
3100 - 3600 cm™ is reasonably attributed to residual water and/or a result of solvent interactions

similar to those previously reported for B-doped SiNPs.?!-3!-33
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Figure 2. 7 a) FTIR of 9.6 atomic % B-doped SiNPs before functionalization (bare SiNPs), after

the PCls etching step, and after reaction with 1-decanol with 180°C heating. b) FTIR spectra of

KBr pellets containing B-doped SiNPs before (as-prepared) and after functionalized with the

indicated terminal alcohols.
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Considering surface etching is essential to the present functionalization procedure, we
endeavored to probe the B content within representative functionalized SiNPs using EELS to
confirm doping was not compromised/lost. A line scan of toluene soluble particles functionalized
with 1-decanol (Figure 2.8 a) shows the integrated B and Si signals of the respective characteristic
K- and L-edge energy loss peaks that are co-localized within a single particle. This observation
confirms surface etching with PCls does not compromise the B content.?’ The average size,
morphology and crystallinity of the B-doped SiNPs were evaluated by TEM and HRTEM (Figure
2.8 b - d). Statistically, the average diameter remained the same (3.80 = 1.0 nm) as before PCls
mediated functionalization (3.86 £ 0.92 nm); this is consistent with PCls being a comparatively
mild etchant that removes only a surface layer of atoms from the NP when used at the presented
concentrations. HRTEM also confirmed the characteristic lattice spacing for crystalline silicon

remains intact after functionalization (Figure 2.8 d).
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Figure 2. 8 a) Integrated B and Si counts derived from EELS line scan of a single 9.6 atomic %
B-doped SiNP after functionalization with 1-decanol using the L-edge of Si at 100 eV and K-
edge of B at 188 eV. The inset shows the bright-field TEM survey image and indicated beam-
path across the particle. b) ¢c) TEM of 9.6 atomic % B-doped SiNPs functionalized with 1-
decanol with a measured average diameter of 3.80 + 1.0 nm. d) HRTEM provides measured

lattice fringe of 0.31 nm that is characteristic of the (111) lattice spacing of crystalline Si.

The doped particles also show a change in optical properties compared to those of intrinsic
SiNPs of a similar size (3.7 nm). The UV-Visible absorption of the B-doped sample is increased
in intensity relative to the intrinsic SiNPs; we tentatively attribute this to the introduction of defects
resulting from doping (Figure 2.9 a). We also note a red-shift in photoluminescence (PL) peak
energy is observed in B-doped SiNPs that spans from the visible to the near-IR range (550-850
nm), making it a potential candidate for use as a potential biological contrast agent (Figure 2.9 b).
The broadening of the signal from the B-doped SiNPs can be attributed to the variation in doping

levels between particles.
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Figure 2. 9 a) UV-Visible absorbance and b) normalized PL intensity spectra of intrinsic and 9.6

atomic % B-doped SiNPs after functionalization with 1-decanol.

As the concentration of B is increased from 1.8 to 9.6 atomic % B the relative PL intensity

is observed to decease dramatically (Figure 2.10). Upon functionalization with an alkoxy ligand,

the PLQY can be improved significantly. The PLQY of 9.6 atomic % B-doped SiNPs were

measured before and after functionalization with 1-decanol using the standardized integrating

spheres method and increases from 2% to 15%; although this is still lower than the functionalized

intrinsic SiNPs (PLQY = 31 %) which is attributed to doping-induced defects. Improving this

efficiency is the subject of future work in the Veinot laboratory.
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Figure 2. 10 Photoluminescence emission spectra obtained using an excitation wavelength of
350 nm of intrinsic and 1.8, 4.8, and 9.6 atomic % B-doped SiNPs after functionalizing with 1-

decanol.

High resolution XP spectra of B 1s and Si 2p were also acquired before and after
PCls/alkoxide functionalization (Figure 2.11). For convenience, representative B-doped SiNPs
functionalized with 1-decanol will be the focus of the following discussion, for other alkoxy ligand

XP spectra see Figure 2.11.
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Figure 2. 11 High resolution XP spectra of B 1s and Si 2p of 9.6 atomic % B-doped SiNPs after

functionalization with the alkoxy ligands indicated in the figure.
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Before functionalization features associated with surface (189 eV) and core (187 eV) B
species are evident (Figure 2.12 a). After functionalization with 1-decanol the relative intensity of
the feature (189 eV) associated with a hydrogenated surface B is decreased and a new emission
emerged at 191 eV (Figure 2.12 c¢). We confidently attribute this new feature to oxidized 4-
coordinate B bonded to two or three Si atoms and one or two ‘OR’ functionalities; this feature is
consistent with covalent attachment 1-decanol to the SiNP surface through a B-O linkage.!%3!%3
Turning our attention to the Si 2p region, before functionalization it is readily fit to four
components that are routinely assigned to Si(0), Si(I), Si(Il), and Si(III) (Figure 2.12 b).** After
functionalization and consistent with attachment of OR surface moieties through Si-O linkages we

note an increase in the intensity of Si(Il) and Si(III) species in the XP spectrum of the 1-decanol

functionalized SiNPs (Figure 2.12 d).
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Figure 2. 12 High resolution XP spectra of B 1s (left column) and Si 2p (right column) of 9.6

atomic % B-doped SiNPs a), b) before and c), d) after functionalization with 1-decanol.

To further investigate the role/importance of heating in the presented functionalization
protocol, we performed the alkoxy functionalization with PCls etching using 1-pentanol (boiling
point = 138 °C) under two different reaction conditions: 1) without heating and 2) in a pressure
sealed-tube heated to 180 °C. The high-resolution B 1s and Si 2p XP spectra of the products
obtained from each reaction are shown in Figure 2.13. The B 1s for the reaction without heating is
readily fit to emissions related to core (187 eV) and the hydrogenated surface (189 eV) species

(Figure 2.13 a). As expected, the relative peak intensity of the surface B species is decreased
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compared to before PCls etching (Figure 2.13 a). Interestingly, the B(IV)-O feature seen in the B
Is spectrum for the reaction with 180°C heating (Figure 2.13 ¢) is not present for the reaction

without heating.
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Figure 2. 13 High resolution XP spectra of B 1s (left column) and Si 2p (right column) of 9.6
atomic % B-doped SiNPs after functionalization with 1-pentanol a), b) without any heating (i.e.,

room temperature) and c), d) heated to 180°C in a pressure sealed flask.

These observations strongly suggest the surface B species does not (or very little) form a
bond with the O atom of the alkoxy ligand without heating. Additionally, the Si 2p spectrum for

the reaction without heating indicates a greater level of oxidation than the reaction performed at
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180 °C consistent with less effective/complete functionalization. TGA analysis confirms that the

surface coverage decreases from 53.35 to 28.92 % when the functionalization reaction is

performed without heating (Figure 2.14).
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Figure 2. 14 TGA weight-loss plots for functionalization reaction of 9.6 atomic % B-doped

SiNPs with 1-pentanol for two different reaction conditions: without heating (red curve) and

heated to 180 °C in a pressure sealed flask (black curve).

Clearly, heating the reaction mixture is essential to introducing alkoxide moieties on the

surface of B-doped SiNPs. Thermally-induc

ed hydrosilylation is well established and proceeds at

temperatures > 140 °C.>? B-H and Si-H bonds have similar bond strengths (i.e., 330 and 298
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kJ/mol, respectively), and thermally-induced dehydrogenation of borane adducts has been
reported.>® Discerning the mechanism of the presented surface reaction is complicated by the

diverse surface chemistry of the SiNPs and is the subject of ongoing investigations.

2.4 Conclusions

In conclusion, we have successfully demonstrated that PCls is an effective mild etchant
that removes partially oxidized Si and B species from the surfaces of B-doped SiNPs and facilitates
alkoxide surface functionalization. The resulting alkoxy-functionalized B-doped SiNPs form
stable colloids in common organic solvents. We find that heat and the formation of B-O bonds are
critical for the successful functionalization with alkoxy ligands. Organic soluble B-doped SiNPs
are expected to pave the way for exciting new applications including optoelectronic integration,

the development of plasmonic devices and biomedical imaging.
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Chapter 3:

Post-synthesis doping of silicon
nanoparticles via hydrogen silsesquioxane-
capped thermal diffusion

A version of the chapter is available as a preprint:

Milliken, S.; Cheong, I. T.; Cui, K.; Veinot, J. Post-Synthesis Boron Doping of Silicon Quantum
Dots via Hydrosilsesquioxane-Capped Thermal Diffusion. ChemRxiv 2022.
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3.1 Introduction

Semiconductor particles of nanoscale dimensions (e.g., quantum dots; QDs) exhibit
properties that have far reaching applications in next generation electronic devices, medical
imaging,' and solar energy harvesting technologies.? It is well-established that the optoelectronic
response of QDs can be tailored by exploiting the principles of quantum confinement and defining
particle size. In this regard, diverse methods affording QDs of well-defined dimensions have been
reported.>*>® In some cases, tailoring surface chemistry has also offered control of QD optical

properties.”*?

Controlled incorporation of dopants into QDs provides yet another important degree of
freedom in tuning optoelectronic properties through the definition of the material electronic
structure.!® The characteristics of doped QDs strongly depend upon dopant type, concentration,
and location within the nanoparticle.! Consequently, it is essential that the methods for doping
QDs provide control over these parameters. Introducing dopants into QDs relies upon several key
factors. If doping is occurring while the QDs are forming, one must consider the particle formation
and growth, reaction rates as well as the formation energy of the host and dopant, which can
strongly influence the final dopant concentration/location.!! Often, chemical potentials vary with
growth conditions and are subject to the thermodynamic formation of other phases.'? This is well-
illustrated by the work of Mikulec et al. that showed Mn-dopants in CdSe QDs segregated to the
particle surface at temperatures > 300 °C,'* however this thermodynamically driven process could
be mitigated if surfactants were introduced to the particle surface.!* It was proposed that the

surfactants could bind with Mn and lower the chemical potential of the doped QDs.

The practical impact of many QDs is currently limited because of the legislation associated

with the controlled use of toxic/heavy metals (e.g., Pb, Cd);!° other QDs could be limited by the
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natural abundance of their constituent elements (e.g., In).'¢ Silicon is the workhorse semiconductor

t,17

of the modern electronics and photovoltaics sectors; it is also naturally abundant,”’ biologically

compatible, '® and exhibits broad optical absorbance across the UV and visible spectral regions.'*-*
Silicon nanoparticles (SiNPs) are an attractive toxic-metal-free alternative and possess properties
equivalent to, and in some cases surpassing, their compound semiconductor counterparts.®*%21-22
To date, incorporation of dopants such as B and/or P atoms into SiNPs has yielded optical and
electronic properties that were previously inaccessible with intrinsic materials (e.g., conductivity,
plasmonic response, catalytic surfaces, hydrophilic surfaces, etc.).?22628 Doping SiNPs also
brings with it outstanding challenges including control over dopant concentration and location due
to physical size restraints, as well as limited experimental synthesis and analysis approaches. If the
community is to gain an important fundamental understanding of doped SiNPs and their properties,

it is essential that synthesis methods providing straightforward control over NP dimension, dopant

concentration and distribution, as well as surface chemistry be established.

Methods for preparing doped SiNPs are routinely classified into the broad categories of in-
and post-synthesis doping. In-synthesis doping incorporates dopant atoms into NPs during their

26,28,29

formation and is typically achieved using chemical vapor deposition, plasma synthesis,**

3931 and co-sputtering.*? Defining the location of the dopant within NPs while using

laser ablation,
these methods is non-trivial because it strongly depends upon reaction conditions, as well as the
material properties of the Si host and chosen dopant.> A common challenge known as “self-
purification” arises for small (i.e., d < 6 nm) strongly confined NPs that expels dopants to the NP
surface during in-synthesis doping. This phenomenon is a manifestation of the stress within the

crystalline core of the NPs because of the incorporation of substitutional dopants.** Post-synthesis

doping is anticipated to provide improved control over dopant distribution in NPs and minimize
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the effects of self-purification that occurs during the formation of the nanoparticles.’® Additionally,
because the narrow particle size distributions of the intrinsic SiNPs are already accessible using
well-established procedures, it is reasonable that these approaches will provide control over the

dimensions of the resulting doped particles.**!

