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Abstract 
                                                                                                                                    

This thesis focuses on the development of silicon based functional nanomaterials 

targeting for a variety of applications in optoelectronics and biology. The thesis consists 

of 9 chapters as summarized below. 

In Chapter 1, we first describe the background and the motivation of this thesis. 

Following the introduction of colloidal semiconductor nanocrystals, we explain the 

remaining problems of commercially available semiconductor nanocrystals and discuss 

the advantages of colloidal Si nanocrystals as alternatives. Then, the recent studies on 

the development of colloidal Si nanocrystals aiming at further functionalities, e. g., 

impurity doping, surface functionalization and coupling with surface plasmons, are 

summarized.  

In Chapter 2, we develop a new type of all-inorganic colloidal Si nanocrystals, which 

is achieved by simultaneous doping of boron (B) and phosphorus (P). In order to fully 

understand the mechanism of solution-dispersibility, we first systematically study the 

structural properties of B and P codoped colloidal Si nanocrystals using electron 

microscope, X-ray photoelectron and Raman spectroscopies. We show that heavily 

codoping of B and P on Si nanocrystal surface results in unique properties such as 

excellent colloidal stability without organic surface functionalization. The codoped Si 

nanocrystals exhibit efficient size-controllable photoluminescence spanning visible to 

near-IR ranges. Chapter 3 is an extension of the work in Chapter 2. We develop a new 

synthetic route of codoped Si nanocrystals for the mass-production without vacuum 
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processes. By thermal decomposition of chemicals containing hydrogen silsesquioxane, 

boric acid and phosphoric acid, codoped colloidal Si nanocrystals are successfully 

prepared.  

Chapter 4 focuses on the applications of the Si nanocrystals as fluorescent probes in 

bioimaging. The preparation of colloidal Si nanocrystals in water and their controlled PL 

properties are shown. The photoluminescence- and colloidal-stability of codoped Si 

nanocrystals in water with different pH are studied in detail.  

In Chapter 5 and 6 for the enhanced light emission performance of Si nanocrystals, we 

try to synthesize Si nanocrystal-based plasmonic coupled structures and systematically 

investigate the photoluminescence properties. Chapter 5 focuses on the engineering of 

radiative decay rate of Si nanocrystals by the coupling with Au nanorods. We 

successfully demonstrate the enhanced emission quantum efficiency in Au nanorods 

decorated with Si nanocrystals. Additionally, in Chapter 6, the enhanced luminescence 

of Si nanocrystals embedded in cellulose nanofibers by the coupling with plasmonic 

nanoparticles are demonstrated. These works have been done in collaboration with the 

groups of Prof. Luca Dal Negro (fabrication of cellulose nanofibers) and Prof. Björn M. 

Reinhard (synthesis of Si nanocrystal-Au nanorod composites) at the Photonics Center 

in Boston University. 

In Chapter 7, by extending the preparation method of codoped Si nanocrystals 

introduced in Chapter 2, we for the first time, present the size-controlled growth of 

cubic boron phosphide (BP) nanocrystals. Cubic BP is a III-V semiconductor with 
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zinc-blend crystal structure and known to be wide-gap (2.0 eV) indirect semiconductor. 

The structural and optical properties are systematically studied.  

Chapter 8 focuses on development of new materials promising for Boron Neutron 

Capture Therapy (BNCT). By controlling Si, B and P concentrations in the preparation 

method of codoped Si nanocrystals, we successfully develop ternary alloy Si-B-P 

nanocrystals with a large content of B while maintaining solution-dispersibility and 

photoluminescence properties.  

In Chapter 9, we summarize all the results and present a 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 smaller than twice of the exciton Bohr 

radius exhibit unique optical and electrical properties because of the quantum 

confinement effects. The electronic state structures of nanocrystals can be controlled 

by size, shape, composition (alloying) and surface chemistry.1 Among different kinds 

of semiconductor nanocrystals, those dispersed in solution, i. e., colloidal 

semiconductor nanocrystals or nanocrystal inks, are essential building blocks for the 

future optoelectronic devices such as solar cells, thin film transistors and light-emitting 

diodes (Figure 1-1).2–8 Colloidal dispersion of nanocrystals is useful for the formation 

of thin films by a simple solution-method such as spin-coating and roll-to-roll printing 

without vacuum and high-temperature process. As shown in Figure 1-1 (b) and (c), the 

smooth films in which nanocrystals are closely packed, is obtained by controlled 

solution-based deposition processes and thin-film transistor is produced by using 

nanocrystal films (Figure 1-1 (d)). A fascinating aspect of such nanocrystal films in 

terms of both fundamental physics and device performances is the interaction between 

nanocrystals in three-dimensional arrays. In densely-packed nanocrystal films, the 

electronic wavefunctions overlap each other, which leads to the attractive physical 

phenomena by electronic coupling between nanocrystals.5 For instance, fluorescence 
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resonant energy transfer or exciton migration, which is the non-radiative transfer of 

excitations, occurs by dipole-dipole interactions between neighbouring 

nanocrystals.9,10 Furthermore, the multiple exciton generation is predicted to become 

more efficient in such systems than bulk semiconductor materials and thus the coupled 

nanocrystals are considered to be a breakthrough for the next generation solar cells with 

extremely high conversion efficiency.4,11 

 

 

Figure 1-1 (a) Photograph of colloidal dispersion of ligand-stabilized semiconductor 

nanocrystals.3 (b) Scanning electron microscope image of PbSe nanocrystal film 

prepared by spin-coating. (c) Transmission electron microscope image of nanocrystal 

mono-layer. (d) ID-VDS characteristic of nanocrystal thin film transistor.2  
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1-2 All-inorganic colloidal nanocrystals 

A common feature of colloidal semiconductor nanocrystals is the capping of the 

surface by organic molecules, which protects the surface and prevents the 

agglomeration by steric barriers or electrostatic repulsion. Thanks to the absence of 

agglomeration, high-quality nanocrystal films can be formed just by simple coating 

and printing processes. However, these surface ligands are typically very long carbon 

chains (C>8: more than 1 nm),12 which act as insulating tunneling barriers between 

nanocrystals and significantly degrade the electrical transport properties.13 Moreover, 

since in many cases, colloidal nanocrystals are prepared in nonpolar solvents using 

long organic chains, they are not dispersible in water and thus inapplicable to the 

bioimaging and biosensing.  

These problems have been known as “ligand problem” and there have been numerous 

efforts to create the nanocrystal films with narrowed barriers between nanocrystals (see 

Figure 1-2).13,14 An approach is to exchange the long ligands with shorter ones that 

improve the carrier transport between nanocrystals.14 Talapin et al., have pioneered the 

use of inorganic ligands instead of organic ligands.15,16 Such new class of materials are 

called “all-inorganic nanocrystals”, in which the surface of nanocrystals is capped with 

chalcogenides (S2-, Se2-, Te2-)15 and metal chalcogenides (Sn2S6
4−, In2Se4

2−).16 In 

addition, Kagan and Murray group synthesized nanocrystals capped with ammonium 

thiocyanate (NH4SCN).17 As shown in the transmission electron microscope image in 

Figure 1-2 (a), the distance between nanocrystals is apparently reduced after the 
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ligand-exchange. The inorganic ligand-capped nanocrystals ensure a higher 

conductivity of the nanocrystal solids and a band-like transport between 

atomic-ligand-passivated nanocrystals is reported.16 As a result, electron mobility as 

high as 16 cm2V-1S-1 is achieved in nanocrystal solids.16 

 

Figure 1-2 (a) Schematic of synthesized 3.9 nm CdSe nanocrystals dispersed in 

in the hexane phase of a biphasic solution with dimethylsulphoxide, followed by 

nanocrystal deposition and solid-state exchange. TEM images of 6 nm PbSe QD 

films before (left) and after (right) solid-state exchange of long-chain with 

thiocyanate ligands (Scale bars: 20 nm).14 (b) Surface treatment effects on 

colloidal nanocrystal films: Long-chain ligands are replaced with short chain 

ligands to produce a conductive film by decreasing the inter nanocrystal 

distance.13 
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1-3 Case of Colloidal Si Nanocrystals 

Up to now, the scope was the progress in the research of “colloidal” form 

nanocrystals. Here we go into the material choice for consumer optoelectronic and 

biomedical applications. The great advancement mentioned in the previous section has 

been made in cadmium (Cd)- and lead (Pb)-calcogenide nanocrystals. However, the 

toxicity of these nanocrystals systems raises concerns for the applications in biology 

and consumer optoelectronic devices and then demands focused efforts aimed at 

developing alternative solutions.  

Silicon (Si) nanocrystals are the most promising alternatives to toxic Cd- and Pb 

calcogenide nanocrystals because of their compatibility with biological substances and 

the well-established Si electronic device technology. Since the discovery of 

room-temperature visible emission from porous Si in 1990,18 there have been a 

tremendous number of papers on the structural and photoluminescence (PL) properties 

of Si nanostructures in solid systems. The focused efforts on PL properties revealed 

that the radiative recombination of quantum-confined excitons in Si nanostructures 

enabled them to exhibit PL in the visible to near-IR range.19–22  

Despite the numerous reports on Si nanocrystals in solid matrices, the development 

of “colloidal” Si nanocrystals had been challenging because the solution synthesis of 

Si nanocrystals is in principle difficult due to the covalent bond nature. It is only 

recently that the quality of colloidal Si nanocrystals has been improved in terms of 
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crystallinity, size distribution, high stability in solution and high luminescence 

quantum yield.  

The group of J. Veinot in University of Alberta reported size-controlled synthesis of 

Si nanocrystals embedded in SiO2 by thermal decomposition of hydrogen 

silsesquioxane (Figure 1-3 (a)).23 By hydrofluoric acid etching, hydride Si 

nanocrystals are liberated in solution and passivated by organic molecules to obtain 

the colloidal dispersion (Figure 1-3 (b)). The nanocrystal size can be controlled by the 

temperature of thermal treatment before etching. G. Ozin and co-workers developed 

the size-separated colloidal Si nanocrystals by density gradient precipitation 

technique,24 which show efficient (QY ~40%) emission spanning red to near-IR range 

(Figure 1-3 (c)). Kortshagen and co-workers also reported colloidal Si nanocrystals 

with a high quantum yields synthesized by non-thermal plasma.25 

 

Figure 1-3 (a) Synthesis of Si nanocrystals from HSQ.23 (b) TEM image of 

ligand-stabilized Si nanocrystals prepared in (a).23 (c) Photoluminescence 

spectra of size-separated colloidal Si nanocrystals.24 
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In the past decade, the quality of colloidal Si nanocrystals is rapidly catching up with 

that of II-VI and IV-VI compound semiconductors. For further development of the 

functionality in a variety of application, in the following sections, the way to enhance 

and control the functionality of Si nanocrystals, which is the main goal of this thesis, 

will be introduced.  
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1-4 n- or p-type Impurity Doping in Si Nanocrystals 

The electrical property of semiconductor is precisely controlled in a very wide range 

by shallow impurity doping and this is the basis of modern Si-based semiconductor 

technology.26 In bulk Si, the n- (phosphorus (P), arsenic (As)) or p-type (boron (B)) 

doping results in the generation of charge carriers, which enables us to control the 

electrical transport properties very precisely. This scenario can be also applied to Si 

nanocrystals and the technology to control the charge carriers in nanocrystals is 

indispensable for the application in electronic devices. Since the number of Si atoms 

per sub 10 nm size nanocrystal is in the range of 100–10000, an impurity atom 

corresponds to a very high doping level (>1018 /cm3). The effect of B or P doping in Si 

nanocrystals has been studied by PL,27–29 electron paramagnetic resonance (EPR),30–32 

and Raman spectroscopy.33–35 It was found that B or P doping quenches the PL by the 

Auger process between photoexcited carries and those provided by doping.27–29 Pi et 

al.29 assigned preferential doping sites of P or B in in situ doped plasma-synthesized 

Si nanocrystals from the analysis of PL data. The doping site of P was also studied by 

atom probe tomography.36 In our group,30 we studied the hyper-fine structure of EPR 

spectra of P-doped Si nanocrystals in glass matrices and demonstrated the evidence of 

the quantum confinement of donors in nanocrystals. Pereira and co-workers31,37 

studied P-doped Si nanocrystals powder by EPR spectroscopy and demonstrated that 

doping efficiency of Si nanocrystals decreases significantly when the diameter is 

smaller than 10 nm. Recently, the electrical transport properties and free-carrier 

absorption by B and P doping are systematically studied by the group of Kortshagen 
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and Nozaki.38–40 They successfully demonstrated the presence of charge carriers in Si 

nanocrystals.38–40   

1-5 B and P Codoped and Compensated Si Nanocrystals 

The research in our group in the past decade has provided new fascinating features of 

doping in Si nanocrystals.41–44 One of the most important findings was that PL 

properties of Si nanocrystals can be modified drastically by simultaneously doping B 

and P. Figure 1-4 (a) shows the PL spectra of B and P codoped Si nanocrystals 

embedded in silicate films.41 The PL peak shifts to lower energy as P concentration 

increases and is located below bulk Si bandgap in codoped Si nanocrystals. The 

low-energy PL can be assigned to the radiative transitions between donor and acceptor 

states introduced by B and P codoping.42 In addition, the PL intensity of codoped Si 

nanocrystals is larger than that of B-doped Si nanocrystals. Figure 1-4 (b) shows the 

absorption coefficient of doped Si nanocrystals in the near infrared range, which 

demonstrates the decrease of free-carrier absorption at longer wavelength by codoping. 

This is a signature of the compensation of excess carriers by codoping and explains 

increased PL intensity in codoped Si nanocrystals compared to that of B or P singly 

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

nanocrystals in silicate film with different nominal concentrations of B and P. 

 

Ossicini and co-workers studied the codoped nanocrystals by first principle 

calculations.45,46 Figure 1-5 displays the formation energies, which demonstrate that 

the codoping drastically decreases the formation energy compared to that of 

nanocrystals doped with either B or P.45 This means that the compensated nanocrystals 

are preferably formed, which is consistent with the discussion above. They also 

demonstrated that the formation of donor and acceptor states by codoping shrinks the 

gap energy between the highest occupied molecular orbitals (HOMO) to the lowest 

unoccupied molecular orbitals (LUMO), resulting in the lower-energy shift of the 

luminescence.45 
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Figure 1-5. (a) Model of B and P codoped Si nanocrystal (Si145 (yellow balls) B 

(magenta) P (black) H100 (gray)). (b) Formation energy for single-doped and 

codoped Si nanocrystals. In the codoped nanocrystals, the impurities are placed as 

second neighbors in the first subsurface shell (P is located at II in (a)).45 

 

Another important feature and unexpected effect of codoping is that it modifies the 

chemical properties of Si nanocrystals drastically. Codoped Si nanocrystals can form a 

stable colloidal dispersion in alcohol without any the surface functionalization 

processes.44 These unusual properties provided by B and P codoping offer a new 

opportunity to further explore the functionalities of Si nanocrystals, which leverage 

the nanoscale Si-based optoelectronic applications. In fact, 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 candidates as light-sources in 

optoelectronic devices and nanoprobes in bioimaging. For such applications, a highly 

efficient PL is crucial. The PL efficiency is determined by the absorption cross-section 

and the quantum yield. Unfortunately, Si nanocrystals intrinsically have small 

absorption cross-section. Furthermore, the radiative decay rate is much smaller than 

those of direct band gap semiconductors, which often results in low quantum yield. A 

promising approach to overcome these problems is utilizing the enhanced local-field in 

the vicinity of metal nanostructures. It is well known that the excitation efficiency is 

strongly enhanced when an emitter is located nearby metal nanostructures exhibiting 

localized surface plasmon resonance (LSPR) i. e., plasmonic nanostructures.47 In 

addition, the plasmonic nanostructures acting as nano-antennas results in an increase of 

the photonic density of states (PDOS) which leads to the enhancement of the radiative 

decay rate of antenna-coupled emitters. This coupling effect boosts the quantum 

efficiency by overcoming the fast relaxation into non-radiative decay channels.48  

Plasmonic nanostructures including nanospheres, nanorods, nanodisks and their arrays 

have been tailored to control the PL properties of semiconductor nanocrystals.47,49 A 

significant luminescence enhancement has been previously demonstrated utilizing 

LSPR of metal nanostructures. The combination of plasmonic nanoparticles and 

nanoscale emitters into a single multifunctional colloidal platform has a large potential 
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for engineering novel active devices for biosensing and bioimaging.50–52 

Plasmon-enhanced emission of nanocrystals with Au nanoshell,50 DNA-linked Au 

nanoparticles-nanocrystals hybrid structures,53 and Au nanorods coupled to 

nanocrystals54,55 in aqueous solutions have been demonstrated (see Figure 1-6). 

 

Figure 1-6 (a) Gold nanorod-QD composites. (b) Emission enhancement in 

composites.55 

 

Plasmonic-coupled PL of Si nanocrystals embedded in solid matrices has been widely 

investigated in the past decade.56–60 In 2005 Atwater and co-workers have 

demonstrated the quantum efficiency enhancement of Si nanocrystals by the coupling 

with nanoporous Au.56 Figure 1-7 shows the sample structure and enhanced PL 

intensity of Si nanocrystals in SiO2. By controlling and optimizing the spacer 

thickness, they successfully demonstrated that utilizing localized surface plasmon 

resonance is a promising way to enhance the emission rate and quantum efficiency of 

Si nanocrystals.  
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Figure 1-7 Solid state system for plasmon-enhanced silicon nanocrystal emission. 

(Left) Sample structure of Si nanocrystals embedded in SiO2 with nanoporous Au 

film. (Right) PL intensity enhancement measured at 780 nm as a function of etch 

depth.56 

 

In contrast to Si nanocrystals embedded in solid matrices, colloidal Si nanocrystals 

coupled to plasmons have been scarcely studied in spite of their importance in 

applications such as in-vivo bioimaging61 and printable optoelectronics.25,62 The 

development of such systems is still challenging due to the difficulty of synthesizing 

high quality Si nanocrystals with bright emission in biological transparent windows 

(700–1200 nm) and high colloidal stability in aqueous solution.63,64 
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1-7 Chapter Overview and Goals of This Thesis 

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

nanomaterials targeting for a variety of applications in optoelectronics and biology. 

