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Abstract

This thesis focuses on the development of silicaseld functional nanomaterials
targeting for a variety of applications in opto¢tenics and biology. The thesis consists

of 9 chapters as summarized below.

In Chapter 1, we first describe the background #red motivation of this thesis.
Following the introduction of colloidal semicondactnanocrystals, we explain the
remaining problems of commercially available semdictor nanocrystals and discuss
the advantages of colloidal Si nanocrystals asrateves. Then, the recent studies on
the development of colloidal Si nanocrystals aimatgfurther functionalitiese. g.,
impurity doping, surface functionalization and chog with surface plasmons, are

summarized.

In Chapter 2, we develop a new type of all-inorgasolloidal Si nanocrystals, which
is achieved by simultaneous doping of boron (B) phdsphorus (P). In order to fully
understand the mechanism of solution-dispersibilitg first systematically study the
structural properties of B and P codoped colloi@al nanocrystals using electron
microscope, X-ray photoelectron and Raman spedpiss. We show that heavily
codoping of B and P on Si nanocrystal surface tesul unique properties such as
excellent colloidal stability without organic suc&functionalization. The codoped Si
nanocrystals exhibit efficient size-controllableopsluminescence spanning visible to
near-IR ranges. Chapter 3 is an extension of thé& woChapter 2. We develop a new

synthetic route of codoped Si nanocrystals for nieess-production without vacuum



processes. By thermal decomposition of chemicai¢atming hydrogen silsesquioxane,
boric acid and phosphoric acid, codoped colloidaln&ocrystals are successfully

prepared.

Chapter 4 focuses on the applications of the Socistals as fluorescent probes in
bioimaging. The preparation of colloidal Si nanatays in water and their controlled PL
properties are shown. The photoluminescence- afididal-stability of codoped Si

nanocrystals in water with different pH are studiedetail.

In Chapter 5 and 6 for the enhanced light emisgenformance of Si nanocrystals, we
try to synthesize Si nanocrystal-based plasmonipled structures and systematically
investigate the photoluminescence properties. @ndpfocuses on the engineering of
radiative decay rate of Si nanocrystals by the bogpwith Au nanorods. We
successfully demonstrate the enhanced emissiontuquaefficiency in Au nanorods
decorated with Si nanocrystals. Additionally, inapter 6, the enhanced luminescence
of Si nanocrystals embedded in cellulose nanofilisrdhe coupling with plasmonic
nanoparticles are demonstrated. These works haare d@ne in collaboration with the
groups of Prof. Luca Dal Negro (fabrication of aédlse nanofibers) and Prof. Bjorn M.
Reinhard (synthesis of Si nanocrystal-Au nanoroshmasites) at the Photonics Center

in Boston University.

In Chapter 7, by extending the preparation methbdcaxloped Si nanocrystals
introduced in Chapter 2, we for the first time, g@et the size-controlled growth of

cubic boron phosphide (BP) nanocrystals. Cubic 8R1illl-V semiconductor with



zinc-blend crystal structure and known to be wide-(2.0 eV) indirect semiconductor.

The structural and optical properties are systaralyistudied.

Chapter 8 focuses on development of new materigmiging for Boron Neutron
Capture Therapy (BNCT). By controlling Si, B an@¢dhcentrations in the preparation
method of codoped Si nanocrystals, we successfid#lyelop ternary alloy Si-B-P
nanocrystals with a large content of B while maimtay solution-dispersibility and

photoluminescence properties.

In Chapter 9, we summarize all the results andemtes brief outlook for further study

of Si-based functional nanomaterials.
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Chapter 1

General Introduction

1-1 Colloidal semiconductor nanocrystals

Semiconductor nanocrystals with diameters smatian ttwice of the exciton Bohr
radius exhibit unique optical and electrical prajesr because of the quantum
confinement effects. The electronic state strustenanocrystals can be controlled
by size, shape, composition (alloying) and surfgtwemistry* Among different kinds
of semiconductor nanocrystals, those dispersed akutisn, i. e., colloidal
semiconductor nanocrystals or nanocrystal inkseasential building blocks for the
future optoelectronic devices such as solar adlis,film transistors and light-emitting
diodes (Figure 1-13-2 Colloidal dispersion of nanocrystals is usefultfoe formation
of thin films by a simple solution-method such psiscoating and roll-to-roll printing
without vacuum and high-temperature process. Asvshn Figure 1-1 (b) and (c), the
smooth films in which nanocrystals are closely akkis obtained by controlled
solution-based deposition processes and thin-fiamsistor is produced by using
nanocrystal films (Figure 1-1 (d)). A fascinatingpact of such nanocrystal films in
terms of both fundamental physics and device perdnices is the interaction between
nanocrystals in three-dimensional arrays. In dgnasatked nanocrystal films, the
electronic wavefunctions overlap each other, wHedds to the attractive physical

phenomena by electronic coupling between nanodsystor instance, fluorescence



resonant energy transfer or exciton migration, Whi the non-radiative transfer of
excitations, occurs by dipole-dipole interactionsetween neighbouring
nanocrystals:*° Furthermore, the multiple exciton generation iedicted to become
more efficient in such systems than bulk semicotatunaterials and thus the coupled
nanocrystals are considered to be a breakthroughdmext generation solar cells with

extremely high conversion efficienty:

o 0V

Figure 1-1 (a) Photograph of colloidal dispersiohligand-stabilized semiconductor
nanocrystals. (b) Scanning electron microscope image of PbSeargstal film
prepared by spin-coating. (c) Transmission electraaroscope image of nanocrystal

mono-layer. (d)d-Vps characteristic of nanocrystal thin film transisfor



1-2 All-inorganic colloidal nanocrystals

A common feature of colloidal semiconductor nanetals is the capping of the
surface by organic molecules, which protects thefasa and prevents the
agglomeration by steric barriers or electrostatigutsion. Thanks to the absence of
agglomeration, high-quality nanocrystal films cas formed just by simple coating
and printing processes. However, these surfacedgare typically very long carbon
chains (C>8: more than 1 nif)which act as insulating tunneling barriers between
nanocrystals and significantly degrade the eleaitti@nsport properti€s. Moreover,
since in many cases, colloidal nanocrystals aregsesl in nonpolar solvents using
long organic chains, they are not dispersible inewand thus inapplicable to the

bioimaging and biosensing.

These problems have been known as “ligand proberd there have been numerous
efforts to create the nanocrystal films with nareoMbarriers between nanocrystals (see
Figure 1-2)*** An approach is to exchange the long ligands wlhibrter ones that
improve the carrier transport between nanocrystalalapinet al.,have pioneered the
use of inorganic ligands instead of organic ligahid§ Such new class of materials are
called “all-inorganic nanocrystals”, in which therface of nanocrystals is capped with
chalcogenides €5 Sé&, Te)'® and metal chalcogenides ¢Sg~, In,Se®).° In
addition, Kagan and Murray group synthesized narstals capped with ammonium
thiocyanate (NESCN)’ As shown in the transmission electron microscopagie in

Figure 1-2 (a), the distance between nanocrystalapparently reduced after the



ligand-exchange. The inorganic ligand-capped namstals ensure a higher
conductivity of the nanocrystal solids and a bakd-l transport between
atomic-ligand-passivated nanocrystals is repoftels a result, electron mobility as

high as 16 ¢tV 'S is achieved in nanocrystal solitfs.
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Figure 1-2 (a) Schematic of synthesized 3.9 nm @@8ecrystals dispersed in
in the hexane phase of a biphasic solution withetltylsulphoxide, followed by
nanocrystal deposition and solid-state exchangeM Tiaages of 6 nm PbSe QD
films before (left) and after (right) solid-statxahange of long-chain with
thiocyanate ligands (Scale bars: 20 nth)(b) Surface treatment effects on
colloidal nanocrystal films: Long-chain ligands areplaced with short chain
ligands to produce a conductive film by decreasthg inter nanocrystal

distance'®



1-3 Case of Colloidal Si Nanocrystals

Up to now, the scope was the progress in the reseaf “colloidal” form
nanocrystals. Here we go into the material choarecbnsumer optoelectronic and
biomedical applications. The great advancement io@ed in the previous section has
been made in cadmium (Cd)- and lead (Pb)-calcogenahocrystalsHowever, the
toxicity of these nanocrystals systems raises aosc®r the applications in biology
and consumer optoelectronic devices and then desntoulised efforts aimed at

developing alternative solutions.

Silicon (Si) nanocrystals are the most promisingraktives to toxic Cd- and Pb
calcogenide nanocrystals because of their compstiith biological substances and
the well-established Si electronic device technplo@ince the discovery of
room-temperature visible emission from porous Si1BP0*® there have been a
tremendous number of papers on the structural Botbjuminescence (PL) properties
of Si nanostructures in solid systems. The focuefémits on PL properties revealed
that the radiative recombination of quantum-cordirexcitons in Si nanostructures

enabled them to exhibit PL in the visible to neRmrange-*2

Despite the numerous reports on Si nanocrystas®lid matrices, the development
of “colloidal” Si nanocrystals had been challengbmrause the solution synthesis of
Si nanocrystals is in principle difficult due toetltovalent bond nature. It is only

recently that the quality of colloidal Si nanocalsthas been improved in terms of



crystallinity, size distribution, high stability isolution and high luminescence

quantum vyield.

The group of J. Veinot in University of Alberta meped size-controlled synthesis of
Si nanocrystals embedded in $i(by thermal decomposition of hydrogen
silsesquioxane (Figure 1-3 (&}). By hydrofluoric acid etching, hydride Si
nanocrystals are liberated in solution and passivéty organic molecules to obtain
the colloidal dispersion (Figure 1-3 (b)). The nenystal size can be controlled by the
temperature of thermal treatment before etchingD@n and co-workers developed
the size-separated colloidal Si nanocrystals by sithengradient precipitation
technique’® which show efficient (QY ~40%) emission spannied to near-IR range
(Figure 1-3 (c)). Kortshagen and co-workers algmreed colloidal Si nanocrystals

with a high quantum yields synthesized by non-treémplasma>
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Figure 1-3 (a) Synthesis of Si nanocrystals fromQH%(b) TEM image of
ligand-stabilized Si nanocrystals prepared in {&)(c) Photoluminescence

spectra of size-separated colloidal Si nanocrystals



In the past decade, the quality of colloidal Sioagstals is rapidly catching up with
that of 1I-VI and IV-VI compound semiconductors. rRairther development of the
functionality in a variety of application, in thellowing sections, the way to enhance
and control the functionality of Si nanocrystaldjieh is the main goal of this thesis,

will be introduced.



1-4 n- or p-type Impurity Doping in Si Nanocrystals

The electrical property of semiconductor is prdgisentrolled in a very wide range
by shallow impurity doping and this is the basisnaddern Si-based semiconductor
technology’® In bulk Si, the n- (phosphorus (P), arsenic (A®)p-type (boron (B))
doping results in the generation of charge carrietich enables us to control the
electrical transport properties very precisely.sTetenario can be also applied to Si
nanocrystals and the technology to control the gihararriers in nanocrystals is
indispensable for the application in electronicides. Since the number of Si atoms
per sub 10 nm size nanocrystal is in the range 010000, an impurity atom
corresponds to a very high doping level (¥*16n7). The effect of B or P doping in Si
nanocrystals has been studied by?PFE° electron paramagnetic resonance (EPRY,
and Raman spectroscopy>° It was found that B or P doping quenches the Pthiey
Auger process between photoexcited carries anc thosvided by dopind’™° Pi et
al.?® assigned preferential doping sites of P or Bnisitu doped plasma-synthesized
Si nanocrystals from the analysis of PL data. Toyirty site of P was also studied by
atom probe tomograph¥.In our group®® we studied the hyper-fine structure of EPR
spectra of P-doped Si nanocrystals in glass mataoe demonstrated the evidence of
the quantum confinement of donors in nanocrystBlisteira and co-workeYs®’
studied P-doped Si nanocrystals powder by EPR ecipy and demonstrated that
doping efficiency of Si nanocrystals decreases ifsoggmtly when the diameter is
smaller than 10 nm. Recently, the electrical transproperties and free-carrier

absorption by B and P doping are systematicallgistliby the group of Kortshagen



and Nozak®° They successfully demonstrated the presence ofetarriers in Si

nanocrystal§®*°

1-5 B and P Codoped and Compensated Si Nanocrystals

The research in our group in the past decade loagded new fascinating features of
doping in Si nanocrystafé™** One of the most important findings was that PL
properties of Si nanocrystals can be modified draky by simultaneously doping B
and P. Figure 1-4 (a) shows the PL spectra of B Rncbdoped Si nanocrystals
embedded in silicate filni&. The PL peak shifts to lower energy as P conceairat
increases and is located below bulk Si bandgapontoged Si nanocrystals. The
low-energy PL can be assigned to the radiativesttians between donor and acceptor
states introduced by B and P codoplhdn addition, the PL intensity of codoped Si
nanocrystals is larger than that of B-doped Si neystals. Figure 1-4 (b) shows the
absorption coefficient of doped Si nanocrystalsthe near infrared range, which
demonstrates the decrease of free-carrier absoratilmnger wavelength by codoping.
This is a signature of the compensation of excassets by codoping and explains
increased PL intensity in codoped Si nanocrystafepared to that of B or P singly

doped ones.
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Figure 1-4. (a) PL spectra and (b) Absorption cogéht of B and P codoped Si

nanocrystals in silicate film with different nomirc@ncentrations of B and P.

Ossicini and co-workers studied the codoped nastallsy by first principle
calculations’™*® Figure 1-5 displays the formation energies, whielmonstrate that
the codoping drastically decreases the formatioerggn compared to that of
nanocrystals doped with either B of°FThis means that the compensated nanocrystals
are preferably formed, which is consistent with tfiscussion above. They also
demonstrated that the formation of donor and accegtates by codoping shrinks the
gap energy between the highest occupied molecubarats (HOMO) to the lowest
unoccupied molecular orbitals (LUMO), resulting time lower-energy shift of the

luminescencé®
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Figure 1-5. (a) Model of B and P codoped Si nansialy (Siss (yellow balls) B
(magenta) P (black) Ho (gray)). (b) Formation energy for single-doped and
codoped Si nanocrystals. In the codoped nanocig;sthé impurities are placed as

second neighbors in the first subsurface shels(®éated at Il in (a)°

Another important feature and unexpected effeatanfoping is that it modifies the
chemical properties of Si nanocrystals drastic&lydoped Si nanocrystals can form a
stable colloidal dispersion in alcohol without atlye surface functionalization
processed! These unusual properties provided by B and P dodopffer a new
opportunity to further explore the functionalitief Si nanocrystals, which leverage
the nanoscale Si-based optoelectronic applicationfact, B and P codoped colloidal

Si nanocrystals are the main cast of this work.
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1-6 Coupling with Surface Plasmon Resonance of Metal

Nanostructures

Luminescent Si nanocrystals are promising candsdass light-sources in
optoelectronic devices and nanoprobes in bioimagtog such applications, a highly
efficient PL is crucial. The PL efficiency is det@ned by the absorption cross-section
and the quantum vyield. Unfortunately, Si nanocigstatrinsically have small
absorption cross-section. Furthermore, the radiati®cay rate is much smaller than
those of direct band gap semiconductors, whichnofésults in low quantum vyield. A
promising approach to overcome these problemslizing the enhanced local-field in
the vicinity of metal nanostructures. It is welldan that the excitation efficiency is
strongly enhanced when an emitter is located neamital nanostructures exhibiting
localized surface plasmon resonance (LSPRY., plasmonic nanostructuréS.in
addition, the plasmonic nanostructures acting as+aatennas results in an increase of
the photonic density of states (PDOS) which leadfi¢ enhancement of the radiative
decay rate of antenna-coupled emitters. This cogpéffect boosts the quantum

efficiency by overcoming the fast relaxation inunrradiative decay channéfs.

Plasmonic nanostructures including nanospheresrads, nanodisks and their arrays
have been tailored to control the PL propertieseshiconductor nanocrystdis* A
significant luminescence enhancement has been qusyi demonstrated utilizing
LSPR of metal nanostructures. The combination @fsmlonic nanoparticles and

nanoscale emitters into a single multifunctiondlaidal platform has a large potential

12



for engineering novel active devices for biosensimgd bioimaging®™>?
Plasmon-enhanced emission of nanocrystals with Asoshelf® DNA-linked Au
nanoparticles-nanocrystals hybrid structufesand Au nanorods coupled to

nanocrystaf¥>*in aqueous solutions have been demonstrated {geeF.-6).

(a) i, 25000 4 (b) ’ OIDH:AuNR'
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Figure 1-6 (a) Gold nanorod-QD composites. (b) Esmis enhancement in

composites®

Plasmonic-coupled PL of Si nanocrystals embeddadlid matrices has been widely
investigated in the past decade® In 2005 Atwater and co-workers have
demonstrated the quantum efficiency enhanceme8t n&nocrystals by the coupling
with nanoporous AG° Figure 1-7 shows the sample structure and enhafted
intensity of Si nanocrystals in SiOBy controlling and optimizing the spacer
thickness, they successfully demonstrated thaiziaigj localized surface plasmon
resonance is a promising way to enhance the emisate and quantum efficiency of

Si nanocrystals.

13
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Figure 1-7 Solid state system for plasmon-enhasdewdn nanocrystal emission.
(Left) Sample structure of Si nanocrystals embedu&iO, with nanoporous Au
film. (Right) PL intensity enhancement measuretiB&tnm as a function of etch
depth>®

In contrast to Si nanocrystals embedded in solittiogs, colloidal Si hanocrystals
coupled to plasmons have been scarcely studiedpite ®f their importance in
applications such as in-vivo bioimagfigand printable optoelectroniés®® The
development of such systems is still challenging thuthe difficulty of synthesizing
high quality Si nanocrystals with bright emissianhiological transparent windows

(700-1200 nm) and high colloidal stability in aqussolutiorf>%*

14



1-7 Chapter Overview and Goals of This Thesis

The following chapters will focus on the developmehdifferent types of Si-based

nanomaterials targeting for a variety of applicasian optoelectronics and biology.

As introduced in section 1-5, we have found tha # and P codoped Si
nanocrystals can be dispersed in alcohol withoyt samface functionalization, and
exhibit luminescence in the near-IR range. Theeeftine codoped nanocrystals are
highly promising for the applications in printabbgtoelectronics and biology. In
Chapter 2, to clarify the mechanism of solutiorpdisibility, we first study the
structural properties of B and P codoped collof8ahanocrystals in detail. We show
that the formation of surface shell consisting eavily B and P codoped crystalline Si,
which results in unique properties such as highyobal stability and excellent
colloidal stability without organic surface funatiaization. Moreover, the overview of
optical properties of codoped Si nanocrystals wvdiffierent size is described. The
codoped Si nanocrystals exhibit efficient photoloescence spanning visible to
near-IR ranges, depending on their average sizeapt€r 3 is an extension of the
work in Chapter 2. We show the synthetic route oflaped Si nanocrystals for

mass-production without vacuum processes usingaulaeprecursors.