Important progress has been realized in post-synthesis doping of a variety of Si
nanostructures (e.g., porous Si,*® oxide-embedded SiNPs,’ Si nanowires*®) that provides a
valuable basis for doping in SiNPs. To date, post-synthesis doping of freestanding SiNPs has only
been reported using ligand substitution.”* This approach is limited in scope and only offers
surface-type (s-type) doping that can produce very different material properties from those realized
when dopants are incorporated into the material crystal lattice (c-type); furthermore, ligand
substitution limits dopant concentration to the number of available surface sites.*’ In this context,
realizing a post-synthesis doping method that exploits the narrow size distributions available for
preformed SiNPs while providing high dopant concentrations, control over dopant
distribution/incorporation into the crystalline lattice as well as offering tailorable surface chemistry

is an important and timely goal.

Herein, we report a diffusion-based post-synthesis doping method that draws inspiration
from conventional Si wafer doping and introduces B into preformed SiNPs. By optimizing the
temperature of the annealing step and incorporating hydrogen into the flowing processing
atmosphere we achieved dopant concentrations as high as 5 atomic percent while maintaining NP
morphology. The resulting B-doped SiNPs show photoluminescence (PL) in the visible to near-
infrared spectral regions, are soluble in aqueous solvents and are readily functionalized for

compatibility with organic solvents.
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3.2 Experimental Section
3.2.1 Reagents

Hydrofluoric acid (48-50%) and sulfuric (reagent grade, 95-98%) acid were purchased
from Fisher Scientific and Caledon Laboratory Chemicals, respectively. Fuming sulfuric acid
(reagent grade, 20% free SO3 bases), trichlorosilane (99%), boric acid (reagent grade, 99.5%),
phosphorus pentachloride (reagent grade, 95%), 1-decanol (98.0%), ethanol (anhydrous, <0.003%
water), methyl isobutyl ketone (MIBK, reagent grade, 98.5%) and toluene (HPLC grade) were
purchased from Sigma-Aldrich. Toluene was purified using a Pure-Solv purification system and

collected immediately prior to use.

3.2.2 Synthesis of Hydrogen Silsesquioxane (HSQ)

HSQ was synthesized according to well-established literature procedures.* Dry toluene
(45.0 mL) was added dropwise to a solution of concentrated (15 mL) and fuming (7.2 mL) sulfuric
acid. Next, a mixture of trichlorosilane (16 mL) in dry toluene (110 mL) was added dropwise to
the solution. The resulting product in the organic phase was washed with sulfuric acid solution and
isolated from the aqueous layer. Most of the solvent was removed via rotary evaporation and any

remaining solvent was removed in vacuo resulting in a white crystalline solid.

3.2.3 Synthesis of Silicon Nanoparticles (SiNPs)

The particles were synthesized using a previously established method involving the

thermolysis of the Si precursor HSQ.* Briefly 3 g of HSQ was thermally processed in a standard
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tube furnace in a flowing 5 % H2/95 % Ar atmosphere at peak processing temperatures of 1100,
1200, and 1300 °C. This yielded a black solid composite containing SiNPs encapsulated in a silicon
oxide matrix; the SINPs possessed approximate average sizes of 3, 6 and 9 nm, respectively. The
composite was then ground into a fine powder using an agate mortar and pestle, followed by
shaking in a wrist action shaker with high-purity glass beads for 16 hours to yield a fine, free

flowing brown powder.

To obtain freestanding SiNPs, 200 mg of the composite powder containing Si inclusions
of the target size were etched using 9 mL of a 1:1:1 solution of ethanol:water:HF for one hour in
ambient light. HF is extremely hazardous and must be handled with extreme care and in accordance
with local regulations/guidelines For “crystalline” SiNPs, composites were etched for a total of
240 minutes to remove the amorphous Si capping layer. The SiNPs were extracted into toluene
and purified using centrifugation for 5 min at 5000 rpm, followed by resuspension in dry toluene
followed by centrifugation. This process was repeated 3 times after which the SiNPs were

suspended in 5 mL of dry toluene.

3.2.4 Post Synthesis Doping of SINPs with Boron

Freshly etched SiNPs (20 mg) suspended in 5 mL of dry toluene were added to a Ar purged
Schlenk flask with 2 g of boric acid dissolved in 20 mL of ethanol under flowing Ar. The resulting
mixture was stirred for 5 min then 5 ml of 15 % w/w HSQ in MIBK was added. The mixture was
stirred at room temperature for an additional 1.5 hours under flowing Ar after which the solvents
were removed using a rotary evaporator with a water bath temperature set to 45 °C. The resulting

brown solid was redispersed in 2 mL of benzene and freeze-dried to obtain a free-flowing brown
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powder that was thermally processed in a tube furnace with flowing 5 % H2/95 % Ar (ramp rate =
10 °C/min, peak processing temperature = 500 °C, dwell time = 1 h). Optimization of the drive-in
step was achieved by varying the peak processing temperature in the range of 400 to 600 °C and
flowing processing atmosphere was either 100 % Ar or 5 % H2/95 % Ar. The resulting brown
powders were ground using an agate mortar and pestle, followed by shaking in a wrist action

shaker with high-purity glass beads for 4 hours.

The resulting powder (200 mg) was then etched using 5 mL of a 1:1:1 solution of
ethanol:water:HF for 50 min. The solution was centrifuged at 5000 rpm for 30 min then re-
suspended in 5 mL anhydrous ethanol and centrifuged again, this was repeated twice more to
remove residual HF. The resulting brown powder was suspended in anhydrous ethanol until
further use. The calculated yield for the B-doped SiNPs liberated from the SiOx composite was 10

%.

3.2.5 Phosphorus Pentachloride (PCls) Initiated Functionalization of B-Doped SiNPs Using

1-Decanol

Freshly etched B-doped SiNPs (20 mg) dispersed in dry acetonitrile (10 mL) were mixed
with PCls (0.3 g) for one hour. The solvent was then removed in vacuo and the product was
redispersed in 10 mL of 1-decanol and subjected to three freeze-pump-thaw cycles. The solution
was then heated overnight at 180°C with stirring. The alkoxy-functionalized B-doped SiNPs were
transferred to Nalgene centrifuge tubes with 40 mL of ethanol and spun at 11400 rpm for 50
minutes. The isolated particles were then washed three times with a mixture of toluene (5 mL) and

ethanol (45 mL) and spun at 11400 rpm for 50 minutes.
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3.2.6 Fourier-Transform Infrared Spectroscopy (FTIR)

FT-IR spectra were collected by a Thermo Nicolet Continum FT-IR microscope of a

freeze-dried B-doped SiNPs in a KBr pellet.

3.2.7 X-Ray Photoelectron Spectroscopy (XPS)

Samples were prepared by drop-casting B-doped SiNPs suspended in dry toluene onto
copper foil. XP spectra were measured using Kratos Axis 165 Ultra X-ray Photoelectron
Spectrometer with a monochromatic Al Ka source operating at 210W with an energy of 1486.6
eV. The high-resolution spectra were obtained using an analyzer pass energy of 20 eV and a step
of 0.1 eV. For survey spectra, a pass energy of 160 eV and a step of 0.3 eV. Spectra were calibrated
to C 1s 284.8 eV using adventitious carbon. Peak fitting was performed using CasaXPS software
with a Shirley-type background. Spin-orbit coupling in Si 2p was fixed to an area ratio of 2:1 and

0.6 eV energy spacing.

3.2.8 Electron Microscopy

Transmission electron microscopy (TEM) and HR-TEM were performed on a JEOL JEM-
ARM200CF S/TEM (Cold Field Emission Gun) electron microscope with an accelerating voltage
of 200 kV using SiNPs drop-coated from a toluene solution onto a holey carbon-coated copper
grid. The SiNP size was determined by averaging the size of 300 particles using ImageJ software

(version 1.51j8) and plotted as an average shifted histogram (ASH) as outlined previously by
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Buriak and co-workers. A representative set of histograms are formed by shifting the origin at even
steps through the width of one bin. The ASH is generated by averaging all the histograms that were
generated to form one plot. High-resolution TEM (HRTEM) measurements were conducted using
scanning TEM (STEM) (JEOL 2200FS, 200 kV) with a nominal beam size of 0.5 nm. Electron
energy loss spectroscopy (EELS) analysis was also conducted using a 200 kV JEOL 2200FS
scanning TEM with a nominal beam size of 0.5 nm. Digital Micrograph (Gatan Inc.) was employed
for signal collection and data extraction from EELS spectra. Typical current densities for HRTEM

imaging were 13.15 pA cm™ at 400 K and 16.72 pA cm™ at 500 K.

3.2.9 Photoluminescence Measurements

Photoluminescence spectroscopy measurements were performed for the three size ranges
of B-doped SiNPs before and after functionalization with 1-decanol in ethanol. B-doped SiNPs
were excited using an argon ion laser with a 350 nm emission wavelength and collected by an
optic fiber into an Ocean Optics USB2000+ spectrometer with a spectral range of 300 — 1000 nm
and a sensitivity of 41 photons per count. Photoluminescence lifetime measurements were acquired
of the B-doped SiNPs after functionalization with 1-decanol using an argon ion laser (351 nm,
~20 mW) modulated by an acousto-optic modulator (~50 ns response time) operated at a
frequency of 200 Hz with a 50% duty cycle. The photoluminescence data were collected with a
total of 10 000 sweeps for good signal-to-noise ratio using 1 ps time steps. The decay profiles were

fit using a biexponential equation as shown in the supporting information.
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3.2.10 Thermogravimetric analysis (TGA)

HSQ, boric acid, precursor mixtures, and annealed composites were prepared as a solid
residue and transferred to a platinum pan. The weight loss of the samples was monitored in the
temperature range of 25 to 800 °C at a temperature increment of 10 °C/min under Ar atmosphere

using Mettler Toledo TGA/DSC 1 star system.
3.2.11 Powder X-ray Diffraction (PXRD)

PXRD measurements were carried out on a Bruker D8 Advance diffractometer (Cu-Kal
(L =1.5406 A) and Ka2 (A = 1.5444 A)) for freeze-dried samples of parent intrinsic SiNPs and B-
doped SiNPs. Diffraction patterns were scanned between 260 ranges of 20 — 80 ° with a scanning
step of 0.02 °/s. The Scherrer equation was used to estimate crystallite sizes as shown in the

Appendix.

3.3 Results and Discussion
3.3.1 Diffusion-Based Doping

Heating-induced diffusion is a common and readily accessible approach for introducing
dopants into bulk crystalline silicon.*!*> Typically this procedure involves two-steps: ‘pre-
deposition’ and ‘drive-in annealing’. Pre-deposition introduces the dopant to the silicon surface
while the subsequent high temperature (e.g., 500 — 1200 °C) drive-in annealing promotes dopant
diffusion into the silicon matrix.*! In many cases, an SiO capping layer is used to trap dopants
within the Si and prevents their escape during annealing.*’ The general methodology offers an

intriguing foundation for modification of SiNPs.
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The multistep SiNP doping procedure used herein is summarized in Scheme 3.1 and described in

detail in the Experimental Section.

Intrinsic SINP

[ Dopant precursor HSQ mask

I

I

I

I _ )

: Pre-deposition Drive-in
I

I

1

Scheme 3. 1 Post-synthesis B-doping of precursor SiNPs via thermal diffusion. The first step in
the process is the “pre-deposition” step represented by “1” in which the dopant oxide is
introduced to the surface of the SiNP. The second step in the diffusion-based doping method is
the “drive-in” step which is performed at elevated temperatures to promote dopant diffusion into

the SiNPs.

We began by preparing high-purity, hydrogen-terminated intrinsic SiNPs of well-defined
dimensions and a size-dependent radially graded crystallinity.*** Ethanolic hydrofluoric acid
etching was used to liberate what we will refer to as predefined ‘intrinsic SiNPs’ from an

appropriate hydrogen silsesquioxane (HSQ)-derived SiNP/SiO> composite. These hydrophobic
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SiNPs were extracted into toluene and recovered by centrifugation. Despite challenges associated
with solution processability and agglomeration we successfully determined particle dimensions
(i.e., d =2.99 £ 0.54, 6.30 £ 1.2, and 8.60 £ 1.4 nm; Figure 3.1) using bright-field transmission

electron microscopy (TEM).