As introduced in section 1–5, we have found that the B and P codoped Si 

nanocrystals can be dispersed in alcohol without any surface functionalization, and 

exhibit luminescence in the near-IR range. Therefore, the codoped nanocrystals are 

highly promising for the applications in printable optoelectronics and biology. In 

Chapter 2, to clarify the mechanism of solution-dispersibility, we first study the 

structural properties of B and P codoped colloidal Si nanocrystals in detail. We show 

that the formation of surface shell consisting of heavily B and P codoped crystalline Si, 

which results in unique properties such as high-chemical stability and excellent 

colloidal stability without organic surface functionalization. Moreover, the overview of 

optical properties of codoped Si nanocrystals with different size is described. The 

codoped Si nanocrystals exhibit efficient photoluminescence spanning visible to 

near-IR ranges, depending on their average sizes. Chapter 3 is an extension of the 

work in Chapter 2. We show the synthetic route of codoped Si nanocrystals for 

mass-production without vacuum processes using molecular precursors.  

Chapter 4 focuses on the potential of Si nanocrystals as fluorescent probes in 

bioimaging. The preparation of colloidal Si nanocrystals in water and their controlled 

PL properties are shown. The photo-stability and pH dependence of PL intensity and 

dynamics are systematically investigated. 
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In Chapter 5 and 6 for the enhanced light emission performance of Si nanocrystals, we 

synthesize Si nanocrystal-based plasmonic coupled composites and systematically 

investigate the PL properties such as PL decay dynamics, polarization and excitation 

spectra. The enhanced PL of Si nanocrystals by the coupling with plasmonic 

nanoparticles are demonstrated in different systems. This work has been performed 

partially in collaboration with the groups of Prof. Luca Dal Negro and Prof. Björn M. 

Reinhard at the Photonics Center in Boston University. 

Another important feature of codoped Si nanocrystals is that they contain a large 

amount of B and P atoms per nanocrystal. This makes them very promising for 

applications such as Boron Neutron Capture Therapy (BNCT). In Chapter 7, by 

extending the preparation method of codoped Si nanocrystals introduced in Chapter 2, 

we demonstrate the size-controlled growth of cubic boron phosphide nanocrystals. 

Chapter 8 focuses on development of new materials promising for BNCT and thus we 

develop ternary alloy Si-B-P nanocrystals with a large content of B while maintaining 

solution-dispersibility and photoluminescence properties.  

In Chapter 9, we summarize all the results and present a brief outlook for further 

study of Si-based functional nanomaterials.  
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Chapter 2                                    

Structural and Optical Properties of All-Inorganic 

Colloidal Si Nanocrystals Codoped with Boron 

and Phosphorus 

Adapted from H. Sugimoto, et al., J. Phys. Chem. C, 116, 17969–17975 (2012) 

H. Sugimoto, et al., J. Phys. Chem. C 117, 11850-11857 (2013) 

H. Sugimoto, et al., J. Phys. Chem. C 117, 6807-6813 (2013) 

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

2-1 Introduction 

For the formation of conductive solution-processed nanocrystal films, all-inorganic 

colloidal nanocrystals have been developed in metal chalcogenides by exchanging 

organic-ligands with inorganic atomic ligands.15 Unfortunately, ligand exchange 

technique is not successfully applied to Si nanocrystals because Si forms covalent 

bonds (Si-C) with organic ligands. Since Si is very environmentally friendly and is an 

extensively used semiconductor, the development of inorganic ligand-capped Si 

nanocrystals is a very important research topic.  

In 2011, we have introduced a new type of all-inorganic colloidal Si nanocrystals, 

which are achieved by heavily boron (B) and phosphorus (P) codoping in Si 

nanocrystals.44 However, the mechanism of dispersibility is still unclear. In this 
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section, we comprehensively study the structural and optical properties of B and P 

codoped Si nanocrystals.  

2-2 Materials and Methods 

The preparation procedure of colloidal dispersion of P and B codoped Si nanocrystals 

is summarized in Figure 2-1. Si-rich borophosphosilicate glass (BPSG) films with 

thickness of 10–20 µm were first deposited on thin stainless steel plates (0.1 mm in 

thickness) by cosputtering Si, SiO2, B2O3, and P2O5 in an rf-sputtering apparatus. The 

films peeled from the plates were annealed at different temperatures (850–1300°C) in a 

N2 gas atmosphere for 30 min to grow Si nanocrystals with different sizes in BPSG 

matrices. During the growth of Si nanocrystals, P and B atoms are incorporated into Si 

nanocrystals from BPSG matrices, or precipitate the interface between Si nanocrystals 

and glass matrices. It is well-known that this effect takes place at the interface of 

between borosilicate glass (BSG) and bulk Si when heavily doped BSG is removed by 

HF etching. Annealed films were then grounded in a mortar to obtain fine powders. 

Codoped Si nanocrystals were isolated from BPSG matrices by etching in HF solutions 

(46 wt %) for 1 hour. Isolated Si nanocrystals were separated from the HF solution by 

centrifugation (4000 rpm, 1 min) in an ultrafiltration concentrator (VS0232: Sartorius 

Stedim Biotech GmbH), and Si nanocrystal powder was obtained in the concentrator. 

The powder of Si nanocrystals was then redispersed by adding methanol and simply 

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

min).  

Transmission-electron microscope (TEM) observations (JEM-2010, JEOL) were 

performed by dropping the solution on carbon-coated TEM meshes. Z-contrast 

high-angle annular dark-field (HAADF) images and electron energy loss spectroscopy 

(EELS) mappings are obtained using scanning TEM (Hitachi, HD2700). Raman spectra 

were measured using a confocal microscope (50× objective lens, NA = 0.8) equipped 

with a single monochromator and a CCD. The excitation source was a 514.5 nm line of 

an Ar ion laser (1 mW). The excitation power was fixed to 1 mW for all samples. We 

confirmed that the laser excitation with 1 mW does not affect the structure of 

nanocrystals. X-ray photoelectron spectroscopy (XPS) measurements (PHI X-tool, 

ULVAC-PHI) were carried out using an Al Kα X-ray source. The samples for Raman 

scattering and XPS measurements were prepared by drop-coating nanocrystal solution 

on gold-coated Si wafers. Photoluminescence spectra were obtained by using a single 

spectrometer equipped with a liquid-N2 cooled InGaAs diode array (OMA-V-SE, Roper 

Scientific) and a Si:CCD (Roper Scientific). The excitation wavelength was 405 nm. 

The spectral response of the detection system was corrected with the reference spectrum 

of a standard halogen lamp. PL spectra were also measured using a spectrofluorometer 

(Fluorolog-3, HORIBA Jovin Yvon) equipped with a photomultiplier (500-850 nm) and 

an InGaAs photodiode (800-1300 nm) as detectors. The PL spectra obtained by two 

different detectors are merged after corrected the sensitivity. The correction factors 

were obtained by measuring the reference spectrum of a standard halogen lamp. The 

excitation source was a monochromatized Xe lamp (405 or 450 nm). The PL QY was 
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determined by a comparative method.65 Rhodamine 6G in water with a QY of 95% was 

used as a reference solution. The QY of a sample (Qs) is calculated from PL spectra of 

reference and colloidal Si nanocrystal samples obtained in the same condition using, Qs 

= QR (IS × AR × nS
2)/(IR × AS × nR

2), where Q is the quantum yield, I is the integrated PL 

intensity, A is the absorbance, and n is the refractive index. The subscript S and R refer 

to the sample and the reference solutions, respectively. In order to minimize an error 

due to nonuniform irradiation of solution, the sample solutions are diluted to keep the 

absorbance below 0.1. The error of QY values estimated from the measurements of 

series of diluted samples at several different excitation wavelengths was around ±12%. 

PL decay dynamics were measured by using a near IR photomultiplier (R5509-72, 

Hamamatsu Photonics) and a multi-channel scalar (SR430, Stanford Research). The 

excitation source was modulated 405 nm light. All the measurements were carried out 

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

colloidal Si nanocrystals 

 

2-3 Codoped Si nanocrystals in silicate matrices 

We first characterize the PL properties of annealed samples before HF etching, i.e., 

Si nanocrystals or nanoclusters in BPSG, annealed at different temperatures (850–

1250oC). Figure 2-2 (a) shows normalized PL spectra of codoped samples annealed 

at different temperatures. The spectra depend strongly on annealing temperature. The 

PL peak energies and intensities are plotted in Figure 2-2 (b) as a function of 

annealing temperatures. We can see the shift of the PL peak in a very wide range by 

changing annealing temperature. The most remarkable feature in Figure 2-2 is that 

the PL peak energy is located below the bulk Si band gap (1.12 eV) when annealing 

temperature is higher than 1100oC. Such a low energy PL cannot be observed in 
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undoped Si nanocrystals at room temperature and the observation of the below 

bulk-band gap PL is one of the evidences that the PL arises from the transitions 

between donor and acceptor states. In Figure 2-2, we find that the PL intensity also 

strongly depends on annealing temperature. Especially, the PL intensity drastically 

decreases at high annealing temperature. We will discuss the mechanism later.  

 

 

Figure 2-2. (a) PL spectra of codoped Si nanocrystals embedded in silicate 

matrices annealed at different temperatures. (b) PL peak 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 codoping and solution-dispersibility. 

Figure 2-3 shows the photographs of colloidal Si nanocrystals prepared from Si-rich 

BPSG films with different P and B concentrations. The abscissa and ordinate of Figure 

2-3 represent B and P concentrations, respectively, in as-deposited Si-rich BPSG films. 

The P concentration is determined by energy dispersive x-ray spectroscopy (EDS) and 

the B concentration is obtained from the intensity ratio of Si–O–Si and B–O vibration 

modes in IR absorption spectra.66 The photographs of the dispersions after removing 

precipitates by centrifugation are shown. The color of the solution depends strongly on 

sample preparation parameters. Note that the amount of Si nanocrystal-doped BPSG 

films dissolved in HF is the same for all samples. Therefore, dense color implies that a 

large fraction of Si nanocrystals contributing the visible light absorption are dispersed 

in solution. On the other hand, light color means that majority of Si nanocrystals are 

precipitated and removed by centrifugation. Below the photographs in Figure 2-3, the 

amounts of Si nanocrystals in the solutions obtained by inductively coupled plasma 

atomic emission spectrometry (ICP-AES) measurements are shown. In undoped Si 

nanocrystals (sample H), the solution is colorless and Si is not detected in ICP-AES. 

Therefore, undoped Si nanocrystals are not dispersed in polar liquids. This is consistent 

with previous reports. Similarly, in P (sample G) and B (sample I) singly-doped samples, 

Si is not detected in ICP-AES and the solutions are colorless. In contrast to these 
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samples, P and B codoped samples (samples A-F) are brownish. The color becomes 

dense and the amount of Si in solution increases with increasing P and B concentrations. 

In the darkest solution (sample D), Si concentration is 453 µg/ml. Figure 2-3 

demonstrates that codoping of P and B is essential to achieve high solution 

dispersibility. 

In Figure 2-3, P and B concentrations in colloidal Si nanocrystals obtained by 

ICP-AES measurements are also shown below the photographs. We can see that the P 

and B concentrations, especially the B concentrations, are very high. They are much 

higher than those in Si-rich BPSG films before etching (see abscissa and ordinate in 

Figure 2-3). The difference in the P and B concentrations between Si nanocrystals in 

solution and Si-rich BPSG films before etching indicates that P and B atoms are 

accumulated in or on the surface of Si nanocrystals during the growth of Si nanocrystals 

by annealing. The P and B concentrations in colloidal Si nanocrystals are also much 

higher than the solid solubility limits of P and B in bulk Si crystal.  

 



25 

 

 

Figure 2-3. Photographs of the solutions after removing precipitates by 

centrifugation. The abscissa and ordinate are B and P concentrations, 

respectively, in as-deposited Si-rich BPSG films. The numbers below the pictures 

are the amounts of Si in the solutions, P and B concentrations in Si nanocrystals 

and the ζ-potentials. 

 

B and P codoped Si nanocrystals are characterized by electron microscopy. Figure 2-4 

(a) shows the TEM image of codoped Si nanocrystals. Nanocrystals with approximately 

5 nm in diameter are well-isolated and high-resolution TEM image in figure 2-4 (b) 

shows lattice fringes of monocrystalline Si. Figure 2-4 (c) shows a HAADF image, 

which shows 5 white spots corresponding to Si nanocrystals. Figure 2-4 (d) and (e) 

shows EELS mapping images of B and P, respectively, taken at exactly the same place. 

We find the 5 spots in the EELS mappings perfectly coincide with that in the HAADF 

image, demonstrating that B and P are heavily codoped (more than the detection limit of 
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EELS) in individual nanocrystals. The quantitatively determined average B and P 

concentration by ICP-AES is much higher than solid solubility limits of B and P in bulk 

Si crystal.67 Therefore, it is reasonable that the majority of doped B and P atoms are not 

doped in the nanocrystal core, but located around the surface. 

 

Figure 2-4(a) TEM and (b) high-resolution TEM images of Si nanocrystals. (c) 

High-angle annular dark field image of Si nanocrystals. (d) and (e) Electron 

energy loss spectroscopy mappings of B and P, respectively. 

 

Figure 2-5 (a)–(d) show the TEM images of codoped Si nanocrystals grown at different 

temperatures (1050 to 1300oC). We find that the nanocrystals grow larger as the growth 

temperature increases. Figure 2-6 show the electron diffraction patterns obtained from 

several hundreds of nanocrystals grown at different temperatures. We also show the bars 
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corresponding to the data of diamond Si crystals (JCPDS No. 27-1402). The average 

diameters plotted in Figure 2-5 (e) demonstrate the controllability of the nanocrystal size 

just by varying annealing temperature. This can be explained simply by the fact that the 

diffusion coefficient of excess Si atoms in BPSG is larger in higher when annealed at a 

higher temperature. This simple growth mechanism allows us to estimate the diameter of 

nanocrystals prepared at temperature lower than 1000°C, which cannot be observed by 

TEM. At such temperature range, the nanocrystals are too small to directly determine 

from TEM images and also the lower contrast due to the low-crystallinity. We first 

obtain diffusion coefficients of Si in BPSG at different temperatures from the 

experimentally obtained sizes under the assumption that the radius of as-deposited Si 

clusters in BPSG is 0.5 nm.68 By fitting the growth temperature dependence of the 

diffusion coefficients, the activation energy can be estimated to be 218 kJ/mol. Using 

obtained activation energy, the relation between the size and the temperature can be 

calculated.69 The result is shown as a dashed red curve in Figure 2-5 (e). The calculated 

result reproduces experimentally obtained data well, and thus we can extrapolate the 

temperature dependence of the nanocrystal size. The average diameter can be tuned from 

around 1 nm to 14 nm. 

The average numbers of P and B atoms per a nanocrystal are plotted in Figure 2-5 (f) as 

a function of diameters. The black curve represents the concentration of 1.0 at% (5×1020 

cm-3). We find that the dopant concentration is very high. Especially, the B concentration 

is much higher than the solid solubility of B in bulk Si crystal.  
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Figure 2-5 (a)-(d) TEM images of Si nanocrystals grown at different 

temperatures shown in the images. (e) Average diameters (black) as a function of 

annealing temperatures. Dashed red line shows the results of theoretical 

prediction. (f) Number of B (Red) and P (Blue) per nanocrystal as a function of 

average diameters. Black line corresponds to the concentration of 1.0 at.% 

(5×1020 /cm3). 
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Figure 2-6 Electron diffraction patterns of codoped Si nanocrystals grown at 

different temperatures. 

 

The results so far strongly suggest that B and P are doped at extremely high 

concentration and thus segregated to the surface of nanocrystals. To study the surface 

structures, we performed XPS measurements for free-standing codoped Si 

nanocrystals. Figure 2-7 shows XPS spectra of codoped Si nanocrystals with different 

sizes (1 day storage in methanol after HF etching). In the Si 2p signal, we find peaks 

assigned to Si nanocrystal cores (Si0) at 99.8 eV and surface native oxides (Si1+~Si4+). 

The binding energy of the oxides smaller than that of stoichiometric SiO2 (Si4+, 103.8 

eV) suggests that the oxide layer is less than a monolayer. The size dependence of 

intensity ratio of the oxide signal can be explained by the increase of the ratio of surface 

Si atoms within the escape depth of photoelectrons (2 nm).70 Figure 2-7 (b) shows the B 
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1s signals. Neutral B and B2O3 exhibit XPS peaks at 187-188 and 193 eV, respectively. 

In codoped nanocrystals, the main peak around 188 eV is predominant, which indicates 

that the majority of doped B is non-oxidized. Similar results are obtained for the P 2p 

signals in Figure 2-7 (c). The main peak around 130 eV is assigned to non-oxidized P 

and the broad tail arises from sub-oxides.  

 

Figure 2-7 XPS spectra of codoped Si nanocrystals with different diameters. (a) 

Si2p, (b) B1s, (c) P2p. 

 

Figure 2-8 (a) shows the Raman spectrum of B and P codoped Si nanocrystals grown 

at 1200oC. The typical optical phonon mode of Si crystal is observed at 520 cm-1. In 

free-standing undoped Si nanocrystals, a significant low-energy shift of the peak is 
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observed when the nanocrystal size is smaller than 10 nm.71 The size dependence is 

often explained by the phonon confinement effect. In oxide-embedded nanocrystals, the 

effect is compensated by the compression due to solid matrices surrounding the 

nanocrystals. Interestingly, in codoped Si nanocrystals, the peak is located exactly at 

520 cm-1 despite their small diameter of 6 nm. This result indicates that the crystal and 

surface structure of codoped Si nanocrystals are quite different from that of undoped 

nanocrystals. Besides, we find a broad band around at 650 cm-1. Considering the 

extremely high B concentration (15‒20 at%), the broad band can be assigned to local 

vibrational modes of substitutional B,72 B-P pairs,73,74 B clusters, B-interstitial 

clusters75,76 in Si crystal. The integrated intensity of the broad band (600‒700 cm-1) is 

approximately 20% of that of the main peak (400‒550 cm-1), which roughly 

corresponds to the B concentration measured by ICP-AES. The very broad tail at the 

low-energy side of the main peak can be assigned to amorphous Si and/or substitutional 

P and P-related clusters.77  
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Figure 2-8. Raman spectrum of codoped Si nanocrystals grown at 1200oC with 

schematic illustrations of B, P doped structures. 