Chapter 4 focuses on the potential of Si nanodsg/saa fluorescent probes in
bioimaging. The preparation of colloidal Si nan®tays in water and their controlled
PL properties are shown. The photo-stability andd@gendence of PL intensity and

dynamics are systematically investigated.

15



In Chapter 5 and 6 for the enhanced light emisgeformance of Si nanocrystals, we
synthesize Si nanocrystal-based plasmonic coupbedposites and systematically
investigate the PL properties such as PL decayrdygsa polarization and excitation
spectra. The enhanced PL of Si nanocrystals by ctngpling with plasmonic
nanoparticles are demonstrated in different systé@his work has been performed
partially in collaboration with the groups of Prafuca Dal Negro and Prof. Bjérn M.

Reinhard at the Photonics Center in Boston Unitsersi

Another important feature of codoped Si nanocrgsialthat they contain a large
amount of B and P atoms per nanocrystal. This maélkes very promising for
applications such as Boron Neutron Capture Therd@CT). In Chapter 7, by
extending the preparation method of codoped Siergstals introduced in Chapter 2,
we demonstrate the size-controlled growth of cuimcon phosphide nanocrystals.
Chapter 8 focuses on development of new materraisiging for BNCT and thus we
develop ternary alloy Si-B-P nanocrystals with myéacontent of B while maintaining

solution-dispersibility and photoluminescence praps.

In Chapter 9, we summarize all the results andemtea brief outlook for further

study of Si-based functional nanomaterials.

16



Chapter 2
Structural and Optical Properties of All-Inorganic
Colloidal Si Nanocrystals Codoped with Boron

and Phosphorus

Adapted fromH. Sugimoto, et al., J. Phys. Chem. C, 116, 1798945 (2012)
H. Sugimoto, et al., J. Phys. Chem. C 117, 118%8%212013)
H. Sugimoto, et al., J. Phys. Chem. C 117, 680362013)

M. Fujii, et al., J. Appl. Phys. 115,084301 (2014)

2-1 Introduction

For the formation of conductive solution-processediocrystal films, all-inorganic
colloidal nanocrystals have been developed in mghalcogenides by exchanging
organic-ligands with inorganic atomic ligands.Unfortunately, ligand exchange
technique is not successfully applied to Si nanstatg because Si forms covalent
bonds (Si-C) with organic ligands. Since Si is venyironmentally friendly and is an
extensively used semiconductor, the developmeninofganic ligand-capped Si

nanocrystals is a very important research topic.

In 2011, we have introduced a new type of all-iaoiig colloidal Si nanocrystals,
which are achieved by heavily boron (B) and phospho(P) codoping in Si

nanocrystal§? However, the mechanism of dispersibility is stilhclear. In this

17



section, we comprehensively study the structural aptical properties of B and P

codoped Si nanocrystals.

2-2 Materials and Methods

The preparation procedure of colloidal dispersibR and B codoped Si nanocrystals
is summarized in Figure 2-1. Si-rich borophosphoasié glass (BPSG) films with
thickness of 10-2@m were first deposited on thin stainless steelegldD.1 mm in
thickness) by cosputtering Si, SI,03, and BOs in an rf-sputtering apparatus. The
films peeled from the plates were annealed atriffetemperatures (850-1300°C) in a
N, gas atmosphere for 30 min to grow Si nanocrystatls different sizes in BPSG
matrices. During the growth of Si nanocrystalsng B atoms are incorporated into Si
nanocrystals from BPSG matrices, or precipitatarberface between Si nanocrystals
and glass matrices. It is well-known that this effeakes place at the interface of
between borosilicate glass (BSG) and bulk Si wheawvity doped BSG is removed by
HF etching. Annealed films were then grounded matar to obtain fine powders.
Codoped Si nanocrystals were isolated from BPS@iceatby etching in HF solutions
(46 wt %) for 1 hour. Isolated Si nanocrystals wesparated from the HF solution by
centrifugation (4000 rpm, 1 min) in an ultrafilia concentrator (VS0232: Sartorius
Stedim Biotech GmbH), and Si nanocrystal powder @latained in the concentrator.
The powder of Si nanocrystals was then redispelogealdding methanol and simply

shaking the vial. A part of nanocrystals aggregatitsr a little while (<10% at an
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optimized preparation condition), which can be reewbby centrifugation (4000 rpm, 3

min).

Transmission-electron microscope (TEM) observatigdsEM-2010, JEOL) were
performed by dropping the solution on carbon-coaldéeM meshes. Z-contrast
high-angle annular dark-field (HAADF) images andoéion energy loss spectroscopy
(EELS) mappings are obtained using scanning TEN&@HI, HD2700). Raman spectra
were measured using a confocal microscope (50>ctigelens, NA = 0.8) equipped
with a single monochromator and a CCD. The exaitesiource was a 514.5 nm line of
an Ar ion laser (1 mW). The excitation power wa®d to 1 mW for all samples. We
confirmed that the laser excitation with 1 mW doest affect the structure of
nanocrystals. X-ray photoelectron spectroscopy (XP®asurements (PHI X-tool,
ULVAC-PHI) were carried out using an AldkX-ray source. The samples for Raman
scattering and XPS measurements were preparepycdating nanocrystal solution
on gold-coated Si wafers. Photoluminescence speera obtained by using a single
spectrometer equipped with a liquid-tboled InGaAs diode array (OMA-V-SE, Roper
Scientific) and a Si:CCD (Roper Scientific). Thecgation wavelength was 405 nm.
The spectral response of the detection system evasoted with the reference spectrum
of a standard halogen lamp. PL spectra were alsasuned using a spectrofluorometer
(Fluorolog-3, HORIBA Jovin Yvon) equipped with aggbmultiplier (500-850 nm) and
an InGaAs photodiode (800-1300 nm) as detectors. Hlh spectra obtained by two
different detectors are merged after correctedstesitivity. The correction factors
were obtained by measuring the reference spectfuenstandard halogen lamp. The

excitation source was a monochromatized Xe lamp @0450 nm). The PL QY was
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determined by a comparative mettfd@Rhodamine 6G in water with a QY of 95% was
used as a reference solution. The QY of a san@@)eg calculated from PL spectra of
reference and colloidal Si nanocrystal samplesindtain the same condition usir@s
=Qr (Isx Ar % NsY)/(Ir X As % NRY), whereQ is the quantum yield,is the integrated PL
intensity,A is the absorbance, ands the refractive index. The subscript S and Rrref
to the sample and the reference solutions, resadgtin order to minimize an error
due to nonuniform irradiation of solution, the saengolutions are diluted to keep the
absorbance below 0.1. The error of QY values estichfrom the measurements of
series of diluted samples at several differenttakion wavelengths was around +12%.
PL decay dynamics were measured by using a neght®omultiplier (R5509-72,
Hamamatsu Photonics) and a multi-channel scalad38RStanford Research). The
excitation source was modulated 405 nm light. Ad measurements were carried out

at room temperature.
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Figure 2-1. Preparation procedure of colloidal despion of P and B codoped

colloidal Si nanocrystals

2-3 Codoped Si nanocrystals in silicate matrices

We first characterize the PL properties of anneaketdples before HF etchingg.,

Si nanocrystals or nanoclusters in BPSG, annedletiffarent temperatures (850—
1250°C). Figure 2-2 (a) shows normalized PL spectracafoped samples annealed
at different temperatures. The spectra dependgfram annealing temperature. The
PL peak energies and intensities are plotted irurgig2-2 (b) as a function of
annealing temperatures. We can see the shift dPthgeak in a very wide range by
changing annealing temperature. The most remarkKehtere in Figure 2-2 is that
the PL peak energy is located below the bulk Sdbgap (1.12 eV) when annealing

temperature is higher than 1£@0 Such a low energy PL cannot be observed in
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undoped Si nanocrystals at room temperature andoliservation of the below
bulk-band gap PL is one of the evidences that theafises from the transitions
between donor and acceptor states. In Figure 2eimd that the PL intensity also
strongly depends on annealing temperature. Espediaé PL intensity drastically

decreases at high annealing temperature. We 8ibds the mechanism later.
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Figure 2-2. (a) PL spectra of codoped Si nanochgstembedded in silicate
matrices annealed at different temperatures. (bpBak energy and intensity as

a function of annealing temperatures.
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2-4 Codoped Si nanocrystals in solution

A. Structural properties

We first discuss the relation between B and P codppnd solution-dispersibility.
Figure 2-3 shows the photographs of colloidal Siataystals prepared from Si-rich
BPSG films with different P and B concentrationeeabscissa and ordinate of Figure
2-3 represent B and P concentrations, respectivedg-deposited Si-rich BPSG films.
The P concentration is determined by energy disgersray spectroscopy (EDS) and
the B concentration is obtained from the intensityo of Si-O—-Si and B—O vibration
modes in IR absorption specffaThe photographs of the dispersions after removing
precipitates by centrifugation are shown. The cofdhe solution depends strongly on
sample preparation parameters. Note that the anmadusit nanocrystal-doped BPSG
films dissolved in HF is the same for all sampl&serefore, dense color implies that a
large fraction of Si nanocrystals contributing theible light absorption are dispersed
in solution. On the other hand, light color medmat tmajority of Si nanocrystals are
precipitated and removed by centrifugation. Belbe photographs in Figure 2-3, the
amounts of Si nanocrystals in the solutions obthing inductively coupled plasma
atomic emission spectrometry (ICP-AES) measuremargsshown. In undoped Si
nanocrystals (sample H), the solution is colori@sd Si is not detected in ICP-AES.
Therefore, undoped Si nanocrystals are not dispgeéngeolar liquids. This is consistent
with previous reports. Similarly, in P (sample @Yd (sample 1) singly-doped samples,

Si is not detected in ICP-AES and the solutions arerless. In contrast to these
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samples, P and B codoped samples (samples A-Hravenish. The color becomes
dense and the amount of Si in solution increas#singreasing P and B concentrations.
In the darkest solution (sample D), Si concentratie 453 pg/ml. Figure 2-3
demonstrates that codoping of P and B is esseftiahchieve high solution

dispersibility.

In Figure 2-3, P and B concentrations in colloi@&l nanocrystals obtained by
ICP-AES measurements are also shown below the gtagibs. We can see that the P
and B concentrations, especially the B concentnatiare very high. They are much
higher than those in Si-rich BPSG films before gtgh(see abscissa and ordinate in
Figure 2-3). The difference in the P and B con@itns between Si nanocrystals in
solution and Si-rich BPSG films before etching cales that P and B atoms are
accumulated in or on the surface of Si nanocrysiaigg the growth of Si nanocrystals
by annealing. The P and B concentrations in callloi nanocrystals are also much

higher than the solid solubility limits of P andmBbulk Si crystal.
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are the amounts of Si in the solutions, P and Rentrations in Si hanocrystals

and thel-potentials.

B and P codoped Si nanocrystals are characterizetebtron microscopy. Figure 2-4
(a) shows the TEM image of codoped Si nanocrydiaaocrystals with approximately
5 nm in diameter are well-isolated and high-resofulfEM image in figure 2-4 (b)
shows lattice fringes of monocrystalline Si. Figard (c) shows a HAADF image,
which shows 5 white spots corresponding to Si neysbals. Figure 2-4 (d) and (e)
shows EELS mapping images of B and P, respectitadgn at exactly the same place.
We find the 5 spots in the EELS mappings perfextiycide with that in the HAADF

image, demonstrating that B and P are heavily cedgmore than the detection limit of
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EELS) in individual nanocrystals. The quantitativeletermined average B and P
concentration by ICP-AES is much higher than ssdillibility limits of B and P in bulk
Si crystal®” Therefore, it is reasonable that the majority@ped B and P atoms are not

doped in the nanocrystal core, but located arobadtrface.
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Figure 2-4(a) TEM and (b) high-resolution TEM imagae Si nanocrystals. (c)
High-angle annular dark field image of Si nanocayst (d) and (e) Electron

energy loss spectroscopy mappings of B and P, céspb.

Figure 2-5 (a)—(d) show the TEM images of codopiethSocrystals grown at different
temperatures (1050 to 13@). We find that the nanocrystals grow larger @&sgtowth
temperature increases. Figure 2-6 show the elecliftraction patterns obtained from

several hundreds of nanocrystals grown at diffetemiperatures. We also show the bars
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corresponding to the data of diamond Si crystaBP@JS No. 27-1402). The average
diameters plotted in Figure 2-5 (e) demonstratectmdrollability of the nanocrystal size
just by varying annealing temperature. This caeX@ained simply by the fact that the
diffusion coefficient of excess Si atoms in BPSGaiger in higher when annealed at a
higher temperature. This simple growth mechanidawal us to estimate the diameter of
nanocrystals prepared at temperature lower tha@°@0which cannot be observed by
TEM. At such temperature range, the nanocrystast@ small to directly determine
from TEM images and also the lower contrast dughw low-crystallinity. We first
obtain diffusion coefficients of Si in BPSG at éifént temperatures from the
experimentally obtained sizes under the assumphiahthe radius of as-deposited Si
clusters in BPSG is 0.5 nffi.By fitting the growth temperature dependence @f th
diffusion coefficients, the activation energy cam dstimated to be 218 kJ/mol. Using
obtained activation energy, the relation between dtze and the temperature can be
calculated® The result is shown as a dashed red curve in &8 (e). The calculated
result reproduces experimentally obtained data,veeltl thus we can extrapolate the
temperature dependence of the nanocrystal sizeavddrage diameter can be tuned from

around 1 nm to 14 nm.

The average numbers of P and B atoms per a natalcays plotted in Figure 2-5 (f) as
a function of diameterdhe black curve represents the concentration o&a4(5x16°
cm®). We find that the dopant concentration is veghhiEspecially, the B concentration

is much higher than the solid solubility of B inlk&i crystal.
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Figure 2-5 (a)-(d) TEM images of Si nanocrystalsovgn at different
temperatures shown in the images. (e) Average deaméblack) as a function of
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(5x10%° /cnt).

28



(b)1050°C

(€)1200°C (f)1300°C

Figure 2-6 Electron diffraction patterns of codop8&d nanocrystals grown at

different temperatures.

The results so far strongly suggest that B and & doped at extremely high
concentration and thus segregated to the surfanaraicrystals. To study the surface
structures, we performed XPS measurements for shaeding codoped Si
nanocrystals. Figure 2-7 shows XPS spectra of cedi&@ nanocrystals with different
sizes (1 day storage in methanol after HF etchimghe Si 2p signal, we find peaks
assigned to Si nanocrystal cores)8t 99.8 eV and surface native oxides tSsi*").
The binding energy of the oxides smaller than diatoichiometric Si@ (Si**, 103.8
eV) suggests that the oxide layer is less than nomger. The size dependence of
intensity ratio of the oxide signal can be expldibg the increase of the ratio of surface

Si atoms within the escape depth of photoelectf®dmsn)’® Figure 2-7 (b) shows the B
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1s signals. Neutral B and:8; exhibit XPS peaks at 187-188 and 193 eV, respagtiv
In codoped nanocrystals, the main peak around ¥88 predominant, which indicates
that the majority of doped B is non-oxidized. Samitesults are obtained for the P 2p
signals in Figure 2-7 (c). The main peak around &30s assigned to non-oxidized P

and the broad tail arises from sub-oxides.

si° si*
¥ S TR S
I

|

|
T =1300°C
d=14.0 nm

|

Intensity (arb.units)

| T =]

96 99 102 105 108 186 189 192 195 126 129 132 135 138
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 2-7 XPS spectra of codoped Si nanocrystilsdifferent diameters. (a)
Si2p, (b) Bls, (c) P2p.

Figure 2-8 (a) shows the Raman spectrum of B acadBped Si nanocrystals grown
at 1200C. The typical optical phonon mode of Si crystabiserved at 520 ¢ In

free-standing undoped Si nanocrystals, a signifitan-energy shift of the peak is
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observed when the nanocrystal size is smaller #ftanm’* The size dependence is
often explained by the phonon confinement effecoxXide-embedded nanocrystals, the
effect is compensated by the compression due tam sohtrices surrounding the
nanocrystals. Interestingly, in codoped Si nandafgsthe peak is located exactly at
520 cm* despite their small diameter of 6 nm. This refdtcates that the crystal and
surface structure of codoped Si nanocrystals aite different from that of undoped
nanocrystals. Besides, we find a broad band ar@in@50 cnt. Considering the
extremely high B concentration @Z0 at%), the broad band can be assigned to local
vibrational modes of substitutional ‘B,B-P pairs’>’* B clusters, B-interstitial
cluster>®in Si crystal. The integrated intensity of thedxmtdand (606700 cnm') is
approximately 20% of that of the main peak (4880 cm'), which roughly
corresponds to the B concentration measured byAE®- The very broad tail at the
low-energy side of the main peak can be assignathtwrphous Si and/or substitutional

P and P-related clustefs.
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Figure 2-8. Raman spectrum of codoped Si nanods/grawn at 1208C with

schematic illustrations of B, P doped structures.

From the structural analysis, we present the gtratmodel of codoped Si nanocrystal
in Figure 2-9. Lattice fringes in TEM images asat@il with electron diffraction
patterns, optical phonon mode of Si crystal in Rasy@ectrum, and Si 2p core signals
in XPS suggest that the core of codoped nanocristahdoubtedly a crystalline Si,
probably “lightly” doped with B and P. Here, “ligiit doping means the dopant
concentration is lower than the solid solubilityniis in bulk Si crystals. This is also
supported by the theoretical calculation by theugraf Prof. Ossicinf® They
demonstrate the small formation energy of few dtpé@R and P) in Si nanocrystals,
which indicates that small number of B and P camldyged inside nanocrystals. The
calculation in Ref® also predicted that the dopants are preferentitigted around the

surface of Si nanocrystals. The preferential dopgacations were calculated in
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codoped Si nanowires. The results demonstratedthat P are doped at the interface
of Si/Si0, i. e., the surface of Si-cord:®®* XPS and Raman study demonstrate that the
surface of nanocrystals is strongly modified by uilgacodoping B and P. Here,
“heavily doping” means doping with a concentratexteeding the solubility limit. In
bulk Si crystal, it is known that saturated B-rialiers (BRL) are formed at the interface
between BO; and Si, when B is heavily doped in solid statéudibn processe®.Also

in codoped Si nanocrystals, the heavily doped Braost likely to form the layer
similar to BRL. The BRL exhibits hydrophilic natumghich explains the dispersibility
of codoped Si nanocrystals in aqueous solutiors Worth noting that B atoms are
doped in the crystalline Si as proven by the lovaldes in Raman spectrum. The
difference between B-doped bulk Si crystal and pednanocrystals is the presence of
P. Without P doping, the nanocrystals aggregatelyeas solution. A possible
explanation is that P plays a role to stabilizgeatamounts of B atoms at the surface of

Si nanocrystals by charge compensation and stalatlaxation.