2.99(54) 6.3(1.2) 8.6(1.4)
N = 301 N =301 N =302
[0 N O W1 11 | Mo 1100 T I 111
10 15 20 25 30 35 40 45 50 2 4 6 8 10 12 1 6 & 10 12 14 18

Diameter (nm)

Diameter (nm)

Diameter (nm)

Figure 3. 1 Bright field transmission electron microscopy (TEM), corresponding average shifted
histograms, and high-resolution (inset) imaging showing fringes separated by 0.32 nm
characteristic of the (111) lattice spacing of crystalline Si. a) 2.99 + 0.54 nm b) 6.30 + 1.2 nm

and c¢) 8.60 + 1.4 nm.
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Particle dimensions were further confirmed by applying Debye-Scherrer analysis to the broadened

reflections in the powder X-ray diffraction (PXRD; Figure 3.2 a; Table 3.1). Further evidence of

crystallinity was also observed using high-resolution TEM (HRTEM; Figure 3.1).
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Figure 3. 2 a) Powder X-ray diffraction patterns obtained from the precursor intrinsic SiNPs

bearing TEM determined particle sizes of 2.99 + 0.54 nm, 6.30 = 1.2 nm and 8.60 + 1.4 nm.

Each pattern shows broadened reflections characteristic Si 111, 220, 311, 400 and 331.

Experimental data is shown as black traces. Blue traces show the Gaussian-Lorentzian multiple-

peak fitting. b) A representative photograph showing a reaction mixture containing SiNPs, boric

acid and HSQ before (top) and after (bottom) drive-in annealing.
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Table 3. 1 Debye-Scherrer analysis of powder X-ray diffraction patterns collected from

preformed intrinsic SiNPs of TEM determined sizes: 2.99 + 0.54 nm, 6.30 + 1.2 nm and 8.60 +

1.4 nm.
drem = 2.99 nm dtem = 6.30 nm dtem = 8.60 nm
Peak Peak Peak
Crystallite Crystallite Crystallite
position FWHM position FWHM position FWHM
Size (nm) Size (nm) Size (nm)
(260) (26) (26)
28.40 4.40 1.88 28.50 2.33 3.52 28.50 1.28 6.40
47.43 3.61 2.40 47.42 2.45 3.54 47.42 1.35 6.41
56.13 3.39 2.65 56.20 2.33 3.86 56.20 1.21 7.43

As we broadly followed the diffusion-based doping methodology used for bulk silicon, it

was necessary for us to introduce a dopant source and passivating oxide that prevents/minimizes

annealing-induced B dopant loss. Boric acid was chosen as a convenient source of B. We chose

to exploit HSQ solution properties as well as its compatibility with boric acid and used it as a

‘silicon oxide’ capping matrix. In our ‘pre-deposition step’ we combined freshly prepared intrinsic

SiNPs with boric acid and HSQ in an ethanol/MIBK solvent mixture. After removing the solvent,

the outlined procedure afforded light yellow/brown precursor powders that were used in the

presented drive-in procedure (Figure 3.2 b). Details of the mixture compositions are provided in

the section 3.2 of this chapter.
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The “drive-in” step involves heating the dried powders in a standard tube furnace to
promote B diffusion. As stated in the chapter introduction, the chemical potentials of the host and
dopant material have a strong influence on doping and varies with the reaction conditions.!? Ideally
drive-in conditions should yield high concentrations of dopants in the SiNPs while maintaining
particle shape and crystallinity. We first evaluated the influences of drive-in temperature and
processing atmosphere composition using the predefined intrinsic SiNPs (dtem = 6.30 + 1.2 nm).
These particles were chosen for our initial investigations because they represent the intermediate
size range of SiNPs used in the present study. We then methodically varied the peak processing
temperature (i.e., 400, 500, and 600 °C) and employed flowing argon or 5% H2:95% Ar processing

atmospheres.

To explore the processes involved in drive-in heating, we first turned to thermogravimetric
analysis (TGA) and evaluated temperature dependant weight loss for the powder precursors and
doped-composites obtained from heating in a tube furnace (Figure 3.3; Table 3.2). In all cases an
onset of weight loss occurs at ca. 100 °C. At this temperature, precursor powders consisting of
SiNPs, boric acid, and HSQ experienced a weight loss of ca. 19.44 % (Black traces in Figures 3.3
a, b; Table 3.2). Turning our attention to doped composites obtained from heating to 500 and 600
°C both show similar weight loss characteristics (i.e., ca. 4 — 5 %) regardless of processing
atmosphere. Somewhat surprisingly, composites obtained from heating to 400 °C show a heating
profile similar to that of the precursor mixture (i.e., ca. 14 % weight loss) when processed in argon

and substantially smaller weight loss (i.e., ca. 8 %) when processed in 5% H2:95% Ar.
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Figure 3. 3 Thermogravimetric analysis of precursor powders (i.e., dtem = 6.3 £ 1.2 nm SiNPs,
boric acid, HSQ) and doped composites obtained from annealing precursors at indicated peak

processing temperatures in flowing Ar (a) and 5% H2:95% Ar (b) atmospheres.

Table 3. 2 Measured weight-loss of the HSQ/Boric acid/SiNP composites pre- and post-anneal

for temperatures of 400 — 600 °C using Ar or 5:95 Ha:Ar atmosphere.

Temperature (°C) Annealing Atmosphere Weight-loss

Pre-anneal N/A 19.71
400 Ar 14.44
500 Ar 5.80
600 Ar 4.47
400 5:95 Ha:Ar 7.96
500 5:95 Ha:Ar 4.45
600 5:95 Ha:Ar 3.80
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While TGA data are largely qualitative and must be interpreted with caution, the observed weight
losses can be reasonably attributed to boric acid dehydration (Figure 3.4).**¢ We also note that,
at the sensitivity of TGA, the processing atmosphere has little impact on the nature of the product

mixture when the drive-in step is performed at temperatures of 500 °C or higher.
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=
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Figure 3. 4 Thermomgravimetric analysis of boric acid (dopant precursor; red curve) and

hydrogen silsesquioxane (HSQ; capping agent; black curve)

Generally, for bulk systems, the elemental B required to dope silicon is produced in situ
during drive-in annealing. B is formed via heat promoted Si reduction of boron oxide (supplied in
the present system by dehydration of boric acid) that occurs at approximately 500 °C (Equation

3.1).% For the present nanocomposites there two possible sources of Si(0), i) the surfaces of pre-
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formed intrinsic SiNPs, and ii) non-crystalline silicon domains that emerge upon thermal

processing of HSQ in the same temperature regime.*’
2B,03; +3Si = 4B +3Si02> (3.1)

While the silicon-based reaction is almost certainly active, it does not explain the stark difference
in weight loss that is evident when comparing the heating profiles of the reaction mixtures heated
to low (i.e., 400 °C) versus high (i.e., 500 and 600) temperatures. It has been previously suggested
that hydrogen can increase the diffusion of B in SiO> and amorphous silicon.*® Additionally, the
presence of hydrogen in annealing gas has been found to promote the reduction of dopants in silica
glasses.*” An alternative source of B is found in the reaction we propose could occur in the presence
of hydrogen (Equation 3.2) that produces water which would readily evaporate under the presented
reaction conditions. This reaction provides B while providing an explanation for the observed

weight-loss.
H> + B203 + Si = 2B + SiO; + H O (3.2)

In this context, while the contribution to B production from the reaction summarized in Equation
3.1 cannot be completely discounted, we propose that the hydrogen promoted reduction of boron

oxide (Equation 3.2) plays an important (and potentially primary) role.

Fourier transform infrared spectra (FTIR) of the doped composites provides further
evidence supporting our hydrogen reduction hypothesis. A straightforward comparison of the
spectra of composites obtained from drive-in annealing performed in 5% H2:95% Ar as well as
pure Ar (Figures 3.5 a and b, respectively) reveals more intense spectral features corresponding to
silicon oxide (1080 cm™) and a decrease in the intensity of those associated with water (3250 —

3550 cm™) and boron oxide (1400 cm™) for composites prepared in a reducing environment.
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Figure 3. 5 FTIR spectra of the HSQ/Boric acid/SiNP precursor mixture and the corresponding
composites produced after annealing at indicated temperatures using an atmosphere of a) 5 % H»

:95 % Ar or b) Ar
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To gain further insight into the processes by which B is introduced to the intrinsic SiNPs,
we employed X-ray photoelectron spectroscopy (XPS) to evaluate the boron concentration in
isolated SiNPs (Figure 3.6). Previously, we observed that when doping levels exceed the solid
solubility limit of B in Si (i.e., > 9.0 x 10 atomic % B below 700 °C)° two B species appear in
the XPS analysis that correspond to ‘surface’ and ‘core’ B dopants.’! The same trend appears for
the present systems. Figure 3.6 shows the high-resolution B 1s XP spectra for SiNPs (pre-formed
intrinsic SiNPs drem = 6.3 = 1.2 nm) prepared at indicated peak annealing temperatures in the
range of 400 — 600 °C in a flowing Ar (Figures 3.6 a, c, ) and 5% H»:95% Ar (Figures 3.6 b, d, f)

atmospheres.
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Figure 3. 6 High-resolution B 1s XP spectra of freshly liberated unfunctionalized B-doped

SiNPs prepared from predefined intrinsic SINPs dtem = 6.3 + 1.2 nm in flowing argon (a - ¢) or

5% H2:95% Ar (d - f) atmospheres at indicated peak drive-in annealing temperatures.

121



It is immediately evident there is a positive correlation between the drive-in annealing temperature
and the intensity of the B emission (i.e., higher drive-in temperature = higher B concentration;

Figure 3.7).

= 5% H,/95% Ar
1000 - o Ar

800

600

400

Integrated Signal Area (a.u.)

200

400 450 500 550 600
Temperature (°C)
Figure 3. 7 Integrated area of signal in the B 1s XP spectra for composites produced after

annealing at temperatures of 400 — 600 °C using an atmosphere of Ar (red curve) or 5 % H»: 95

% Ar (black curve).

Closer inspection reveals the emergence of a ‘core’ species in which the B atoms are bonded to
four Si atoms (B.E. = 187.7 eV) with a decrease in the emission intensity arising from oxidized B
species (B.E. = 191.5 eV) when samples are prepared at 500 and 400 °C in Ar and 5% H2:95% Ar
atmospheres, respectively. These observations are consistent with the reduction reaction

summarized in Equation 3.2 and suggest that more boron oxide is being converted to elemental B
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at increased temperature. Intriguingly, our data also suggest that using 5% H2:95% Ar atmosphere
lowers the annealing temperature required to induce doping by approximately 100 °C. High-
resolution Si 2p XP spectra (Figure 3.8) were also obtained for each sample and show broad

emissions that are readily fit to Si(0), (I), (IT), (III), and (IV) components.
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Figure 3. 8 High-resolution Si 2p XP spectra of B-doped SiNPs obtained from annealing

precursor particles in flowing Ar and 5:95 Ha:Ar atmospheres at indicated temperatures.
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The morphologies of the SiNPs liberated from the oxide composites produced from each
set of drive-in conditions were investigated using bright-field TEM (Figure 3.9). SiNPs obtained
from annealing at 400 and 500 °C appeared spherical with diameters of 4.90 = 1.8 and 4.60 + 2.1
nm for Ar atmosphere processed samples and 4.90 &+ 1.7 and 4.38 £+ 0.91 nm for those prepared in
5% H2:95% Ar (Figures 3.9 and 3.10). These TEM determined dimensions are consistently smaller
than those observed for the predefined intrinsic SiNPs (i.e., drem = 6.3 + 1.2 nm); we attribute
these differences to the impacts of the second ethanolic HF etching step required for their
liberation, as well as Si-based reduction of the boric acid dopant precursor. HRTEM of the present
B-doped SiNPs revealed a characteristic Si (111) lattice spacing of 0.33 nm (Figure 3.9; insets).
In contrast, equivalent analyses of materials obtained from drive-in annealing of reaction mixtures
at 600 °C reveals the SiNP spherical morphology is compromised and networks of interconnected
Si particles result (Figures 3.9 ¢, f). These networks are comparatively large and polydisperse (i.e.,
15.0 £ 11.0 nm for Ar and 6.30 £ 8.2 nm for 5% H2:95% Ar; Figure 3.10). We propose that the
HSQ capping layer undergoes a well-understood thermal disproportionation reaction at
temperatures over 450 °C to form amorphous Si that deposits onto and links SiNPs to form the
observed networks.**"? From these observations, we chose to use a peak drive-in annealing
temperature of 500 °C and 5% H2:95% Ar processing atmosphere because these parameters offer
what we have found to be the best conditions investigated here to achieve high concentrations of

B-dopant while maintaining uniform spherical NP morphology.
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Figure 3. 9 Bright-field TEM of freshly liberated unfunctionalized B-doped SiNPs obtained
from predefined intrinsic SINPs (drem = 6.3 nm) via drive-in annealing in Ar (a-c) and 5%
H2:95% Ar (d —f) at indicated peak processing temperatures for 1 h. Insets show HRTEM

imaging that, in all cases, reveals characteristic Si (111) lattice spacing of 0.32 nm.
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Figure 3. 10 Average shifted histograms of particle sizes obtained from bright field TEM images
of B-doped SiNPs obtained from composites annealed in Ar at a) 400 °C, b) 500 °C, ¢) 600 °C
and 5:95 Hz:Ar at d) 400 °C, e) 500 °C, f) 600 °C. N represents the number of particles

measured.