 

 From the structural analysis, we present the structural model of codoped Si nanocrystal 

in Figure 2-9. Lattice fringes in TEM images associated with electron diffraction 

patterns, optical phonon mode of Si crystal in Raman spectrum, and Si 2p core signals 

in XPS suggest that the core of codoped nanocrystal is undoubtedly a crystalline Si, 

probably “lightly” doped with B and P. Here, “lightly” doping means the dopant 

concentration is lower than the solid solubility limits in bulk Si crystals. This is also 

supported by the theoretical calculation by the group of Prof. Ossicini.45 They 

demonstrate the small formation energy of few dopants (B and P) in Si nanocrystals, 

which indicates that small number of B and P can be doped inside nanocrystals. The 

calculation in Ref.78 also predicted that the dopants are preferentially located around the 

surface of Si nanocrystals. The preferential dopant locations were calculated in 
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codoped Si nanowires. The results demonstrated that B and P are doped at the interface 

of Si/SiO2, i. e., the surface of Si-core.79,80 XPS and Raman study demonstrate that the 

surface of nanocrystals is strongly modified by heavily codoping B and P. Here, 

“heavily doping” means doping with a concentration exceeding the solubility limit. In 

bulk Si crystal, it is known that saturated B-rich layers (BRL) are formed at the interface 

between B2O3 and Si, when B is heavily doped in solid state diffusion processes.81 Also 

in codoped Si nanocrystals, the heavily doped B are most likely to form the layer 

similar to BRL. The BRL exhibits hydrophilic nature, which explains the dispersibility 

of codoped Si nanocrystals in aqueous solution. It is worth noting that B atoms are 

doped in the crystalline Si as proven by the local modes in Raman spectrum. The 

difference between B-doped bulk Si crystal and codoped nanocrystals is the presence of 

P. Without P doping, the nanocrystals aggregate easily in solution. A possible 

explanation is that P plays a role to stabilize larger amounts of B atoms at the surface of 

Si nanocrystals by charge compensation and structural relaxation.  

        

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

Figure 2-10 (a) shows normalized PL spectra of codoped colloidal Si nanocrystals 

with different sizes. The broad spectra (FWHM ~400 meV) are obtained and the peak 

energy strongly depends on the size of nanocrystals. The PL peak energies are plotted in 

Figure 2-10 (b) as a function of size. We find the PL peak exhibits blue-shift 

monotonically as the size increases. Remarkably, the PL peak energy is below the bulk 

Si band gap (1.12 eV) when size is larger than 5 nm. For the comparison, we also plot 

the relation of undoped Si nanocrystals from literatures.19,24,82 Although the trend is 

similar, such a low energy PL cannot be observed in undoped Si nanocrystals at room 

temperature. The observation of the below bulk-band gap PL is one of the evidence that 

the PL arises from the transitions between donor and acceptor states shown in Figure 

2-10. The size dependence of PL energy is similar to that of undoped nanocrystals, 

while the energy is always lower by ~300 meV. From the model in Figure 2-10 (c), the 

energy difference probably corresponds to the sum of binding energy of donor and 

acceptor doped in Si nanocrystals. Compared to bulk Si, the biding energy is much 

larger in the present nanocrystals. This can be explained by both the formation impurity 

band due to the high doping level forming the impurity band83,84 and increased binding 

energy in nanocrystalline Si.46,85,86 In heavily n- or p-type doped bulk Si, the 

dopant-related PL energy is 100-200 meV lower than bandgap PL was reported.83,84 

In some specific sizes of Si nanocrystals, the energy differences between the highest 

occupied molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals 

(LUMO) are calculated by first principles calculations when a pair of B and P is 
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doped.45 For example, the HOMO-LUMO gap of B and P codoped Si nanocrystal (1.8 

nm in diameter) is calculated to be in the range between 1.59 and 2.03 eV depending on 

the B and P distance and their sites. In the present work, the PL peak energy of codoped 

Si nanocrystals 1.8 nm in diameter is around 1.7 eV, in good agreement with the 

theoretical prediction. Furthermore, the paper demonstrated the difference of 

HOMO-LUMO gaps between codoped and undoped nanocrystals is approximately 300 

meV, almost corresponding to our experimental results. 

Figure 2-10 (e) shows the PL lifetimes of codoped and undoped Si nanocrystals 

prepared by same procedures (cosputtering and annealing)19 as a function of the 

diameter. The lifetimes obtained at the PL maxima are plotted for both samples. The 

trend is totally different between codoped and undoped nanocrystals. In undoped 

nanocrystals, the lifetime depends strongly on the size, while almost independent of the 

size in codoped nanocrystals larger than 3 nm. The lifetime insensitive to the 

nanocrystal size can be explained by the following model. In codoped nanocrystals, the 

first principle calculations showed that phot-excited carriers are localized at the 

impurity states.45 The localization might relax the momentum conservation rule during 

the optical transition and enhances the radiative recombination rate compared to that of 

undoped nanocrystals. As a result, the physical size nanocrystals, which determines the 

degree of the relaxation of the momentum conservation rule and the radiative 

recombination rate in undoped nanocrystals, is not a determining factor of PL lifetime. 

In codoped Si nanocrystals, carriers are localized not only by potential barriers at the 

surface but also by potentials induced by ionized B and P. When the size is relatively 

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

dominant.  

Figure 2-10 shows the PL quantum yields as a function of the size. For nanocrystals 

larger than 3 nm, the PL quantum yield decreases while the PL lifetime is almost 

constant as shown in Figure 2-10. This implies that with increasing the size, the ratio of 

dark Si nanocrystals increases. Iori et al.87 demonstrated that, in the small Si 

nanocrystals (~1.5 nm), the formation energy of Si nanocrystals in which exactly the 

same number of P and B atoms are doped is much smaller than those in which unequal 

number of P and B atoms are doped. This suggests that perfectly compensated Si 

nanocrystals are preferentially grown by annealing Si-rich BPSG. On the other hand, 

when the size increases and the number of dopants per a nanocrystal increases (see 

figure 2-5), the difference of the formation energy between perfectly and imperfectly 

compensated nanocrystals is considered to be small. As a result, the ratio of 

uncompensated nanocrystals increases. Excess carriers in Si nanocrystals leads to 

efficient Auger recombination with the lifetime time of 0.1−100 ns,88 which is more 

than 3 orders of magnitude shorter than the radiative lifetime of Si nanocrystals. 

Therefore, uncompensated Si nanocrystals thus become almost completely dark. The 

increase of the ratio of dark nanocrystals results in the quantum yield decrease without 

the lifetime reduction. The quantum yiled of codoped nanocrystals is quite good if we 

compare the value with those of other materials emitting in the NIR range. For example, 

the QY of codoped Si nanocrystals with 6.2 nm in diameter emitting around 1150 nm is 

0.14%. This value is larger than that of a NIR luminescent dye (IR-26, quantum yield ∼

0.05%), emitting in the same energy range (1130 nm).89 When the diameter is smaller 
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than 3 nm, both the lifetime and quantum yield decrease, which indicates the formation 

of non-radiative recombination processes due to disorders in or on the surface of small 

Si nanocrystals.  

 

Figure 2-10. (a) PL spectra of codoped Si nanocrystals with different average 

diameters. (b) PL peak energy as a function of diameters. The open symbols are 

from Ref 19(○), 23(◊) and 82(▽). (c) Schematic of size-tunable energy level 

structure of shallow donor and acceptor codoped Si nanocrystals. (d) PL 

lifetimes and (e) quantum yields of codoped (red) and undoped (open circle) Si 

nanocrystals19 as a function of nanocrystal diameters.  
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2-5 Conclusion 

 A new type of all-inorganic colloidal Si nanocrystals is successfully produced by 

heavily codoping of B and P. The structural and optical properties are studied in detail, 

which demonstrate that B and P are very heavily doped (> bulk solubility limits) 

simultaneously and they form heavily B and P doped shells. The shells induce 

negative potential on the surface of Si nanocrystals and make them dispersible in 

water and alcohols without organic surface ligands. By the presence of B and P 

protecting layer on nanocrystal surface, the nanocrystals are chemically very stable 

and the luminescence properties are insensitive to the environment. The nanocrystals 

exhibit size-tunable luminescence in a very wide energy range. Remarkably, larger Si 

nanocrystals (Dave > 5 nm) show luminescence at the energy below the band gap of 

bulk Si crystal at room temperature. The low-energy luminescence suggests that the 

PL arises from the radiative transitions between donor and acceptor states in Si 

nanocrystals with increased binding energy of impurities due to the confinement 

effects. Because of these superb properties, B and P codoped Si nanocrystals are 

potentially have applications in optoelectronic devices and in biology. 
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Chapter 3                                    

Synthetic Route of B and P codoped Colloidal Si 

Nanocrystals from Hydrogen Silsesquioxane 

Adapted from H. Sugimoto, et al., Nanoscale, 6, 12354–12359 (2014) 

3-1 Introduction 

In Chapter 2, we have demonstrated the development of colloidal dispersion of Si 

nanocrystals in polar solvents, which is achieved by the formation of high B and P 

concentration shells on the surface. A drawback of the preparation codoped 

nanocrystals is the small production rate. Since the formation process of codoped 

colloidal Si nanocrystals includes a sputtering process, production of large amount of 

colloidal solutions meeting the requirement of industrial applications is very hard and 

expensive.  

In this section, we present a new simple route for mass-production of Si nanocrystals 

with high B and P concentration shells by extending the process in Refs. 90 and 91. The 

process is summarized in Figure 3-1. Codoping of B and P is achieved by simple 

addition of dopant acids (H3BO3 and H3PO4) in hydrogen silsesquioxane (HSQ) 

solution. Dried mixture of HSQ, H3BO3 and H3PO4 are annealed at temperatures from 

900 to 1200oC in N2 gas, which results in the growth of Si nanocrystals in BPSG 
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matrices. Si nanocrystals are then liberated from the matrices by HF etching. Finally, 

free-standing Si nanocrystals are dispersed in methanol. 

 

Figure 3-1 Preparation procedure of all-inorganic B and 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 (100 µL) (85 wt% in ethanol, Wako) and boric acid powder 

(150 mg) (Wako) were dissolved in 5 mL of ethanol. 400 µL of the solution was added 

to 1 mL of HSQ (Fox-16, Dow Corning Corporation, 16 wt.% HSQ in methyl isobutyl 

ketone) solution. The mixture solution was stirred for 30 minutes and dried overnight. 

The resulting white glassy solid was annealed in N2 gas atmosphere first at 400oC for 30 
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min, and then at higher temperatures (900, 1000, 1100 and 1200°C) for 30 min. During 

the second stage of annealing, the glassy solid transforms into a black lump, which is 

composed of BPSG containing B and P codoped Si nanocrystals. The size of 

nanocrystals can be controlled by annealing temperature. Doping concentration can be 

varied by changing the amount of phosphoric and boric acids in HSQ solution. In order 

to isolate Si nanocrystals from BPSG matrices, the black lump was ground in a mortar 

and dissolved in HF solution (46 wt%). Si nanocrystals isolated in HF solution were 

then transferred to methanol. A large fraction of Si nanocrystals dispersed in methanol 

without any additional processes and the others precipitated. Precipitates were removed 

by centrifugation (4500 rpm, 10 min) and the supernatant solutions were stored in a vial. 

All the processes were performed in an ordinary laboratory environment. The yield of 

colloidal Si nanocrystals depends on several parameters such as doping concentration 

and growth temperature. When HSQ, H3PO4 and H3BO3 are 144 mg, 85 mg and 150 mg 

and the annealing temperature is 1100°C, a yield is as follows. By annealing the 

mixture solution, about 244 mg of BPSG powder containing Si nanocrystals is obtained. 

The estimated amount of excess Si in the BPSG powder is 16.3 mg. After removing 

BPSG matrices by HF etching, about 7.3 mg of Si nanocrystals can be retrieved in 

methanol. 

 Characterization:  

TEM observations (JEM-2100F, JEOL) were performed for carbon-coated TEM 

meshes on which colloidal Si nanocrystals are drop-cast. XPS measurements (PHI 

X-tool, ULVAC-PHI) were carried out using Al Kα X-ray source. Raman spectra were 
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measured using a confocal microscope (50× objective lens, NA=0.8) equipped with a 

single monochromator and a CCD. The excitation source was a 514.5 nm line of an Ar 

ion laser. The excitation power was 1.1 mW. The samples for XPS, Raman and IR 

absorption measurements were prepared by drop-casting colloids on gold-coated Si 

wafers. The details of measurements of PL spectra and PL-QYs were shown in 

Chapter 2.  

3-3 Results and Discussion 

Figures 3-2 (a) shows a picture of the solution of Si nanocrystals grown at 1200oC. 

The solution is very clear and the characters behind the 1cm cubicle can clearly be seen. 

The solution is stable and no precipitates are observed for more than 6 months. Optical 

transmittance spectra of solutions containing nanocrystals grown at 900 to 1200oC are 

shown in Figure 3-2 (b). The transmittance below the band gap energy of bulk Si crystal 

is nearly 100%, indicating that light scattering by nanocrystal agglomerates is 

negligibly small. It should be stressed here that Si nanocrystals can be dispersed in 

methanol only when H3BO3 and H3PO4 are simultaneously added in HSQ solution. In 

the visible range, the absorption onset shifts to the shorter wavelength when the growth 

temperature is lower. This is due to smaller sizes and resultant stronger quantum 

confinement effects for nanocrystals grown at lower temperatures. 

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

1200oC. Lattice fringes corresponding to {111} plane of Si crystal (0.31nm) are clearly 
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seen. TEM observations over wide areas reveal that no three-dimensional agglomerates 

of nanocrystals are formed. This evidences that Si nanocrystals are dispersed in 

methanol perfectly as isolated nanocrystals. The average diameters and the standard 

deviations obtained by TEM observations are summarized in Table 3-1. For 

nanocrystals grown at 900oC, the size was too small to be estimated by TEM 

observations.  

Figure 3-2 (d) shows IR absorption spectrum of Si nanocrystals grown at 1200oC. The 

peaks around 2100 and 870 cm-1 are due to Si−Hx vibrations.92 The weak peaks around 

1080 and 480 cm-1 are assigned to Si−O−Si stretching and rocking vibration modes, 

respectively. The small peak around 1000 cm-1 is probably due to Ox−Si−Hy 

vibrations.93,94 The surface of Si nanocrystals are thus hydrogen-terminated and slightly 

oxidized. No signals assigned to organic molecules such as C−H (~2900 cm-1) and Si–

C (680 cm-1) vibrations95 are observed. This confirms that the high dispersibility of 

codoped Si nanocrystals in methanol is not due to organic capping, but to other 

mechanisms.  

 



44 

 

 

Figure 3-2. (a) Photograph of solution in which codoped Si nanocrystals grown 

at 1200oC are dispersed. (b) Optical transmittance spectra of colloidal 

dispersion of nanocrystals grown at 900 to 1200oC. (c) High-resolution TEM 

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

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

at 1200oC. 

 

Table 3-1. List of samples. The annealing temperature (Ta), average diameter 

(dave) and the standard deviation (σ) 

Name Ta (
oC) dave (nm) σ (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 codoped Si nanocrystals, we measured XPS 

spectra of Si, B and P. In Si 2p spectra in Figure 3-3 (a), a peak appears at 99.8 eV with 

a tail to the high energy side. The peak is assigned to Si0 and is considered to arise from 

crystalline Si cores.96 The high-energy tail is from surface native oxide. The tail is larger 

when the growth temperature is lower. At the lowest temperature (900oC), a sub-peak 

emerges at 103.8 eV (Si4+).96 The increase of the oxides signal at lower growth 

temperatures can be explained by the increased surface-to-volume ratio. It should be 

stressed here that, considering the escape depth of photoelectrons, the native oxide is 

much thinner than 2 nm.97 This is consistent with the TEM image and the IR absorption 

spectrum. 

In B 1s spectra in Figure 3-3 (b), the peak energy is around 188 eV. It is known that 

neutral B atoms and B2O3 exhibit XPS peaks at 187–188 and 193 eV, respectively. 

Therefore, majority of doped B atoms exist as the non-oxidized states. The situation is 

similar in P 2p spectra (Figure 3-3 (c)) when the growth temperature is higher than 

1000oC. The energy of the peak (130 eV) coincides with P0, and thus majority of doped 

P atoms exist also as the non-oxidized states. When the growth temperature is 900oC, 

the peak at 135 eV is larger than that of P0 at 130 eV. The 135 eV peak is assigned to 

P2O5, indicating that nanocrystals grown at lower temperatures are more vulnerable for 

oxidation.  

In Table 3-1, B and P concentrations quantified from the integrated peak intensities of 

XPS spectra are shown. Note that the concentration shown in Table 3-1 is not the 
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average concentration of a whole volume of a nanocrystal, because of the small escape 

depth of photoelectrons (~2 nm). In small nanocrystals, the concentration may be close 

to the average concentration, while in large nanocrystals, the concentration of the 

surface layer is more emphasized and is different from the average concentration. In 

Table 3-1, the concentration is much higher than the solid solubility limits of B and P in 

bulk Si crystal.67 Considering the fact that Si nanocrystals are single crystal with high 

crystallinity as confirmed by TEM observations, doping of B and P in Si nanocrystal 

cores by exceeding the solubility limits is very unlikely. Therefore, the XPS results 

indicate that B and P are mainly doped on or near the surface of Si nanocrystals, and 

heavily B and P doped shells are formed. 

Figure 3-3 (d) shows a Raman spectrum of a sample grown at 1200oC. In addition to a 

Raman peak of crystalline Si at 520 cm−1, a broad band is observed around 650 cm-1. 

The band can be assigned to B-related local vibrational modes, such as substitutional 

B10 and B11 and substitutional B-P pairs.72,98,99 Furthermore, B clusters such as B2 and 

B-interstitial clusters in crystalline Si lattices exhibit Raman peaks in the 650–700 cm-1 

range.100 The observation of the relatively strong 650 cm-1 band 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 900 to 1200oC (a) Si 2p (b) P 2p (c) 

B 1s. (d) Raman spectrum of codoped Si nanocrystals grown at 1200oC. 