—_ - B and P doped
crystalline Si core

......

----------

Figure 2-9. Structural model of codoped Si nanoialys
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B. Photoluminescence properties

Figure 2-10 (a) shows normalized PL spectra of pedocolloidal Si nanocrystals
with different sizes. The broad spectra (FWHM ~#4@€V) are obtained and the peak
energy strongly depends on the size of nanocryStaisPL peak energies are plotted in
Figure 2-10 (b) as a function of size. We find tRhe peak exhibits blue-shift
monotonically as the size increases. RemarkaldyPthpeak energy is below the bulk
Si band gap (1.12 eV) when size is larger than 5Fonthe comparison, we also plot
the relation of undoped Si nanocrystals from literes’®?*# Although the trend is
similar, such a low energy PL cannot be observashoioped Si nanocrystals at room
temperature. The observation of the below bulk-bga@PL is one of the evidence that
the PL arises from the transitions between dondraateptor states shown in Figure
2-10. The size dependence of PL energy is similahat of undoped nanocrystals,
while the energy is always lower by ~300 meV. Fitbva model in Figure 2-10 (c), the
energy difference probably corresponds to the st@imiraing energy of donor and
acceptor doped in Si nanocrystals. Compared to Bulkhe biding energy is much
larger in the present nanocrystals. This can b&a&ed by both the formation impurity
band due to the high doping level forming the iniiyusand®®*and increased binding
energy in nanocrystalline €2°% In heavily n- or p-type doped bulk Si, the

dopant-related PL energy is 100-200 meV lower thamdgap PL was report&4**

In some specific sizes of Si nanocrystals, thegndifferences between the highest
occupied molecular orbitals (HOMO) and the lowesbacupied molecular orbitals

(LUMO) are calculated by first principles calcutats when a pair of B and P is
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doped® For example, the HOMO-LUMO gap of B and P codoféedanocrystal (1.8
nm in diameter) is calculated to be in the rangevben 1.59 and 2.03 eV depending on
the B and P distance and their sites. In the pteserk, the PL peak energy of codoped
Si nanocrystals 1.8 nm in diameter is around 1.7ie\good agreement with the
theoretical prediction. Furthermore, the paper destrated the difference of
HOMO-LUMO gaps between codoped and undoped naniatsys approximately 300

meV, almost corresponding to our experimental tesul

Figure 2-10 (e) shows the PL lifetimes of codoped andoped Si nanocrystals
prepared by same procedures (cosputtering and larg)éaas a function of the
diameter. The lifetimes obtained at the PL maximeamotted for both samples. The
trend is totally different between codoped and ymadb nanocrystals. In undoped
nanocrystals, the lifetime depends strongly orsthe, while almost independent of the
size in codoped nanocrystals larger than 3 nm. [Mfieéime insensitive to the
nanocrystal size can be explained by the followmglel. In codoped nanocrystals, the
first principle calculations showed that phot-eaditcarriers are localized at the
impurity state$” The localization might relax the momentum conséovarule during
the optical transition and enhances the radiageembination rate compared to that of
undoped nanocrystals. As a result, the physicals@nocrystals, which determines the
degree of the relaxation of the momentum consematule and the radiative
recombination rate in undoped nanocrystals, isarggtermining factor of PL lifetime.
In codoped Si nanocrystals, carriers are localregtdonly by potential barriers at the
surface but also by potentials induced by ionizeainB P. When the size is relatively

large, the latter is more striking for PL propestiacluding the lifetime. On the other
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hand, when the size is below a certain value, Hysipal size of nanocrystals becomes

dominant.

Figure 2-10 shows the PL quantum yields as a fanaif the size. For nanocrystals
larger than 3 nm, the PL quantum vyield decreaseatewhe PL lifetime is almost
constant as shown in Figure 2-10. This implies Wit increasing the size, the ratio of
dark Si nanocrystals increases. l@i al®’ demonstrated that, in the small Si
nanocrystals (~1.5 nm), the formation energy oh&iocrystals in which exactly the
same number of P and B atoms are doped is muchesitraln those in which unequal
number of P and B atoms are doped. This suggeatsptrfectly compensated Si
nanocrystals are preferentially grown by anneaingich BPSG. On the other hand,
when the size increases and the number of dopa&nta panocrystal increases (see
figure 2-5), the difference of the formation enelmgtween perfectly and imperfectly
compensated nanocrystals is considered to be smalla result, the ratio of
uncompensated nanocrystals increases. ExcessrgaimieSi nanocrystals leads to
efficient Auger recombination with the lifetime tmof 0.1-100 n&® which is more
than 3 orders of magnitude shorter than the radialifetime of Si nanocrystals.
Therefore, uncompensated Si nanocrystals thus beebmost completely dark. The
increase of the ratio of dark nanocrystals resnltee quantum yield decrease without
the lifetime reduction. The quantum vyiled of coddpmanocrystals is quite good if we
compare the value with those of other materialgtergiin the NIR range. For example,
the QY of codoped Si nanocrystals with 6.2 nm amaieter emitting around 1150 nm is
0.14%. This value is larger than that of a NIR Inesicent dye (IR-26, quantum yield

0.05%), emitting in the same energy range (1130%imjhen the diameter is smaller
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than 3 nm, both the lifetime and quantum yield dase, which indicates the formation
of non-radiative recombination processes due tordes's in or on the surface of small

Si nanocrystals.
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Figure 2-10. (a) PL spectra of codoped Si nanoatgswvith different average
diameters. (b) PL peak energy as a function of éiens. The open symbols are
from Ref%(0), %(0) and ®(v). (c) Schematic of size-tunable energy level
structure of shallow donor and acceptor codopedn&nocrystals. (d) PL
lifetimes and (e) quantum yields of codoped (rew) andoped (open circle) Si

nanocrystal$’ as a function of nanocrystal diameters.
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2-5 Conclusion

A new type of all-inorganic colloidal Si nanocrgist is successfully produced by
heavily codoping of B and P. The structural andogpiproperties are studied in detail,
which demonstrate that B and P are very heavilyedo@> bulk solubility limits)
simultaneously and they form heavily B and P dopgéeélls. The shells induce
negative potential on the surface of Si nanocrgstald make them dispersible in
water and alcohols without organic surface ligarBg.the presence of B and P
protecting layer on nanocrystal surface, the namstals are chemically very stable
and the luminescence properties are insensitithga@nvironment. The nanocrystals
exhibit size-tunable luminescence in a very widergy range. Remarkably, larger Si
nanocrystals (Re > 5 nm) show luminescence at the energy belowbtral gap of
bulk Si crystal at room temperature. The low-endrtgginescence suggests that the
PL arises from the radiative transitions betweemodoand acceptor states in Si
nanocrystals with increased binding energy of int@s due to the confinement
effects. Because of these superb properties, BRamtbdoped Si nanocrystals are

potentially have applications in optoelectronicides and in biology.
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Chapter 3
Synthetic Route of B and P codoped Colloidal Si

Nanocrystals from Hydrogen Silsesquioxane

Adapted fromH. Sugimoto, et al., Nanoscale, 6, 12354-123594p01

3-1 Introduction

In Chapter 2, we have demonstrated the developwfeatlloidal dispersion of Si
nanocrystals in polar solvents, which is achievgdhe formation of high B and P
concentration shells on the surface. A drawbacktle preparation codoped
nanocrystals is the small production rate. Sinee fdrmation process of codoped
colloidal Si nanocrystals includes a sputteringcpss, production of large amount of
colloidal solutions meeting the requirement of isial applications is very hard and

expensive.

In this section, we present a new simple routenfass-production of Si nanocrystals
with high B and P concentration shells by extendirgprocess in Ref&’ and®’. The
process is summarized in Figure 3-1. Codoping cdnl P is achieved by simple
addition of dopant acids @BO; and HPQO,) in hydrogen silsesquioxane (HSQ)
solution. Dried mixture of HSQ, 4803 and BPO, are annealed at temperatures from

900 to 1206C in N, gas, which results in the growth of Si nanocrgsial BPSG
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matrices. Si nanocrystals are then liberated froenmatrices by HF etching. Finally,

free-standing Si nanocrystals are dispersed inaneih

HgSigO, Whit? Sp"dS
H H consisting of
/\s||—o—/s||/ PO H, Si, O, B, P
H H >
YL + 0 oy *
— Si |O—Si rylng
VoA Y H:B0s  5) 400°C in N, R
Pkl Ve

/ L
H H — ‘ C:H
X I
© | 1) HF etching Annealing
2) MeOH 900-1200°C, N,

Figure 3-1 Preparation procedure of all-inorganica®d P codoped colloidal Si

nanocrystals. Scale bars in photographs are 1 cm.

3-2 Materials and Methods

Synthesis of colloidal Si nanocrystals:

Phosphoric acid solution (1QQ.) (85 wt% in ethanol, Wako) and boric acid powder
(150 mg) (Wako) were dissolved in 5 mL of ethad@O0 uL of the solution was added
to 1 mL of HSQ (Fox-16, Dow Corning Corporation, 6% HSQ in methyl isobutyl
ketone) solution. The mixture solution was stirfed30 minutes and dried overnight.

The resulting white glassy solid was annealed.iga$é atmosphere first at 400for 30
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min, and then at higher temperatures (900, 100@0) &hd 1200°C) for 30 min. During
the second stage of annealing, the glassy soldfmems into a black lump, which is
composed of BPSG containing B and P codoped Si angstals. The size of
nanocrystals can be controlled by annealing tentypperaDoping concentration can be
varied by changing the amount of phosphoric anclamids in HSQ solution. In order
to isolate Si nanocrystals from BPSG matricesplhek lump was ground in a mortar
and dissolved in HF solution (46 wt%). Si nanoaissisolated in HF solution were
then transferred to methanol. A large fraction ioh&ocrystals dispersed in methanol
without any additional processes and the otherstated. Precipitates were removed
by centrifugation (4500 rpm, 10 min) and the suptant solutions were stored in a vial.
All the processes were performed in an ordinargdatory environment. The yield of
colloidal Si nanocrystals depends on several paesisuch as doping concentration
and growth temperature. When HSQPI&, and BBO; are 144 mg, 85 mg and 150 mg
and the annealing temperature is 1100°C, a yieldsidollows. By annealing the
mixture solution, about 244 mg of BPSG powder ciointg Si nanocrystals is obtained.
The estimated amount of excess Si in the BPSG poisdEs.3 mg. After removing
BPSG matrices by HF etching, about 7.3 mg of Siongystals can be retrieved in

methanol.

Characterization

TEM observations (JEM-2100F, JEOL) were performed ¢arbon-coated TEM
meshes on which colloidal Si nanocrystals are aagi- XPS measurements (PHI

X-tool, ULVAC-PHI) were carried out using Al X-ray source. Raman spectra were
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measured using a confocal microscope (50x objetdive, NA=0.8) equipped with a
single monochromator and a CCD. The excitation@uras a 514.5 nm line of an Ar
ion laser. The excitation power was 1.1 mW. The @amfor XPS, Raman and IR
absorption measurements were prepared by dropigastilloids on gold-coated Si
wafers. The details of measurements of PL speatch RL-QYs were shown in

Chapter 2.

3-3 Results and Discussion

Figures 3-2 (a) shows a picture of the solutiorfSohanocrystals grown at 1200
The solution is very clear and the characters laktina 1cm cubicle can clearly be seen.
The solution is stable and no precipitates arerebsgeor more than 6 months. Optical
transmittance spectra of solutions containing neystals grown at 900 to 1280 are
shown in Figure 3-2 (b). The transmittance belosvtiind gap energy of bulk Si crystal
is nearly 100%, indicating that light scattering bgnocrystal agglomerates is
negligibly small. It should be stressed here thaha&hocrystals can be dispersed in
methanol only when ¥BO3; and HPO, are simultaneoushdded in HSQ solution. In
the visible range, the absorption onset shifthiéoshorter wavelength when the growth
temperature is lower. This is due to smaller siaed resultant stronger quantum

confinement effects for nanocrystals grown at loteenperatures.

Figure 3-2 (c) shows a typical high-resolution TiMage of a Si nanocrystal grown at

1200C. Lattice fringes corresponding to {111} planeSifcrystal (0.31nm) are clearly
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seen. TEM observations over wide areas reveahth#iree-dimensional agglomerates
of nanocrystals are formed. This evidences thanhaiocrystals are dispersed in
methanol perfectly as isolated nanocrystals. Threxrame diameters and the standard
deviations obtained by TEM observations are sunmedriin Table 3-1. For

nanocrystals grown at 98D, the size was too small to be estimated by TEM

observations.

Figure 3-2 (d) shows IR absorption spectrum ofeéBiatrystals grown at 1280. The
peaks around 2100 and 870 tare due to Si-kvibrations? The weak peaks around
1080 and 480 cthare assigned to Si-O-Si stretching and rockingatibn modes,
respectively. The small peak around 1000“cis probably due to 2Si—Hy
vibrations®***The surface of Si nanocrystals are thus hydrogenitated and slightly
oxidized. No signals assigned to organic molecsieh as C-H (~2900 ¢thand Si—
C (680 cn') vibrations® are observed. This confirms that the high dispéitsi of
codoped Si nanocrystals in methanol is not duerg@aroc capping, but to other

mechanisms.
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Figure 3-2. (a) Photograph of solution in which op&d Si nanocrystals grown

at 1200C are dispersed. (b) Optical transmittance spectf colloidal

dispersion of nanocrystals grown at 900 to 1ZD0(c) High-resolution TEM

image of a Si nanocrystal grown at 1200 Lattice fringes correspond to (111)

plane of Si crystal. (d) IR absorption spectruncadoped Si nanocrystals grown

at 1206C.

Table 3-1. List of samples. The annealing tempegafli), average diameter

(dave and the standard deviation)(

Name Ta (°C) Jave (NM) o (nm) B (at.%) P (at.%)
sample A 900 - - 4.5 2.4
sample B 1000 3.7 1.3 6.0 4.8
sample C 1100 4.8 1.7 8.1 4.6
sample D 1200 5.3 1.7 9.0 4.1
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To analyze the structure of the surface of coddpiethnocrystals, we measured XPS
spectra of Si, B and P. In Si 2p spectra in Fi@iBe(a), a peak appears at 99.8 eV with
a tail to the high energy side. The peak is assigo&? and is considered to arise from
crystalline Si core€® The high-energy tail is from surface native oxitlee tail is larger
when the growth temperature is lower. At the lowtestperature (90C), a sub-peak
emerges at 103.8 eV (9.%® The increase of the oxides signal at lower growth
temperatures can be explained by the increasedcgdtb-volume ratio. It should be
stressed here that, considering the escape demhotdelectrons, the native oxide is
much thinner than 2 nif{.This is consistent with the TEM image and the bRaption

spectrum.

In B 1s spectra in Figure 3-3 (b), the peak enégyound 188 eV. It is known that
neutral B atoms and B exhibit XPS peaks at 187-188 and 193 eV, respaytiv
Therefore, majority of doped B atoms exist as the-oxidized states. The situation is
similar in P 2p spectra (Figure 3-3 (c)) when thewgh temperature is higher than
1000°C. The energy of the peak (130 eV) coincides witraRd thus majority of doped
P atoms exist also as the non-oxidized states. \WHegrowth temperature is 90
the peak at 135 eV is larger than that ®P130 eV. The 135 eV peak is assigned to
P,0s, indicating that nanocrystals grown at lower terapges are more vulnerable for

oxidation.

In Table 3-1, B and P concentrations quantifiednftbe integrated peak intensities of

XPS spectra are shown. Note that the concentratimwn in Table 3-1 is not the
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average concentration of a whole volume of a ngrstal, because of the small escape
depth of photoelectrons (~2 nm). In small nanoaigsthe concentration may be close
to the average concentration, while in large naysiats, the concentration of the
surface layer is more emphasized and is diffenenih fthe average concentration. In
Table 3-1, the concentration is much higher tharstilid solubility limits of B and P in
bulk Si crystaf’ Considering the fact that Si nanocrystals arelsingystal with high
crystallinity as confirmed by TEM observations, agpof B and P in Si nanocrystal
cores by exceeding the solubility limits is verylikely. Therefore, the XPS results
indicate that B and P are mainly doped on or nearsurface of Si nanocrystals, and

heavily B and P doped shells are formed.

Figure 3-3 (d) shows a Raman spectrum of a samplergat 1200C. In addition to a
Raman peak of crystalline Si at 520 ¢ma broad band is observed around 650.cm
The band can be assigned to B-related local vimmatimodes, such as substitutional
B'® and B* and substitutional B-P paif$****Furthermore, B clusters such asdd
B-interstitial clusters in crystalline Si latticeshibit Raman peaks in the 650-700tm

100

range'® The observation of the relatively strong 650 cband suggests that the

heavily B and P doped shells are crystalline shells
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Figure 3-3. XPS spectra of samples grown at 9QI2@FC (a) Si 2p (b) P 2p (c)
B 1s. (d) Raman spectrum of codoped Si nanocrygtaysn at 1206C.

The TEM, FT-IR, XPS and Raman results suggest tinectaral model. The
nanocrystal core is B and P doped crystalline Be 3hell is also crystalline Si, but B
and P are doped much more heavily, exceeding the saubility limit in bulk Si
crystal. The outer surface is terminated by hydna®d oxygen. Recently, Guerra et al.
studied the arrangements of B and P in codoped aBbarystals byab initio
calculations’® They found that pairs of B and P are preferentidcated near the
surface of nanocrystals. This is consistent withraodel that heavily B and P doped
crystalline shells are formed. Furthermore, theyligd the relative arrangement of B
and P. The most energetically favored structutkasB is located on the outer surface

and P in the inner of B

In bulk Si crystal, it is known that saturated Bhrilayers (BRL) are formed at the

interface between B3 and Si, when B is heavily-doped by solid statdudibn
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processe&’* The BRL is hydrophilic and has high resistanceH® etching*®? The
heavily B and P doped shells in the present Si crgstals are considered to be a kind
of BRL, which makes Si nanocrystals hydrophilic aigpersible in polar solvents. The
difference between B-doped bulk Si crystal andgmeSi nanocrystals is the necessity
of P codoping for the formation of BRL. A possilebeplanation is that P plays a role to
stabilize larger amounts of B atoms at the surfatesi nanocrystals by charge
compensation. In fact, theoretical work demonstrateat B and P codoping is
energetically much more favorable, and codopeda8oarystals have lower formation

energy than B or P singly doped offes.