3.3.2 Evaluating Dopant Concentration and Distribution

With our newfound insight into the active processes in diffusion-based doping of
preformed SiNPs in hand, we turn our attention to preparing freestanding B-doped SiNPs of
different sizes, interrogating their structure, and understanding the nature (e.g., location, bonding,
etc.) of the dopant atoms. Qualitatively, the SiNPs liberated from the composites obtained from

the drive-in procedure differ substantially from the preformed intrinsic SiNPs obtained from the
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original HSQ-derived composites. The B-doped SiNPs form dark brown transparent solutions in
ethanol (Figure 3.11 inset); this differs starkly from what is observed for the intrinsic SiNPs that
form an orange/brown cloudy suspension that readily settle over 10 minutes (Figure 3.11 inset).
These observations are consistent with other reports of doped SiNPs that did not require additional
surface functionalization to render them compatible with polar solvents.?’>!** Looking to the
infrared spectra of the doped SiNPs (Figure S8 a) features at 1400 cm™ that are characteristic of
B-O/B-H stretching are clearly present while equivalent analysis of the preformed intrinsic SiNPs
show no evidence of B-related absorptions while Si-H related features (i.e., 900 and 2200 cm™)

dominate the spectra.
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Figure 3. 11 a) Fourier transform infrared spectra (FTIR) for indicated precursor intrinsic SiNPs
and corresponding as-synthesized B-doped SiNPs. Particle sizes indicated on the spectra
correspond to the drem of preformed intrinsic SiNPs (2.99, 6.30 and 8.60 nm) and B-doped
SiNPs (3.66, 4.38 and 7.10 nm). b) Plot of measured drem of intrinsic SiNPs vs. B-doped SiNPs.
Inset: photograph of suspensions of intrinsic SiNPs (toluene; left) and B-doped SiNPs (ethanol;
right). A standard handheld laser pointer is used to show the Tyndall effect exhibited by the

doped particle suspension.

Bright-field TEM imaging of the presented B-doped SiNPs derived from preformed
intrinsic SiNPs reveals a spherical morphology with average particle diameters of 3.66 + 0.85,
4.38 £0.91, and 7.10 = 1.6 nm (Figures 3.12 a-c and 3.13); as expected, and consistent with the
mechanism outlined above drtem values are consistently smaller than those of the preformed
intrinsic SiNP precursors, with the exception of the smallest particle diameter, which is statistically

the same size as the intrinsic SiNP precursor (Figure 3.11 b).
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Figure 3. 12 Bright-field TEM images of as-synthesized B-doped SiNPs derived from parent
intrinsic SiNPs with average diameters of a) 3.66 + 0.85, b) 4.38 £ 0.91, and ¢) 7.10 £ 1.6 nm.

d)-f) EELS line-scans of corresponding B-doped SiNPs shown in a — c.
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Figure 3. 13 Average shifted histograms obtained from bright field TEM images of B-doped

SiNPs produced using precursor SiNPs with TEM determined dimensions of a) 3.66 = 0.85 nm

b)4.38 £0.92 nm and ¢) 7.10 £ 1.6 nm.
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We also note evidence of crystallinity in the HRTEM image (Figures 3.14 a-c) with the observation
of characteristic Si (111) lattice spacing. Crystallinity was further confirmed via PXRD (Figures
3.14 d-f) analysis that showed characteristic broadened reflections associated with cubic silicon

and provide crystallite dimensions through Debye-Scherrer analyses (Table 3.3).
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Figure 3. 14 High-resolution TEM of as-synthesized B-doped SiNPs with average TEM

determined diameters of a) 3.66 &= 0.85 nm b) 4.38 = 0.92 nm and ¢) 7.10 + 1.6 nm. Powder X-
ray diffraction patterns of as-synthesized B-doped SiNPs with diameters of d) 3.66 nm, e) 4.38
nm and f) 7.10 nm. Experimental data is shown as black traces. Blue lines show the Gaussian-

Lorentzian multiple-peak fitting.
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Table 3. 3 Debye-Scherrer analysis of powder X-ray diffraction patterns collected from B-doped

SiNPs of three different sizes: 3.66 + 0.85 nm, 4.38 £ 0.92 nm and 7.10 + 1.6 nm.

drem = 3.66 nm drem = 4.38 nm dtem = 7.10 nm
Peak FWHM  Crystallite Peak FWHM Crystallite Peak FWHM Crystallite
position Size (nm) position Size (nm) position Size (nm)
(20) (20) (20)
28.34 4.00 2.05 28.38 2.11 3.89 28.38 1.581 5.18
47.39 3.98 2.18 47.38 1.88 4.62 47.36 1.63 5.32
55.96 3.78 2.38 56.23 2.74 3.28 56.11 1.87 4.81

The presence and location of B atoms within the present SiNPs was investigated using

electron energy loss spectroscopy (EELS). EELS point spectra of all three sizes of B-doped SiNPs

were compared with the preformed intrinsic crystalline Si (Figure 3.15). In all cases the L-edge of

Si is clearly resolved at 100 eV; we do note that the fine structure of the Si L-edge is impacted by

doping consistent with anticipated changes in electronic properties. All three sizes of B-doped

SiNPs show an additional energy-loss peak at 200 eV corresponding to the B K-edge. An EELS

line-scan for each size of the B-doped SiNP samples was performed to evaluate the relative

positioning of B within the particles (Figures 3.12 d-f). In all cases, the integrated B K-edge and

Si L-edge energy loss peaks were coincident and consistent with the B being integrated into the

entire the SINP.
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Figure 3. 15 Electron energy-loss spectrum of as-synthesized B-doped SiNPs with average

diameter of 3.66 = 0.85 (blue), 4.38 + 0.91 (green) and 7.10 &+ 1.6 nm (red) compared to intrinsic

Si (black).

XPS provides additional insight into the nature and the relative location of the dopant atoms
within the SiNPs, while ICP-MS offers complementary bulk quantitative analysis of dopant
concentration. The B 1s high-resolution XP spectra (Figures 3.16 a - c) obtained for each size of
B-doped SiNPs derived from predefined intrinsic SiNPs are readily deconvoluted into two
components appearing at 187.7 and 188.7 eV. These features are confidently attributed to

23,54

substitutional B atoms bonded to four Si atoms located in the ‘core’ of the particles, and
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partially hydrogenated B atoms bonded to two or three Si atoms residing at the particle surface.>
We observe that the intensity of the B 1s emission is dependent upon the dimensions of the SiNPs.
The integrated intensity of the ‘surface’ species related feature decreases relative to that of the
‘core’ species emission with larger SiNPs (Table 3.4). This trend can be understood in the context
of total B concentration in each sample. ICP-MS analyses provide 5.03, 3.83 and 2.49 atomic
percent B for average drem dimensions of 3.66, 4.38, and 7.10 nm, respectively. Considering the
XPS and ICP-MS data together it is clear that as the total B concentration decreases, so too does
the relative intensity of the photoelectron emission arising from the ‘surface’ species. This is
consistent with our previous proposal that, during doping, the NP core becomes saturated with B

and excess dopant migrates to, and/or stays at, the particle surface.?*-?6-27-31.56
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Figure 3. 16 High-resolution B 1s XP spectra and corresponding ICP-MS determined atomic
percent B (insets) for as-synthesized B-doped SiNPs with drem of a) 3.66 = 0.85, b) 4.38 + 0.91,

and c¢) 7.10 = 1.6 nm.

Table 3. 4 Integrated intensities of the “surface” and “core” B species determined by taking the
area under the fitted peaks centred at 188.7 eV and 187.7 eV, respectively, in the B 1s XP spectra

for samples with average drem dimensions of 3.66, 4.38, and 7.10 nm.
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dtEm Area of “surface” species Area of “core”

(188.7 V) species (187.7 eV)
3.66 169.5 108.0
4.38 69.7 105.1
7.10 49.9 102.0

3.3.3 The influence of NP Size and Crystallinity on Dopant Concentration

Looking to the size dependence of the boron doping, we observe that total B concentration
decreases with increasing particle size. Interestingly, this trend persists despite the presence of an
excess of B source in all the investigated reaction mixtures. In bulk semiconductors, dopants
behave differently depending upon the crystallinity of the semiconductor host. In fact, for the
temperature range used herein (i.e., ca. 500 °C) B diffusivity is 5 orders of magnitude higher in
amorphous Si than the crystalline phase.”’>® This dramatic difference has been attributed to the
influence of defects (e.g., dangling bonds) that create a metastable mobile B that can hop between
adjacent sites.*!* In this context, one can expect the core structure (e.g., structural strain, degree

of crystallinity) of SiNPs to impact boron uptake and diffusion.

Previously, we demonstrated that SiNPs obtained from thermally-induced
disproportionation of HSQ possess size dependent structures.**” The smallest SiNPs (i.e., drem~
3 nm) investigated in our earlier study (and here) primarily comprise a quasi-crystalline structure.**
Increasing the particle size sees this quasi-crystalline structure grow (i.e., dtem~ 6 nm) and evolve
providing a crystalline core capped by a quasi-crystalline shell and a disordered surface for the

largest SiNP investigated here (i.e., drem~ 9 nm).* In our earlier report we also noted an inverse

dependence of crystal strain on particle size for SiNPs of dimensionality equivalent to those
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investigated here. In this context, it follows that the noted quasi-crystallinity of, and strain in
smaller SiNPs (i.e., dtem < 6 nm) will manifest as defects that include dangling bonds, distorted
Si-Si bonds and co-ordination defects that will undoubtedly impact B diffusivity and increase the
maximum possible B dopants in the SiNPs.**>* Furthermore, the size dependence of the quasi-
crystallinity and strain of the preformed intrinsic SiNPs is expected to impart size-dependent B
uptake. Looking to as-synthesized B-doped SiNPs prepared from preformed intrinsic SiNPs we
find they exhibit PXRD patterns with broadened reflections of characteristic cubic Si (Figure 3.14).
A comparison of the TEM- and Debeye-Scherrer analysis-determined dimensions reveals SiNPs
with the largest dtem have the largest crystallite size (i.e., dxrp) while those with the smallest dtem
show the smallest dxrp (See Table 3.5). This is consistent with the gradient structure of the
predefined intrinsic SiNPs influencing B uptake while being preserved throughout the drive-in

doping procedure.

Table 3. 5 Corresponding TEM dimensions and crystallite sizes of precursor SiNPs and B-doped

SiNPs determined using the Debye-Scherrer Equation.

Precursor SINP  Precursor SiNP B-doped B-doped
dreEM (nm) dxrp (nm) SiNPs dtem SiNPs dxrp
(nm) (nm)
2.99 2.11 3.66 2.02
6.30 3.93 4.38 3.63
8.60 6.75 7.10 5.11
6.02 5.74 5.42 4.89
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To further explore the impact of the quasi-crystalline structure of the SiNP on B
uptake/doping we ‘over-etched’ the identical HSQ-derived SiNP/SiO2 composite. This over-
etching procedure reduces the overall NC physical dimension, as well as the thickness of the quasi-
crystalline outer layer and yields preformed ‘crystalline’ SiNPs with dtem = 6.02 + 0.94 nm (Figure

3.17) and calculated dxrp = 5.74 nm (Table 3.5) that was B doped using the presented drive-in

procedures.