 

The TEM, FT-IR, XPS and Raman results suggest the structural model. The 

nanocrystal core is B and P doped crystalline Si. The shell is also crystalline Si, but B 

and P are doped much more heavily, exceeding the solid solubility limit in bulk Si 

crystal. The outer surface is terminated by hydrogen and oxygen. Recently, Guerra et al. 

studied the arrangements of B and P in codoped Si nanocrystals by ab initio 

calculations.78 They found that pairs of B and P are preferentially located near the 

surface of nanocrystals. This is consistent with our model that heavily B and P doped 

crystalline shells are formed. Furthermore, they studied the relative arrangement of B 

and P. The most energetically favored structure is that B is located on the outer surface 

and P in the inner of B.78  

In bulk Si crystal, it is known that saturated B-rich layers (BRL) are formed at the 

interface between B2O3 and Si, when B is heavily-doped by solid state diffusion 
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processes.101 The BRL is hydrophilic and has high resistance to HF etching.102 The 

heavily B and P doped shells in the present Si nanocrystals are considered to be a kind 

of BRL, which makes Si nanocrystals hydrophilic and dispersible in polar solvents. The 

difference between B-doped bulk Si crystal and present Si nanocrystals is the necessity 

of P codoping for the formation of BRL. A possible explanation is that P plays a role to 

stabilize larger amounts of B atoms at the surface of Si nanocrystals by charge 

compensation. In fact, theoretical work demonstrates that B and P codoping is 

energetically much more favorable, and codoped Si nanocrystals have lower formation 

energy than B or P singly doped ones.45 

Figure 3-4 (a) shows PL spectra of codoped colloidal Si nanocrystals. The PL peak 

shifts from 1030 to 740 nm with decreasing the growth temperature. This is due to 

stronger confinement of carriers with decreasing the size. In our previous work on 

codoped colloidal Si nanocrystals prepared by sputtering, we studied the size 

dependence of the PL properties in detail.43,103,104 The PL energy of codoped Si 

nanocrystals is controlled in a very wide range (0.85 - 1.8 eV) by varying the size from 

1 nm to 14 nm. In the whole size range, the PL energy is 300–400 meV lower than that 

of undoped Si nanocrystals. The consistent low-energy shift of the PL by codoping 

suggests that the PL arises from the optical transitions between donor and acceptor 

states.43,103,104 Since the structure of the present Si nanocrystals is similar to those of the 

previous work, the PL is also considered to arise from the donor to acceptor transitions. 

In fact, in Figure 3-4 (a), the low energy tail of the PL spectra of nanocrystals grown at 

high temperatures extends below the bulk Si band gap. This is evidence that donor and 
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acceptor states contribute to the PL. The QYs of the PL are shown in the figure. The 

largest value is 10.7% for nanocrystals grown at 1100oC.  

In Figure 3-4 (b), PL mean lifetimes defined by � = 	� �I�t�
I0
	 
��

� , where I(t) is the PL 

intensity as a function of time t and I0 is the initial intensity at time t0, are plotted as a 

function of the detection wavelength.105 The decay curves (not shown) are not a 

single-exponential function. For Si nanocrystals grown at 1100 and 1200oC, the 

lifetimes are several hundreds of µs, and are almost independent of the growth 

temperature, i.e., the lifetime depends only on the detection wavelength. However, the 

QY of nanocrystals grown at 1200oC is much smaller than that grown at 1100oC. This 

discrepancy suggests that the QY is mainly determined by the number of dark 

nanocrystals that do not contribute to the PL. Similar scenario can be applied for 

nanocrystals grown at 900 and 1000oC. On the other hand, the large difference of the 

lifetime between the two groups, i.e., nanocrystals grown at 900 and 1000oC and those 

at 1100 and 1200oC, is not clear. It may be possible that crystallinity is degraded when 

the growth temperature is below 1000oC and the degradation shortens the lifetime.  
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Figure 3-4.(a) Normalized PL spectra of colloidal dispersion of codoped Si 

nanocrystals grown at 900 to 1200oC. PL quantum yields are shown in the figure. 

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

 

Figure 3-5 (a) shows a SEM image of a nanocrystal film prepared by spin-coating 

(1000 rpm, 2 min) concentrated colloid of nanocrystals grown at 1200oC (~5 mg/ml). A 

uniform film about 500 nm in thickness is prepared by one spin-coating process. 

Because of perfect dispersion of isolated nanocrystals in solution, the film is very 

smooth and flat over a large area. The PL spectrum of the nanocrystal film is shown in 

Figure 3-5 (b). For comparison, PL spectrum of the colloid is also shown. The spectra 

are almost identical, indicating that codoped Si-nanocrystals are very stable even after 

air exposure. 
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Figure 3-5.(a) SEM image of a nanocrystal film prepared by spin-coating 

colloidal dispersion of nanocrystals grown at 1200oC. (b) Comparison of PL 

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

We developed a novel vacuum-free route for mass-production of all-inorganic 

colloidal Si nanocrystals. The nanocrystals have heavily B and P doped crystalline 

shells and the shells make Si nanocrystals hydrophilic and dispersible in polar solvents. 

The colloids show efficient size-tunable PL in the near IR to visible region. Because of 

perfect dispersion of isolated Si nanocrystals in solution, smooth and flat nanocrystal 

films are easily prepared by spin-coating the solution. 
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Chapter 4                                    

Water-Dispersible Si Nanocrystals: 

Photoluminescence Properties and Stability  

Adapted from H. Sugimoto, et al., Nanoscale, 1, 122–126 (2014).  

4-1 Introduction 

Colloidal nanocrystals have been considered to be a promising alternative to organic 

dyes for biological fluorescence imaging,106 because of the superior properties such as 

size-tunable luminescence, chemical stability in aqueous media as well as high 

photostability. As mentioned in Chapter 1, the II–VI and IV–VI compound 

semiconductor nanocrystals consist of toxic elements, which limit their extensive 

applications as contrast agents for in vivo and in vitro biological labeling. In contrast, Si 

nanocrystals possess higher compatibility with biological substances. For in vivo 

biomedical applications, Si nanocrystals should be hydrophilic and be dispersed in water 

in a wide pH range. Furthermore, the PL wavelength is preferably within the biological 

window (700–1200 nm). Unfortunately, colloidally-stable Si nanocrystals synthesized so 

far is hydrophobic and dispersed in nonpolar solvents, which is unsuitable for biological 

applications. Only a limited number of researches have been made on water-dispersible 

Si nanocrystals. Ruckenstein et al.107 synthesized poly(acrylic acid) grafted 
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water-dispersible Si nanocrystals with a high PL quantum yield (QY) of 24%. However, 

the PL was in the visible range (~600 nm). Water-dispersible Si nanocrystals emitting in 

the similar range (650 nm) reported by Zhong et al. were capped with protein (IgG) and 

emitted with high pH- and photostability.108 Lin et al. realized water-dispersible Si 

nanocrystals by the formation of thick oxide shells, although the PL wavelength was very 

short (450 nm).109 Erogbogbo et al.110 employed a different approach to obtain the 

dispersibility in water, which is polymer-coated or micelle-encapsulated Si nanocrystal 

assemblies (50-150 nm). They showed stable PL around 650 nm. However, the large size 

of the Si nanocrystal assemblies limits the application in specific fields. The development 

of Si nanocrystals dispersible in water in a wide pH range and emitting in the NIR range is 

still a challenging task.  

In this section, we study the stability and optical properties of B and P codoped Si 

nanocrystals dispersed in water, which is very important for the applications we discussed 

above. 

4-2 Materials and Methods 

Colloidal B and P codoped Si nanocrystals were prepared the same method as that 

shown in Chapter 2. To obtain aqueous dispersion of nanocrystals, we first disperse them 

in methanol for stabilization. Using the same way that we remove HF, we exchange the 

solvent from methanol to water. This process is indispensable to obtain water-dispersible 
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codoped Si nanocrystals with a high-yield. The details of 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 summarized in Table 4-1. For all the 

samples (samples A–D) preparation parameters are fixed except for the annealing 

temperature (see Experimental section). Figure 4-1 (a)–(c) shows photographs of 

aqueous solutions and transmission electron microscope (TEM) images of codoped Si 

nanocrystals (samples B–D). We can see yellowish optically clear solutions. Figure 4-1 

(d) shows the optical transmittance spectra of sample D measured 2, 3 and 5 weeks after 

the preparation. The insets are the photographs after 2 and 5 weeks. The transmittance 

in the NIR range is almost 100%, indicating that light scattering caused by 

agglomerates is negligibly small. The solution is very clear and the color density does 

not change significantly even after 5 weeks. In the TEM images, the dark spots 

correspond to Si nanocrystals with the diamond structure as confirmed by electron 

diffraction patterns. In a high resolution TEM image (inset of Figure 4-1 (c)), lattice 

fringes corresponding to the {111} planes of Si crystal can clearly be seen, implying 

that the codoped Si nanocrystal is defect-free single crystal. We can confirm from TEM 

images that Si nanocrystals are isolated and do not form agglomerates. The average 

diameters (dave) of Si nanocrystals in samples B, C and D estimated from the TEM 

images are 2.8, 3.9 and 5.2 nm, respectively, and the standard deviations of the size 

distribution (σ) are 0.7, 0.8 and 0.8 nm, respectively. In sample A, Si nanocrystals were 
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not clearly observed by TEM and the electron diffraction pattern was halo, suggesting 

that the diamond structure is strongly distorted. 

 

Table 4-1. List of samples. Annealing temperature (Ta), average diameter (dave) 

and standard deviation (σ). 

Sample name Ta (
oC) dave (nm) σ (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 nanocrystals dispersed in water. 

(a) Sample B (photo on the right: under UV (352 nm) irradiation), (b) sample C, 

and (c) sample D. (d) Optical transmittance spectra of sample D stored in water 

for different terms. The storage terms are shown in the figure. Inset: photographs 

of the sample after storage for 2 and 5 weeks. 

 

 

As shown in Figure 4-2 (a), the solution exhibits bright red luminescence under UV 

irradiation (352 nm, FL4BLB, TOSHIBA). Figure 4-2 (a) shows the PL spectra of 

codoped colloidal Si nanocrystals in water (samples A–D). Size dependent shift of the 

PL from red to NIR regions can clearly be seen. The observed size dependence of the PL 

wavelength is quantitatively in good agreement with that of codoped colloidal Si 

nanocrystals in methanol, despite the large difference in the dielectric constants (ɛr_water 
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= 78.5 and ɛr_methanol = 33).111 PL of codoped Si nanocrystals is thus insensitive to the 

solvent polarity. In Figure 4-2 (a), the PL quantum yields (QYs) are also shown. The 

highest PL-QY of 10.2% is obtained for sample B (PL peak: ~760 nm). This is to our 

best knowledge, the highest PL-QY reported for Si nanocrystals dispersed in water and 

luminescing in the biological window.  

Figure 4-2 (b) shows the PL mean lifetimes defined by � = � ������
	 
����

�� , where I(t) 

is the PL intensity as a function of time t and I0 is the initial intensity at time t0 of 

samples A-D as a function of detection wavelength (see the right side of Figure 4-2 ). 

The wavelength dependence of the lifetimes is on the same trend for all samples, 

although the data are scattered. The lifetimes are from several tenths of µs in the red 

region to over 100 µs in the NIR region. The lifetimes are comparable to those of Si 

nanocrystals in nonpolar solvents exhibiting PL in the same wavelength range.24 
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Figure 4-2 (a) PL spectra of samples A–D. PL quantum yields are shown in the 

figure. (b) PL lifetimes of samples A–D as a function of detection wavelength. 

Right panels: Representative decay curves of all samples. 

 

 Figure 4-3 (a) and (b) shows the evolution of the PL intensities of samples B and C, 

respectively, in water under continuous irradiation of 450 nm (150 µW/cm2) and 365 

nm (180 µW/cm2) light for 2 h. When excited at 365 nm, the PL intensities decrease by 

about 10% within 100 s for both the samples. After the initial quenching, the PL 

intensity of sample B slowly decreases to 78% of the initial value in 2 h, while that of 

sample C is almost constant. When the excitation wavelength is 450 nm, the 

degradation is much smaller for both the samples. Especially, sample C does not show 

any degradation of the PL. It should be stressed here that CdSe and CdTe nanocrystals 

in water, often regarded as photostable materials, degrade more rapidly by continuous 

irradiation (more than 50% decrease in 100 min).112,113 Therefore, we can conclude that 
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codoped Si nanocrystals, especially large nanocrystals, possess remarkably high 

photostability. Hereafter, we focus mainly on sample B to further study the PL stability 

in different environment because it is relatively more vulnerable than samples with 

larger nanocrystals and has the highest PL-QY. 

To investigate the mechanism of the PL degradation, we introduce a short break in the 

middle of the continuous excitation. Figure 4-3 (c) shows the PL intensity of sample B 

under continuous excitation at 450 nm for 1 h with a 3 min break in the middle. The PL 

intensity fully recovers after the 3 min break, indicating that the PL quenching is not due 

to structural changes such as photo-oxidation commonly observed for colloidal 

nanocrystals with organic ligands. A plausible explanation of the temporal decrease 

under continuous light irradiation is due to charging (ionization) of Si nanocrystals 

caused by capturing of either electrons or holes to traps on the surface. It is noted here 

that, although initial fast quenching is fully recovered, gradual quenching observed in 

Figure 4-3 (a) at 365 nm is not recovered after the break. The gradual quenching may be 

due to defect formation by photo-oxidation.  

Figure 4-3 (d) shows the PL-QY of sample B as a function of storage time in dark. The 

PL-QY starts to decrease after 20 days and reaches 90% of the initial value after 27 days. 

However, even after 40 days, the QY of codoped Si nanocrystals is 6.5% (64% of the 

initial value). A possible mechanism of slight degradation is the formation of defects by 

oxidation in water. As shown in the inset, the PL spectral shape and the peak 

wavelength do not change even after 40 days. Compared to previously reported Si 

nanocrystals in water, the degree of degradation of codoped Si nanocrystals is very 
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small. For example, the PL intensity of poly-acrylic acid grafted Si nanocrystals 

decreases up to 80% of the initial value within 5 days in dark.107 
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Figure 4-3 Temporal evolution of the PL intensity of (a) sample B and (b) sample 

C under continuous excitation at 365 and 450 nm. (c) Temporal evolution of the 

PL intensity of sample B under continuous excitation at 450 nm with a 3 min 

break. (d) PL-QY of sample B as a function of storage term in the dark in water. 

The inset is normalized PL spectra after storage for 10 and 40 days. The 

photograph is the sample after 40 days under UV excitation. 
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The pH stability of codoped colloidal Si nanocrystals in water is examined. Figure 4-4 

(a) shows the optical absorbance at 360 nm and 1000 nm (sample B). The absorbance 

value at 360 nm, which is roughly proportional to the amount of Si nanocrystals in water, 

is almost constant in the wide pH range. The absorbance value at 1000 nm, which 

represents the scattering loss, is almost 0 in the pH range. These results indicate that no 

agglomerates and precipitates are formed and almost the same amount of Si 

nanocrystals is dispersed in the pH range of 2–10. Figure 4-4 (b) shows zeta-potentials 

of codoped Si nanocrystals in water (sample D) as a function of pH. In this pH range, 

zeta-potentials are negative. As the pH value increases, the zeta-potential decreases 

from -23 mV to -45 mV. This is a typical behavior of nanocrystals with negatively 

charged surface. At lower pH, the negative potential arising from the surface of 

nanocrystals is cancelled by H+ ions in an aqueous solution. This results in the small 

absolute value of zeta-potential. On the other hand, at higher pH, OH- ions become the 

potential-determining ions. In such a pH range, the absolute value of zeta-potential 

becomes large. In codoped colloidal Si nanocrystals, the absolute value of the 

zeta-potential is 23 mV even at pH = 2. This value is usually considered to be high 

enough for colloidal stability. This is consistent with the pH-independent optical 

absorbance in Figure 4-4 (a).  

Figure 4-4 (c) and (d) show PL intensity and PL lifetime detected at 760 nm, 

respectively, as a function of pH. The PL intensity is stable at low pH (< 4) and then 

decreases by 20-30% in the pH range of 5-8. On the other hand, PL lifetimes are almost 

constant in the pH range of 2–8. This suggests that the number of Si nanocrystals 

contributing to the PL decreases in the pH range of 5–8, although the reason is not clear. 
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In the pH range larger than 8, the intensity decrease is accompanied by the shortening of 

the lifetime. Non-radiative centers are thus considered to be introduced in or on the 

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

generated by etching the surface with alkalized solution. 

 

 

Figure 4-4 pH dependence of (a) absorbance at 360 and 1000 nm, (b) ζ-potential, 

(c) normalized PL intensity and (d) PL lifetime detected at 760 nm 
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4-4 Conclusion 

We have succeeded in producing Si nanocrystals having excellent stability in an 

aqueous solution without organic-ligand passivation by simultaneously doping P and B. 

The codoped Si nanocrystals in water exhibit bright size-tunable PL in a biological 

window (700-1000 nm) with the lifetime of 20–120 µsec. The maximum PL-QY 

reaches 10.2 % at 760 nm. The codoped colloidal Si nanocrystals show high photo- and 

pH stability in water. The present results suggest that codoped colloidal Si nanocrystals 

are a very suitable material for the contrast agents in biological 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 light-emitting semiconductor 

nanocrystals into a single multifunctional colloidal platform provides a novel 

opportunity for the biocompatible nanoscale labels for sensing and, in vivo and in vitro 

imaging. Unlike toxic II−VI and IV−VI semiconductors, Si nanocrystals are highly 

biocompatible. However, colloidal Si nanocrystals coupled to plasmons have been 

scarcely studied due to that the synthesis of high quality Si nanocrystals with bright 

emission in biological windows and water-dispersibility is still challenging.  

In Chapter 3, we developed water-dispersible Si nanocrystals with size-tunable in 

biological transparent windows by inorganic surface functionalization. Inorganically 

functionalized Si nanocrystals are well-dispersed in water and exhibit bright emission 

in a wide range of pH as well as excellent photostability. 