Figure 3-4 (a) shows PL spectra of codoped colldglananocrystals. The PL peak
shifts from 1030 to 740 nm with decreasing the dhotemperature. This is due to
stronger confinement of carriers with decreasing gfze. In our previous work on
codoped colloidal Si nanocrystals prepared by spuoty, we studied the size
dependence of the PL properties in détaif>'% The PL energy of codoped Si
nanocrystals is controlled in a very wide rang8%0.1.8 eV) by varying the size from
1 nm to 14 nm. In the whole size range, the PLgnisr300—400 meV lower than that
of undoped Si nanocrystals. The consistent lowggnshift of the PL by codoping
suggests that the PL arises from the optical ttansi between donor and acceptor
states:>1%31%gjince the structure of the present Si nanocrystaisnilar to those of the
previous work, the PL is also considered to ansmfthe donor to acceptor transitions.
In fact, in Figure 3-4 (a), the low energy tailtbé PL spectra of nanocrystals grown at

high temperatures extends below the bulk Si bapd Dais is evidence that donor and
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acceptor states contribute to the PL. The QYs efRh are shown in the figure. The

largest value is 10.7% for nanocrystals grown &0A.

1(®

In Figure 3-4 (b), PL mean lifetimes defined by= ftzo [F] dt, where I(t) is the PL

intensity as a function of time t angli$ the initial intensity at timeytare plotted as a
function of the detection wavelengdtf. The decay curves (not shown) are not a
single-exponential function. For Si nanocrystalevgr at 1100 and 1260, the
lifetimes are several hundreds p$§, and are almost independent of the growth
temperature, i.e., the lifetime depends only ondisiection wavelength. However, the
QY of nanocrystals grown at 12is much smaller than that grown at 1%D0This
discrepancy suggests that the QY is mainly detexdchiby the number of dark
nanocrystals that do not contribute to the PL. Bimscenario can be applied for
nanocrystals grown at 900 and 18000n the other hand, the large difference of the
lifetime between the two groups, i.e., nanocrysgatsvn at 900 and 1000 and those

at 1100 and 120G, is not clear. It may be possible that crystiifiirs degraded when

the growth temperature is below 1600and the degradation shortens the lifetime.
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Figure 3-4.(a) Normalized PL spectra of colloidakpersion of codoped Si
nanocrystals grown at 900 to 12t PL quantum yields are shown in the figure.

(b) PL lifetimes as a function of detection wavgtés.

Figure 3-5 (a) shows a SEM image of a nanocrydtal frepared by spin-coating
(1000 rpm, 2 min) concentrated colloid of nanoaiggrown at 120 (~5 mg/ml). A
uniform film about 500 nm in thickness is prepat®d one spin-coating process.
Because of perfect dispersion of isolated nanoaiysh solution, the film is very
smooth and flat over a large area. The PL spectiutime nanocrystal film is shown in
Figure 3-5 (b). For comparison, PL spectrum ofdbkoid is also shown. The spectra
are almost identical, indicating that codoped Siataystals are very stable even after

air exposure.
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Figure 3-5.(a) SEM image of a nanocrystal film @egg by spin-coating
colloidal dispersion of nanocrystals grown at 1200 (b) Comparison of PL

spectra of colloidal dispersion and the spin-camhocrystal film.
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3-4 Conclusions

We developed a novel vacuum-free route for masdymtion of all-inorganic
colloidal Si nanocrystals. The nanocrystals havaviie B and P doped crystalline
shells and the shells make Si nanocrystals hydiio@md dispersible in polar solvents.
The colloids show efficient size-tunable PL in tiear IR to visible region. Because of
perfect dispersion of isolated Si nanocrystalsalutgon, smooth and flat nanocrystal

films are easily prepared by spin-coating the smtut
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Chapter 4
Water-Dispersible Si Nanocrystals:

Photoluminescence Properties and Stability

Adapted fromH. Sugimoto, et al., Nanoscale, 1, £226 (2014).

4-1 Introduction

Colloidal nanocrystals have been considered to peomising alternative to organic
dyes for biological fluorescence imagitf§,because of the superior properties such as
size-tunable luminescence, chemical stability iruemys media as well as high
photostability. As mentioned in Chapter 1, the IlI-¥nd IV-=VI compound
semiconductor nanocrystals consist of toxic elesyemthich limit their extensive
applications as contrast agentsiforivo andin vitro biological labeling. In contrast, Si
nanocrystals possess higher compatibility with dgatal substances. For in vivo
biomedical applications, Si nanocrystals shouldhymirophilic and be dispersed in water
in a wide pH range. Furthermore, the PL wavelenmgibreferably within the biological
window (700-1200 nm). Unfortunately, colloidallyabte Si nanocrystals synthesized so
far is hydrophobic and dispersed in nonpolar sdljemhich is unsuitable for biological
applications. Only a limited number of researchagehbeen made on water-dispersible

Si nanocrystals. Ruckenstein et *Hl. synthesized poly(acrylic acid) grafted
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water-dispersible Si nanocrystals with a high Pargum yield (QY) of 24%. However,
the PL was in the visible range (~600 nm). Watsepédisible Si nanocrystals emitting in
the similar range (650 nm) reported by Zhong etvate capped with protein (IgG) and
emitted with high pH- and photostabil} Lin et al. realized water-dispersible Si
nanocrystals by the formation of thick oxide sheallthough the PL wavelength was very
short (450 nm¥§%° Erogbogbo et df*° employed a different approach to obtain the
dispersibility in water, which is polymer-coated raicelle-encapsulated Si nanocrystal
assemblies (50-150 nm). They showed stable PL dr666 nm. However, the large size
of the Si nanocrystal assemblies limits the appboan specific fields. The development
of Si nanocrystals dispersible in water in a witkerpange and emitting in the NIR range is

still a challenging task.

In this section, we study the stability and optipabperties of B and P codoped Si
nanocrystals dispersed in water, which is very irtgrd for the applications we discussed

above.

4-2 Materials and Methods

Colloidal B and P codoped Si nanocrystals were gnexp the same method as that
shown in Chapter 2. To obtain aqueous dispersioranbcrystals, we first disperse them
in methanol for stabilization. Using the same wagt twe remove HF, we exchange the

solvent from methanol to water. This process issipehsable to obtain water-dispersible
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codoped Si nanocrystals with a high-yield. The itketaf measurements of PL spectra

and PL-QYs were shown in Chapter 2.

4-3 Results and Discussion

The list of the samples studied in this work is swamzed in Table 4-1. For all the
samples (samples A-D) preparation parameters reel fexcept for the annealing
temperature (see Experimental section). Figure @%(c) shows photographs of
agueous solutions and transmission electron miopes¢TEM) images of codoped Si
nanocrystals (samples B—D). We can see yellowisieally clear solutions. Figure 4-1
(d) shows the optical transmittance spectra of $ampneasured 2, 3 and 5 weeks after
the preparation. The insets are the photograpbs afnd 5 weeks. The transmittance
in the NIR range is almost 100%, indicating thaghti scattering caused by
agglomerates is negligibly small. The solution ésyvclear and the color density does
not change significantly even after 5 weeks. In T#M images, the dark spots
correspond to Si nanocrystals with the diamondctire as confirmed by electron
diffraction patterns. In a high resolution TEM inea@inset of Figure 4-1 (c)), lattice
fringes corresponding to the {111} planes of Sistay can clearly be seen, implying
that the codoped Si nanocrystal is defect-freesiagstal. We can confirm from TEM
images that Si nanocrystals are isolated and ddanot agglomerates. The average
diameters dav¢ Of Si nanocrystals in samples B, C and D estithétem the TEM
images are 2.8, 3.9 and 5.2 nm, respectively, hacstandard deviations of the size

distribution @) are 0.7, 0.8 and 0.8 nm, respectively. In sarApl8i nanocrystals were
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not clearly observed by TEM and the electron difiilen pattern was halo, suggesting

that the diamond structure is strongly distorted.

Table 4-1. List of samples. Annealing temperatiigg, @verage diameter {¢h)
and standard deviatiory].

Sample name Ta (°C) Chye (NM) o (nm)
Sample A 1000 -

Sample B 1050 2.8 0.7
Sample C 1100 3.9 0.8
Sample D 1150 5.2 1.0
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Figure 4-1. TEM images and photographs of Si naysteis dispersed in water.
(a) Sample B (photo on the right: under UV (352 mnaldiation), (b) sample C,

and (c) sample D. (d) Optical transmittance spedfaample D stored in water
for different terms. The storage terms are showthénfigure. Inset: photographs

of the sample after storage for 2 and 5 weeks.

As shown in Figure 4-2 (a), the solution exhibitgybt red luminescence under UV
irradiation (352 nm, FL4BLB, TOSHIBA)Figure 4-2 (a) shows the PL spectra of
codoped colloidal Si nanocrystals in water (sampleB). Size dependent shift of the
PL from red to NIR regions can clearly be seen. dlteerved size dependence of the PL
wavelength is quantitatively in good agreement wihtht of codoped colloidal Si

nanocrystals in methanol, despite the large diffeean the dielectric constants {ater
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= 78.5 andk; methano= 33)**! PL of codoped Si nanocrystals is thus insensitivthe
solvent polarity. In Figure 4-2 (a), the PL quantyi@lds (QYs) are also shown. The
highest PL-QY of 10.2% is obtained for sample B (f&ak: ~760 nm). This is to our
best knowledge, the highest PL-QY reported foraBiatrystals dispersed in water and

luminescing in the biological window.

Figure 4-2 (b) shows the PL mean lifetimes defibgd = f: [If—t)] d(t), wherel(t)
0

is the PL intensity as a function of timeandly is the initial intensity at timdy of
samples A-D as a function of detection wavelengée (the right side of Figure 4-2 ).
The wavelength dependence of the lifetimes is @ dame trend for all samples,
although the data are scattered. The lifetimedram several tenths qfs in the red
region to over 10Qs in the NIR region. The lifetimes are comparablé¢hiose of Si

nanocrystals in nonpolar solvents exhibiting Pthe same wavelength rantfe.
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Figure 4-2 (a) PL spectra of samples A-D. PL quamguelds are shown in the
figure. (b) PL lifetimes of samples A-D as a fumttof detection wavelength.

Right panels: Representative decay curves of afiptes.

Figure 4-3 (a) and (b) shows the evolution of therfeensities of samples B and C,
respectively, in water under continuous irradiatiérd50 nm (15Q:W/cn?) and 365
nm (180uW/cn) light for 2 h. When excited at 365 nm, the Pleirgities decrease by
about 10% within 100 s for both the samples. Aftex initial quenching, the PL
intensity of sample B slowly decreases to 78% efittitial value in 2 h, while that of
sample C is almost constant. When the excitatiowveleagth is 450 nm, the
degradation is much smaller for both the samplepeEially, sample C does not show
any degradation of the PL. It should be stressee tiat CdSe and CdTe nanocrystals
in water, often regarded as photostable matedaigrade more rapidly by continuous

irradiation (more than 50% decrease in 100 Hih}**Therefore, we can conclude that
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codoped Si nanocrystals, especially large nanadsysipossess remarkably high
photostability. Hereafter, we focus mainly on saeplto further study the PL stability
in different environment because it is relativelprm vulnerable than samples with

larger nanocrystals and has the highest PL-QY.

To investigate the mechanism of the PL degradatienntroduce a short break in the
middle of the continuous excitation. Figure 4-3 gbdws the PL intensity of sample B
under continuous excitation at 450 nm for 1 h \&ithmin break in the middle. The PL
intensity fully recovers after the 3 min break,igading that the PL quenching is not due
to structural changes such as photo-oxidation contynobserved for colloidal
nanocrystals with organic ligands. A plausible exgition of the temporal decrease
under continuous light irradiation is due to chaggiionization) of Si nanocrystals
caused by capturing of either electrons or holesajgs on the surface. It is noted here
that, although initial fast quenching is fully reeved, gradual quenching observed in
Figure 4-3 (a) at 365 nm is not recovered aftebtieak. The gradual quenching may be

due to defect formation by photo-oxidation.

Figure 4-3 (d) shows the PL-QY of sample B as &ftion of storage time in dark. The
PL-QY starts to decrease after 20 days and re&€%f the initial value after 27 days.
However, even after 40 days, the QY of codopedaBparystals is 6.5% (64% of the
initial value). A possible mechanism of slight daedgtion is the formation of defects by
oxidation in water. As shown in the inset, the Riedral shape and the peak
wavelength do not change even after 40 days. Cadpiar previously reported Si

nanocrystals in water, the degree of degradationodbped Si nanocrystals is very
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small. For example, the PL intensity of poly-aayhcid grafted Si nanocrystals

decreases up to 80% of the initial value withireyslin dark’®’
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Figure 4-3 Temporal evolution of the PL intensityfa sample B and (b) sample
C under continuous excitation at 365 and 450 ninTéenporal evolution of the
PL intensity of sample B under continuous excitagé 450 nm with a 3 min
break. (d) PL-QY of sample B as a function of ggerterm in the dark in water.
The inset is normalized PL spectra after storage 0 and 40 days. The

photograph is the sample after 40 days under UVtatian.
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The pH stability of codoped colloidal Si nanocrysia water is examined. Figure 4-4
(a) shows the optical absorbance at 360 nm and @a60®Gample B). The absorbance
value at 360 nm, which is roughly proportionaltie amount of Si nanocrystals in water,
is almost constant in the wide pH range. The alasw® value at 1000 nm, which
represents the scattering loss, is almost 0 ipkheange. These results indicate that no
agglomerates and precipitates are formed and alrttst same amount of Si
nanocrystals is dispersed in the pH range of 2Fifure 4-4 (b) shows zeta-potentials
of codoped Si nanocrystals in water (sample D) fametion of pH. In this pH range,
Zeta-potentials are negative. As the pH value asms, the zeta-potential decreases
from -23 mV to -45 mV. This is a typical behavidr manocrystals with negatively
charged surface. At lower pH, the negative poterdissing from the surface of
nanocrystals is cancelled by H+ ions in an agueoligtion. This results in the small
absolute value of zeta-potential. On the other hahbigher pH, OH- ions become the
potential-determining ions. In such a pH range, dbsolute value of zeta-potential
becomes large. In codoped colloidal Si nanocrystdie absolute value of the
zeta-potential is 23 mV even at pH = 2. This vakesually considered to be high
enough for colloidal stability. This is consistewith the pH-independent optical

absorbance in Figure 4-4 (a).

Figure 4-4 (c) and (d) show PL intensity and Pletlihe detected at 760 nm,
respectively, as a function of pH. The PL intensstytable at low pH (< 4) and then
decreases by 20-30% in the pH range of 5-8. Ootthexr hand, PL lifetimes are almost
constant in the pH range of 2-8. This suggests ti@tumber of Si nanocrystals

contributing to the PL decreases in the pH randge-8f although the reason is not clear.
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In the pH range larger than 8, the intensity desgesaaccompanied by the shortening of
the lifetime. Non-radiative centers are thus com®d to be introduced in or on the

surface of Si nanocrystals in the pH range. A fidssirigin is defects on the surface

generated by etching the surface with alkalizedtsm.
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Figure 4-4 pH dependence of (a) absorbance at 3®8DI®00 nm, (k)-potential,
(c) normalized PL intensity and (d) PL lifetimeetged at 760 nm
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4-4 Conclusion

We have succeeded in producing Si nanocrystalsnbagkcellent stability in an
agueous solution without organic-ligand passivalipsimultaneously doping P and B.
The codoped Si nanocrystals in water exhibit brigjhe-tunable PL in a biological
window (700-1000 nm) with the lifetime of 20-12@ec. The maximum PL-QY
reaches 10.2 % at 760 nm. The codoped colloidahSocrystals show high photo- and
pH stability in water. The present results sugtest codoped colloidal Si nanocrystals

are a very suitable material for the contrast aganbiological imaging.
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Chapter 5
Plasmonic-Coupled Nanocomposites Based on

Gold Nanorods Decorated with Si Nanocrystals

5-1 Introduction

The combination of plasmonic nanoparticles and tlghitting semiconductor
nanocrystals into a single multifunctional colldidplatform provides a novel
opportunity for the biocompatible nanoscale lalf@etsensing andn vivo andin vitro
imaging. Unlike toxic II-VI and IV-VI semiconductsy Si nanocrystals are highly
biocompatible. However, colloidal Si nanocrystatsugled to plasmons have been
scarcely studied due to that the synthesis of fugglity Si nanocrystals with bright

emission in biological windows and water-dispelgipis still challenging.

In Chapter 3, we developed water-dispersible Sioogystals with size-tunable in
biological transparent windows by inorganic surfégectionalization. Inorganically
functionalized Si nanocrystals are well-disperseavater and exhibit bright emission

in a wide range of pH as well as excellent photmbta

In this chapter, we combine plasmonic nanopartiatescodoped Si nanocrystals. We

present a facile synthesis of plasmonic-couple®oamposites based on Au nanorods
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decorated with Si nanocrystals in an aqueous soluBy systematically investigating
their structural and PL properties, we show sigaift enhancement of spontaneous
emission rate with suppressed non-radiative quegchin addition, through a
comparison of the polarization dependence of PL suadtering intensities of single
nanocomposites, we successfully demonstrate tleagnfission from Si nanocrystals
coupled to Au nanorods is highly polarized along thajor axis of nanorods. From a
systematic PL analysis performed in partnershij wgorous theoretical calculations,
we demonstrate a quantum efficiency enhanceme®i mfnocrystals up to a factor of

3.

5-2 Materials and Methods

Colloidal Si nanocrystals of two different sizesreiprepared by the method described
in Chapter 2. The average diameters of Si nanadsygtown at 1075 and 1180 were
3.3t0.9 and 4.6+x1.3 nm, respectively (see Figurd).5-Positively-charged
polymer-coated Au nanorods (A12-40-750-POS) werelmased from Nanopartz Inc.
(Loveland, CO) and used as received. A represestdattM image is shown presented
in Figure 5-1 (c). The average length and widtthefnanorods were 131+8 and 5715
nm, respectively. A uniform polymer layer can bersen the inset. The average
thickness of the polymer layer is approximatelyr, nvhich plays a crucial role for

plasmonic-coupling between nanocrystals and naisorod
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Codoped Si nanocrystals are negatively chargedrt25n water at pH 7) and Au
nanorods are positively charged (+35 mV in wat@ta¥). Therefore, by mixing 25
of Si nanocrystal solution (1xiDnanocrystals/mL) with 1.5 mL of concentrated Au
nanorod solution (1.7x1Bnanorods/mL) for 2 days, nanocrystals attach écstirface
of the nanorods by electrostatic interaction. Tliveeh colloidal solution was subjected
to centrifugation to remove unattached nanocrystat&l nanocrystal-decorated Au

nanorods were redispersed in DI water.