A

Figure 3. 17 a) Bright field and high-resolution (inset) TEM of 9 nm intrinsic SiNPs that were
“over-etched” to 6 nm using ethanolic HF to remove their amorphous shell and b) the
corresponding average shifted histogram. ¢) PXRD pattern obtained from a representative over-
etched sample showing characteristic reflections from crystalline silicon. Experimental data is

shown as black traces. Blue lines show the Gaussian-Lorentzian multiple-peak fitting.

A comparison of B-doped particles obtained from ‘crystalline’ SiNPs (drem = 6.02 = 0.92 nm;
dxrp = 5.74 nm) and similarly sized (i.e., dtem = 6.30 £ 1.2 nm; dxrp = 3.93 nm) standard intrinsic

SiNPs that bore a quasi-crystalline shell showed distinct differences in B uptake. The high-
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resolution B 1s XP spectra of doped ‘crystalline’ and standard SiNPs indicate both types of SiINPs
contain B, however, the intensity of the B emission from the ‘crystalline’ sample is significantly
less intense than that observed from the standard SiNPs doped under identical conditions (Figure
3.18 a, b). Bulk ICP-MS measurements confirm the concentration of B in standard SiNPs (i.e.,
3.83 atomic %) is approximately 7x higher than that observed for ‘crystalline’ SiNPs (i.e., 0.52
atomic %). In both cases, the B emission is readily deconvoluted into components arising from
‘core’ and ‘surface’ B species evidenced by emissions at 187.7 and 188.7 eV, respectively. From
this data, we conclude that quasi-crystalline shells on SiNPs dramatically promote B uptake during
thermal drive-in and that the observed size-dependent B concentration is reasonably attributed to

smaller SiNPs possessing quasi-crystalline structures.

Crystalline only Amorphous + Crystalline

a) B1s b) B1s

i 052%B - 383%8B
i E
2 2 | B(IV)-Si
S S 1 B(IV)-H

192 150 1!;8 ) 1&;6 1;3-4 192 1‘50 1&;8 1&;6 1&I!-4

B.E. (V) B.E. (eV)

Figure 3. 18 High-resolution B 1s XP spectra of B-doped SiNPs that were synthesized from the

predefined SiNPs bearing quasi-crystalline shells (a) and over-etched crystalline SiNPs (b).
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3.3.4 Tailoring surface chemistry

Having shown that drive-in doping of SiNPs provides a convenient approach to size-
controlled preparation of B-doped SiNPs, it is important to demonstrate tailoring of the surface
chemistry of these new systems because surface chemistry provides solution processability,
stability, and can even impart size-independent tailoring of optical response.”*%° As-synthesized,
the B-doped SiNPs are soluble in ethanol, however, rendering them compatible with organic (non-
polar) solvents has proven challenging. In Chapter 2 we demonstrated the surface chemistry of B-
doped SiNPs is readily tailored using a two-step approach involving phosphorus pentachloride
(PCls) etching followed by heating in the presence of an appropriate alcohol that binds to the
particle surface as an alkoxide ligand.’! To investigate the potential size dependence of this
functionalization procedure, we functionalized B-doped SiNPs of different sizes/B-doping
concentrations (i.e., 3.66 = 0.85/5.03 atomic %, 4.38 +0.91/3.83 atomic %, and 7.10 = 1.6 nm/2.49
atomic %) with 1-decanol surface groups derived from 1-decanol and evaluated their size-
dependent optical response. After functionalization, all the presented SiNPs readily disperse in
common organic solvents (e.g., toluene) to yield a transparent yellow/brown ‘solutions’ that show
a Tyndall effect when exposed to the emission of a standard laser pointer (Figure 3.19 a). FTIR
spectra of the functionalized particles (Figure 3.19 b) show boron and silicon oxide associated
features at 1080 cm™ and 1400 cm™ consistent with attachment of the OR ligand through Si-O and
B-O linkages. In addition, the C-Hx stretching of the surface tethered decyl chain is noted at 2900

cm.
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Figure 3. 19 a) A photograph of a toluene suspension of drem = 4.38 nm B-doped SiNPs
obtained from their reaction with PCls and 1-decanol. The beam of a standard handheld laser

pointer is used to show a Tyndall effect. b) FTIR of 1-decylate functionalized B-doped SiNPs for

the indicated particle sizes.

Further confirming 1-decanol functionalization, the high-resolution B1s XP spectra of all
functionalized SiNPs show evidence of an emission at 192 eV that we attribute to oxidized four-
coordinate B bonded to two or three Si atoms and one or two “OR” functionalities at the SiNP
surface which are not observed for non-functionalized B-doped SiNPs (Figure 3.20).2615361 n

addition, Si 2p high-resolution XP spectra show increased relative intensity of the Si(Ill) and Si
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(IV) species at binding energies of 102 and 103 eV, respectively that is consistent with introduction

of alkoxide surface ligands (Figure 3.21).

a) 1B 1s b)’
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Figure 3. 20 High-resolution XP spectra of B 1s for 1-decylate functionalized B-doped SiNPs

with average TEM determined sizes of a) 3.66 nm, b) 4.38 nm and c) 7.10 nm.
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Figure 3. 21 High-resolution XP spectra of Si 2p region for 1-decylate functionalized B-doped

SiNPs with TEM determined average sizes of a) 3.66 nm, b) 4.38 nm and ¢) 7.10 nm.

With the combination of tailored size and surface chemistry afforded by the present
methods, we endeavored to investigate and compare the size dependent photoluminescence
response of B-doped SiNPs. Figure 3.22 shows the absorbance and photoluminescence spectra of
the three sizes/B-doping concentrations (i.e., 3.66 + 0.85/5.03 atomic %, 4.38 +0.91/3.83 atomic

%, and 7.10 £ 1.6 nm/2.49 atomic %) of B-doped SiNPs before and after PCls mediated alkoxide
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functionalization. Like intrinsic Si, the B-doped SiNPs absorb light over the entire UV spectral

region tailing into the visible (Figure 3.22 a).
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Figure 3. 22 Normalized PL emission spectra for B-doped SiNPs with diameters/B-dopant

concentrations of 3.66 £+ 0.85/5.03 atomic % (blue), 4.38 £ 0.91/3.83 atomic % (green), and 7.10

+ 1.6 nm/2.49 atomic % (red) a) as-synthesized in ethanol and b) after functionalization with 1-

decanol in toluene. ¢) UV-Visible absorbance and d) Time-resolved fluorescence decay profiles

of the emission of B-doped SiNPs after functionalization with 1-decanol. Data are fit with a

biexponential decay model detailed in the supplemental information.
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Ethanol solutions of as-synthesized B-doped SiNPs show peak PL energies spanning the visible
region of the spectrum that red-shift through 500, 550 to 745 nm as drem increases through 3.66 +
0.85, 4.38+ 0.91, to 7.10£1.6 nm, respectively (Figure 3.22 b). Functionalization with 1-decanol
moieties saw the PL. maxima of all the B-doped SiNPs remain unchanged (Figure 3.22 ¢), however

we did note an increase in maximum PL intensity (Figure 3.23).
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Figure 3. 23 Photoluminescence spectra of B-doped SiNPs with TEM determined average
diameters of 3.66 nm before (black) and after functionalization with 1-decanol (red). This data

illustrates the impact of functionalization on PL intensity.

144



We also note that PL quantum yields (PLQY) of B-doped SiNPs depended on particle

size/dopant concentration showing an increase from 7 % to 19 % as dtem increased from 3.66 to

7.10 nm and B concentration decreased from 5.03 to 2.49 atomic %. This trend in PLQY is

opposite to what is normally observed with increasing SiNP size,® hence we tentatively attribute it

to the influences of non-radiative Auger recombination, which increases with dopant

concentration. [106] PL lifetime measurements were calculated using the time-resolved emission

decay profiles of each size of B-doped SiNPs after functionalization with 1-decanol (Figure 3.22

d and Table 3.6). As the size of the NC increased from 3.66 to 7.10 nm, the recorded microsecond

lifetimes increased from 120.5 to 489.6 s, consistent with other studies reporting longer lifetimes

for larger SiNPs.?%%® The ability to tailor the surface chemistry of the B-doped particles to render

them soluble in either aqueous or organic solvent and retain PL emission wavelength is desirable

for many far-reaching applications such as photovoltaics and multimodal biomedical imaging.

Table 3. 6 PL decay lifetimes of B-doped 1-decanol functionalized SiNPs

Particle drem a1 T1 a2 T2 R?
3.66 nm 0.8795 4.633 0.05567 120.5 0.9975
4.38 nm 0.5797 38.98 0.4053 141.1 0.9984
7.10 nm 0.4634 153.4 0.5341 489.6 0.9997

3.4 Conclusions

In conclusion SiNPs were doped with B using a novel post-synthesis diffusion-based

method which uses an HSQ “mask” to prevent volatilization of the B dopant during the “drive-in”
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step. Raising the annealing temperature of the drive-in step promotes the reduction of the dopant
oxide and incorporation into the SiNP, however, at temperatures > 500 °C fused particle networks
begin to form and compromise the NC structure. Additionally, it was found that the presence of
hydrogen in the flowing annealing atmosphere further promotes B incorporation, and likely
increases chemical potential for an alternative reaction pathway. The concentration of B dopant
incorporated into the NC increased as the size of the SiNP decreased, which was attributed to the
increase in disorder in the smaller NCs. As-synthesized the B-doped SiNPs exhibited PL emissions
which ranged from the visible to NIR wavelengths, which could be rendered organic-phase soluble
upon functionalization with 1-decanol and increase the overall PL emission intensity of the
particles. The tailorability of the size and surface chemistry of the B-doped SiNPs make them
excellent candidates for use in targeted applications such as multimodal imaging and photovoltaic

devices.
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Chapter 4

Monolayer doping of silicon nanoparticles
via a self-capping molecular phosphorus
precursor
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4.1 Introduction

Intentional doping of silicon nanoparticles (SiNPs) has gained substantial attention as a
method to impart desirable properties such as electrical, optical, magnetic, and catalytic activity.'-?
In fact, recent studies illustrate that SiNPs are excellent candidate materials for incorporation into
photovoltaic devices® and phototransistors,* as well as for use in bioimaging,’ and catalysis.>¢
Further advancement of these applications is contingent upon the development of reliable methods

that afford the predictable incorporation of dopants into these promising systems while providing

precise control over dopant location.

To date, several doping approaches have been established for SiNPs. Non-thermal plasma
and laser pyrolysis are popular methods for producing doped SiNPs that can provide extremely
high (up to 60 atomic %) dopant concentrations. These concentrations are accessible because of
the nonequilibrium conditions that characterize these approaches and kinetically trap dopants.’
Dopant concentrations can be controlled by defining the amount of dopant precursor contained in
the carrier gas, however, tuning the SiNP size and surface chemistry is difficult. The Fujii group
developed a sputtering method to synthesize B and P co-doped SiNPs from Si-rich
borophosphosilicate glass matrices.® They demonstrated SiNP size could be controlled by defining
the annealing temperature and dopant concentration could be tuned by varying the glass matrix
composition. Chapter 3 described a thermal diffusion-based post-synthesis doping method that
allows for tuning of SiNP size through the use of a predefined silsesequioxane precursor and
tailorable surface chemistry using the functionalization protocol outlined in Chapter 2. The

concentration of the B-dopant depended upon the NP crystallinity and the annealing conditions.
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Despite the associated advances and understanding realized during these studies, precise control

over the location of the dopants within the NPs remains elusive.