In this chapter, we combine plasmonic nanoparticles and codoped Si nanocrystals. We 

present a facile synthesis of plasmonic-coupled nanocomposites based on Au nanorods 
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decorated with Si nanocrystals in an aqueous solution. By systematically investigating 

their structural and PL properties, we show significant enhancement of spontaneous 

emission rate with suppressed non-radiative quenching. In addition, through a 

comparison of the polarization dependence of PL and scattering intensities of single 

nanocomposites, we successfully demonstrate that the emission from Si nanocrystals 

coupled to Au nanorods is highly polarized along the major axis of nanorods. From a 

systematic PL analysis performed in partnership with rigorous theoretical calculations, 

we demonstrate a quantum efficiency enhancement of Si nanocrystals up to a factor of 

3.  

5-2 Materials and Methods 

Colloidal Si nanocrystals of two different sizes were prepared by the method described 

in Chapter 2. The average diameters of Si nanocrystals grown at 1075 and 1150 oC were 

3.3±0.9 and 4.6±1.3 nm, respectively (see Figure 5-1). Positively-charged 

polymer-coated Au nanorods (A12-40-750-POS) were purchased from Nanopartz Inc. 

(Loveland, CO) and used as received. A representative TEM image is shown presented 

in Figure 5-1 (c). The average length and width of the nanorods were 131±8 and 57±5 

nm, respectively. A uniform polymer layer can be seen in the inset. The average 

thickness of the polymer layer is approximately 8 nm, which plays a crucial role for 

plasmonic-coupling between nanocrystals and nanorods.  
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Codoped Si nanocrystals are negatively charged (-25 mV in water at pH 7) and Au 

nanorods are positively charged (+35 mV in water at pH 7). Therefore, by mixing 25 µL 

of Si nanocrystal solution (1×1016 nanocrystals/mL) with 1.5 mL of concentrated Au 

nanorod solution (1.7×1010 nanorods/mL) for 2 days, nanocrystals attach to the surface 

of the nanorods by electrostatic interaction. The mixed colloidal solution was subjected 

to centrifugation to remove unattached nanocrystals, and nanocrystal-decorated Au 

nanorods were redispersed in DI water. 

TEM observations (Tecnai Osiris, FEI) were performed for carbon-coated TEM 

meshes on which the solution containing Si nanocrystals-decorated Au nanorods was 

drop-cast. Absorption spectra of nanocrystals and nanorods were acquired with a 

spectrophotometer (CARY 5000, Varian). Dark-field scattering and PL images of 

composites were obtained using an inverted microscope (IX71, Olympus) equipped 

with a high-resolution electron multiplying charge coupled device (EMCCD) (iXonEM, 

Andor). For dark-field measurements, the samples were illuminated through an air 

dark-field condenser. To obtain PL images, a 100 W mercury lamp (U-LH100HG, 

Olympus) with 10 nm bandpass filter centered at 430 nm was used as an excitation 

source. The excitation light was filtered using proper longpass filter and only emission 

from composites was detected by CCD. In this condition, Au nanorods without Si 

nanocrystals do not show any PL in the images. Polarization-dependence of scattering 

and PL images were taken with a polarization analyzer placed in front of the detector.  

The linear profile of each bright spot on the images was analyzed and the peak values 

were used for intensity comparison. Photoluminescence spectra and decay dynamics 

were measured using a monochromator (Oriel Cornerstone 260, Newport) and 
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photomultiplier tubes for visible (Oriel 77348, Newport) and NIR (R5509-73, 

Hamamatsu) regions. The excitation source was electrically-modulated light from laser 

diode of 405 nm (IQ1A-100, Power Technology Inc.). All the measurements were 

carried out at room temperature. 

5-3 Results and Discussion 

Figures 5-1 summarize the optical properties of Si nanocrystals with two different 

sizes and Au nanorods in water. The nanocrystals with 3.3 and 4.6 nm diameter exhibit 

the broad spectra peaked at 750 and 850 nm, respectively. In the following, we refer to 

the nanocrystals emitting at two different wavelengths as nanocrystals-750 and 

nanocrystals-850. We find that the longitudinal LSPR of Au nanorods at 750 nm 

well-overlaps with the PL spectra in particular of nanocrystals-750. The weak 

transverse mode is also observed at 525 nm. The absorption of Si nanocrystals appears 

around 650 nm that is enough far from the resonance of longitudinal modes of Au 

nanorods.  
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Figure 5-1. (a), (b) Photographs and TEM images of Si nanocrystals with 

different size. (c) TEM image of a positively-charged polymer coated Au nanorod. 

The inset shows a nanorod coated by polymer layer. (d) Absorption (solid) and 

normalized PL spectra (dashed) of Si nanocrystals-750 (black), Si 

nanocrystals-850 (red), and Au nanorods (blue). 
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In Figure 5-2, we compare the extinction spectra of Au nanorods in water before and 

after decoration with Si nanocrystals. The longitudinal mode exhibits a slight red-shift 

of 6 nm. This is consistent with previous results55 and attributed to the modification of 

the local refractive index induced by the attachment of the nanocrystals. The 

quantification of the modification of local refractive index is difficult because of 

unknown effective refractive index of Si nanocrystal layers. Figure 5-3 shows a 

representative TEM image of a single Au nanorod decorated with Si nanocrystals that 

are attached on the surface of the nanorod by electrostatic attraction in solution. In both 

high-resolution TEM images in Figure 5-3, the lattice fringes corresponding to {111} 

planes of Si crystal can be clearly observed. These images demonstrate that 

single-crystalline Si nanocrystals are attached to the Au nanorods. The average 

separation between nanocrystals and nanorods estimated by inspecting several TEM 

images (shown in Figure 5-3) is 8.7 nm. Figures 5-4 (a) and (b) show the dark-field 

scattering and PL images collected from the same region of nanocrystals-850 coupled to 

Au nanorods. The bright spots in the images correspond to the spatial locations of the 

composites. Since the scattering and PL signals originate from the same locations, they 

demonstrate the formation of active (light-emitting) nanocomposites driven by the 

scattering of the nanorods. However, few spots in the scattering cannot easily be 

co-located in the PL images, due to the small PL signal that is originated by a reduced 

number of nanocrystals at such particular locations.  
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Figure 5-2. Longitudinal LSPR peak of Au nanorods before and after decoration 

with nanocrystals-850.  

 

 

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

nanocrystals. (bottom row) High-resolution TEM images of composites show 

single-crystalline Si nanocrystals attached to a nanorod surface with separation 

by polymer spacer. 
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Figure 5-4. (a) Dark field scattering and (b) PL images of nanocomposites of Au 

nanorods and Si nanocrystals-850 collected at the same region. The bottom 

figure shows the representative scattering spectrum from a single Au nanorod. 

 

Figure 5-5 (a) and (b) display normalized PL spectra of Au nanorods decorated with 

Si-nanocrystals-750 and Si-nanocrystals-850. We also plot the PL spectra of reference 

(Si nanocrystals without nanorods in water) and extinction spectra of Au nanorods. To 

investigate the spontaneous emission rate of nanocrystals coupled to Au nanorods, we 

measured the PL decay curves in a wide wavelength range. Representative decay curves 

measured at 750 nm are shown in the inset of Figure 3a and b. We observe that even for 

the nanocrystals that are not coupled with nanorods, the PL decay curves are not 

single-exponential functions because of the inhomogeneity introduced by surface 
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defects and impurity doping.103 In this work, a stretched exponential function, I = I0 exp 

[-(t/τ)]β, where τ is the measurable decay constant and β is the stretching parameter of 

the decay, is used to estimate the lifetime of Si nanocrystals with and without Au 

nanorods, which can be expressed by the Laplace transform of the decay rate 

distribution. The fitted β values varied from 0.55 to 0.85 for nanocrystals coupled to 

nanorod, indicating a significant distribution of decay rates for each emission 

wavelength. According to the stretched exponential theory, an average lifetime can be 

defined as τave =τ β
-1 Γ(β-1), where Γ is the Euler gamma function.114 In Figure 5-5 (c) 

and (d), we plot the average lifetimes of nanocrystals with and without Au nanorods as a 

function of the detection wavelength. The lifetime of Si nanocrystals increases 

monotonically with increasing the detection wavelength, as reported in the 

literature.19,115,24 When the nanocrystals are coupled to Au nanorods, the trend of 

lifetime is different from that of Si nanocrystals alone. The lifetime is shorter only in the 

range of 700–800 nm compared to reference. The overall decrease of lifetimes of 

nanocrystals-850 is observed in Figure 5-5 (d). To remove the intrinsic dependence of 

the nanocrystal lifetimes on wavelength, we approximate the decay rate with Γave = τave
-1 

and calculate the enhancement factors by considering the ratio of decay rates of 

nanocrystals with and without Au nanorods. The decay rate enhancement values are 

shown in Figure 5-5 (e) and (f), which show a clear dependence on the emission 

wavelength due to the coupling with nanorods for both samples. The maximum 

enhancement reaches approximately 1.4 for nanocrystals-750 and 3.4 for 

nanocrystals-850. We notice that the measured enhancement values are larger where the 

PL spectra overlap with the longitudinal mode scattering spectrum of the LSPR of the 
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nanorods. In Figure 5-5 (e), at emission wavelength on either side of the peak, the decay 

rate enhancement factor approaches unity. This indicates that, irrespective of 

wavelength, the non-radiative energy transfer commonly observed for emitters 

positioned very close to metal (2-5 nm) surfaces116,117 is suppressed by the presence of 

the polymer spacer layer. We performed the same measurements for 

nanocrystals-750-decorated Au nanorods using a thinner polymer layer (see Figure 5-6). 

In this case, the decay rate enhancement is approximately 3.5 for the overall PL 

spectrum. This proves that non-radiative decay channels are dominant for this sample. 

The decay rate enhancement of nanocrystals-850 in Figure 5-5 (f) also follows the 

extinction spectrum of the Au nanorods, but it is still greater than one (i. e., 1.8) even at 

wavelengths detuned from the resonance of Au nanorods. One possible explanation for 

this behavior is the agglomeration of nanocrystals around the surface of nanorods, 

resulting in increased non-radiative recombinations.  
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Figure 5-5. Normalized PL spectra of (a) nanocrystals-750 and (b) 

nanocrystals-850 coupled with Au nanorods (red line). Black and blue lines 

represent reference PL spectra of nanocrystals in water and extinction spectra of 

Au nanorods, respectively. Inset: Representative decay curves detected at 750 nm. 

(c), (d) Average PL lifetimes and (e), (f) decay rate enhancement of 

nanocrystals-750 (c, e) and nanocrystals-850 (d, f) as a function of emission 

wavelength. Black squares and red circles in (c) and (d) are results for reference 

and nanocrystals-decorated Au nanorods. 
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Figure 5-6 (Left) TEM image and decay rate enhancement of nanocrystals-750 

with CTAB-coated Au nanorods. The spacer thickness is ~2 nm and much thinner 

than the samples shown in the main text. The scale bar is 5 nm. (Right) Decay 

rate enhancements (blue) of the sample. PL (black) and extinction (red) spectra 

are also shown in the figure. 

 

To further understand the coupling between nanocrystals and nanorods, we study the 

polarization properties of the PL of composites. The detail of data analysis is shown in 

Figure 5-7. Figures 5-8 (a)-(d) show the dark-field scattering ((a) and (b)) and PL 

images ((c) and (d)) of nanocrystals-Au nanorod composites collected from exactly the 

same locations at two polarization angles that are perpendicular to each other. For both 

scattering and PL, we find intensity differences of the spots in images with different 

analyzer angles. The polar plots of the scattering intensities of representative particles 

as a function of the analyzer angles are shown in Figure 5-8 (e). Since the strong dipolar 

LSPR of Au nanorods is inherently polarized along their major axis (longitudinal mode), 

the scattered light from the nanorod is also linearly polarized along the major axis.118 
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Figure 5-8 (f) shows the polar plots of PL intensities of the same nanocomposites. The 

PL from nanocrystals attached to nanorods is also highly polarized along the major axis 

of the nanorod. We observed similar features for several spots in the images (see Figure 

5-9). The linearly polarized emission from randomly oriented emitters coupled to metal 

nanostructures was reported for Au nanorods coated with dye-doped silica shells119 and 

Si nanocrystals coupled to elongated silver nanoparticles.58 We notice that the 

polarization of the emission from a single semiconductor nanocrystal, which in general 

depends on its shape, is almost isotropic for a spherical nanocrystal.120,121 TEM images 

in Figure 5-1 (a) and (b) clearly show the spherical shapes of our Si nanocrystals. 

However, even in the presence of non-spherical nanocrystals, the emission from an 

“ensemble” of nanocrystals excited by unpolarized light is expected to be unpolarized 

due to the random orientation of the nanocrystals.122 

In Figure 5-8 (g), we confirm this picture by comparing the polarized emission of Si 

nanocrystals coupled and uncoupled to Au nanorods. The polarized emission from 

nanocomposites reflects the fact that the PL enhancement of Si nanocrystals due to the 

plasmon coupling with longitudinal modes of Au nanorods is significantly larger 

compared to the excitation of the transverse modes. This results in a far field emission 

that is polarized identically to the scattering of the longitudinal modes of Au nanorods. 

We will further confirm this interpretation in the next section based on our rigorous 

electromagnetic modeling results. 
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Figure 5-7. (a), (b) Photoluminescence images taken by different 

polarizations.(c) Linear profiles of spots in the images. 
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Figure 5-8 (a), (b) Dark-field scattering and (c), (d) PL images of 

nanocrystals-Au nanorod composites at exactly the same region with different 

angles of analyzer. The analyzer angles are perpendicular to each other. Polar 

plots of (e) scattering and (f) PL intensity of representative nanocomposites. Blue 

and green plots are obtained from identical nanocomposites, respectively. (g) PL 

intensities of nanocomposites (red) and ensemble Si nanocrystals without Au 

nanorod (black) as a function of polarization angles. 
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Figure 5-9 Scattering and PL intensities as a function of analyzer angles. The 

plots with same colors are taken from the same particles in microscope images. 

Dashed line shows the fitting curves by using a cosine squared function. The 

particle shown in the bottom (magenta) does not show clear polarization 

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

the position of nanocrystals on the nanorod surface. 

 

The enhancement of spontaneous emission rate in Figure 5-5 is explained by the 

enhancement of LDOS due to the LSPR of Au nanorods. To discuss the contribution of 

the radiative and non-radiative rates as well as the quantum efficiency of Si 

nanocrystals-decorated Au nanorods, we performed theoretical calculations using the 

MNPBEM code,123 which is based on the rigorous boundary element method. The 

decay rates in the vicinity of Au nanorod with diameter of 60 nm and length of 126 nm 

have been simulated by placing point dipoles at fixed distances from the nanorod 

surface with tabulated dispersion data.124 The results are normalized by the emission 
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rate of a dipole in water, and thus we use the term radiative and non-radiative rate 

enhancements to describe the modification of decay rate due to the presence of Au 

nanorod. In Figure 5-10 (a), we demonstrate a good agreement between the extinction 

spectra for Au nanorods obtained from experiment and the simulation. Figure 5-10 (b) 

shows both radiative and non-radiative rate enhancements of single dipole placed at 10 

nm from the top and side of Au nanorod as a function of wavelength. The results are 

averaged over all dipole orientations. The largest enhancement of radiative rate is 

observed when the dipole is placed at the top of nanorods. On the opposite, when the 

dipole is positioned along the side of nanorods, its radiative rate is small and 

comparable to non-radiative rate at 750 nm. It is also worth noting that the radiative and 

non-radiative rate enhancement values, which determine the overall quantum efficiency 

of the plasmonic-coupled system,125,126 strongly depend on the orientation of dipoles. 

To discuss the quantum efficiency of the dipoles with different orientation, we compare 

the ratio of radiative to total decay rate enhancement, called the antenna 

efficiency.125,126 In Figure 5-10 (c), we plot the results of oriented parallel (solid) and 

perpendicular (dashed) to the major axis of nanorods. For dipoles placed at the side of 

nanorod (black curves), the efficiency is comparable for both orientations. On the other 

hand, we find a dramatic change in the efficiency when a dipole at the top is oriented 

parallel to the major axis of the nanorod. This explains our experimental results of 

emission polarization in Figure 5-8 (f). In the case of nanocrystals attached at the top of 

the nanorod, the PL intensity becomes much larger when the analyzer is positioned 

parallel to the major axis of nanorods. The polarization selective PL enhancement may 

improve the sensitivity and performance of bioimaging. 
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In our samples, nanocrystals are randomly located on the surface of Au nanorod. 

Therefore, we also took into account the relative effect of dipole positions around the 

nanorod, and obtained the positionally-averaged decay rates shown in Figure 5-10 (c). 

We notice that around the emission peak of nanocrystals-750, the radiative rate 

enhancement is about 2 times larger than the non-radiative rate enhancement. Therefore, 

in nanocomposite of nanocrystal-Au nanorods, a significant quantum efficiency 

enhancement of nanocrystals can be obtained. The non-radiative decay becomes 

dominant at wavelengths shorter than 650 nm, which corresponds to the excitation 

region of the transverse scattering mode of the nanorods.  

In order to quantitatively determine the quantum efficiency enhancement, we will now 

combine the experimental and theoretical results. We focus on the nanocrystals-750 

sample because the PL spectrum of nanocrystals-750 fully overlaps with the LSPR of 

Au nanorods. The intrinsic quantum efficiency (Q0) of Si nanocrystals is expressed as 

�� = γ��/(γ�� + γ��� ), where γ�� and γ���  are the intrinsic radiative and non-radiative 

decay rates of nanocrystals in aqueous solution. The quantum efficiency of nanocrystals 

coupled to Au nanorods (Qm) is defined by: 

�� = 
��

���	�����	����
                             (1) 

Here, Γ�  is the modified radiative rate, and Γ�/	γ��  corresponds to the Purcell 

factor127–129 with respect to the emission of a dipole in water and Γ!"#  is the 

plasmon-induced non-radiative rate due to the absorption by the metallic nanorods. In 

eq 1, we assume that only the radiative rate is modified by the coupling with Au 

nanorods because the intrinsic non-radiative rate (γ��� ) arising from material 
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imperfections of Si nanocrystals is not affected by the local electromagnetic 

environment.130,131 In fact, the decay rate enhancement of nanocrystals-750 shown in 

Figure 5-5 (e) is almost unity at wavelengths that are detuned from the resonance of Au 

nanorods. This confirms that the measured decay rate enhancement is due to Γ�/

γ��	 (Purcell enhancement) and Γ!"#/γ��  (absorption by Au nanorods) rather than 

modification of internal non-radiative rate of Si nanocrystals by coupling with nanorods. 