TEM observations (Tecnai Osiris, FEI) were perfadnfer carbon-coated TEM
meshes on which the solution containing Si nandalyslecorated Au nanorods was
drop-cast. Absorption spectra of nanocrystals aadorods were acquired with a
spectrophotometer (CARY 5000, Varian). Dark-fielcattering and PL images of
composites were obtained using an inverted micsdtX71, Olympus) equipped
with a high-resolution electron multiplying chargeupled device (EMCCD) (iXonEM,
Andor). For dark-field measurements, the samplegeviluminated through an air
dark-field condenser. To obtain PL images, a 100méfcury lamp (U-LH100HG,
Olympus) with 10 nm bandpass filter centered at A80was used as an excitation
source. The excitation light was filtered usingpgenlongpass filter and only emission
from composites was detected by CCD. In this caoitAu nanorods without Si
nanocrystals do not show any PL in the images.rRalfon-dependence of scattering
and PL images were taken with a polarization aralytaced in front of the detector.
The linear profile of each bright spot on the inmgas analyzed and the peak values
were used for intensity comparison. Photolumineseespectra and decay dynamics

were measured using a monochromator (Oriel Commest260, Newport) and
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photomultiplier tubes for visible (Oriel 77348, Npwt) and NIR (R5509-73,
Hamamatsu) regions. The excitation source wasrelalty-modulated light from laser
diode of 405 nm (IQ1A-100, Power Technology In®&). the measurements were

carried out at room temperature.

5-3 Results and Discussion

Figures 5-1 summarize the optical properties oh&ocrystals with two different
sizes and Au nanorods in water. The nanocrystdls 38 and 4.6 nm diameter exhibit
the broad spectra peaked at 750 and 850 nm, resggcin the following, we refer to
the nanocrystals emitting at two different waveldsgas nanocrystals-750 and
nanocrystals-850We find that the longitudinal LSPR of Au nanorods780 nm
well-overlaps with the PL spectra in particular oénocrystals-750. The weak
transverse mode is also observed at 525 nm. Thoelm of Si nanocrystals appears
around 650 nm that is enough far from the resonafdengitudinal modes of Au

nanorods.
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Figure 5-1. (a), (b) Photographs and TEM imagesSofnanocrystals with
different size. (c) TEM image of a positively-cletgpolymer coated Au nanorod.
The inset shows a nanorod coated by polymer IdgieAbsorption (solid) and
normalized PL spectra (dashed) of Si nanocrystal3-7(black), Si

nanocrystals-850 (red), and Au nanorods (blue).
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In Figure 5-2, we compare the extinction spectrawhanorods in water before and
after decoration with Si nanocrystals. The longitatimode exhibits a slight red-shift
of 6 nm. This is consistent with previous restilend attributed to the modification of
the local refractive index induced by the attachimeh the nanocrystals. The
guantification of the modification of local refract index is difficult because of
unknown effective refractive index of Si nanocryd@yers. Figure 5-3 shows a
representative TEM image of a single Au nanorocd®ed with Si nanocrystals that
are attached on the surface of the nanorod byretatic attraction in solution. In both
high-resolution TEM images in Figure 5-3, the tatiringes corresponding to {111}
planes of Si crystal can be clearly observed. Thesages demonstrate that
single-crystalline Si nanocrystals are attachedth® Au nanorods. The average
separation between nanocrystals and nanorods éstirbg inspecting several TEM
images (shown in Figure 5-3) is 8.7 nm. Figures @¢¥and (b) show the dark-field
scattering and PL images collected from the sagiemeof nanocrystals-850 coupled to
Au nanorods. The bright spots in the images cooedo the spatial locations of the
composites. Since the scattering and PL signafgnatie from the same locations, they
demonstrate the formation of active (light-emitjintanocomposites driven by the
scattering of the nanorods. However, few spotshi gcattering cannot easily be
co-located in the PL images, due to the small Bhaithat is originated by a reduced

number of nanocrystals at such particular locations

71



Extinction (Normalized)

700 750 800
Wavelength (nm)

Figure 5-2. Longitudinal LSPR peak of Au nanorodfole and after decoration

with nanocrystals-850.

Figure 5-3. (Upper row) TEM images of Au nanorodscatated with Si

nanocrystals. (bottom row) High-resolution TEM imeagof composites show
single-crystalline Si nanocrystals attached to asrad surface with separation

by polymer spacer.
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Figure 5-4. (a) Dark field scattering and (b) PLages of nanocomposites of Au
nanorods and Si nanocrystals-850 collected at themes region. The bottom

figure shows the representative scattering specfrom a single Au nanorod.

Figure 5-5 (a) and (b) display normalized PL s@eofrAu nanorods decorated with
Si-nanocrystals-750 and Si-nanocrystals-850. We alist the PL spectra of reference
(Si nanocrystals without nanorods in water) andhekbn spectra of Au nanorods. To
investigate the spontaneous emission rate of ngsiats coupled to Au nanorods, we
measured the PL decay curves in a wide waveleagther Representative decay curves
measured at 750 nm are shown in the inset of Figa@nd b. We observe that even for
the nanocrystals that are not coupled with nangrtdus PL decay curves are not

single-exponential functions because of the inhanegy introduced by surface
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defects and impurity doping® In this work, a stretched exponential functiba,lo exp
[-(t/2)]?, wherer is the measurable decay constant Afislthe stretching parameter of
the decay, is used to estimate the lifetime of &acrystals with and without Au
nanorods, which can be expressed by the Laplacesftran of the decay rate
distribution. The fittegs values varied from 0.55 to 0.85 for nanocrystalspied to
nanorod, indicating a significant distribution ofady rates for each emission
wavelength. According to the stretched exponetiti@bry, an average lifetime can be
defined agave = £+ [(F), wherel is the Euler gamma functidh’ In Figure 5-5 (c)
and (d), we plot the average lifetimes of nanoatgswith and without Au nanorods as a
function of the detection wavelength. The lifetinoé Si nanocrystals increases
monotonically with increasing the detection waveln as reported in the
literature’®**>?* When the nanocrystals are coupled to Au nanortus,trend of
lifetime is different from that of Si nanocrystall®ne. The lifetime is shorter only in the
range of 700-800 nm compared to reference. Theatbv@ecrease of lifetimes of
nanocrystals-850 is observed in Figure 5-5 (d)t€fnove the intrinsic dependence of
the nanocrystal lifetimes on wavelength, we apprate the decay rate wifhye= ave ™
and calculate the enhancement factors by consgléhia ratio of decay rates of
nanocrystals with and without Au nanorods. The gaede enhancement values are
shown in Figure 5-5 (e) and (f), which show a cldapendence on the emission
wavelength due to the coupling with nanorods fothbsamples. The maximum
enhancement reaches approximately 1.4 for nanatsy8b0 and 3.4 for
nanocrystals-850. We notice that the measured eehaant values are larger where the

PL spectra overlap with the longitudinal mode ssatg spectrum of the LSPR of the
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nanorods. In Figure 5-5 (e), at emission waveleogthither side of the peak, the decay
rate enhancement factor approaches unity. Thiscabes that, irrespective of
wavelength, the non-radiative energy transfer comynmbserved for emitters
positioned very close to metal (2-5 nm) surfates’is suppressed by the presence of
the polymer spacer layer. We performed the same sumements for
nanocrystals-750-decorated Au nanorods using a¢hijpolymer layer (see Figure 5-6).
In this case, the decay rate enhancement is appabedy 3.5 for the overall PL
spectrum. This proves that non-radiative decay rblsrare dominant for this sample.
The decay rate enhancement of nanocrystals-850gurd-5-5 (f) also follows the
extinction spectrum of the Au nanorods, but it greater than ond.(e., 1.8) even at
wavelengths detuned from the resonance of Au naiso@ne possible explanation for
this behavior is the agglomeration of nanocrystatsund the surface of nanorods,

resulting in increased non-radiative recombinations
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Figure 5-5. Normalized PL spectra of (a) nanocris&0 and (b)

nanocrystals-850 coupled with Au nanorods (red)lifglack and blue lines

represent reference PL spectra of nanocrystalsatewand extinction spectra of
Au nanorods, respectively. Inset: Representatigayleurves detected at 750 nm.
(c), (d) Average PL lifetimes and (e), (f) decayteraenhancement of
nanocrystals-750 (c, e) and nanocrystals-850 (dasf)a function of emission
wavelength. Black squares and red circles in (@) @) are results for reference

and nanocrystals-decorated Au nanorods.
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Decay rate enhancement
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Figure 5-6 (Left) TEM image and decay rate enharez@nof nanocrystals-750
with CTAB-coated Au nanorods. The spacer thickises2 nm and much thinner
than the samples shown in the main text. The des 5 nm. (Right) Decay
rate enhancements (blue) of the sample. PL (black)extinction (red) spectra

are also shown in the figure.

To further understand the coupling between nantals/and nanorods, we study the
polarization properties of the PL of compositese Hetail of data analysis is shown in
Figure 5-7. Figures 5-8 (a)-(d) show the dark-fistzhttering ((a) and (b)) and PL
images ((c) and (d)) of nanocrystals-Au nanorod pasites collected from exactly the
same locations at two polarization angles thaparpendicular to each other. For both
scattering and PL, we find intensity differencegshs spots in images with different
analyzer angles. The polar plots of the scattentensities of representative particles
as a function of the analyzer angles are showingiar€ 5-8 (e). Since the strong dipolar
LSPR of Au nanorods is inherently polarized aldmgitmajor axis (longitudinal mode),

the scattered light from the nanorod is also liyepolarized along the major axi¥
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Figure 5-8 (f) shows the polar plots of PL intelesitof the same nanocomposites. The
PL from nanocrystals attached to nanorods is atgadyhpolarized along the major axis
of the nanorod. We observed similar features fees® spots in the images (see Figure
5-9). The linearly polarized emission from randomitiented emitters coupled to metal
nanostructures was reported for Au nanorods camitécdye-doped silica shetfS and

Si nanocrystals coupled to elongated silver narimbes®® We notice that the
polarization of the emission from a single semiagridr nanocrystal, which in general
depends on its shape, is almost isotropic for @rgdd nanocrystal®***TEM images

in Figure 5-1 (a) and (b) clearly show the sphérgtepes of our Si nanocrystals.
However, even in the presence of non-spherical ergstals, the emission from an
“ensemble” of nanocrystals excited by unpolarizgtitlis expected to be unpolarized

due to the random orientation of the nanocrysfals.

In Figure 5-8 (g), we confirm this picture by compg the polarized emission of Si
nanocrystals coupled and uncoupled to Au nanordlds. polarized emission from
nanocomposites reflects the fact that the PL erdrapaot of Si nanocrystals due to the
plasmon coupling with longitudinal modes of Au neods is significantly larger
compared to the excitation of the transverse mofas.results in a far field emission
that is polarized identically to the scatteringtwé longitudinal modes of Au nanorods.
We will further confirm this interpretation in theext section based on our rigorous

electromagnetic modeling results.
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Intensity (arb. units)

Figure 5-7. (a), (b) Photoluminescence images takby different

polarizations.(c) Linear profiles of spots in theages.
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Figure 5-8 (a), (b) Dark-field scattering and (cYd) PL images of
nanocrystals-Au nanorod composites at exactly Hmesregion with different
angles of analyzer. The analyzer angles are peripafat to each other. Polar
plots of (e) scattering and (f) PL intensity of negentative nanocomposites. Blue
and green plots are obtained from identical nanoposites, respectively. (g) PL
intensities of nanocomposites (red) and ensembleaBocrystals without Au

nanorod (black) as a function of polarization argyle
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Figure 5-9 Scattering and PL intensities as a fiorctof analyzer angles. The
plots with same colors are taken from the sameigast in microscope images.
Dashed line shows the fitting curves by using aneosquared function. The
particle shown in the bottom (magenta) does notwslutear polarization

dependence in PL. This might be due to the digtdahbwof polymer thickness and

the position of nanocrystals on the nanorod surface

The enhancement of spontaneous emission rate ure-ig+5 is explained by the
enhancement of LDOS due to the LSPR of Au nanorbaisliscuss the contribution of
the radiative and non-radiative rates as well as duantum efficiency of Si
nanocrystals-decorated Au nanorods, we performeorétical calculations using the
MNPBEM code!?® which is based on the rigorous boundary elemerthade The
decay rates in the vicinity of Au nanorod with deter of 60 nm and length of 126 nm
have been simulated by placing point dipoles agdixlistances from the nanorod

surface with tabulated dispersion d&taThe results are normalized by the emission
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rate of a dipole in water, and thus we use the texdmative and non-radiative rate
enhancements to describe the modification of deats due to the presence of Au
nanorod. In Figure 5-10 (a), we demonstrate a gmwdement between the extinction
spectra for Au nanorods obtained from experimedtthe simulation. Figure 5-10 (b)
shows both radiative and non-radiative rate enhaeaés of single dipole placed at 10
nm from the top and side of Au nanorod as a functibwavelength. The results are
averaged over all dipole orientations. The largagtancement of radiative rate is
observed when the dipole is placed at the top nbrals. On the opposite, when the
dipole is positioned along the side of nanorods, radiative rate is small and
comparable to non-radiative rate at 750 nm. It9s worth noting that the radiative and
non-radiative rate enhancement values, which daterthe overall quantum efficiency
of the plasmonic-coupled systéfi;*?®strongly depend on the orientation of dipoles.
To discuss the quantum efficiency of the dipolethwlifferent orientation, we compare
the ratio of radiative to total decay rate enharemin called the antenna
efficiency**>*?°In Figure 5-10 (c), we plot the results of oriehtmrallel (solid) and
perpendicular (dashed) to the major axis of narmrbdr dipoles placed at the side of
nanorod (black curves), the efficiency is compardbt both orientations. On the other
hand, we find a dramatic change in the efficientyewa dipole at the top is oriented
parallel to the major axis of the nanorod. Thislaxs our experimental results of
emission polarization in Figure 5-8 (f). In the ead nanocrystals attached at the top of
the nanorod, the PL intensity becomes much largeemthe analyzer is positioned
parallel to the major axis of nanorods. The poltron selective PL enhancement may

improve the sensitivity and performance of bioinmagi
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In our samples, nanocrystals are randomly locatedhe surface of Au nanorod.
Therefore, we also took into account the relatiffeceé of dipole positions around the
nanorod, and obtained the positionally-averageaylemtes shown in Figure 5-10 (c).
We notice that around the emission peak of nantalsy350, the radiative rate
enhancement is about 2 times larger than the ndiatnge rate enhancement. Therefore,
in nanocomposite of nanocrystal-Au nanorods, aifstgmt quantum efficiency
enhancement of nanocrystals can be obtained. Theraubative decay becomes
dominant at wavelengths shorter than 650 nm, whmnesponds to the excitation

region of the transverse scattering mode of thermals.

In order to quantitatively determine the quantufitieihcy enhancement, we will now
combine the experimental and theoretical results.fe¢us on the nanocrystals-750
sample because the PL spectrum of nanocrystalgtily®verlaps with the LSPR of
Au nanorods. The intrinsic quantum efficien€p) of Si nanocrystals is expressed as
Qo = v2/(y? + V%), wherey? andy9, are the intrinsic radiative and non-radiative
decay rates of nanocrystals in agueous solutioa gllantum efficiency of nanocrystals

coupled to Au nanorod€),) is defined by:

Q = #
m Ir+ Faps+ Ygr

(1)

Here, I. is the modified radiative rate, arid/y? corresponds to the Purcell
factor* 2 with respect to the emission of a dipole in wased [, is the
plasmon-induced non-radiative rate due to the absor by the metallic nanorods. In
eg 1, we assume that only the radiative rate isifneddby the coupling with Au

nanorods because the intrinsic non-radiative rayd.) arising from material
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imperfections of Si nanocrystals is not affected #hye local electromagnetic
environment***3|n fact, the decay rate enhancement of nanocsy@60 shown in
Figure 5-5 (e) is almost unity at wavelengths #ratdetuned from the resonance of Au
nanorods. This confirms that the measured decay eahancement is due i/

v? (Purcell enhancement) an,./y° (absorption by Au nanorods) rather than
modification of internal non-radiative rate of Sinocrystals by coupling with nanorods.
By combining the experimentally obtained total decate enhancementMa;)
shown in Figure 5-5 (e) with th&./y? and I,./y? values obtained from the
simulations in Figure 5-10 (c), we can calcul®g Qn, and the enhancement of the
guantum efficiency of Si nanocrystals. We can daeiee the QE enhancement of Si

nanocrystals induced by Au nanorods, which is giwgn

Q_m _ Iy x Y9'+Y?1r (2)
Qo Ir+ Faps + Y%r Y?‘

From the definition of total decay rate enhancemeahich is

I'r+ Faps+ YI(’)II' 3
0 0 ] ( )
Yr+VYnr

Wiotal =

the QE enhancement of Eq (2) can be simply expiesse

Q_m — l-‘r/\/?‘
Qo Wiotal

(4)

In Table 5-1, we summarize the results of emisatof60 nm which is the nanocrystal

emission peak. By coupling with Au nanorods, wenfibthat the quantum efficiency of
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nanocrystal emission is enhanced by a factor of W8 notice that this large

enhancement is achieved only by engineering theatrae decay rate without the

contribution from excitation enhancement (pumpimgpancement). We also observe
that the calculated), is in excellent agreement with measured PL quamietd

(6.9+0.7%) of our Si nanocrystals in wat&which proves the validity of our analysis.