Monolayer doping is used by the semiconductor industry to introduce impurities into ultra-
shallow nanoscale dopant layers on silicon substrates.” This approach employs dopant-containing
molecules that bind to the silicon surface to form a monolayer. A capping layer (typically SiO) is
then deposited to prevent dopant-loss during the subsequent annealing step. The assembly is then
annealed to decompose surface bonded molecule and drives the dopant into the silicon host. The
Si0; capping layer is then removed and a thin dopant layer is achieved, thanks to the self-limiting

nature of the molecular dopant monolayer which allows for a well-defined dopant dose.°

p
Molecular Dopant
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Capping
DDDD DD Layer
I

- —
Processing
-

Figure 4. 1 Diagram depicting the application of monolayer doping in silicon wafers. A

monolayer is first formed with the dopant containing molecule. The functionalized substrate is
then rapidly heated to promote decomposition of the monolayer and thermal diffusion of the

dopant into a shallow region of the wafer.

Self-capping dopant molecules have recently gained attention as an alternative to

depositing thick SiO> capping layers in monolayer doping. Organoboron precursors have been
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previously studied for monolayer doping of bulk silicon, however carbon contamination remained
an outstanding issue.!! A carbon-free self-capping molecule was achieved through the use of a
phosphorus containing polyhedral oligomeric silsesquioxane (POSS) scaffold that formed a
nanolayer of SiO with thermal treatment.'? The grafting of the POSS-P scaffold was demonstrated
successfully on silica nanoparticles with a diameter of 20 nm, however, rapid thermal processing
was only performed with Si wafers. As the POSS-P structure shows strong interactions with silicon
surfaces it has the potential to be used as a molecular dopant for silicon nanoparticles. In this
Chapter we explored grafting the POSS-P structure to the surface of preformed SiNPs and using

thermal-processing to selectively dope the surface and/or subsurface of the particles.

4.2 Experimental Details
4.2.1 Reagents and Materials:

Hydrofluoric acid (48-50%) and sulfuric (reagent grade, 95-98%) acids were purchased from
Fisher Scientific and Caledon Laboratory Chemicals, respectively. Fuming sulfuric acid (reagent
grade, 20% free SO;3 bases), toluene (HPLC grade), trichlorosilane (99%), triethylamine (>99%),
phosphorus trichloride (99%), and 1,3,5,7,9,11,14-
Heptaisobutyltricyclo[7.3.3.15,11]heptasiloxane-endo-3,7,14-triol (isobutyltrisilanol-POSS;
97%) were purchased from Sigma-Aldrich. Toluene was purified using a Pure-Solv purification
system and collected immediately prior to use. All reactions were performed under inert

atmosphere conditions using standard Schlenk techniques in dry and oxygen free glassware.
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4.2.2 Synthesis of Hydrogen Silsesquioxane (HSQ)

HSQ was synthesized according to well-established literature procedures.'® Dry toluene (45.0 mL)
was added dropwise to a solution of concentrated (15 mL) and fuming (7.2 mL) sulfuric acid. Next,
a mixture of trichlorosilane (16 mL) in dry toluene (110 mL) was added dropwise to the solution.
The resulting product in the organic phase was washed with sulfuric acid solution and isolated
from the aqueous layer. Most of the solvent was removed via rotary evaporation and any remaining

solvent was removed in vacuo resulting in a white crystalline solid.
4.2.3 Preparation of H-SiNPs

Precursor hydride terminated silicon nanocrystals (H-SiNPs) were synthesized using a previously
established method involving the thermally induced disproportionation of HSQ.!® Briefly, six
grams of HSQ was thermally processed in a standard tube furnace at 1100, 1200, and 1300 °C for
one hour with a ramp rate of 4 °C/min and 5% H2:95% Ar flowing atmosphere. This procedure
yielded oxide composites containing SiNPs of sizes ranging from 3 to 9 nm depending upon the
processing temperature. The resulting solids were ground in pentane using an agate mortar and
pestle and further processed using a wrist action shaker and high purity glass beads for 16 h to

yield a fine powder.

The resulting powder was etched using a 1:1:1 solution of ethanol:deionized water:HF to liberate
the H-SiNPs. A typical etching procedure employed 400 mg of composite and 9 mL of etching
solution that was combined and stirred for 1 h after which the H-SiNPs were then extracted into
toluene and washed three times using centrifugation and dry toluene. The isolated H-SiNPs were

then resuspended in 5 mL of dry toluene until further use.
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4.2.4 Synthesis of hepta-isobutyl-polyhedral oligomeric silsesquioxane phosphorus triester

(POSS-P)

POSS-P was prepared using a modified literature procedure.!? Isobutyltrisilanol-POSS (1.159 g,
1.46 mmol) was added to a purged Schlenk flask and dissolved in 20 mL dry toluene. Once
dissolved, 0.730 mL of triethylamine was added to the solution and stirred for 10 minutes. In a
purged additional funnel, 10 mL dry toluene was mixed with 0.145 mL of phosphorus trichloride
(1.60 mmol) and added dropwise to the solution over 10 min. A white suspension immediately
appeared upon addition. The reaction was left stirring for 2 h after which the solvent and volatiles
were removed in vacuo to afford a white solid that was suspended in pentane and filtered over
Celite. The resulting solution is then subjected to rotary evaporation to remove excess solvent and
further dried under vacuum to yield a white crystalline solid. Yield: 31% (0.363 g). '"H NMR
(C6DsCDs3, 25 °C, ppm): du= 2.05 (m, 1H, CHCH(CH3)2), 1.05 (m, 6H, CH.CH(CH3)2), 0.89 (m,
2H, CH>,CH(CH3),). '3C NMR (ppm): 8c= 26.0 (2C, CH2CH(CH3)2), 24.2 (1C, CH2CH(CHa),),

23.0 (1C, CH,CH(CHs),). *'P NMR (ppm): 8p=-47.5 (1P, PCI(OR)»), -19.0 (1P, P(OR);0)
4.2.5 Grafting of POSS-P to H-SiNPs

A toluene suspension (5 mL) of freshly etched SiNPs (40 mg) was added to an Ar purged Schlenk
flask. Subsequently a toluene (5 mL) solution of POSS-P (0.3 g) was added with stirring. The
reaction mixture was stirred for 2 hours under flowing Ar and excess solvent was removed in

vacuo. The resulting brown gel was further dried under vacuum to yield a brown solid.
4.2.6 Thermal treatment of POSS-P grafted SiNPs

The SiNPs grafted POSS-P (0.340 g) was heated in a standard tube furnace to 500 °C at a ramp

rate of 10 °C/min where it was held for 2 hours in a flowing Ar atmosphere. After cooling to room
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temperature, the sample was heated in flowing Ar with a ramp rate of 20 °C/min to 1000 °C where

it was maintained for 30 minutes to promote the thermal diffusion of P into the SiNPs.

4.2.7 Thermogravimetric analysis (TGA)

POSS-P SiNP composites before and after thermal treatment were prepared as solid residue and
transferred to a platinum pan. The weight loss of the samples was monitored in the temperature
range of 25 to 800 °C at a temperature increment of 10 °C/min under Ar atmosphere using Mettler

Toledo TGA/DSC 1 star system.

4.2.8 Fourier-Transform Infrared Spectroscopy (FTIR)

FT-IR spectra were collected using a Thermo Nicolet Continum FT-IR microscope. Samples were

prepared as a solid residue of POSS-P grafted SiNPs in a KBr pellet.

4.2.9 X-Ray Photoelectron Spectroscopy (XPS)

Samples were prepared by drop-casting toluene suspensions of SiNPs grafted with POSS-P before
and after thermal treatment onto copper foil. XP spectra were measured using Kratos Axis 165
Ultra X-ray Photoelectron Spectrometer with a monochromatic Al Ka source operating at 210 W
with an energy of 1486.6 eV. The high-resolution spectra were obtained using an analyzer pass
energy of 20 eV and a step of 0.1 eV. For survey spectra, a pass energy of 160 eV and a step size
of 0.3 eV was used. Spectra were calibrated to C 1s 284.8 eV using adventitious carbon. Peak
fitting was performed using CasaXPS software and a Shirley-type background was subtracted to
account for the intrinsic lass. Spin-orbit coupling in Si 2p was fixed to an area ratio of 2:1 and 0.6

eV energy spacing and in P 2p was fixed to an area ratio of 2:1 and 0.87 eV.
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4.2.10 Electron Microscopy

Bright-field transmission electron microscopy (TEM) and High-resolution TEM (HR-TEM) were
performed on a JEOL JEM-ARM200CF S/TEM (Cold Field Emission Gun) electron microscope
with an accelerating voltage of 200 kV using SiQDs drop-coated from a toluene solution onto a
holey carbon-coated copper grid. The SiNP size was determined by averaging the size of 300
particles using Image] software (Version 1.51j8) and plotted as an average shifted histogram. °!
HRTEM measurements were conducted using scanning TEM (STEM) (JEOL 2200FS, 200 kV)
with a nominal beam size of 0.5 nm. Electron energy loss spectroscopy (EELS) analysis was also
conducted using a 200 kV JEOL 2200FS scanning TEM with a nominal beam size of 0.5 nm.
Digital Micrograph (Gatan, Inc.) was employed for signal collection and data extraction from
EELS spectra. Typical current densities for HRTEM imaging were 13.15 pA ¢cm™ at 400 K and

16.72 pA cm™ at 500 K.
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4.3 Results and Discussion
4.3.1 Grafting of Dopant Scaffold onto SiNPs

P-containing polyhedral oligiomeric silsesquioxane (POSS-P) dopant scaffold was
synthesized according to a modified literature procedure, in which phosphorus trichloride (PCl3)

was added dropwise to a solution of isobutyltrisilanol-POSS and triethylamine (Scheme 4.1).!%!4
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Scheme 4. 1 Synthesis of POSS-P from isobutyltrisilanol-POSS and PCls. Details of the reaction

conditions are provided in Section 4.2.4 of the Experimental section.

Infrared (IR) spectroscopy was used to investigate the bonding within the resulting white solid
(POSS-P) and compared with that of the starting material (Figure 4.2). The bands appearing in the
2870-2950 cm™! and 1340-1460 cm™! regions arise from the isobutyl groups pendant on the POSS
structure.!® Features confidently attributed to Si-O bonds within the POSS structure appear at ca.
1100 cm™'.'® Evidence of the consumption of the hydroxyl groups of the isobutyltrisilanol-POSS

starting material is supported by a noted decrease in the intensity of the v(O-H) associated stretch
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at 3400 cm™'.!? The appearance of bands at 2445 cm™ and 995 cm™! are consistent with the presence
of v(P-H) and v(P-O), respectively and incorporation of P.!> Additionally, intense feature at 1230
cm™ matches closely with literature reports of v(P=0) arising from phosphonate containing
species.[84] The presence of P-H and O-H have previously been attributed to POSS-P open cage

structures that are side products of the presented the reaction (Scheme 4.1).!%!4
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Figure 4. 2 IR spectra of as-synthesized P containing POSS (blue) and isobutyltrisilanol-POSS

starting material (black).
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The composition of the P containing POSS structures were further investigated using X-

ray photoelectron spectroscopy (XPS). The high-resolution P 2p XP spectrum (Figure 4.3 a)

reveals the presence of oxidized P species through an emission which can be deconvoluted into a

spin-orbit couple (i.e., 2p12 and 2p3/2) corresponding to a species with P bonded to three or four O

atoms (134 eV).!8 Evidence of this P species is also noted in the O 1s XP emission (532 eV).'® The

O Is spectral region also shows features attributed to Si-O and Si-OH species at 532.5 and 533.7

eV, respectively (Figure 4.3 b).!” The presence of Si(IV) species (103.2 eV) and Si(IIl) species

(102.2 eV) in the Si 2p XP spectrum further supports the proposal that Si-O and Si-R bonded

species are present (Figure 4.3 d).?°
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Figure 4. 3 High-resolution XPS of a) P 2p b) O 1s ¢) C 1s and d) Si 2p for as-synthesized

B.E. (eV)

POSS-P structures. The P 2p and Si 2p show only the 2p3/2 emission (2 p1/2 is omitted for clarity).
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After establishing the presence of P in the POSS structures, the material could be utilized
as a dopant scaffold for P-doping of SiNPs. The approach to NP doping described in this chapter
loosely follows the well-established wafer-scale monolayer doping procedure.'? We start with the
predefined parent SiNPs described in Chapter 3 that are prepared using a protocol developed by
our group that exploits thermally-induced disproportionation of HSQ.!3! Three different sizes of
parent SiNPs were used in this study with diameters of 2.99 + 0.54, 6.30 + 1.2 and 8.60 = 1.4 nm.
For detailed characterization of the parent SiNPs please refer to Chapter 3. The freshly prepared

POSS-P can then be grafted to the surface of the SiNPs according to Scheme 4.2.
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Scheme 4. 2 Monolayer-doping inspired method for preparing well-defined P-doped SiNPs. A P-
containing POSS structure is grafted to the surface of parent SiNPs and subjected to two-step

high temperature annealing to promote the thermal diffusion of P into the SiNPs.