By combining the experimentally obtained total decay rate enhancement (W�%�!& ) 

shown in Figure 5-5 (e) with the Γ�/γ��  and Γ!"#/γ��  values obtained from the 

simulations in Figure 5-10 (c), we can calculate Q0, Qm and the enhancement of the 

quantum efficiency of Si nanocrystals. We can determine the QE enhancement of Si 

nanocrystals induced by Au nanorods, which is given by: 

'(
'�

=	 ��
���	����	�	�)*�

	× 	�*
���)*�
�*�

                       (2) 

From the definition of total decay rate enhancement, which is  

W�%�!& = ���	�����	����
��������

  ,                              (3) 

the QE enhancement of Eq (2) can be simply expressed as: 

'(
'�

= ��/�*�
,-.-�/

			                                  (4) 

In Table 5-1, we summarize the results of emission at 750 nm which is the nanocrystal 

emission peak. By coupling with Au nanorods, we found that the quantum efficiency of 
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nanocrystal emission is enhanced by a factor of 2.8. We notice that this large 

enhancement is achieved only by engineering the radiative decay rate without the 

contribution from excitation enhancement (pumping enhancement). We also observe 

that the calculated Q0 is in excellent agreement with measured PL quantum yield 

(6.9±0.7%) of our Si nanocrystals in water,132 which proves the validity of our analysis.  

Finally, we discuss the perspective of the nanocrystal-Au nanorod composite. In this 

system, there are two determining factors for radiative rate enhancement, which are the 

nanocrystal location on the nanorod and their separation distance from the nanorod. In 

Figure 5-10 (e), we plot the quantum efficiency enhancement that can be obtained 

considering the emission of nanocrystals with Q0 = 7.4% (at 750 nm) as a function of 

their separation from the surface of a nanorod. The radiative and non-radiative rate 

enhancement as a function of emission wavelength is shown in Figure 5-11. The 

nanocrystal orientation and location around the surface of the nanorod have been 

averaged. We found that there exists an optimal separation distance is in the range of 7.5 

nm to 12.5 nm, which is very similar to the conditions of our samples. Figure 5-10 (f) 

shows the quantum efficiency enhancement factors as a function of the intrinsic 

quantum efficiency of nanocrystals. We plot both dipole position-averaged values as 

well as the case of a single dipole located at the top of the nanorod. From the curves of 

position-averaged result, we demonstrate quantum efficiency enhancement in a wide 

range of values for the intrinsic quantum efficiency. This means that even in the case of 

emitters with significantly larger values of intrinsic quantum efficiency, the proposed 

plasmonic-coupled composites give rise to emission enhancement, especially when the 

emitters are located atop the nanorods. The selective binding of active molecules on top 
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of nanorods has been already reported.133–135 Although this work has been limited to Si 

nanocrystals with low intrinsic quantum efficiency, the results of our numerical analysis 

demonstrate the applicability of the nanorod composite approach to other emitting 

materials that feature larger values of intrinsic quantum efficiency. 
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Figure 5-10 (a) Calculated extinction coefficient (solid line) of Au nanorod 

excited by plane waves with two different polarization (red and green curves) and 

measured extinction spectrum (dashed line). (b) Calculated radiative (solid line) 

and non-radiative (dashed line) decay rate enhancements of dipole placed at 10 

nm from the top (black) and side (red) of Au nanorod. The results are normalized 

by the radiative rate of dipole in water and orientationally averaged. (c) Ratio 

between radiative (Γr) and total decay rate enhancement (Γr + Γnr) of dipoles 

oriented parallel (solid) and perpendicular (dashed) to the long axis of nanorods. 

Black and red curves represent the results of dipoles placed 10 nm from the top 

and side of nanorods, respectively. (d) Both position- and orientation-averaged 

radiative (black) and non-radiative (red) decay rate enhancements. (e) Quantum 

efficiency enhancement as a function of separation between emitters and 

nanorods. (f) Quantum efficiency enhancements as a function of intrinsic 

quantum efficiency. Black and red curves represent positon-averaged results and 

the case of a dipole placed at the top of the nanorod, respectively. 
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Figure 5-11 (a) Radiative and (b) non-radiative rate enhancement with different 

spacer thicknesses.  

 

Table 5-1 Parameters of emission of Si nanocrystals at 750 nm. Measured total decay 

rate enhancement (Wexp), radiative (Γr /	01�) and non-radiative (Γabs / 01�) decay rate 

enhancements from simulation, calculated intrinsic (Q0) and modified (Qm) quantum 

efficiencies, and calculated quantum efficiency enhancement. 

 

  

λ (nm) Wexp Γr /	01� Γabs /	01� Q0 (%) Qm (%) Qm / Q0 

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 light emitting platform based on Au 

nanorods decorated by Si nanocrystals. Through time-resolved PL measurements 

performed over a wide range of wavelengths, we have shown enhanced decay rates that 

follow the LSPR scattering spectrum of nanorods and tunable coupling efficiency of Si 

nanocrystals with colloidal Au nanorods. The PL imaging and scattering maps of single 

nanocomposites demonstrate that the emission of Si nanocrystals is polarized and 

driven by the efficient excitation of the longitudinal mode of Au nanorods. From a 

systematic PL analysis performed in partnership with rigorous theoretical calculations, 

we demonstrate a quantum efficiency enhancement of Si nanocrystals up to 

approximately a factor of 3. To the best of our knowledge, this is the first experimental 

demonstration of plasmon-coupled nanocomposites based on Si nanocrystals in an 

aqueous solution. Si-based plasmon-coupled nanocomposites prepared by facile and 

cost-effective method are promising candidates for the development of biocompatible 

fluorescent nanoprobes of interest to biosensing and bioimaging technologies. 
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Chapter 6                                    

Enhanced Photoluminescence of Si Nanocrystals 

Doped Cellulose Nanofibers 

 

6-1 Introduction 

Polymer nanofibers prepared by electrospinning are cheap, flexible and biocompatible 

platforms for manipulating light at the nanoscale in nanophotonic and biophotonic 

applications.136,137 The elegance of electrospinning technique relies on its simplicity 

and solution-based process in the absence of additional harsh chemicals and precisely 

controlled environment (pressure, temperature, etc.) that are traditionally required for 

most nanofabrication techniques. Light-emitting active nanofibers doped with 

semiconductor nanocrystals 138,139 or organic dyes140 have particularly attracted much 

attention due to their wide range of applications including waveguides,141–143 

light-sources,144–146 optical sensors.138,147,148  

It is well-known that plasmonic nanostructures such as Au and Ag nanoparticles and 

nanorods can modify the emission properties of emitters located in their close 

proximity.48,149 By carefully designing the material and structure, enhanced emission of 

nanocrystals coupled to localized surface plasmon resonance (LSPR) of metal 
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nanoparticles has been demonstrated.47,49 This is also applicable to nanocrystals-doped 

electrospun nanofibers.150 However, in order to suppress the non-radiative quenching of 

emitters coupled to metal surfaces or nanoparticles,151,152 complex fabrication 

techniques must be developed capable to accurately control the distance between metal 

nanoparticles and emitters, which is a very challenging task. 

In this work, using the cost-effective electrospinning technique, we demonstrate 

plasmon-enhanced emission in biocompatible light-emitting silicon nanocrystals doped 

nanofibers. The combination of water-based hydroxypropyl cellulose (HPC) polymer 

precursor and nontoxic Si nanocrystals emitting in the biological window (650–

1300nm) enables the fabrication of all-biocompatible active nanofiber systems. 

Furthermore, we engineer the light-emission properties of the nanofibers by codoping 

them with plasmonic nanoparticles. By performing photoluminescence (PL) 

spectroscopy of codoped nanofibers with and without metal nanoparticles, we 

successfully demonstrate plasmon-driven PL enhancement by a factor of 2.2 in the 

absence of non-radiative quenching due to the strong scattering of excitation light by 

Au nanoparticles in side nanofibers.  

6-2 Experimental Results 

Colloidal dispersions of Si nanocrystals are prepared by the method described in 

Chapter 2. Si-rich borophosphosilicate glasses (BPSG) were first deposited by 

co-sputtering Si, SiO2, B2O3, and P2O5 in an RF-sputtering apparatus. The films were 
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peeled off from the plates and annealed at 1075 oC in a N2 gas atmosphere for 30 min to 

grow Si nanocrystals in BPSG matrices. The Si-nanocrystals were isolated from 

matrices by dissolving in HF solution (46 wt%). Isolated Si nanocrystals were then 

transferred to water. In Figure 6-1 (a) we show a photograph of Si nanocrystal 

dispersion and a TEM (Tecnai Osiris, FEI) image. Si nanocrystals are well-dispersed in 

water and no agglomerates were observed in the image. The average diameter of Si 

nanocrystals estimated by TEM was 3.3±0.9 nm.  

 

Figure 6-1 (a) Photograph of colloidal dispersion and TEM image of Si 

nanocrystals (Scale bar: 10 nm). (b) Absorbance (black) and normalized PL 

spectra of Si nanocrystals in water (red) and planar HPC film (blue) The 

excitation wavelength is 488 nm. Inset: Photograph of HPC solution (45 wt%) 

containing Si nanocrystals under UV excitation (c) PL decay curves of Si 

nanocrystals dispersed in water and embedded in a HPC film. (d) Extinction 

spectra of single- (black) and codoped (red) HPC films.  
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To prepare the precursor of electrospun nanofibers, we first dissolved HPC in DI water 

and then added Si nanocrystal solution to the polymer solution, followed by stirring for 

about 1 h to obtain a homogeneous mixture solution containing 45 wt% HPC and 0.8 

mg/mL Si nanocrystals. Photoluminescence spectra were measured using a 

monochromator (Oriel Cornerstone 260, Newport) and photomultiplier tubes (Oriel 

77348, Newport). The excitation source was 488 nm line of an Ar ion laser (Spectra 

Physics, 177–602). Figure 6-1 (b) shows absorbance and normalized PL spectra of Si 

nanocrystals in water (red) and in the HPC solution (blue). In the inset, we show a 

photograph of HPC solution containing Si nanocrystals under UV light excitation, 

exhibiting bright red luminescence. The Si nanocrystals in HPC solution exhibit a broad 

PL peaked at 710 nm, which is identical to that observed for Si nanocrystals in water. 

Figure 6-1 (c) shows the PL decay curves detected at 700 nm of Si nanocrystals 

dispersed in water and embedded in dried HPC film. The lifetimes of nanocrystals in 

water and HPC film are 56 and 31 µsec, respectively. The difference between them is 

explained by a higher reflactive index of HPC (~1.56) than that of water (1.33). The 

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

Plasmonic nanoparticles and Si nanocrystals codoped polymer solution was prepared 

by directly adding concentrated Au nanoparticles (70 nm diameter) synthesized by a 

seeded growth method to the mixture solution. The concentration of the final mixture 

solution was 45 wt% HPC with 0.8 mg/mL Si nanocrystals and 1.2 mg/mL Au 

nanoparticles. In the following, we refer to the sample doped with both Si nanocrystals 

and Au nanoparticles as codoped sample, and to that doped with Si nanocrystals alone 

as single-doped sample. In Figure 6-1 (d) we plot the extinction spectra of single- 
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(black) and codoped (red) HPC films prepared by spin-coating mixture solutions. In the 

codoped HPC film, the extinction peak originating from LSPR of Au nanoparticles is 

clearly observed around 550 nm. The slight increase of extinction at a wavelength 

shorter than 400 nm observed in both spectra is due to the absorption of Si nanocrystals. 

We notice that in this wavelength range, the absorption (and scattering) of the HPC host 

film is negligibly small compared to that of Au nanoparticles. 

In order to create active nanofibers by electrospinning, the HPC mixture solution was 

poured into 10 mL Syringe (diameter 18.94 mm) fitted with a 20 gauge stainless steel 

needle. The syringe was then transferred to an infusion syringed pump (Braintree 

scientific) with the needle connected to the positive terminal of a high power voltage 

source (Gamma high voltage). Controlled by the syringe pump, the precursor (45 wt% 

HPC solution) was pushed continuously to the needle tip with a flow rate of 0.4 mL/h. 

Driven by the high voltage (18 kV) established in the Taylor cone between the nozzle 

and metal plate collector, the precursor was ejected from the nozzle creating HPC 

nanofibers after solvent evaporation. The charged HPC nanofibers are neutralized at the 

collector (kept 20 cm from the nozzle) where they form random networks of nanofibers. 

Figure 6-2 (a) shows a representative scanning electron microscope (SEM) image of the 

electrospun HPC nanofibers codoped with Si nanocrystals and with Au nanoparticles. 

The average diameter of the nanofibers is 249 nm with the standard deviation of 31 nm. 

The nanofibers form a relatively uniform film with a thickness of 7.6 µm measured by 

cross-section SEM analysis. We confirmed the same morphology (i. e., thickness and 

diameter) of both single- and codoped nanofibers films. In Figure 6-2 (b), we show a 

TEM image of the codoped system, which demonstrates doping 70 nm Au 
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nanoparticles within the nanofiber. The TEM image demonstrates that the Au 

nanoparticles are incorporated into the nanofibers without forming aggregates at this 

doping concentration. The density of Au nanoparticles (i. e., number of nanoparticles 

per unit volume) is estimated from TEM analysis to be ~1013 cm-3 in good agreement 

with the concentration of the precursor solution. The high-resolution TEM image of the 

nanofiber in Figure 6-2 (c) shows an incorporated Si nanocrystal with lattice fringes 

corresponding to {111} planes of the Si crystal. Figure 6-2 (d) shows a PL image of Si 

nanocrystals codoped nanofibers obtained by an optical microscope with excitation at 

430 nm. Since only the PL signal from Si nanocrystals (red to near-IR range) is 

collected by filtering the excitation light, the image clearly demonstrates that Si 

nanocrystals are homogeneously incorporated within the nanofibers network.  
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Figure 6-2 (a) SEM image of electrospun HPC nanofibers doped with Si 

nanocrystals and Au nanoparticles. (b) TEM image of codoped nanofibers. (c) 

High-resolution TEM image showing a Si nanocrystal doped in a nanofiber. (d) 

Microscope PL image of codoped nanofibers (excited at 430 nm). 

 

To investigate the effect of codoping of Au nanoparticles on the light emission of Si 

nanocrystals, we performed PL excitation (PLE) spectroscopy for single- and codoped 

nanofiber samples using a tunable (340 nm–2200 nm) optical parametric oscillator 

(SpectraPhysics Inspire) pumped by a Ti:sapphire laser (MaiTai HP SpectraPhysics, 

82MHz repetition rate) using an average power of 2.5 mW. The samples are directly 

irradiated by a focused excitation beam without waveguiding excitation.142 In Figure 
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6-3 (a) and (b), we show the PL spectra of single- and codoped nanofibers excited at 

490 and 545 nm, respectively. We measured the PL spectra at 5 different excitation 

spots, and calculated the average PL intensity and error bars. When excited at 490 nm, 

which is detuned from LSPR of Au nanoparticles, both the single- and codoped 

nanofibers samples show comparable PL intensity (within the error bars). Figure 6-3 (c) 

shows the measured PL decay traces of single- (black) and codoped (red) nanofiber 

detected at 720 nm using the excitation by the Ar laser beam (488 nm), which has been 

modulated with an acousto-optic modulator at a frequency of 1 kHz. The decay curves 

are well-fitted by a stretched exponential decay function, I = I0 exp(-t/τ)β, where τ is the 

effective lifetime and β is the stretching parameter. The same τ (32 µsec) and β (0.74) 

are obtained for both samples, and almost identical to that of Si nanocrystals doped in a 

HPC film (i. e., τ =31 µsec and β=0.77), which indicates that there is no significant 

change in the decay time of Si nanocrystals by electrospinning. Moreover, the 

comparison between single- and codoped nanofibers demonstrate that the spontaneous 

decay rate of Si nanocrystals is not affected by the codoping with Au nanoparticles, 

consistently with the large average distance between Si nanocrystals and Au 

nanoparticle (i.e., precluding near-field interactions). 

On the contrary, when we excite the systems at 545 nm, the PL intensity of the 

codoped nanofibers is enhanced by approximately a factor of 2 compared to the one of 

single-doped nanofibers. To better understand the origin of the measured PL 

enhancement, we study the PL enhancement spectrum (the PL intensity ratio of 

codoped to single-doped nanofibers). Figure 6-3 (d) shows the enhancement factors of 

the PL of Si nanocrystals and the scattering spectrum of Au nanoparticles- doped 
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nanofibers. We find that the PL enhancement factor strongly depends on the excitation 

wavelength and that its trend follows the scattering spectrum of Au nanoparticles in the 

nanofibers. The PL enhancement in a generic system of emitters (of identical density) 

can originate from several factors: the modifications of (a) excitation efficiency; (b) 

extraction efficiency of emitted light; (c) quantum efficiency (i. e., emission rate) of the 

emitters. The separation between the extinction peak of Au nanoparticles (at 550 nm 

shown in Figure 6-1(d)) and the emission peak of Si nanocrystals (at 720 nm) allows us 

to exclude significant enhancement of the extraction efficiency at the emission 

wavelength. Moreover, due to the large average distance between Si nanocrystals and 

Au nanoparticles, we did not observe sizable modifications of the PL decay times of Si 

nanocrystals in both samples. Therefore, we can deduce that the measured PL 

enhancement originates from the plasmon-enhanced light scattering, which increases 

the effective excitation efficiency of Si nanocrystals due to the redistribution and 

trapping of light inside the Au nanoparticles doped nanofibers. The presence of strongly 

scattering Au nanoparticles in the nanofibers leads to an increase of the absorption rate 

of the pump inside the Si nanocrystals codoped samples. Our data demonstrate that the 

codoping of Au nanoparticles in active nanofibers significantly enhances the emission 

of Si nanocrystals in the absence of non-radiative quenching, which limits the 

performance of alternative active systems coupled to plasmonic nanoparticles in the 

near-field.151 

In the inset of Figure 6-3 (d), we show the PL peak wavelength of single- and codoped 

nanofibers as a function of excitation wavelengths, demonstrating the red-shift with 

increasing excitation wavelength. This behavior is commonly observed in an ensemble 
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of Si nanocrystals.153,154 Due to the size distribution of Si nanocrystals, only larger Si 

nanocrystals with smaller optical bandgap energies can be excited when the excitation 

wavelength is close to the PL wavelength.153,154 In addition, we observe a small 

red-shift between single- and codoped samples across the overall excitation wavelength 

range. This can be explained by photon re-absorption in the presence of an 

inhomogeneous population of Si nanocrystals dispersed inside nanofibers (i. e., the 

emission from small Si nanocrystals is re-absorbed by the larger Si nanocrystals). Since 

the scattering spectrum of Au nanoparticles overlaps with the shorter wavelength side 

of the PL spectrum, the emission from the smaller Si nanocrystals is strongly scattered 

by the Au nanoparticles and efficiently re-absorbed at lower energy by the larger Si 

nanocrystals in the nanofibers. This leads to the slight red-shift of the PL observed in the 

codoped samples.  
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Figure 6-3. PL spectra of single- (black) and codoped (red) nanofibers excited at 

(a) 490 and (b) 545 nm. PL peak wavelength of single- (black) and codoped (red) 

nanofibers as a function of excitation wavelength. (c) PL decay curves of single- 

(black) and codoped (red) nanofibers detected at 720 nm with the fitting curve 

(blue). (d) PL enhancement factors (black) as a function of excitation wavelength. 