Finally, we discuss the perspective of the nandakl/&u nanorod composite. In this
system, there are two determining factors for taddaate enhancement, which are the
nanocrystal location on the nanorod and their stjgar distance from the nanorod. In
Figure 5-10 (e), we plot the quantum efficiency @amdement that can be obtained
considering the emission of nanocrystals V= 7.4% (at 750 nm) as a function of
their separation from the surface of a nanorod. fidwative and non-radiative rate
enhancement as a function of emission wavelengtshasvn in Figure 5-11. The
nanocrystal orientation and location around thdaser of the nanorod have been
averaged. We found that there exists an optimarsgipn distance is in the range of 7.5
nm to 12.5 nm, which is very similar to the cormhi$s of our samples. Figure 5-10 (f)
shows the quantum efficiency enhancement factors &snction of the intrinsic
guantum efficiency of nanocrystals. We plot botpate position-averaged values as
well as the case of a single dipole located atdpeof the nanorod. From the curves of
position-averaged result, we demonstrate quantdiciesicy enhancement in a wide
range of values for the intrinsic quantum efficigrithis means that even in the case of
emitters with significantly larger values of intsin quantum efficiency, the proposed
plasmonic-coupled composites give rise to emissidmancement, especially when the

emitters are located atop the nanorods. The seddaitnding of active molecules on top
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of nanorods has been already repottéd > Although this work has been limited to Si
nanocrystals with low intrinsic quantum efficienttye results of our numerical analysis
demonstrate the applicability of the nanorod corntpoapproach to other emitting

materials that feature larger values of intrinsiaigtum efficiency.
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Figure 5-10 (a) Calculated extinction coefficiemsolid line) of Au nanorod
excited by plane waves with two different polar@a{red and green curves) and
measured extinction spectrum (dashed line). (br@ated radiative (solid line)
and non-radiative (dashed line) decay rate enharmergsof dipole placed at 10
nm from the top (black) and side (red) of Au nadoithe results are normalized
by the radiative rate of dipole in water and oriatidnally averaged. (c) Ratio
between radiative/{) and total decay rate enhancement ¢ 7, of dipoles
oriented parallel (solid) and perpendicular (dashéalthe long axis of nanorods.
Black and red curves represent the results of @p@laced 10 nm from the top
and side of nanorods, respectively. (d) Both pasitand orientation-averaged
radiative (black) and non-radiative (red) decayeanhancements. (e) Quantum
efficiency enhancement as a function of separatetween emitters and
nanorods. (f) Quantum efficiency enhancements dasination of intrinsic
guantum efficiency. Black and red curves reprepesiton-averaged results and

the case of a dipole placed at the top of the nadhorespectively.
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Figure 5-11 (a) Radiative and (b) non-radiative@anhancement with different

spacer thicknesses.

Table 5-1 Parameters of emission of Si nanocrysta’ 0 nm. Measured total decay
rate enhancement (W), radiative (7 /y,°) and non-radiative(abs/ ,°) decay rate
enhancements from simulation, calculated intrir{g) and modified (@) quantum

efficiencies, and calculated quantum efficiencyagm@ement.

4 (nm) Wexp Iy Cabs! ¥y Qo (%) Qm (%) Qm/ Qo

750 1.35 3.77 2.23 7.4 20.7 2.8
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5-4 Conclusion

We have developed a novel plasmon-coupled lighttiegp platform based on Au
nanorods decorated by Si nanocrystals. Through-téselved PL measurements
performed over a wide range of wavelengths, we saegyn enhanced decay rates that
follow the LSPR scattering spectrum of nanorodstandble coupling efficiency of Si
nanocrystals with colloidal Au nanorods. The PLgmng and scattering maps of single
nanocomposites demonstrate that the emission afaBocrystals is polarized and
driven by the efficient excitation of the longitndli mode of Au nanorods. From a
systematic PL analysis performed in partnershij wgorous theoretical calculations,
we demonstrate a quantum efficiency enhancementSiofnanocrystals up to
approximately a factor of 3. To the best of ourwlemige, this is the first experimental
demonstration of plasmon-coupled nanocompositeedbas Si nanocrystals in an
agueous solution. Si-based plasmon-coupled nancxsitep prepared by facile and
cost-effective method are promising candidategherdevelopment of biocompatible

fluorescent nanoprobes of interest to biosensimgoérimaging technologies.
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Chapter 6
Enhanced Photoluminescence of Si Nanocrystals

Doped Cellulose Nanofibers

6-1 Introduction

Polymer nanofibers prepared by electrospinningheap, flexible and biocompatible
platforms for manipulating light at the nanoscatenanophotonic and biophotonic
applications:***%" The elegance of electrospinning technique reliest® simplicity
and solution-based process in the absence of additharsh chemicals and precisely
controlled environment (pressure, temperatate) that are traditionally required for
most nanofabrication techniques. Light-emitting ivact nanofibers doped with
semiconductor nanocrystai®**°or organic dye’$® have particularly attracted much

attention due to their wide range of applicatiomeliding waveguide¥ 4

§.44—146 %38,147,148
) .

light-source optical sensor

It is well-known that plasmonic nanostructures sastAu and Ag nanopatrticles and
nanorods can modify the emission properties of temsitlocated in their close
proximity.*®14*By carefully designing the material and structerghanced emission of

nanocrystals coupled to localized surface plasmesonmance (LSPR) of metal
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nanoparticles has been demonstr&fédThis is also applicable to nanocrystals-doped
electrospun nanofibefs? However, in order to suppress the non-radiativenghing of
emitters coupled to metal surfaces or nanoparticfés? complex fabrication
techniques must be developed capable to accuairtyol the distance between metal

nanoparticles and emitters, which is a very chgilegtask.

In this work, using the cost-effective electrospmgntechnique, we demonstrate
plasmon-enhanced emission in biocompatible lighitterg silicon nanocrystals doped
nanofibers. The combination of water-based hydroogy cellulose (HPC) polymer
precursor and nontoxic Si nanocrystals emittingthe biological window (650—
1300nm) enables the fabrication of all-biocompatilactive nanofiber systems.
Furthermore, we engineer the light-emission progeof the nanofibers by codoping
them with plasmonic nanoparticles. By performing otofuminescence (PL)
spectroscopy of codoped nanofibers with and withmétal nanoparticles, we
successfully demonstrate plasmon-driven PL enhaeseilmy a factor of 2.2 in the
absence of non-radiative quenching due to the gtscattering of excitation light by

Au nanopatrticles in side nanofibers.

6-2 Experimental Results

Colloidal dispersions of Si nanocrystals are pregany the method described in
Chapter 2. Si-rich borophosphosilicate glasses BP®%ere first deposited by

co-sputtering Si, Sig) B,Os3, and BOs in an RF-sputtering apparatus. The films were
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peeled off from the plates and annealed at £076 a N gas atmosphere for 30 min to
grow Si nanocrystals in BPSG matrices. The Si-neysbals were isolated from
matrices by dissolving in HF solution (46 wt%). lled Si nanocrystals were then
transferred to water. In Figure 6-1 (a) we show hatpgraph of Si nanocrystal
dispersion and a TEM (Tecnai Osiris, FEI) imagen@iocrystals are well-dispersed in
water and no agglomerates were observed in theemBwe average diameter of Si

nanocrystals estimated by TEM was 3.3£0.9 nm.
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Figure 6-1 (a) Photograph of colloidal dispersiomca TEM image of Si
nanocrystals (Scale bar: 10 nm). (b) Absorbancedk)l and normalized PL
spectra of Si nanocrystals in water (red) and platPC film (blue) The
excitation wavelength is 488 nm. Inset: PhotograpfiPC solution (45 wt%)
containing Si nanocrystals under UV excitation @) decay curves of Si
nanocrystals dispersed in water and embedded inP& Hilm. (d) Extinction

spectra of single- (black) and codoped (red) HR@i
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To prepare the precursor of electrospun nanofibexdirst dissolved HPC in DI water
and then added Si nanocrystal solution to the petsuolution, followed by stirring for
about 1 h to obtain a homogeneous mixture solut@mtaining 45 wt% HPC and 0.8
mg/mL Si nanocrystals. Photoluminescence spectrae wa&easured using a
monochromator (Oriel Cornerstone 260, Newport) phdtomultiplier tubes (Oriel
77348, Newport). The excitation source was 488 im@ of an Ar ion laser (Spectra
Physics, 177-602). Figure 6-1 (b) shows absorbandenormalized PL spectra of Si
nanocrystals in water (red) and in the HPC solutidoe). In the inset, we show a
photograph of HPC solution containing Si nanocigstander UV light excitation,
exhibiting bright red luminescence. The Si nanaaigsn HPC solution exhibit a broad
PL peaked at 710 nm, which is identical to thateobsd for Si nanocrystals in water.
Figure 6-1 (c) shows the PL decay curves detected0@ nm of Si nanocrystals
dispersed in water and embedded in dried HPC fllne lifetimes of nanocrystals in
water and HPC film are 56 and 8%ec, respectively. The difference between them is
explained by a higher reflactive index of HPC (6).than that of water (1.33). The

emitters in the media with higher refractive indeshibit a larger emission decay rate.

Plasmonic nanoparticles and Si nhanocrystals codppBianer solution was prepared
by directly adding concentrated Au nanoparticle® iifh diameter) synthesized by a
seeded growth method to the mixture solution. Tdrecentration of the final mixture
solution was 45 wt% HPC with 0.8 mg/mL Si nanoaistand 1.2 mg/mL Au
nanoparticles. In the following, we refer to thengpde doped with both Si nanocrystals
and Au nanoparticles as codoped sample, and taltpetd with Si nanocrystals alone

as single-doped sample. In Figure 6-1 (d) we ghet éxtinction spectra of single-
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(black) and codoped (red) HPC films prepared bg-gpiating mixture solutions. In the
codoped HPC film, the extinction peak originatingni LSPR of Au nanoparticles is
clearly observed around 550 nm. The slight increzsextinction at a wavelength
shorter than 400 nm observed in both spectra isaltiee absorption of Si nanocrystals.
We notice that in this wavelength range, the alismrgand scattering) of the HPC host

film is negligibly small compared to that of Au reparticles.

In order to create active nanofibers by electrasipigp, the HPC mixture solution was
poured into 10 mL Syringe (diameter 18.94 mm) ditteith a 20 gauge stainless steel
needle. The syringe was then transferred to arsimfusyringed pump (Braintree
scientific) with the needle connected to the pesiterminal of a high power voltage
source (Gamma high voltage). Controlled by thergygipump, the precursor (45 wt%
HPC solution) was pushed continuously to the netylieith a flow rate of 0.4 mL/h.
Driven by the high voltage (18 kV) establishedhe fTaylor cone between the nozzle
and metal plate collector, the precursor was ejebtem the nozzle creating HPC
nanofibers after solvent evaporation. The charge@ Hanofibers are neutralized at the
collector (kept 20 cm from the nozzle) where thayf random networks of nanofibers.
Figure 6-2 (a) shows a representative scanningrefemicroscope (SEM) image of the
electrospun HPC nanofibers codoped with Si nantals/and with Au nanopatrticles.
The average diameter of the nanofibers is 249 nimtwe standard deviation of 31 nm.
The nanofibers form a relatively uniform film wighthickness of 7.6m measured by
cross-section SEM analysis. We confirmed the sampiology (. e., thickness and
diameter) of both single- and codoped nanofibdmssfi In Figure 6-2 (b), we show a

TEM image of the codoped system, which demonstrateping 70 nm Au
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nanoparticles within the nanofiber. The TEM imagemdnstrates that the Au
nanoparticles are incorporated into the nanofietisout forming aggregates at this
doping concentration. The density of Au nanopatd. e., number of nanoparticles
per unit volume) is estimated from TEM analysid&o~13>cm? in good agreement
with the concentration of the precursor solutione high-resolution TEM image of the
nanofiber in Figure 6-2 (c) shows an incorporatedaocrystal with lattice fringes
corresponding to {111} planes of the Si crystafute 6-2 (d) shows a PL image of Si
nanocrystals codoped nanofibers obtained by amalptiicroscope with excitation at
430 nm. Since only the PL signal from Si nanocigstaed to near-IR range) is
collected by filtering the excitation light, the age clearly demonstrates that Si

nanocrystals are homogeneously incorporated witlémanofibers network.
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Figure 6-2 (a) SEM image of electrospun HPC nar@Bbdoped with Si
nanocrystals and Au nanoparticles. (b) TEM imageadoped nanofibers. (c)
High-resolution TEM image showing a Si nanocrysigbed in a nanofiber. (d)

Microscope PL image of codoped nanofibers (exatetB0 nm).

To investigate the effect of codoping of Au nanaiples on the light emission of Si
nanocrystals, we performed PL excitation (PLE) spscopy for single- and codoped
nanofiber samples using a tunable (340 nm-2200 aptital parametric oscillator
(SpectraPhysics Inspire) pumped by a Ti:sapphserl@MaiTai HP SpectraPhysics,
82MHz repetition rate) using an average power 6ffBW. The samples are directly

irradiated by a focused excitation beam without egaiding excitatiort* In Figure
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6-3 (a) and (b), we show the PL spectra of singted codoped nanofibers excited at
490 and 545 nm, respectively. We measured the Bttispat 5 different excitation
spots, and calculated the average PL intensityeamd bars. When excited at 490 nm,
which is detuned from LSPR of Au nanoparticles,hbtite single- and codoped
nanofibers samples show comparable PL intensith{wihe error bars). Figure 6-3 (c)
shows the measured PL decay traces of single-kbktd codoped (red) nanofiber
detected at 720 nm using the excitation by thea8et beam (488 nm), which has been
modulated with an acousto-optic modulator at afesxgy of 1 kHz. The decay curves
are well-fitted by a stretched exponential decacfion,| = Ioexp(t/z)’ wherer is the
effective lifetime ang’ is the stretching parameter. The sand2 usec)andp (0.74)
are obtained for both samples, and almost idertic#lat of Si nanocrystals doped in a
HPC film (. e.,z =31 usecand=0.77), which indicates that there is no significant
change in the decay time of Si nanocrystals by tmelspinning. Moreover, the
comparison between single- and codoped nanofir®dstrate that the spontaneous
decay rate of Si nanocrystals is not affected leydhdoping with Au nanoparticles,
consistently with the large average distance beatw&e nanocrystals and Au

nanoparticlei(e., precluding near-field interactions).

On the contrary, when we excite the systems at ria5 the PL intensity of the
codoped nanofibers is enhanced by approximatedgtarf of 2 compared to the one of
single-doped nanofibers. To better understand thgino of the measured PL
enhancement, we study the PL enhancement specthenP(L intensity ratio of
codoped to single-doped nanofibers). Figure 6-Fkdws the enhancement factors of

the PL of Si nanocrystals and the scattering spectof Au nanoparticles- doped
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nanofibers. We find that the PL enhancement fastrongly depends on the excitation
wavelength and that its trend follows the scattggpectrum of Au nanoparticles in the
nanofibers. The PL enhancement in a generic systeamitters (of identical density)
can originate from several factors: the modificasiaf (a) excitation efficiency; (b)
extraction efficiency of emitted light; (c) quantwfiiciency (. e.,emission rate) of the
emitters. The separation between the extinctiok péaAu nanoparticles (at 550 nm
shown in Figure 6-1(d)) and the emission peak aféiocrystals (at 720 nm) allows us
to exclude significant enhancement of the extractefficiency at the emission
wavelength. Moreover, due to the large averagewiist between Si nanocrystals and
Au nanopatrticles, we did not observe sizable medlifons of the PL decay times of Si
nanocrystals in both samples. Therefore, we caruadedhat the measured PL
enhancement originates from the plasmon-enhangét dcattering, which increases
the effective excitation efficiency of Si nanocsist due to the redistribution and
trapping of light inside the Au nanoparticles dopadofibers. The presence of strongly
scattering Au nanopatrticles in the nanofibers ldadm increase of the absorption rate
of the pump inside the Si nanocrystals codoped EmEn@ur data demonstrate that the
codoping of Au nanopatrticles in active nanofibaghisicantly enhances the emission
of Si nanocrystals in the absence of non-radiatiuenching, which limits the
performance of alternative active systems couptedlasmonic nanoparticles in the

near-field*>!

In the inset of Figure 6-3 (d), we show the PL p&akelength of single- and codoped
nanofibers as a function of excitation wavelengttemnonstrating the red-shift with

increasing excitation wavelength. This behaviarasxmonly observed in an ensemble
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of Si nanocrystal$****Due to the size distribution of Si nanocrystalslydarger Si
nanocrystals with smaller optical bandgap energggsbe excited when the excitation
wavelength is close to the PL wavelengtht>* In addition, we observe a small
red-shift between single- and codoped samples sithhesoverall excitation wavelength
range. This can be explained by photon re-absarptio the presence of an
inhomogeneous population of Si nanocrystals diggemsside nanofibers.(e., the
emission from small Si nanocrystals is re-absofthetthe larger Si nanocrystals). Since
the scattering spectrum of Au nanoparticles overlaph the shorter wavelength side
of the PL spectrum, the emission from the smalleraBocrystals is strongly scattered
by the Au nanoparticles and efficiently re-absorlaédower energy by the larger Si
nanocrystals in the nanofibers. This leads tolijatsed-shift of the PL observed in the

codoped samples.
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Figure 6-3. PL spectra of single- (black) and coddred) nanofibers excited at
(@) 490 and (b) 545 nm. PL peak wavelength of sinlack) and codoped (red)
nanofibers as a function of excitation wavelen@hPL decay curves of single-
(black) and codoped (red) nanofibers detected & @& with the fitting curve

(blue). (d) PL enhancement factors (black) as ation of excitation wavelength.
Red dashed curve shows the scattering spectruradaiped nanofibers. Inset:

PL peak wavelength of single- (black) and codoped)(nanofibers excited at

Wavelength (nm)

different wavelengths.
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6-3 Conclusion

We developed active light-emitting HPC nanofibeoped with Si nanocrystals and
Au nanoparticles. By performing time-resolved PLdaRLE measurements, we
demonstrate that codoped nanofibers give rise haresed PL by a factor of 2.2 in the
absence of non-radiative quenching of the Si namstalr emission due to
plasmon-enhanced scattering of pump radiation frdon nanoparticles to Si
nanocrystals inside the nanofibers. Our findings/te not only a new concept for the
plasmon-enhanced PL, but also a novel opportuaitpibcompatible active platforms
that leverage cost-effective and largely scalalbtegssing with Si nanocrystals light

emission for biophotonic applications.
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Chapter 7
Size-Controlled Growth of Cubic Boron

Phosphide Nanocrystals

Adapted fromH. Sugimoto, et al., RSC Advances, 5, 8427-84315§20

7-1 Introduction

As described in Figure 7-1, cubic boron phosphi)(is one of IlI-V compound
semiconductors with the zinc-blende crystal stmgcturhe indirect band gap is
reported to be 2.0 eV. Analogously to other B-grdugpmpound semiconductors such
as boron nitride (BN) and boron arsenide (BAs),iclP has prominent mechanical,
electronic, and thermoelectric properttés*>’Cubic BP has a covalent bonding due to
its small ionicity:>® resulting in high decomposition temperature (~1403and
chemical stability®® This makes it a promising candidate for high-terapee
electronic devices. Since the discovery of cubicBRtal in 1957>° cubic BP crystals
have been grown by several methods including cheimicapor deposition

h ,163,164 and

(CVD),*°0180181 ¢lgse-spaced vapor transport (CV), flux growt
high-pressure flux methdd® The band structure of cubic BP has been studied by

photo- and electro-reflectance spectroscopy fondilepitaxially grown on (100) Si
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wafers®®® The large thermoelectric figure of merit at higimperatures is shown for

CVD grown BP films*®’

In this Chapter, we develop a method to grow c@##canocrystals smaller than 10
nm in diameter with a size-controllable manner. Benductor nanocrystals with the
size in such range have been attracting signifiatention for past several decades,
because of the fascinating optical properties dught quantum size effects. In
particular, colloidal dispersion of semiconductanacrystals with several nanometers
in diameter have been most extensively studiedhumecthey can be a precursor for the
formation of high-quality nanocrystal films for eteonic devices by low-cost printable
processe$® Growth of size-controlled BP nanocrystals providles possibility to
develop printable BP electronic devices. Howewesearch on BP nanocrystals is very
limited***™*"*mainly due to the lack of established growth psses. To our knowledge
size-controlled growth of BP nanocrystals smalemnt 10 nm has not been succeeded.
In this paper, we report a new method to grow siagl/stalline cubic BP nanocrystals
with the diameter of 2 to 6 nm and relatively narrsize distributions. From the

analyses by X-ray photoelectron and Raman specjpgsand transmission electron

microscopy, the growth mechanism is discussed.
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Figure 7-1 Crystal structure of cubic phase bordrogphide. Boron atoms (pink
balls) and phosphorus (yellow balls).