We propose that the phosphate group of POSS-P reacts with the H-terminated SiNPs to yield a
hydroxyl terminated surface, which has been previously observed by our group and is
thermodynamically driven by the high bond energy of the Si-O bond (P=0O: 575 kJ/mol and Si-O:
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798 kJ/mol).?? These surface silanol sites can then act as anchors for ligand attachment through a

well-known nucleophilic reaction with the siloxy group with the proposed mechanism shown in

Scheme 4.3. However, further studies would be required to confirm this mechanism.!>%}
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Scheme 4. 3 Proposed mechanism for the attachment of the POSS-P to the surface of H-

terminated parent intrinsic SiNPs.

To verify the attachment of the POSS-P molecule to the surface of the SINP we employed
FTIR (Figure 4.4) and XPS (Figure 4.5) for the median size range of parent H-SiNPs (d = 6.30 +
1.2 nm). Comparing the FTIR spectra of SiNPs before and after grafting with POSS-P we note that
grafting results in a notable decrease in the intensity of Si-Hx associated features at 914 cm™ and
2100 cm™! (Figure 4.4). Additionally, the feature previously attributed to Si-O (1100 cm™), P-O
(1230 cm™) and isobutyl (1340-1460 cm™ and 2870-2950 cm™') species identified in the POSS-P
IR spectrum emerge after grafting onto the SiNPs (Figure 4.4). The high-resolution P 2p (P-O: 134
eV), O 1s (P-O: 532 eV, Si-0: 532.5, Si-OH: 533.7 eV) and C 1s (C-C: 284.8 eV, C-O: 285.8) of
the grafted SiNPs show the same spectral signatures noted for neat POSS-P consistent with the
presence of POSS-P or a similar species (Figure 4.5 a-c). Looking to the Si 2p XP spectrum, the

Si(III) and Si(IV) emissions noted in the POSS-P emission are also present in the spectrum of the
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SiNP/ POSS-P system. In addition, we see the emergence of Si(Il), Si(I), and Si(0) that are
confidently attributed to the presence of SiNPs (Figure 4.5 d).?! Everything combined, these
observations are consistent with successful grafting of POSS-P to SiNPs.
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Figure 4. 4 FTIR of a) H-terminated parent SiNPs (d = 6.30 + 1.2 nm; black) and POSS-P

grafted SiNPs (blue).
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Figure 4. 5 High-resolution XPS a) P 2p b) O 1s ¢) C 1s and d) Si 2p spectra of POSS-P grafted

SiNPs. The P 2p and Si 2p show only the 2p3/2 emission (2 p1/2 is omitted for clarity).

The surface coverage of the POSS-P on the SiNPs can be indirectly evaluated using the
atomic percent P obtained from the XPS survey spectrum (Figure 4.6 a) and thermal gravimetric
analysis (Figure 4.6 b). The elemental composition of the POSS-P grafted SiNPs can be evaluated
using the XPS survey spectrum (Figure 4.6 a), in which emissions for O 1s, C 1s, Si 2p and P 2p
are clearly visible. The atomic percent P was determined to be 1.82 % which would translate to

the dopant molecules bonding to 31.7 % of the available NP surface Si sites (Table 4.1), details of
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this calculation can be found in the Appendix. These findings can then be compared to another
indirect method that uses thermogravimetric analysis (TGA) to determine the surface coverage of
the POSS-P monolayers (Figure 4.6 b). The recorded experimental weight loss for the POSS-P
grafted SiNPs was 5.124 %, we make the assumption that the weight-loss is attributed to the loss
of the organic groups in the POSS-P molecule and calculate the theoretical weight-loss based for
seven isobutyl groups per molecule. The surface coverage is calculated by dividing the
experimental weight-loss by the calculated theoretical weight loss and yields a surface coverage
of 16.67 % (Table 4.1), further details of the calculation can be found in the Appendix. The
observed difference in surface coverage values can be attributed to the surface sensitivity of XPS,
because of the limited escape depth of the photoelectrons the surface and subsurface species will
have a more significant contribution to the resulting emission.>* Since the monolayer doping
method aims to concentrate the P atoms near the surface of the particle it would follow that the
observed concentration of P would appear higher in a surface analysis technique compared to

complimentary bulk analysis methods such as TGA.
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Figure 4. 6 a) XPS survey spectrum and b) TGA of SiNPs (d = 6.30 + 1.2 nm) after grafting

POSS-P to the particle surface.
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Table 4. 1 Calculated surface coverage for POSS-P molecules on SiNPs (d = 6.30 £ 1.2 nm)

using two different indirect methods: XPS and TGA.

Method Theoretical Weight- Experimental Surface Coverage
loss (%) Weight-loss (%)

XPS - - 31.7

TGA 27.57 5.12 16.67

4.3.2 Two-Step Thermal Treatment for P-doped SiNCs

Once the POSS-P is successfully grafted to the SiNPs, thermal treatment is needed to
promote the diffusion of phosphorus into the NP. Because the dopant POSS-P possesses C-
containing isobutyl functional groups, it is necessary to remove these groups to prevent C
contamination and minimize the formation of trap states that could impact doping efficiency.? The
formation of a silica capping-layer is also required to prevent evaporation of the dopant during the
thermal treatment process.’® Low temperature thermal annealing can serve a dual-purpose
removing unwanted organic functionalities from the POSS cage structure and providing a thin

protective capping oxide layer.'?

The medium size range of SiNPs (d = 6.30 = 1.2 nm) bearing grafted POSS-P were
subjected to thermal annealing (500 °C, 2h) in Ar in a standard tube furnace. The resulting
materials were then evaluated with FTIR and TGA to gain insight into the thermal decomposition
(Figure 4.7). Evaluation of the IR spectrum after annealing clearly shows the C-Hx (1340-1460
cm! and 2870-2950 cm™ and Si-C features (744 cm') arising from the isobutyl groups are
diminished compared to the freshly grafted POSS-P-SiNPs (Figure 4.7 a). We also note the P=O
vibration evident in the grafted POSS-P-SiNPs at 1230 cm! is absent and the SiOx band (1050 cm™
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1 shows significant broadening suggesting there may be overlap with a P-O related species (1215
cm™).!727 From these analyses we propose the partial thermal decomposition of the dopant cage
structure and the formation of P-containing SiOx. TGA of the SiNPs after low-temperature thermal
treatment shows no further mass loss, confirming that the majority of the organic groups have been

removed (Figure 4.7 b).
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With carbon contamination minimized and a protective capping layer established, the
thermally promoted diffusion of P-atoms can proceed. To study the effect of temperature on the
concentration of P dopants in the SiNPs two different temperatures were chosen for thermal
treatment (i.e., 800 and 1000 °C for 30 min under Ar flow). For convenience the d = 6.30 + 1.2
nm SiNPs grafted with POSS-P were used to evaluate doping. After being subjected to low-
temperature heating to induce formation of the capping layer prior to annealing. The P dopant
concentration for both annealing temperatures was evaluated via XPS for POSS-P grafted SiNPs
after thermal treatment (Figure 4.8); ethanolic HF etching was used to remove the SiOx capping
layer after high-temperature annealing. No emission is detected in the P 2p XP spectrum for the
materials obtained from 800 °C annealing (Figure 4.8 a), however, increasing the annealing
temperature to 1000 °C results in an emission that is readily fit with two components corresponding
to spin-orbit couple of a substitutional P dopant species (130.4 and 129.8 eV for 2pi12 and 2p3p,
respectively) bonded to four Si atoms (Figure 4.8 b).?® These results differ from recent reports for
monolayer-doped silicon wafers, where P dopants were observed for annealing temperatures of
800 °C.[79] This implies that more energy is needed to incorporate dopants in nanoscale silicon
as compared to bulk, most likely due to a higher formation energy, which is consistent with

previous observations in literature.?’
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Figure 4. 8 High-resolution P 2p XP spectra of P dopant atoms in SiNPs for annealing
temperatures of a) 800 °C and b) 1000 °C after low-temperature thermal pre-treatment. The P 2p

XP spectra show only the 2p3» emission (2 pi,2 is omitted for clarity).

We also studied the impact of NP size on P dopant concentration by grafting POSS-P to
three sizes of parent SiNPs (2.99 + 0.54, 6.30 + 1.2 and 8.60 + 1.4 nm) and subjecting them to a
two-step thermal treatment (2 h at 500 °C under Ar and 30 min at 1000 °C under Ar) and removing
the SiOx capping layer with ethanolic HF etching. For all three sizes of SINPs an emission that can
be fit to substituted P-Si species (130.4 and 129.8 eV for 2p12 and 2p3.2 respectively) was observed
in the P 2p XP spectra (Figure 4.9). The concentration of the P dopant was determined using the
obtained XPS spectra and calculated as 0.78, 0.41 and 0.27 atomic % for parent SiNP diameters
of 2.99 £ 0.54, 6.30 = 1.2 and 8.60 + 1.4 nm (Figure 4.9 a-c). Similar to Chapter 3, a trend of
increasing dopant concentration is observed for decreasing parent NP size. This trend is most likely

due to the increased structure disorder seen for smaller SiNPs, allowing for increased diffusion of
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P dopant atoms during thermal treatment, however, this would have to be confirmed with future

studies.
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Figure 4. 9 High-resolution P 2p XP spectra of P-doped SiNPs using parent SiNPs with
diameters of a) 2.99 £ 0.54,b) 6.30 £ 1.2 and ¢) 8.60 + 1.4 nm. The P 2p XP spectra show only

the 2p3/2 emission (2 pis2 is omitted for clarity).

The particle size and morphology of the resulting P-doped SiNPs were evaluated using
transmission electron microscopy (TEM). The SiNPs were found to have a spherical morphology
(Figure 4.10 a-c) and the average NP diameters were determined from bright-field TEM images
by measuring 300 particles and were found to be 2.74 + 0.56, 5.4 + 1.5, and 8.2 £ 1.2 nm (Figure
4.10 d-e). High-resolution TEM (HRTEM) identified characteristic (111) lattice spacing for
crystalline Si confirming that the crystallinity of the parent SiNPs is retained after doping with P

(Figure 4.10 a-c insets).
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Figure 4. 10 Bright field transmission electron microscopy (TEM) and high-resolution (inset)

imaging showing fringes separated by 0.32 nm which is characteristic of the (111) lattice spacing

of crystalline Si for P-doped SiNPs with diameters of a) 2.74 + 0.54 b) 5.40 + 1.5 nm and c) 8.20

+ 1.2 nm determined from corresponding average shifted histograms d), e) and f).
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4.4 Conclusions and Future Work

This chapter aimed at laying the groundwork for controlling dopant location in SiNPs
through the development of a self-capping monolayer doping method. POSS-P was used as
molecular dopant scaffold and successfully grafted to the surface of SiNPs. The unique silica cage
structure possessed self-capping abilities that upon low-temperature annealing formed a protective
capping layer around the SiNPs, preventing the evaporation of P atoms during thermally promoted
diffusion. It was determined that an annealing temperature of 1000 °C was required to successfully

dope SiNPs with P and the concentration of the dopant increased with decreasing particle size.