Red dashed curve shows the scattering spectrum of codoped nanofibers. Inset: 

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

different wavelengths.  
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6-3 Conclusion 

We developed active light-emitting HPC nanofibers doped with Si nanocrystals and 

Au nanoparticles. By performing time-resolved PL and PLE measurements, we 

demonstrate that codoped nanofibers give rise to enhanced PL by a factor of 2.2 in the 

absence of non-radiative quenching of the Si nanocrystal emission due to 

plasmon-enhanced scattering of pump radiation from Au nanoparticles to Si 

nanocrystals inside the nanofibers. Our findings provide not only a new concept for the 

plasmon-enhanced PL, but also a novel opportunity for biocompatible active platforms 

that leverage cost-effective and largely scalable processing with Si nanocrystals light 

emission for biophotonic applications.  
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Chapter 7                                      

Size-Controlled Growth of Cubic Boron 

Phosphide Nanocrystals  

Adapted from H. Sugimoto, et al., RSC Advances, 5, 8427–8431 (2015).  

    

7-1 Introduction 

As described in Figure 7-1, cubic boron phosphide (BP) is one of III-V compound 

semiconductors with the zinc-blende crystal structure. The indirect band gap is 

reported to be 2.0 eV. Analogously to other B-group V compound semiconductors such 

as boron nitride (BN) and boron arsenide (BAs), cubic BP has prominent mechanical, 

electronic, and thermoelectric properties.155–157 Cubic BP has a covalent bonding due to 

its small ionicity,158 resulting in high decomposition temperature (~1403 K) and 

chemical stability.156 This makes it a promising candidate for high-temperature 

electronic devices. Since the discovery of cubic BP crystal in 1957,159 cubic BP crystals 

have been grown by several methods including chemical vapor deposition 

(CVD),156,160,161 close-spaced vapor transport (CVT),162 flux growth,163,164 and 

high-pressure flux method.165 The band structure of cubic BP has been studied by 

photo- and electro-reflectance spectroscopy for films epitaxially grown on (100) Si 
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wafers.166 The large thermoelectric figure of merit at high temperatures is shown for 

CVD grown BP films.167  

In this Chapter, we develop a method to grow cubic BP nanocrystals smaller than 10 

nm in diameter with a size-controllable manner. Semiconductor nanocrystals with the 

size in such range have been attracting significant attention for past several decades, 

because of the fascinating optical properties due to the quantum size effects. In 

particular, colloidal dispersion of semiconductor nanocrystals with several nanometers 

in diameter have been most extensively studied, because they can be a precursor for the 

formation of high-quality nanocrystal films for electronic devices by low-cost printable 

processes.1,168 Growth of size-controlled BP nanocrystals provides the possibility to 

develop printable BP electronic devices. However, research on BP nanocrystals is very 

limited169–171 mainly due to the lack of established growth processes. To our knowledge 

size-controlled growth of BP nanocrystals smaller than 10 nm has not been succeeded. 

In this paper, we report a new method to grow single-crystalline cubic BP nanocrystals 

with the diameter of 2 to 6 nm and relatively narrow size distributions. From the 

analyses by X-ray photoelectron and Raman spectroscopy, and transmission electron 

microscopy, the growth mechanism is discussed.  
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Figure 7-1 Crystal structure of cubic phase boron phosphide. 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 cubic BP nanocrystals. Mixture films of 

Si, B, P and O were deposited on thin stainless steel plate by cosputtering Si chips (15 × 

13 mm2) and boron phosphate (BPO4) tablets (10 mm in diameter) placed on a SiO2 

target (10 cm in diameter). The number of Si chips was fixed to 4 pieces, while that of 

BPO4 tablets was changed from 4 to 12. The list of samples is shown in Table 7-1. The 

mixture films, i.e., Si-rich borophosphosilicate glass (BPSG) films, were peeled from 

the stainless steel plates and annealed at 1200oC in a N2 gas atmosphere for 30 min. As 

will be shown later, BP nanocrystals are formed in silicate matrices during the annealing 

process. Annealed films were then ground in a mortar to obtain fine powder. The 

powder was dissolved in hydrofluoric acid solution (46 wt.%) to extract BP 
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nanocrystals from silicate matrices. Isolated nanocrystals were then transferred to 

methanol. 

XPS measurements (PHI X-tool, ULVAC-PHI) were carried out using an Al Kα X-ray 

source. Raman spectra were measured using a micro-Raman setup (LabRAM HR 

Evolution, HORIBA). The excitation source was a 325 nm line of a He-Cd laser with 

the excitation power of 0.5 mW. For the XPS and Raman measurements of 

free-standing BP nanocrystals, BP nanocrystal-dispersed in methanol was drop-casted 

on gold-coated Si wafers. The morphology and structure of BP nanocrystals were 

studied by TEM (JEM-2100F, JEOL). The diffuse reflectance spectra of free-standing 

BP nanocrystals were measured by a UV–VIS–NIR spectrophotometer (Solid 

Spec-3700, Shimadzu). Optical band gap was estimated from Tauc-plots of the spectra 

after the Kubelka–Munk transformation. Photoluminescence (PL) spectra were 

obtained by using a single spectrometer equipped with a liquid-N2 cooled charge 

coupled device (CCD) (Roper Scientific). The excitation wavelength was a 325 nm line 

of a He-Cd laser. The spectral response of the detection system was corrected with the 

reference spectrum of a standard halogen lamp. Time transient of PL signals was 

obtained by a gated intensified CCD (ICCD) (PI-Max, Princeton Instrument) with the 

gate width of 5 nsec. The third harmonic of a Nd:YAG laser (355 nm, pulse width 5 ns, 

repetition frequency 20 Hz) was used as the excitation source.  
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Figure 7-2 Schematic of the preparation of cubic BP nanocrystals. 

 

Table 7-1. List of samples. The number of BPO4 tablets for the sputtering target, 

annealing temperature (Ta), composition ratio of Si, B and P, average diameter (dave) 

of BP nanocrystals. 

Sample 
Number of 

BPO4 tablets 
Ta (

oC) Si: B: P dave (nm) 

BP4 4 1200 93.9: 3.5: 2.6 2.2 

BP8 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. BP nanocrystals in films. 

Figure 7-3 (a)–(c) shows XPS spectra of BP12 before and after annealing. Before 

annealing, the Si 2p peak is at 103.4 eV. By annealing, it shifts to 103.8 eV. This binding 

energy corresponds to that of stoichiometric SiO2.
172 Therefore, Si exists in 

as-deposited films as slightly oxygen-deficient silica and is fully oxidized by annealing, 

although annealing is performed in a N2 atmosphere. The B 1s spectrum in Figure 7-3 

(b) has two peaks at 188 and 193 eV. These peaks can be assigned to non-oxidized B 

and fully-oxidized B (B2O3), respectively. By annealing, the signal intensity of the 

non-oxidized B with respect to that of oxidized B increases. Similarly, in the P 2p 

spectra in Figure 7-3 (c), the signal from non-oxidized P at 130 eV with respect to that 

of fully-oxidized P (P2O5) (133–135 eV) increases significantly by annealing. Very 

similar results are obtained for BP8. These XPS data indicate that Si is oxidized, while 

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

Figure 7-3(d) shows IR absorption spectra of films before and after annealing. The 

insets show the expansions around 1400 cm-1 and 900 cm-1. The peaks at 480, 800 and 

1060–1080 cm-1 are due to Si–O–Si vibrations. By annealing, the Si–O–Si stretching 

mode at 1060 cm-1 shifts to 1080 cm-1 and the intensity increases. Furthermore, the 

intensity of B–O vibration mode at 1400 cm-1 decreases and the P–O–P stretching mode 

at 920 cm-1 173,174 almost disappears. These results are consistent with the XPS data in 

Figure 7-3 (a)–(c), i.e., Si is oxidized, while B and P are reduced by annealing.  
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Figure 7-3 (e) shows a Raman spectrum of BP12. The relatively sharp peak at 825 

cm-1 can be assigned to the LO phonon of cubic BP crystal (~828 cm-1 in ref. 161,175). 

The broad band around 450 cm-1 may arise from BPSG matrices. The peaks at 360 and 

460 cm-1 are tentatively assigned to B–P and P–P symmetric stretching modes.176 The 

signal around 510 cm-1 may be due to Si nanocrystals and nanoclusters remained 

unoxidized.177 

 

 

Figure 7-3 XPS spectra of film sample (BP12) before and after annealing. (a) Si 

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

Raman spectrum after annealing. 
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Figure 7-4 shows the PL spectra of BP4, BP8 and BP12 after annealing. The broad PL 

bands can be decomposed into two Gaussian peaks centered at 1.4 (Peak 1) and 1.6 eV 

(Peak 2). The relative contribution of peak 2 increases with increasing B and P 

concentration, suggesting that peak 2 is related to BP. We will discuss the origin of peak 

2 later. On the other hand, the opposite trend of peak 1 suggests that it arises from Si 

nanocrystals and nanoclusters remained unoxidized.178,179 

 

Figure 7-4 PL spectra of film samples with different B and P concentrations. 



110 

 

 

B. Free-standing BP nanocrystals 

Figure 7-5 (a)–(c) shows TEM images of particles after HF etching. The electron 

diffraction patterns are shown in the insets. The bars represent the data of cubic BP 

crystal (JCPDS No. 11-0119). The intensity profiles of the diffraction patterns are 

shown in Figure 7-5 (d). All peaks can be assigned to that of cubic BP, indicating that 

the nanoparticles in Figures 7-5 (a)–(c) are cubic BP crystal. The high-resolution TEM 

image in Figure 7-5 (e) demonstrates that the particle is single crystal. The lattice 

spacing estimated from the image is 0.26 nm (for the process of estimation, see Figure 

7-6), corresponding to {111} planes of cubic BP crystal. We carefully observed more 

than 50 particles and found that all particles are single crystal of cubic BP. The size 

distributions obtained from TEM images are shown in Figure 7-5 (f). The average 

diameter in BP12 is 5.9 nm and that in BP8 is 4.3 nm. In BP4, the size is too small to be 

estimated by TEM observations. Hence, the size of nanocrystals in BP4 is estimated 

from the width of the electron diffraction peak by employing the Scherrer equation: 

2 = 34
5 6%#7, 

where, D is the diameter of nanocrystals, K is a constant determined by particle 

morphology, β is the full width at half-maximum (FWHM) of the diffraction peak, and θ 

is the center position of the peak. Under the assumption that K, λ and θ are the same 

between BP4 and BP8, the ratio of the diameter (DBP4/DBP8) is equal to that of the 

FWHM (8BP4/	8BP8) as, 
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By using the diameter of BP8 obtained from TEM images (4.3 nm), the diameter of 

BP4 is estimated to be 2.2 nm. 

In this paper, we fixed the annealing temperature at 1200°C. Growth of BP 

nanocrystals is possible at higher annealing temperatures, e. g., 1250°C. However, we 

did not see notable difference of the size between 1200 and 1250°C in BP8. On the other 

hand, at 1100°C, we did not find BP nanocrystals after etching.  
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Figure 7-5. TEM images of (a) BP4, (b) BP8 and (c) BP12. (d) Intensity profiles 

of electron diffraction patterns. (e) High-resolution TEM image of a particle in 

BP8. Size distributions of (f) BP8 and (g) BP12. 

 

 

Figure 7-6 (a) High-resolution TEM image of a BP nanocrystal. (b) Inverse fast 

Fourier transform image after FFT and choosing spots corresponding (111) 

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

 

Figure 7-7 (a)–(c) shows the XPS spectra of cubic BP nanocrystals (BP12) after HF 

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

oxidized B and P are strongly suppressed and the spectra are dominated by those from 

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

nanocrystals are observed after etching. The B:P atomic ratio roughly estimated from 

integral intensities of XPS spectra is 53:47. In B 1s spectrum in Figure 7-7 (b), a 

shoulder due to sub-oxides can be seen. On the other hand, in P 2p spectrum in Figure 
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7-7 (c), the oxide signal is very weak. This suggests that the outmost surface of BP 

nanocrystals is mainly oxygen-terminated B. This may result in slightly B-rich 

composition. However, the result obtained by XPS is not accurate enough to discuss the 

composition and structure of BP nanocrystals in detail. More precise method should be 

employed for further discussion. Similar results are obtained in BP8. 

Figure 7-7 (d) shows Raman spectra of BP8 and BP12 after HF etching. By etching, 

the spectra become very simple and only a LO phonon mode of cubic BP is clearly 

observed around 825 cm-1. The small bump around 800 cm-1 is due to TO phonon of 

cubic BP. In the inset of Figure 7-7 (d), the Raman spectrum of BP12 is compared with 

that of bulk BP crystal.161 The LO phonon peak of BP12 is broadened and shifts to the 

low-wavenumber side compared to that of BP crystal. These are considered to be due to 

phonon confinement effects, which are commonly observed in small semiconductor 

nanocrystals.180,181 In fact, the signal of BP8 is broader than that of BP12 due to the 

smaller size. 

  



114 

 

 

Figure 7-7 XPS spectra of BP nanocrystals (BP12). (a) Si 2p (b) B 1s (c) P 2p. (d) 

Raman spectra of BP8 and BP12. Inset: Comparison between Raman spectra of 

BP12 and bulk BP crystal. 

 

Figure 7-8 (a) and (b) shows the Tauc plots, (αhν)n ∝ (hν – Eopt), where α, h and ν are 

an absorption coefficient, the Planck's constant and a photon frequency, respectively, of 

the absorption spectrum of BP12. n is set to 1/2 (Figure 7-8 (a)) and 2 (Figure 7-8 (b)) to 

obtain the indirect and direct band gaps, respectively. Although Tauc plot is not an 

accurate method to determine band gaps mainly due to the arbitrariness of fitting 

regions, especially when sub-band-gap tail states exist, it is convenient for the rough 

estimation. The estimated indirect and direct band gaps are 2.1 and 4.0 eV, respectively. 

Similarly, indirect and direct band gaps of 2.1 and 3.6 eV, respectively, are obtained for 

BP8. The indirect band gap is close to that reported in bulk BP crystal, i.e., 2.0 eV.182 On 
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the other hand, the direct band gaps are smaller than literature values, i.e., 4.25‒5.0 

eV,166,183 respectively. The difference might be related to the non-stoichiometric 

compositions and surface oxide layers.  

 Figure 7-8 (c) shows PL spectra of BP8 and BP12 after HF etching. Both samples 

exhibit broad PL around 1.6 eV. To our knowledge, this is the first observation of room 

temperature (RT) PL of BP nanocrystals. The peak is very broad covering the 1.3-2.0 

eV range (FWHM ~650 meV) even at low temperature (6.7K). No significant 

difference can be seen between the spectra of BP8 and BP12. The PL peak energy 

coincides with that of peak 2 in Figure 7-8, suggesting that peak 2 arises from BP 

nanocrystals. The PL is relatively insensitive to the 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 lower than the optical band gap 

estimated in Figure 7-8 (a). This suggests that tail states probably originating from 

surface defects are responsible for the PL. The non-stoichiometric composition may 

also be related to the low energy PL. The size-insensitiveness of the spectral shape 

supports the model. In order to obtain the band edge luminescence, proper surface 

termination may be necessary. A PL decay curve of BP12 at RT is shown in Figure 7-8 

(d). The PL lifetime estimated from the decay curve is 19.6 ns. No slower components 

are observed. This value is very short for the indirect band gap semiconductor, 

suggesting defect-mediated recombination of carriers. 

Finally, we would like to mention the scalability of the synthesis process. In this paper, 

mixture films of Si, B, P and O are produced by sputtering. It is a relatively slow and 
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expensive process. However, sputtering is not an essential process for the growth of 

cubic BP nanocrystals. They can be produced irrespective of the preparation procedure 

of Si, B, P and O mixture materials, if the composition is within a proper range. For 

example, cubic BP nanocrystals can be produced by annealing mixture solutions of 

hydrogen silsesquioxane (HSQ), H3BO3 and H3PO4, when H3BO3 and H3PO4 

concentration is relatively high, i.e., when the amounts of B and P are large enough to 

oxidize all excess Si. On the other hand, when their concentration is relatively small, 

excess Si remains even after reducing B and P. This results in the growth of B and P 

co-doped Si nanocrystals.184 This method does not use any vacuum processes and thus 

can be easily scaled up for the mass production of cubic BP nanocrystals.  

 

Figure 7-8. Tauc-plots of BP nanocrystals (BP12) for (a) indirect and (b) direct 

transitions. PL spectra of BP8 and BP12 at 6.7 K and RT. (d) PL decay curve of 

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

We have developed a new route for size-controlled growth of cubic BP nanocrystals. 