(https://en.wikipedia.org/wiki/Boron_phosphide)

7-2 Materials and Methods

Scheme 1 shows the preparation procedure of cubitaBocrystals. Mixture films of
Si, B, P and O were deposited on thin stainlesd ptate by cosputtering Si chips (15 x
13 mnf) and boron phosphate (BPQablets (10 mm in diameter) placed on a.SiO
target (10 cm in diameter). The number of Si chips fixed to 4 pieces, while that of
BPO, tablets was changed from 4 to 12. The list of damis shown in Table 7-1. The
mixture films,i.e., Si-rich borophosphosilicate glass (BPSG) filmgyevpeeled from
the stainless steel plates and annealed a®C20(a N gas atmosphere for 30 min. As
will be shown later, BP nanocrystals are formesilinate matrices during the annealing
process. Annealed films were then ground in a mddaobtain fine powder. The

powder was dissolved in hydrofluoric acid soluti¢fh6 wt.%) to extract BP
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nanocrystals from silicate matrices. Isolated naysials were then transferred to

methanol.

XPS measurements (PHI X-tool, ULVAC-PHI) were cadrout using an Al K X-ray
source. Raman spectra were measured using a mamaR setup (LabRAM HR
Evolution, HORIBA). The excitation source was a 32b line of a He-Cd laser with
the excitation power of 0.5 mW. For the XPS and Ranmeasurements of
free-standing BP nanocrystals, BP nanocrystal-gsgokin methanol was drop-casted
on gold-coated Si wafers. The morphology and stmecof BP nanocrystals were
studied by TEM (JEM-2100F, JEOL). The diffuse reféace spectra of free-standing
BP nanocrystals were measured by a UV-VIS-NIR spelcbtometer (Solid
Spec-3700, Shimadzu). Optical band gap was estihfiadsn Tauc-plots of the spectra
after the Kubelka—Munk transformation. Photolumoese (PL) spectra were
obtained by using a single spectrometer equippdd wiliquid-N. cooled charge
coupled device (CCD) (Roper Scientific). The exaiawavelength was a 325 nm line
of a He-Cd laser. The spectral response of thectietesystem was corrected with the
reference spectrum of a standard halogen lamp. Tiaresient of PL signals was
obtained by a gated intensified CCD (ICCD) (PI-MBxinceton Instrument) with the
gate width of 5 nsec. The third harmonic of a Nd&rkser (355 nm, pulse width 5 ns,

repetition frequency 20 Hz) was used as the exaitatource.
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(a) Mixture film of Si, B, P and O (b)
BP nanocrystals

A ) Peeling from substrate O
~i HTI_ ) Annealing in N,
)  Grinding in mortor -~
1~10 pm

(©) l

1) HF etching

U 2) Transferring to MeOH

Figure 7-2 Schematic of the preparation of cubicrfocrystals.

WN =

BPSG matrix

Table 7-1. List of samples. The number of BP@blets for the sputtering target,
annealing temperature ), composition ratio of Si, B and P, average diaanédl,,

of BP nanocrystals.

Sample Number of Ta (°C) Si:B:P dave(NM)
BPO, tablets

BP4 4 1200 93.9:3.5: 2.6 2.2

BPS 8 1200 87.3: 7.5:5.2 4.3

BP12 12 1200 86.3: 7.9: 5.8 5.9
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7-3 Results and Discussion

A. BPnanocrystalsin films.

Figure 7-3 (a)—(c) shows XPS spectra of BP12 be&m@ after annealing. Before
annealing, the Si 2p peak is at 103.4 eV. By ammgait shifts to 103.8 eV. This binding
energy corresponds to that of stoichiometric ;Si® Therefore, Si exists in
as-deposited films as slightly oxygen-deficientailand is fully oxidized by annealing,
although annealing is performed in a &mosphere. The B 1s spectrum in Figure 7-3
(b) has two peaks at 188 and 193 eV. These peakbecassigned to non-oxidized B
and fully-oxidized B (BOs), respectively. By annealing, the signal intensifythe
non-oxidized B with respect to that of oxidized irieases. Similarly, in the P 2p
spectra in Figure 7-3 (c), the signal from non-@ed P at 130 eV with respect to that
of fully-oxidized P (BOs) (133—-135 eV) increases significantly by annealivigry
similar results are obtained for BP8. These XP& auticate that Si is oxidized, while

B and P are reduced by annealing Si-rich BPSG.

Figure 7-3(d) shows IR absorption spectra of filoefore and after annealing. The
insets show the expansions around 1400 ard 900 cril. The peaks at 480, 800 and
1060—1080 cm are due to Si—-O-Si vibrations. By annealing, th@SSi stretching
mode at 1060 crhshifts to 1080 crh and the intensity increases. Furthermore, the
intensity of B—O vibration mode at 1400 ¢miecreases and the P—O—P stretching mode
at 920 crit ***"*almost disappears. These results are consistémtive XPS data in

Figure 7-3 (a)—(c).e., Siis oxidized, while B and P are reduced by aling.
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Figure 7-3 (e) shows a Raman spectrum of BP12.rélagively sharp peak at 825

cm* can be assigned to the LO phonon of cubic BP airys828 cnit in re

f 161,173.

The broad band around 450 ¢may arise from BPSG matrices. The peaks at 360 and

460 cm' are tentatively assigned to B-P and P—P symmetteéching modeS™® The

signal around 510 cthmay be due to Si nanocrystals and nanoclustersineah

unoxidized”’
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Figure 7-3 XPS spectra of film sample (BP12) betoré after annealing. (a) Si

2p (b) B 1s (c) P 2p. (d) IR absorption spectraobefand after annealing. (e)

Raman spectrum after annealing.
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Figure 7-4 shows the PL spectra of BP4, BP8 and2Bf#ter annealing. The broad PL
bands can be decomposed into two Gaussian pealesetiat 1.4 (Peak 1) and 1.6 eV
(Peak 2). The relative contribution of peak 2 iases with increasing B and P
concentration, suggesting that peak 2 is relat&PtdVe will discuss the origin of peak
2 later. On the other hand, the opposite trendeakd suggests that it arises from Si

nanocrystals and nanoclusters remained unoxidized’

I?eak 1' Pea}k 2 . . ‘
e RT
B ik A =325 nm]

Intensity (Noramlized)

12 14 16 18 20 22 24
Photon Energy (eV)

Figure 7-4 PL spectra of film samples with différBrand P concentrations.
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B. Free-standing BP nanocrystals

Figure 7-5 (a)—(c) shows TEM images of particleeraHF etching. The electron
diffraction patterns are shown in the insets. Thesbrepresent the data of cubic BP
crystal (JCPDS No. 11-0119). The intensity profitdsthe diffraction patterns are
shown in Figure 7-5 (d). All peaks can be assigoetthat of cubic BP, indicating that
the nanoparticles in Figures 7-5 (a)—(c) are c8#arystal. The high-resolution TEM
image in Figure 7-5 (e) demonstrates that the @arts single crystal. The lattice
spacing estimated from the image is 0.26 nm (ferpitocess of estimation, see Figure
7-6), corresponding to {111} planes of cubic BPstey. We carefully observed more
than 50 particles and found that all particles @ingle crystal of cubic BP. The size
distributions obtained from TEM images are showrFigure 7-5 (f). The average
diameter in BP12 is 5.9 nm and that in BP8 is 413 Im BP4, the size is too small to be
estimated by TEM observations. Hence, the sizeaobarystals in BP4 is estimated

from the width of the electron diffraction peak &yploying the Scherrer equation:

KA
" Bcosh’

where D is the diameter of nanocrystalk, is a constant determined by particle
morphologyg is the full width at half-maximum (FWHM) of thefffaction peak, and
is the center position of the peak. Under the agsiom thatK, 1 andé are the same

between BP4 and BP8, the ratio of the diameDgp{Dgpg) is equal to that of the

FWHM (Bsrd Bere) as,
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Dgps __ PBBpscosfd __ Ppps

= K7 = .

Dppg S L — PBPa
BBpgcos @

By using the diameter of BP8 obtained from TEM iem@4.3 nm), the diameter of

BP4 is estimated to be 2.2 nm.

In this paper, we fixed the annealing temperaturel200C. Growth of BP
nanocrystals is possible at higher annealing teatpegse. g.,1250C. However, we
did not see notable difference of the size betvl&€® and 125 in BP8. On the other

hand, at 110TC, we did not find BP nanocrystals after etching.
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Figure 7-5. TEM images of (a) BP4, (b) BP8 andBP)L2. (d) Intensity profiles
of electron diffraction patterns. (e) High-resotuti TEM image of a particle in
BP8. Size distributions of (f) BP8 and (g) BP12.
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Figure 7-6 (a) High-resolution TEM image of a BPoarystal. (b) Inverse fast
Fourier transform image after FFT and choosing spobrresponding (111)

lattice fringes of BP crystals of (a). (c) Integurofile of the yellow line of (b).

Figure 7-7 (a)—(c) shows the XPS spectra of culianBnocrystals (BP12) after HF

etching. The Si 2p signal almost disappears byirgctirurthermore, the signals from

oxidized B and P are strongly suppressed and thetrspare dominated by those from

non-oxidized B and P. This is consistent with tieMTr results that only cubic BP

nanocrystals are observed after etching. The RiRiatratio roughly estimated from

integral intensities of XPS spectra is 53:47. I8 spectrum in Figure 7-7 (b), a

shoulder due to sub-oxides can be seen. On the lndine, in P 2p spectrum in Figure
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7-7 (c), the oxide signal is very weak. This suggesat the outmost surface of BP
nanocrystals is mainly oxygen-terminated B. Thisymmasult in slightly B-rich

composition. However, the result obtained by XPsoisaccurate enough to discuss the
composition and structure of BP nanocrystals imitld¥lore precise method should be

employed for further discussion. Similar results abtained in BP8.

Figure 7-7 (d) shows Raman spectra of BP8 and B#t&R HF etching. By etching,
the spectra become very simple and only a LO phaonode of cubic BP is clearly
observed around 825 émThe small bump around 800 ¢iis due to TO phonon of
cubic BP. In the inset of Figure 7-7 (d), the Rarspectrum of BP12 is compared with
that of bulk BP crystai®* The LO phonon peak of BP12 is broadened and sbifise
low-wavenumber side compared to that of BP cry3ta¢se are considered to be due to
phonon confinement effects, which are commonly plegkin small semiconductor
nanocrystal$®®*tIn fact, the signal of BP8 is broader than thaBBfL2 due to the

smaller size.
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Figure 7-7 XPS spectra of BP nanocrystals (BP1#)S{ 2p (b) B 1s (c) P 2p. (d)
Raman spectra of BP8 and BP12. Inset: Comparistwd®n Raman spectra of
BP12 and bulk BP crystal.

Figure 7-8 (a) and (b) shows the Tauc plathy)" O (hv — Eopy), wherea, handv are
an absorption coefficient, the Planck's constadtaaphoton frequency, respectively, of
the absorption spectrum of BPXds set to 1/2 (Figure 7-8 (a)) and 2 (Figure BB {0
obtain the indirect and direct band gaps, respelgtiAlthough Tauc plot is not an
accurate method to determine band gaps mainly dudet arbitrariness of fitting
regions, especially when sub-band-gap tail states, et is convenient for the rough
estimation. The estimated indirect and direct bgaqos are 2.1 and 4.0 eV, respectively.
Similarly, indirect and direct band gaps of 2.1 &®leV, respectively, are obtained for

BP8. The indirect band gap is close to that repdrtdulk BP crystali.e., 2.0 e\V*#20n
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the other hand, the direct band gaps are smaldar literature values,e., 4.255.0
eV'%®183 respectively. The difference might be related e non-stoichiometric

compositions and surface oxide layers.

Figure 7-8 (c) shows PL spectra of BP8 and BP1& &F etching. Both samples
exhibit broad PL around 1.6 eV. To our knowleddes is the first observation of room
temperature (RT) PL of BP nanocrystals. The pealeiy broad covering the 1.3-2.0
eV range (FWHM ~650 meV) even at low temperature/Kh No significant
difference can be seen between the spectra of BE&8B®12. The PL peak energy
coincides with that of peak 2 in Figure 7-8, sugiggsthat peak 2 arises from BP
nanocrystals. The PL is relatively insensitivelte temperature and the intensity at RT

is about 30 % of that at 6.7K.

The PL peak energy of 1.6 eV is about 500 meV lothan the optical band gap
estimated in Figure 7-8 (a). This suggests thatstates probably originating from
surface defects are responsible for the PL. Thestoichiometric composition may
also be related to the low energy PL. The sizeAsisgeness of the spectral shape
supports the model. In order to obtain the bandeddginescence, proper surface
termination may be necessary. A PL decay curveRdfBat RT is shown in Figure 7-8
(d). The PL lifetime estimated from the decay cus/&9.6 ns. No slower components
are observed. This value is very short for the rewdi band gap semiconductor,

suggesting defect-mediated recombination of carier

Finally, we would like to mention the scalabiliti/tbe synthesis process. In this paper,

mixture films of Si, B, P and O are produced bytsing. It is a relatively slow and
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expensive process. However, sputtering is not aandial process for the growth of
cubic BP nanocrystals. They can be produced iratisqgeof the preparation procedure
of Si, B, P and O mixture materials, if the comgiosi is within a proper range. For
example, cubic BP nanocrystals can be producednbgading mixture solutions of
hydrogen silsesquioxane (HSQ),;sBO; and HPQO, when HBO3; and HPO,
concentration is relatively highge., when the amounts of B and P are large enough to
oxidize all excess Si. On the other hand, whernr tt@icentration is relatively small,
excess Si remains even after reducing B and P.rébidts in the growth of B and P
co-doped Si nanocrystai¥’ This method does not use any vacuum processethasid

can be easily scaled up for the mass productiauloic BP nanocrystals.
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Figure 7-8. Tauc-plots of BP nanocrystals (BP12)(f) indirect and (b) direct
transitions. PL spectra of BP8 and BP12 at 6.7 Id &T. (d) PL decay curve of

BP12 (red filled circle). Black squares are systesponse.
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7-4 Conclusions

We have developed a new route for size-controllesvth of cubic BP nanocrystals.
Thermal annealing of heavily B and P doped Si-rsilica films resulted in the
formation BP nanocrystal in Synatrices due to the reduction of B and P by ex8ess
Free-standing BP nanocrystals in solution wereinbthby etching out the matrices. A
comprehensive structural study revealed the foonawf single crystalline BP
nanocrystals with the diameter controlled from &tom. The optical band gap of BP
nanocrystals was 2.1 eV and they showed a broawitAlthe maximum around 1.6 eV

at RT.
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Chapter 8
Growth of Boron-Rich Nanocrystals from
Oxygen-Deficient Borophosphosilicate Glasses

for Boron Neutron Capture Therapy

Adapted fromH. Sugimoto, et al., RSC Advances, 5, 98248-98AHI%).

8-1 Introduction

Boron Neutron Capture Therapy (BNCT) is a radiadpgrtreatment based on the
ability of the stable isotope borot’8) to capture neutrotf>'*¥The neutron exposure
of 1% generate®He (x particle) andLi, resulting in selective destruction of tumorlsel
without damaging adjacent cells because of thartgfass length of approximately 10
um comparable to the diameter of céff5*®’Conditions of the materials for the BNCT
are small size (<jum) for efficient incorporation into cells, high-sdlility in water, as
well as a large B content exceeding the requireduan(~16 B atoms per cell). In
previous work, boronophenylalanine (BPA) and sodhorocaptate (BSH) have been
extensively used for BNCT in cancer treatm@nt>* However, owing to their
low-solubility and a small amount of B (-5 wt.%)rpe molecule, focused research

aiming at finding alternative materials is highlgndanded.
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Recently, there have been numerous efforts fordéhelopment of biocompatible
inorganic nanoparticles with optimized functionabt for targeting biomedical
applications such as drug delivery carri&rand fluorescent probes for sensitigind
imaging™®* Moreover, by the combination of different nanomials such as
luminescent organic dyes or semiconductor nanaasystmesoporous silica
nanoparticles for drug delivery and magnetic nartapes, the development of
multifunctional nanoparticles have been repoffed® This approach enables us to
simultaneously perform imaging, diagnosis and ggravhich is also very promising
for improved performance of BNCT. However, nanoptes synthesized for the
particular application in BNCT is still limiteel.g.,borosilicate’”” boron carbid®&® and

boron phosphat€’ and they do not satisfy all the required condiion

In Chapter 2 and 7, we have developed heavily BRaoddoped Si nanocrystals and
boron phosphide (BP) nanocrystals by annealing egnaty amorphous films
composed of B, O, Si, and P with different composg prepared by sputtering (Figure
8-1) 212 A common feature of the starting material is ety are oxygen-deficient
compared to BPSG (SixB,05_yP,0s) due to addition of excess Si. When the atomic
concentration ratio of B and P to excess Si is gengll, typically less than 0.03, phase
separation of the film by high temperature anngatesults in the growth of B and P
codoped Si nanocrystals in BPSG matrited® By etching out BPSG matrices,
free-standing B and P codoped Si nanocrystalsxraoted in solution. The codoped Si
nanocrystals are highly dispersible in polar salsevithout organic ligands and exhibit
efficient size-tunable luminescence in the biolagitansparent window (700-1300

nm) with excellent pH- and photostabilifi?. These features make them promising in
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biological imaging and diagnostic applications adlws in BNCT. On the other hand,
at higher B and P concentrations, excess Si a@seducing agent and®; and BOs
are reduced to cubic phase BP nanocrystals (bofiarh of Figure 8-15%° BP
nanocrystals may be potentially suitable for BN@&Edwse of the large B content per
nanocrystal (~50 at.%). However, they are not d&@pke in water and the
luminescence, which originates from defect-relas¢éates, has limited wavelength

tunability.