There are several experiments that could be performed for future studies on the self-
capping monolayer doping method for SiNPs. Similar to the previous chapter, a primarily
crystalline parent SiNP could be doped using the established post-synthesis doping method and
the concentration of resulting P atoms would then be compared to the structurally disordered
SiNPs. The bulk concentration of the P dopant in the SiNPs can be determined using ICP-MS and
compared to the concentration found by XPS. The dopant distribution within the NP could be
studied using a combination of time-of-flight secondary ion mass spectrometry and cross-
polarization magic angle spinning nuclear magnetic resonance (CP MAS NMR). Dynamic nuclear
polarization surface enhanced NMR (DNP SENS) could be used to determine the structure of the
dopant molecule grafted to the NP particle surface. The previously established surface
functionalization method for B-doped SiNPs from Chapter 2 could be adapted for the P-doped
SiNPs to enable solution processibility, prevent oxidation and potentially enable photoluminescent

properties.
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5.1 Conclusions

Doping silicon nanoparticles provides another important degree of freedom for tailoring
the material properties (e.g., electronic, optical, catalytic) for targeted applications such as solar
cells, medical imaging, and light-emitting devices. Currently, synthetic methods for producing
doped SiNPs provide very limited control over the dopant distribution and uniformity.
Additionally, it can be difficult to tune the particle size and the resulting size
distribution/morphology can be non-uniform. Tailoring the surface of doped SiNPs has also proven
difficult and recent efforts to functionalize the surface of doped silicon quantum dots have proven
unsuccessful using standard methods (e.g., hydrothermal, radical/Lewis-acid initiated, and
photochemically-induced hydrosilylation). This thesis outlines efforts made to develop reliable
methods for controllably incorporating dopants into SiNPs and tailoring the surface chemistry of
the resulting doped particles. By developing doping and surface modification methods we can
control key characteristics needed for targeted applications: 1) surface chemistry, 2) particle

dimensions, and 3) dopant concentration and distribution.

Chapter 2 provides an etching-induced functionalization procedure for altering the surface
of B-doped SiNPs. We found that PCls is an effective mild etchant that can remove passivating
surface species and subsequent heating can be used to promote the surface bonding an alkoxy-
ligand (i.e., -OR). The resulting alkoxy-functionalized B-doped SiNPs form stable colloids in

common organic solvents and exhibit size tunable PL in the visible to NIR range.

After establishing a convenient method for tailoring the surface chemistry of B-doped
SiNPs we sought to control the size of the doped particles. This saw the development of a new

diffusion-based post-synthesis doping method in Chapter 3 that drew inspiration from thermally-
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induced diffusion doping of bulk silicon. This method exploits parent SiINPs with narrow size
distributions and employs an HSQ capping agent. We found that the structural disorder within the
SiNPs, as well as the “drive-in” conditions (e.g., annealing temperature and flowing gas) affected
the resulting dopant concentration. As synthesized, the B-doped SiNPs were compatible with polar
solvents (e.g., water) and showed size-controlled PL that could be tuned from the visible to NIR.
Using the previously established surface functionalization method from Chapter 2 we successfully
rendered the B-doped SiNPs organic phase soluble and improved the photoluminescent quantum

yield of the size dependent PL.

In Chapter 4 we aimed to provide control of the dopant location in the SiNPs through the
development of a monolayer doping method. We successfully demonstrated grafting of a self-
capping dopant molecular precursor, POSS-P, to the surfaces of SiNPs of different sizes.
Annealling this functionalized particle induces the diffusion of P dopants into the NP. It was found
that parent NP size and annealing temperature influenced the resulting P dopant concentration.
This work lays the foundation for future studies on tailoring dopant locations in SiNPs and

provides avenues for well-defined doped SiNPs for targeted applications.

In this chapter, we focus on potential future studies focused on tailoring surface chemistry,

dopant location, and resulting optoelectronic properties of doped SiNPs.
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5.2 Future Directions
5.2.1. B-doped SiNPs as Lewis acidic surfaces

A recent report on B-doped SiNPs synthesized via a nonthermal plasma method observed
three-fold coordinate acidic B sites on the particles that the authors proposed could behave as a
reactive surface (Scheme 5.1)." In Chapter 2 we observed the presence of partially oxidized B
surface species that were most likely formed from acidic B surface sites reacting with Lewis bases
such as water or ethanol.? This presents the intriguing opportunity to use these surface B species
as catalytic or reactive sites for dehydroborylation, hydroboration, carboboration, and
haloboration.® This proposed study would focus on protecting these reactive surface sites from
oxidation during etching, and subsequent activation for select reactions. Since NPs have a much
higher surface area than bulk, these surface Lewis acidic sites present the opportunity for improved

reaction yield.*
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a)

Scheme 5. 1 a) Graphic representing the surface Lewis acidic B-site, the empty 2 p, orbital can
accept a pair of electrons from a Lewis base. b) Example of a dehydrogenation reaction using an

active surface B-site.

5.2.2 F-terminated B-doped SiNPs for multimodal imaging

Doped SiNPs, such as the ones produced in Chapter 3, are excellent candidates for use in
multimodal medical imaging due to their visible to near-IR PL, solubility in polar mediums, and
potential for ’Si magnetic resonance imaging (MRI) in which the SiNPs are exploited as a targeted
probe.’ In addition, the presence of B dopants can allow for Boron neutron capture therapy
(BCNT), an alternative cancer treatment strategy that enables cellular-level selective radiation

therapy (Figure 5.1).% In addition, another low background imaging mode could be achieved by
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bonding active surface B sites with positron-emitting radionuclei, such as '*F, to enable positron
emission tomography (PET) imaging.” Fluorinating agents, such as CsF could be used to attach
F atoms then exchanged with the isotope '*F.% Alternatively, '°F containing ligands (e.g., silicon
fluoride acceptors) could be attached to the NP surface and exchanged with '°F to provide better

stability and prevent oxidation.’

o (Epi)thermal

neutrons
@]

o

Figure 5. 1 Schematic representation of BNCT. Boronating agents are used to deliver '°B to
tumors which can then undergo irradiation with neutrons to create 7L1i and an alpha particle

which destroys the tumor tissue. Reprinted with permission from ref. 10.

5.2.3 Pair distribution function study of B-doped SiNPs

In the interest of securing a complete picture of the structure of B-doped SiNPs, additional

methods of analysis should be explored that interrogate the local structure of the B dopants in post-
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synthesis doped SiNPs described in Chapter 3. One such method is a newly emerging technique
that generates an electron pair distribution function (PDF) using TEM-based diffraction patterns.'!
The diffraction pattern is transformed into information about the bond lengths in the NPs and can
be used to create a 3D atomic-level reconstruction of the local structure using reverse Monte Carlo.
A similar technique that uses high-energy XRD (HEXRD) to obtain the diffraction patterns has
been previously employed to study the P distribution and efficacy of P-doped SiNPs.!? One
limitation of this method is HEXRD can only be used to analyze crystalline materials.'®> This
creates a problem for studying SiNPs which contain both a crystalline core and an amorphous-like
disordered shell, similar to the parent particles employed in Chapter 3 and 4. In addition, higher
levels of doping (i.e., approaching the solid solubility limit) generate greater disorder in the SiNPs
making it more difficult to obtain a PDF to investigate local atomic structure.'* Electron diffraction
patterns not only allow for the study of disordered or heterogenous materials but can also achieve
atomic-level resolution due to the ability to focus electron beams to nano- or even angstrom-sized
diameters.!! By applying the TEM-based diffraction technique to post-synthesis doped SiNPs we
can generate an ePDF of the dopants to study their location, local structure and efficacy to better

understand their effect on the resulting SiNP optical and electronic properties.

5.2.4 P-,As-,Al-, and Sb-doped SiNPs via thermal diffusion based post-synthesis doping
method

The post-synthesis doping method discussed in Chapter 3 provides an avenue for
incorporating dopants into predefined SiNPs. Although only B dopants were studied, the method
provides precedent for and could be expanded to include other dopants such as P, As, Al, and Sb.
This would require picking suitable precursor materials that readily react with SiNPs and HSQ.

Additionally, the drive-in step would have to be optimized for each dopant as diffusion coefficients
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vary by element and temperature.> Once achieved, the post-synthesis doping method could
become an essential toolkit for tuning the optical and electronic properties of SiNPs for targeted

applications.

5.2.5 B- and P-doped SiNPs for all-Si tandem solar cells

With climate change rapidly emerging as one of, if not the most important and impactful
global issues facing society, researchers are scrambling to develop new renewable energy
technologies that can minimize and even eliminate society’s reliance on fossil fuels.'® Solar cell
devices are one of the most practical ways to harness energy from sunlight and have seen an
incredible improvement in performance over the past decade.!” However, overall efficiency of
single-junction solar cells remains limited to just 33% light-to-power conversions efficiency (PCE)

according to the Schockley-Queisser limit.'8

Tandem solar cells make use of multiple stacked
absorbers for different regions of the solar spectrum and can offer an improvement to the overall
efficiency of the device.!” Once quantum dots were discovered to have tunable band gaps, it was
only natural to explore drawing on this property to improve tandem solar cell applications. Most
studies employing QDs in solar applications have employed toxic metal containing compound
semiconductors such as cadmium telluride. Si-based cells make up 90% of the current solar market
with the opportunity for an enormous infrastructure dedicated to Si-based fabrication of solar
devices already in place making SiNPs an attractive and cost-effective material for tandem solar
cells.?® A critical attribute required for the successful fabrication of an all-Si tandem cell is the
ability to create both n- and p-type layers of SiNPs through appropriate doping.?! If SiNPs are to

be used in all-Si solar cells, doping them to form p—n junctions is a necessity for the cell structure.

B-doped SiNPs synthesized in Chapter 3 and P-doped SiNPs produced in Chapter 4 have the
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potential to be used in these tandem solar cell applications because of their well-defined structure

and tunable size.
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Figure 5. 2 Schematic of two different type of tandem cells using SiNPs. Reprinted with

permission from [24].
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Appendix A

Calculation of Surface Coverage from TGA

In Chapter 2 and 4 the surface coverage of silicon nanoparticles (SiNPs) was indirectly determined

using thermogravimetric analysis (TGA).

The surface coverage from TGA weight-loss was calculated as follows:

% Experimental weight loss

% Surface Coverage = (1)

% Theoretical weight loss

Ligands theoretical weight
Ligands and SiNCs theoretical weight

% Theoretical weight loss = x100 (2)

N(Si)x M(Si)

SiNCs theoretical weight = = 3)
A
Ligands theoretical weight = w @)
A

Where N(Si) = Total number of silicon atoms per nanocrystal

N(L) = Total number of ligands per nanocrystal surface

M(Si) = Molar mass of Si

M(L) = Molar mass of ligand

Na = Avogadro’s number

Substituting equation (3) and (4) into equation (2) simplifying results in equation (5)

N(L)-M(L)
N(L)-M(L)+N(Si)-M(Si)

%Theoretical weight loss = x100 (5)
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The number of Si atoms in SiNPs was calculated using a density of 2.329 g/cm? and a volume of

a 3 or 6 nm sphere for the SINPS used in Chapter 2 and 4 respectively:
4 3

V= 3 TTNp (6)

m = vd (7)
m

n=-—(8)

N(Si) =n X N, (9)

The number of surface Si was calculated by subtracting the radius of Si from the radius of the of

SiNP:
Tvp — Tsi = 1 (10)

This radius is then substituted into equation 6 and using equation 7, 8, 9 the number of core atoms,
N(C), is calculated. This can then be subtracted from the number of Si in the SiNP to calculate the

number of surface atoms:

N(L)= N(Si) - N(C) (11)
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Appendix B

Calculation of Surface Coverage from XPS

The calculated number of surface atoms determined in Appendix A can be estimated as the number
of available surface sites for bonding with POSS-P from Chapter 4. The percentage of atoms on
the surface of NP can be determined by dividing the number of surface atoms by the total number

of atoms then multiplied by 100:

_ N
%N (S) = 155 % 100 (12)

Since each POSS-P unit would contain one P atom, we assume that the atomic percent P found in
the survey spectrum represents the total POSS-P ligands interacting with the surface. This number
is compared with the calculated percentage of available surface sites to determine the surface

coverage.

at.% P
%N (S)

%Surface coverage =

(13)
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Appendix C

Crystallite size calculations from PXRD

The average crystallite size was calculated from the FWHM of the Gaussian-Lorentzian fit for
peaks corresponding to the cubic crystalline Si in the p-XRD patterns of the precursor and B-

doped SiNPs using the following equation:

KA
b= BcosO (14)

Where,

D = crystallite size (nm)

Kk = 0.9 (Scherrer constant)

A =0.15406 nm (wavelength of x-ray source)
B =FWHM (radians)

0 = peak position (radians)
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