In Figure 8-1, in between the two extremes, theag be a chance to develop a new
type of B-rich nanocrystals, which combine the adages of B and P codoped Si
nanocrystals and BP nanocrystals in BNCT applioatid herefore, in this work, we
grow nanocrystals in the composition range in betwthe two extremes. We show that
a new type of cubic nanocrystals with the lattioastant in between Si and BP crystal
are grown in specific conditions. The average Bceotration of the ternary B-Si-P
cubic nanocrystals reaches 36 at.%. The nanocsyataldispersible in water and the

luminescence is located in the biological window.
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Figure 8-1. Preparation of different kinds of BHiaanocrystals by phase
separation of oxygen deficient (Si-rich) BPSG tB,03- yP,0s) films.

8-2 Materials and Method

Preparation procedure of B-Si-P nanocrystals iditatigely the same as those of B
and P codoped Si nanocrystaf®® and cubic BP nanocrystd#®. Amorphous films
composed of B, O, Si and P were sputter-deposited thin stainless steel plate by
cosputtering different sputtering targets (see fEg8-2 and Table 8-1) in an
RF-sputtering apparatus (SPF-210HS, Anelva) with Rifr power of 200W. For the
preparation of sample A, Si chips (15x10 fiand BOj; tablets (10 mm in diameter)

were placed on a phosphosilicate glass (PSG) spuitarget (5 wt.% $Os in SiO;,
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10 cm in diameter). The composition of the targas wxactly the same as that used in

Refs.”! and®®

, and in this preparation condition, B and P codopenanocrystals are
grown by annealing. For the preparation of samplds, Si chips, BO; and BPQ

tablets (10 mm in diameter) were placed on g $&a@et (10 cm in diameter).

The list of samples together with the compositiohihie sputtering targets is shown in
Table 8-1. To control the B and P concentration§ilins, the numbers of #; and
BPQ, tablets were changed from 2 to 8, while that aft#jps was fixed to 4 (see Figure
8-2). Since BO; and BPQtablets are placed on a Sifdate, the increase of the number
of B,Oz; and BPQ tablets results in the decrease of the area of. Sikerefore, the B
and P concentrations of deposited films are ngbgntional to the number of tablets. It
should be stressed here that all the samples ggenydeficient compared to BPSG
(SiO-xB,03-yP,05). After sputtering, the films peeled from the stass steel plates
(80-100 mg) were annealed at 1300n a N gas atmosphere for 30 min. By annealing,
due to the oxygen deficiency, B, Si and P are prted and nanoparticles are formed
in silicate matrices. Annealed films were then grin a mortar to obtain fine powder.
The powder of 20 mg was dissolved in hydrofluodasolution (46 wt.%) to extract
B-Si-P nanocrystals from silicate matrices. Finaligolated nanocrystals of

approximately 1.5 mg were dispersed in methanolaier.

X-ray photoelectron spectroscopy (XPS) measurem@httd X-tool, ULVAC-PHI)
were carried out using an Aloikx-ray source. For the XPS and FTIR measurements of
free-standing nanocrystals, colloidal dispersiomahoparticles was drop-casted on

gold-coated Si wafers. The morphology and struabfifenal products were studied by
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TEM (JEM-2100F, JEOL). The details of measuremeanit®L spectra and PL-QYs

were shown in Chapter 2.

Sample A Sample B

Sample D

. Si (10x15 mm2)

&) B,0O, (@10 mm)

-

& BPO, (910 mm)

Figure 8-2 Schematics of sputtering targets pi@ sample A-E. In the case of

sample A, the targets are placed on PSG target.
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Table 8-1. Sample list with Si, B and P concentratiatios before and after HF

etching.

sample A sample B sample C sample D sample E

Sputtering

target i i i i
(8,0 BPQ) (4,0)onPSG (2,2)onSiQ (4,2)onSiIQ (2,49 onSiQ@ (0,8)onSiQ

Si:B:P
(D][i?r%ggsor 97.9:23:0.8 97.2:19:09 91.7:3.8:45 878:8.0:4.2 87.3:75:5.2
Si:B:P

(Freestanding 84.1:11.5:3.4 82.9:12.7:5.473.7 :15.4: 10.930.9 : 36.4 : 32.71.5: 50.6 : 47.9
particles)

8-3 Results and Discussion

First, we study samples just after annealirgg, before extracting nanocrystals by HF
etching. Figure 8-3(a)-(c) show XPS spectra of §i B 1s and P 2p core-levels,
respectively. The Si 2p peak appears at 103—10hddétween the binding energies of
Si** and St*. The spectra are slightly asymmetric due to cbatidns of sub-oxides
(Si** to SP"). The B 1s spectra in Figure 8-3(b) have two pe@l88 and 193 eV. These
are assigned to the neutral states of B (non-cxijiand fully-oxidized B (BOs),
respectively. Similarly, in the P 2p spectra in Ufeg 8-3(c), both signals from
non-oxidized and oxidized P at 130 and 134.5 e3peetively, are observed. In Figure
8-3(b) and (c), we also find that the intensityaatf non-oxidized and oxidized signals
is different between samples. We estimate the SiP Bitomic ratios from integral

intensities of XPS spectra by taking into accobetghoto-ionization cross-sections of

124



each element. The results summarized in Table &iodstrate that the composition is

controlled by changing the sputtering targets.

We then dissolve the silicate matrices by HF etghin liberate nanoparticles into
solution. For samples A-D, we obtained clear yeistwdispersions in methanol and
water. As will be shown later, nanopatrticles arspdised in the solutions without
agglomeration. On the other hand, in sample E Jleyraolution is obtained due to light
scattering by agglomerates. Figure 8-3 (a)—(c) shdlhe XPS spectra of the
nanoparticles (sample A-E) after HF etching. Atorompositions of Si, B and P in
samples A-E after HF etching estimated from XP% @aé shown in Table 1. We can
see that Si concentration decreases and B anddermoation increases from A to E.
From our previous work:?*®sample A is B and P codoped Si nanocrystals amgplsa
E is cubic BP nanocrystals. In Si 2p spectra iufé-3 (a), we can see the signals in
the range of 99.6 eV (3ito 103.4 eV (Si) including intermediate oxidation states.
The spectra of samples A, B and C are qualitatittedysamei, e., two signals from Si
(99.5 eV) and $i (103.4 eV) with a slightly different intensity i@t These peaks arise
from Si nanocrystal cores and thin native oxideshensurface (electron escape depth:
2—-3 nm)?” On the other hand, the binding energies of th&peasample D is different
from those of samples B and C; the peaks are abXi@l 102.5 eV, corresponding to
Si** and St*, respectively. In the spectrum of sample E, onlgry weak signal from Si
is observed, because the formation of BP nanodsybiathe reduction of £; and
P,Os is accompanied by the oxidation of Si during theealing process and SIG
removed by HF etching. In B 1s spectra in Figurd &), all samples exhibit a

non-oxidized B signal at 187.5-189 eV, althoughgbak in sample D is slightly higher
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than others. Similarly, in P 2p spectra, all sampgleow a signal around 130 eV, which
corresponds to non-oxidized P. The binding enefggample D is again slightly larger
than others. Both B 1s and P 2p peaks have aotadrt higher energy due to their

sub-oxides.

The results in Figure 8-3 suggest that samplesdBCGaare within the same group of
sample A, i.e., B and P codoped Si nanocrystalspagh B and P concentration is
larger. On the other hand, the structure of sampkapparently different from that of
sample A and E (BP nanocrystals). A possible exgtian of the high energy shift of the
Si 2p signal is the increased numbers of coordihBtand P to Si. In sample A, B and C,
the average number of B and/or P atom bonded tat®® is considered to be less than
one. On the other hand, almost comparable amo@iBsS and P in sample D suggest
that more than two B and/or P atoms can be coaetirta a Si atom. This results in the
increase of the binding energy due to larger edeategativities of B (2.04) and P (2.2)
than that of Si (1.9). In this situation, there @wdobe substantial amounts of B-B and
P-P bonds. The binding energy of B clusters is kndw be larger than that of
quadrivalent B in silicori®* Therefore, slight high energy shift of the B 1slpean be
explained by the increased number of B-B bondsimngde D. Similar explanation may

be possible in P 2p, although we do not have XR& afaP clusters.
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Figure 8-3. XPS spectra of samples A-E before KdRieg. (a) Si 2p, (b) B 1s and
(c) P 2p.

Figure 8-4 (d) shows IR absorption spectra of sasm@#-E. The amount of the
samples is fixed and thus we can compare the iyehlrsthe spectrum of sample A, the
peak around 1060-1080 €nis dominant, which is assigned to Si-O-Si stretghi
vibration modes. Note that all samples are stooed2fdays in methanol and then
exposed in air during the measurements, and tleusutiace of nanocrystals is slightly
oxidized. The spectrum changes systematically feample A to D. In sample B, an
absorption appears at 880 ¢nand it becomes stronger from B to D. Considetirgy
high boron content, this peak can be assignedstinet&ching mode of B-O-Si bridge
often observed in #/Si0, glass systen$??°*In sample D, the signal intensity at
880 cm' (v(B-0O-Si)) is comparable to that at 1080 tfm(Si-O-Si)). This suggests that
the structure, especially the surface structursaoiple D is significantly different from

that of sample A. The small peaks around 1330-b4%bare assigned to B—O and P=0O
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stretching modes. The peaks at 2100"ésndue to Si-Kvibrations®? The presence of
Si-H and Si-O bonds on the surface is an importahtantage for biomedical
applications, because the surface can be funcimmuaby biological substances by
using well-developed reactiof%:?>>This is an important feature for the efficient and
selective cellular uptake in biological applicaéf° Only sample D has a peak at 2410
cm?, which is assigned to the B-H stretching m&dé®® Observation of B-H modes
also suggests that the surface structure of sampig different from others. No
detectable signal from sample E is observed, itidigahat BP nanocrystals are highly

resistant to oxidation.
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Figure 8-4. XPS spectra of sample A-E after HF ieigh(a) Si 2p, (b) B 1s and
(c) P 2p. (d) IR absorption spectra of sample AfieraHF etching.

We perform a focused study on sample D from thepaoieon with sample A and
sample E. Figure 8-5 (a) shows the optical trartamit spectrum of colloidal
dispersion of sample D. The photo in the insetldigpa yellowish clear dispersion.
Nearly 100% transmittance around 1000 nm evidetieesibsence of light scattering

by agglomerates. In Figure 8-5 (b), we show a megwolution TEM image of sample D
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drop-casted on a carbon-coated TEM grid. We caarlglsee the lattice fringes, which
confirm single-crystalline nature of the particlébe average diameter estimated from
the images is 3.8 nm with the standard deviatiob.®@ihm (see the histogram in Figure
8-5 (c)). We analyzed the high-resolution TEM imagery carefully and precisely
measured the lattice spacing. Figure 8-5 (d)-(fowsh the typical images of
nanocrystals in samples A, D and E. In Figure &p(¢ample A), the lattice fringe
corresponds to the {111} plane of diamond struc&ird.31 nm). The lattice fringes of
nanocrystals in samples B and C can be also askigr& crystal (see Figure 8-6). The
lattice spacing of the nanocrystal in Figure 8-b (§ample E) is 0.26 nm, which
corresponds to cubic BP crystal (0.26 ff)On the other hand, in Figure 8-5 (e), we
observed two kinds of lattice fringes; one hassiecing of 0.31 nm and the other 0.28
nm (see Figure 8-7, the distribution of lattice@pg). The former one can be assigned
to Si crystal, while the latter one can be assigmather to Si nor BP crystal. This can
be confirmed in the electron diffraction patterfggure 8-5 (g) shows the intensity
profile of an electron diffraction pattern of samdD obtained from hundreds of
nanocrystals. The JCPDS data of diamond structiu®DS No. 27-1402) and cubic
BP (JCPDS No. 11-0119) are shown below the figyreeld and green bars. The peaks
labeled bye (red) are assigned to Si (JCPDS No. 27-1402) endtthers labeled bk
(blue) cannot be assigned neither to Si nor BRigh we carefully investigated the
compounds consisting of B, Si, P and O, no crydtaictures attributable to the peaks

labeled byA exist.
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Figure 8-5 (a) Transmittance spectrum of samplelimxet: Photograph of
colloidal dispersion in water. (b) HRTEM image afg) size distribution of
sample D. (d)-(f) HRTEM images of nanocrystalsamgles A, D and E. (g)
Intensity profile of electron diffraction patterri sample D (black) as-produced
and (blue) after etching by the mixture solutioHH67HNGOs. The bars represent
diamond structure Si crystal (red) and cubic BPstay (green). Blue bars show

virtual crystal with 9% smaller lattice constangth Si crystal.
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Figure 8-6 Typical HRTEM images of (a) sample B érjdsample C. The scale
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Figure 8-7 Distribution of lattice spacing of namgstals in sample D.

In order to extract nanocrystals exhibiting theceten diffraction pattern labeled by
A, we etched out Si nanocrystals in sample D byrtix¢ure solution of HF/HN@ 10
uL of HF (46 wt.%) and HN@(60 wt.%) solutions were added to 1d0of sample D
and the mixture was kept for 30 seconds. The eleadtiiffraction pattern after the

etching is shown in Figure 8-5 (g). Only the nagetals labeled byA remains.
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Therefore, these nanocrystals have high resisteméd=/HNO3, and are apparently

different from B and P codoped Si nanocrystals.

The blue bars in Figure 8-5 (g) correspond to wirtirystal, whose lattice constant is
9% smaller than that of Si crystal. The peaks kdbdly A matches almost perfectly
with the blue bars. This indicates that the unknawstal most likely has zinc-blend
type crystal structure. Considering the compositidata obtained from XPS
measurements, new crystal composed of almost the amount of B, Si, P is formed.
Unfortunately, within this work, the structure istrfully elucidated. Detailed studies
including theoretical modeling of nanocrystals casgd of B, Si and P are necessary
to analyze the structure. It should be stressed tiet lattice contraction of 9% by
doping is not possible in Si crystal. In bulk Systal, at most 0.2% contraction of lattice
is reported when B is doped very heavily (1.6 at%No notable change of lattice

constant is observed in B and P codoped Si nanatsysamples A—C).

In Figure 8-8, the PL spectra of samples A-D iluson excited at 450 nm are shown.
All the samples exhibit a broad PL within a biokoagiwindow. Despite the relatively
small size distribution shown in Figure 8-8 (c) AL is much broader than that of Si
nanocrystals reported so faf° and the full width at half maximum is in the rangfe
400 to 500 meV. The PL spectra depend slightly oand P contents and have a
tendency to shift to longer wavelength with increggheir contents. The PL quantum
yield of sample D is 1.1 %, which is slightly sneathan others. The origin of the PL of

B and P codoped Si nanocrystals is considered wdmron-hole recombination via
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donor and acceptor states in the band§apince sample D consists of two different

types of nanocrystals, it is not clear whetheregithr both of them contribute to the PL.
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Figure 8-8 PL spectra of samples A-D. Filled areaows the biological

transparent window.

8-4 Conclusion

In summary, formation of different types of B-richanocrystals by annealing
O-deficient BPSG was systematically studied. Ieein the conditions of the growth
of two known nanocrystald,e, B and P codoped Si nanocrystals and cubic BP
nanocrystals, we found a new type of B-rich nanstedlg containing more than 30 at.%
of B. The nanocrystals were dispersible in wateat exhibited broad PL centered at
~900 nm. The nanocrystals have Si-H and Si-O bamdthe surface, which can be

functionalized by biomolecules with well-establidh@rocesses. These properties
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suggest that the B-rich nanocrystals developedhi;mwork have a potential to be a

multifunctional biomaterial used for imaging, diagmns and BNCT.
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Chapter 9

Outlook

Throughout this thesis, we have developed noveh&iocrystal-based functional

nanomaterials targeting for biological and optoetedc applications. We have

succeeded in producing all-inorganic colloidal 8nacrystals with controlled size and

PL energy by simultaneously doping B and P. From detailed structural and PL

properties, we have demonstrated the potential afidP codoped Si nanocrystals for a

variety of applications. However, there are manyeroguestions remaining to be

answered. Here we identify and highlight few idead some possible experiments that

might clarify the problems.

(@)

(b)

We have studied the structural properties by TENMER-EELS, IR-absorption,

XPS and Raman spectroscopy, and suggested theusaiunodel of heavily doped
surface shell, which inorganically modifies the faoe and provides the
solution-dispersibility to Si nanocrystals. To het clarify the structure of codoped
Si nanocrystals such as distribution of dopants nin scale, atom probe

tomograph$'° would be a very powerful tool.

It has been also found that codoping modifies thergy state structure of Si
nanocrystals, and enables them to exhibit widedg-tiinable PL (0.85 to 1.85 eV)
across the bulk Si bandgap. The PL energy of cati§@anocrystals is ~300 meV

smaller than that of undoped nanocrystals withdamtical size. The PL lifetimes
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(©)

(d)

are much shorter than that of undoped Si nanodsysthe samples in this work are
ensemble and thus the distribution of size and mipptoncentration causes
inhomogeneous broadening of the PL data. The tqakniof single-dot

spectroscopy of individual nanocrystafsin particular at low temperatures, could
identify the origin of PL in codoped samples by leding such inhomogeneous

broadening.

In Chapter 4, we have studied the colloidal andtqistability of codoped Si

nanocrystals in a wide range of pH, which demotedréhe ultra-stable properties
of the nanocrystals suitable for the bioimagingl@pgon. However, the quantum
efficiency is limited up to 13% and excitation gesection of Si nanocrystals is
inherently low due to the indirect bandgap natére.an answer to improve them,
we developed the hybrid structures consisting oh&iocrystals and plasmonic
nanoparticles in Chapter 5 and 6. The plasmon-a@th®L of Si nanocrystals
dispersed in water-dispersible and biocompatibléiendemonstrated the promise
of their use in bioimaging applications. To obtdurther enhanced PL, the
controlled system of Si nanocrystals coupled tostnengly-enhanced local fields

by the gap-mode of coupled plasmonic structidfés?is desirable.

In Chapter 7, by expanding the preparation methasbdoped Si nanocrystals, we
have succeeded in producing cubic BP nanocrystidtsdifferent size. This is the
first experimental demonstration of the formatidrfree-standing BP nanocrystals
smaller than 10 nm. Furthermore, in chapter 8, wmaeded the possibility of the

application of Si-based nanocrystal materials inCBN Water-dispersible and
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near-IR luminescent B-rich (36 at%) nanocrystalgehaeen successfully prepared.
Detailed structural analyses have demonstratedfdimation of Si-B-P ternary
alloy nanocrystals. There are still many questiammg tasks to be achieved such as,
i) the relation between size and quantum confingsnehBP nanocrystals, ii) the
development of colloidal BP nanocrystals in solutiaii) the structure and
coordination of Si-B-P ternary alloy nanocrystals theoretical calculations, and

iv) the origin of PL of Si-B-P ternary alloy nangstals.
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