Thermal annealing of heavily B and P doped Si-rich silica films resulted in the 

formation BP nanocrystal in SiO2 matrices due to the reduction of B and P by excess Si. 

Free-standing BP nanocrystals in solution were obtained by etching out the matrices. A 

comprehensive structural study revealed the formation of single crystalline BP 

nanocrystals with the diameter controlled from 2 to 6 nm. The optical band gap of BP 

nanocrystals was 2.1 eV and they showed a broad PL with the 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 from H. Sugimoto, et al., RSC Advances, 5, 98248–98253 (2015).  

8-1 Introduction 

Boron Neutron Capture Therapy (BNCT) is a radiotherapy treatment based on the 

ability of the stable isotope boron (10B) to capture neutron.185–188 The neutron exposure 

of 10B generates 4He (α particle) and 7Li, resulting in selective destruction of tumor cells 

without damaging adjacent cells because of their short pass length of approximately 10 

µm comparable to the diameter of cells.185–187 Conditions of the materials for the BNCT 

are small size (<1 µm) for efficient incorporation into cells, high-solubility in water, as 

well as a large B content exceeding the required amount (~109 B atoms per cell). In 

previous work, boronophenylalanine (BPA) and sodium borocaptate (BSH) have been 

extensively used for BNCT in cancer treatment.189–191 However, owing to their 

low-solubility and a small amount of B (~5 wt.%) per a molecule, focused research 

aiming at finding alternative materials is highly demanded. 
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Recently, there have been numerous efforts for the development of biocompatible 

inorganic nanoparticles with optimized functionalities for targeting biomedical 

applications such as drug delivery carriers192 and fluorescent probes for sensing193 and 

imaging.194 Moreover, by the combination of different nanomaterials such as 

luminescent organic dyes or semiconductor nanocrystals, mesoporous silica 

nanoparticles for drug delivery and magnetic nanoparticles, the development of 

multifunctional nanoparticles have been reported.195,196 This approach enables us to 

simultaneously perform imaging, diagnosis and therapy, which is also very promising 

for improved performance of BNCT. However, nanoparticles synthesized for the 

particular application in BNCT is still limited e.g., borosilicate,197 boron carbide198 and 

boron phosphate,199 and they do not satisfy all the required conditions. 

In Chapter 2 and 7, we have developed heavily B and P codoped Si nanocrystals and 

boron phosphide (BP) nanocrystals by annealing quaternary amorphous films 

composed of B, O, Si, and P with different compositions prepared by sputtering (Figure 

8-1).91,200 A common feature of the starting material is that they are oxygen-deficient 

compared to BPSG (SiO2-xB2O3–yP2O5) due to addition of excess Si. When the atomic 

concentration ratio of B and P to excess Si is very small, typically less than 0.03, phase 

separation of the film by high temperature annealing results in the growth of B and P 

codoped Si nanocrystals in BPSG matrices.91,103 By etching out BPSG matrices, 

free-standing B and P codoped Si nanocrystals are extracted in solution. The codoped Si 

nanocrystals are highly dispersible in polar solvents without organic ligands and exhibit 

efficient size-tunable luminescence in the biological transparent window (700–1300 

nm) with excellent pH- and photostability.132 These features make them promising in 
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biological imaging and diagnostic applications as well as in BNCT. On the other hand, 

at higher B and P concentrations, excess Si acts as a reducing agent and B2O3 and P2O5 

are reduced to cubic phase BP nanocrystals (bottom part of Figure 8-1).200 BP 

nanocrystals may be potentially suitable for BNCT because of the large B content per 

nanocrystal (~50 at.%). However, they are not dispersible in water and the 

luminescence, which originates from defect-related states, has limited wavelength 

tunability. 

In Figure 8-1, in between the two extremes, there may be a chance to develop a new 

type of B-rich nanocrystals, which combine the advantages of B and P codoped Si 

nanocrystals and BP nanocrystals in BNCT applications. Therefore, in this work, we 

grow nanocrystals in the composition range in between the two extremes. We show that 

a new type of cubic nanocrystals with the lattice constant in between Si and BP crystal 

are grown in specific conditions. The average B concentration of the ternary B-Si-P 

cubic nanocrystals reaches 36 at.%. The nanocrystals are dispersible in water and the 

luminescence is located in the biological window. 
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Figure 8-1. Preparation of different kinds of B-rich nanocrystals by phase 

separation of oxygen deficient (Si-rich) BPSG (SiO2-xB2O3- yP2O5) films. 

 

8-2 Materials and Method 

Preparation procedure of B-Si-P nanocrystals is qualitatively the same as those of B 

and P codoped Si nanocrystals91,103 and cubic BP nanocrystals.200 Amorphous films 

composed of B, O, Si and P were sputter-deposited on a thin stainless steel plate by 

cosputtering different sputtering targets (see Figure 8-2 and Table 8-1) in an 

RF-sputtering apparatus (SPF-210HS, Anelva) with the RF power of 200W. For the 

preparation of sample A, Si chips (15×10 mm2) and B2O3 tablets (10 mm in diameter) 

were placed on a phosphosilicate glass (PSG) sputtering target (5 wt.% P2O5 in SiO2, 
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10 cm in diameter). The composition of the target was exactly the same as that used in 

Refs. 91 and 103, and in this preparation condition, B and P codoped Si nanocrystals are 

grown by annealing. For the preparation of samples B-E, Si chips, B2O3 and BPO4 

tablets (10 mm in diameter) were placed on a SiO2 target (10 cm in diameter).  

The list of samples together with the compositions of the sputtering targets is shown in 

Table 8-1. To control the B and P concentrations in films, the numbers of B2O3 and 

BPO4 tablets were changed from 2 to 8, while that of Si chips was fixed to 4 (see Figure 

8-2). Since B2O3 and BPO4 tablets are placed on a SiO2 plate, the increase of the number 

of B2O3 and BPO4 tablets results in the decrease of the area of SiO2. Therefore, the B 

and P concentrations of deposited films are not proportional to the number of tablets. It 

should be stressed here that all the samples are oxygen-deficient compared to BPSG 

(SiO2-xB2O3-yP2O5). After sputtering, the films peeled from the stainless steel plates 

(80-100 mg) were annealed at 1100oC in a N2 gas atmosphere for 30 min. By annealing, 

due to the oxygen deficiency, B, Si and P are precipitated and nanoparticles are formed 

in silicate matrices. Annealed films were then ground in a mortar to obtain fine powder. 

The powder of 20 mg was dissolved in hydrofluoric acid solution (46 wt.%) to extract 

B-Si-P nanocrystals from silicate matrices. Finally, isolated nanocrystals of 

approximately 1.5 mg were dispersed in methanol or water.  

X-ray photoelectron spectroscopy (XPS) measurements (PHI X-tool, ULVAC-PHI) 

were carried out using an Al Kα x-ray source. For the XPS and FTIR measurements of 

free-standing nanocrystals, colloidal dispersion of nanoparticles was drop-casted on 

gold-coated Si wafers. The morphology and structure of final products were studied by 
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TEM (JEM-2100F, JEOL). The details of measurements of PL spectra and PL-QYs 

were shown in Chapter 2.  

 

Figure 8-2 Schematics of sputtering targets (SiO2) of 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 concentration ratios before and after HF 

etching.  

 

 

8-3 Results and Discussion 

First, we study samples just after annealing i. e., before extracting nanocrystals by HF 

etching. Figure 8-3(a)-(c) show XPS spectra of Si 2p, B 1s and P 2p core-levels, 

respectively. The Si 2p peak appears at 103–104 eV, in between the binding energies of 

Si3+ and Si4+. The spectra are slightly asymmetric due to contributions of sub-oxides 

(Si1+ to Si3+). The B 1s spectra in Figure 8-3(b) have two peaks at 188 and 193 eV. These 

are assigned to the neutral states of B (non-oxidized) and fully-oxidized B (B2O3), 

respectively. Similarly, in the P 2p spectra in Figure 8-3(c), both signals from 

non-oxidized and oxidized P at 130 and 134.5 eV, respectively, are observed. In Figure 

8-3(b) and (c), we also find that the intensity ratio of non-oxidized and oxidized signals 

is different between samples. We estimate the Si: B: P atomic ratios from integral 

intensities of XPS spectra by taking into account the photo-ionization cross-sections of 

 sample A sample B sample C sample D sample E 

Sputtering 
target 

(B2O3, BPO4) 
(4, 0) on PSG (2, 2) on SiO2 (4, 2) on SiO2 (2, 4) on SiO2 (0, 8) on SiO2 

Si：B：P 
(precursor 

films) 
97.9 : 2.3 : 0.8 97.2 : 1.9 : 0.9 91.7 : 3.8 : 4.5 87.8 : 8.0 : 4.2 87.3 : 7.5 : 5.2 

Si：B：P  
(Free-standing 

particles) 
84.1: 11.5 : 3.4 82.9 : 12.7 : 5.4 73.7 : 15.4 : 10.9 30.9 : 36.4 : 32.7 1.5 : 50.6 : 47.9 
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each element. The results summarized in Table 8-1 demonstrate that the composition is 

controlled by changing the sputtering targets.  

We then dissolve the silicate matrices by HF etching to liberate nanoparticles into 

solution. For samples A-D, we obtained clear yellowish dispersions in methanol and 

water. As will be shown later, nanoparticles are dispersed in the solutions without 

agglomeration. On the other hand, in sample E, a milky solution is obtained due to light 

scattering by agglomerates. Figure 8-3 (a)–(c) shows the XPS spectra of the 

nanoparticles (sample A−E) after HF etching. Atomic compositions of Si, B and P in 

samples A-E after HF etching estimated from XPS data are shown in Table 1. We can 

see that Si concentration decreases and B and P concentration increases from A to E. 

From our previous work,91,200 sample A is B and P codoped Si nanocrystals and sample 

E is cubic BP nanocrystals. In Si 2p spectra in Figure 8-3 (a), we can see the signals in 

the range of 99.6 eV (Si0) to 103.4 eV (Si4+) including intermediate oxidation states. 

The spectra of samples A, B and C are qualitatively the same, i. e., two signals from Si0 

(99.5 eV) and Si4+ (103.4 eV) with a slightly different intensity ratio. These peaks arise 

from Si nanocrystal cores and thin native oxides on the surface (electron escape depth: 

2–3 nm).97 On the other hand, the binding energies of the peaks in sample D is different 

from those of samples B and C; the peaks are at 100.5 and 102.5 eV, corresponding to 

Si1+ and Si3+, respectively. In the spectrum of sample E, only a very weak signal from Si 

is observed, because the formation of BP nanocrystals by the reduction of B2O3 and 

P2O5 is accompanied by the oxidation of Si during the annealing process and SiO2 is 

removed by HF etching. In B 1s spectra in Figure 8-3 (b), all samples exhibit a 

non-oxidized B signal at 187.5-189 eV, although the peak in sample D is slightly higher 
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than others. Similarly, in P 2p spectra, all samples show a signal around 130 eV, which 

corresponds to non-oxidized P. The binding energy of sample D is again slightly larger 

than others. Both B 1s and P 2p peaks have a tail toward higher energy due to their 

sub-oxides.  

The results in Figure 8-3 suggest that samples B and C are within the same group of 

sample A, i.e., B and P codoped Si nanocrystals, although B and P concentration is 

larger. On the other hand, the structure of sample D is apparently different from that of 

sample A and E (BP nanocrystals). A possible explanation of the high energy shift of the 

Si 2p signal is the increased numbers of coordinated B and P to Si. In sample A, B and C, 

the average number of B and/or P atom bonded to a Si atom is considered to be less than 

one. On the other hand, almost comparable amounts of B, Si and P in sample D suggest 

that more than two B and/or P atoms can be coordinated to a Si atom. This results in the 

increase of the binding energy due to larger electron negativities of B (2.04) and P (2.2) 

than that of Si (1.9). In this situation, there should be substantial amounts of B-B and 

P-P bonds. The binding energy of B clusters is known to be larger than that of 

quadrivalent B in silicon.201 Therefore, slight high energy shift of the B 1s peak can be 

explained by the increased number of B-B bonds in sample D. Similar explanation may 

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

(c) P 2p. 

 

Figure 8-4 (d) shows IR absorption spectra of samples A-E. The amount of the 

samples is fixed and thus we can compare the intensity. In the spectrum of sample A, the 

peak around 1060-1080 cm-1 is dominant, which is assigned to Si−O−Si stretching 

vibration modes. Note that all samples are stored for 2 days in methanol and then 

exposed in air during the measurements, and thus the surface of nanocrystals is slightly 

oxidized. The spectrum changes systematically from sample A to D. In sample B, an 

absorption appears at 880 cm-1, and it becomes stronger from B to D. Considering the 

high boron content, this peak can be assigned to a stretching mode of B-O-Si bridge 

often observed in B2O3/SiO2 glass systems.202,203 In sample D, the signal intensity at 

880 cm-1 (ν(B-O-Si)) is comparable to that at 1080 cm-1 (ν(Si-O-Si)). This suggests that 

the structure, especially the surface structure, of sample D is significantly different from 

that of sample A. The small peaks around 1330-1450 cm-1 are assigned to B–O and P=O 
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stretching modes. The peaks at 2100 cm-1 is due to Si−Hx vibrations.92 The presence of 

Si−H and Si−O bonds on the surface is an important advantage for biomedical 

applications, because the surface can be functionalized by biological substances by 

using well-developed reactions.204,205 This is an important feature for the efficient and 

selective cellular uptake in biological applications.206 Only sample D has a peak at 2410 

cm-1, which is assigned to the B-H stretching mode.207,208 Observation of B-H modes 

also suggests that the surface structure of sample D is different from others. No 

detectable signal from sample E is observed, indicating that BP nanocrystals are highly 

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

(c) P 2p. (d) IR absorption spectra of sample A-E after HF etching. 

 

We perform a focused study on sample D from the comparison with sample A and 

sample E. Figure 8-5 (a) shows the optical transmittance spectrum of colloidal 

dispersion of sample D. The photo in the inset displays a yellowish clear dispersion. 

Nearly 100% transmittance around 1000 nm evidences the absence of light scattering 

by agglomerates. In Figure 8-5 (b), we show a high-resolution TEM image of sample D 
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drop-casted on a carbon-coated TEM grid. We can clearly see the lattice fringes, which 

confirm single-crystalline nature of the particles. The average diameter estimated from 

the images is 3.8 nm with the standard deviation of 0.6 nm (see the histogram in Figure 

8-5 (c)). We analyzed the high-resolution TEM images very carefully and precisely 

measured the lattice spacing. Figure 8-5 (d)-(f) shows the typical images of 

nanocrystals in samples A, D and E. In Figure 8-5 (d) (sample A), the lattice fringe 

corresponds to the {111} plane of diamond structure Si (0.31 nm). The lattice fringes of 

nanocrystals in samples B and C can be also assigned to Si crystal (see Figure 8-6). The 

lattice spacing of the nanocrystal in Figure 8-5 (f) (sample E) is 0.26 nm, which 

corresponds to cubic BP crystal (0.26 nm).200 On the other hand, in Figure 8-5 (e), we 

observed two kinds of lattice fringes; one has the spacing of 0.31 nm and the other 0.28 

nm (see Figure 8-7, the distribution of lattice spacing). The former one can be assigned 

to Si crystal, while the latter one can be assigned neither to Si nor BP crystal. This can 

be confirmed in the electron diffraction patterns. Figure 8-5 (g) shows the intensity 

profile of an electron diffraction pattern of sample D obtained from hundreds of 

nanocrystals. The JCPDS data of diamond structure Si (JCPDS No. 27-1402) and cubic 

BP (JCPDS No. 11-0119) are shown below the figure by red and green bars. The peaks 

labeled by ● (red) are assigned to Si (JCPDS No. 27-1402), while others labeled by ▲ 

(blue) cannot be assigned neither to Si nor BP. Although we carefully investigated the 

compounds consisting of B, Si, P and O, no crystal structures attributable to the peaks 

labeled by ▲ exist.  
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Figure 8-5 (a) Transmittance spectrum of sample D. Inset: Photograph of 

colloidal dispersion in water. (b) HRTEM image and (c) size distribution of 

sample D. (d)-(f) HRTEM images of nanocrystals in samples A, D and E. (g) 

Intensity profile of electron diffraction pattern of sample D (black) as-produced 

and (blue) after etching by the mixture solution of HF/HNO3. The bars represent 

diamond structure Si crystal (red) and cubic BP crystal (green). Blue bars show 

virtual crystal with 9% smaller lattice constant than Si crystal. 
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Figure 8-6 Typical HRTEM images of (a) sample B and (b) sample C. The scale 

bars are 2 nm. 

 

Figure 8-7 Distribution of lattice spacing of nanocrystals in sample D.  

 

In order to extract nanocrystals exhibiting the electron diffraction pattern labeled by 

▲, we etched out Si nanocrystals in sample D by the mixture solution of HF/HNO3. 10 

µL of HF (46 wt.%) and HNO3 (60 wt.%) solutions were added to 100 µL of sample D 

and the mixture was kept for 30 seconds. The electron diffraction pattern after the 

etching is shown in Figure 8-5 (g). Only the nanocrystals labeled by ▲ remains. 
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Therefore, these nanocrystals have high resistance to HF/HNO3, and are apparently 

different from B and P codoped Si nanocrystals.  

The blue bars in Figure 8-5 (g) correspond to virtual crystal, whose lattice constant is 

9% smaller than that of Si crystal. The peaks labeled by ▲ matches almost perfectly 

with the blue bars. This indicates that the unknown crystal most likely has zinc-blend 

type crystal structure. Considering the composition data obtained from XPS 

measurements, new crystal composed of almost the same amount of B, Si, P is formed. 

Unfortunately, within this work, the structure is not fully elucidated. Detailed studies 

including theoretical modeling of nanocrystals composed of B, Si and P are necessary 

to analyze the structure. It should be stressed here that lattice contraction of 9% by 

doping is not possible in Si crystal. In bulk Si crystal, at most 0.2% contraction of lattice 

is reported when B is doped very heavily (1.6 at.%).209 No notable change of lattice 

constant is observed in B and P codoped Si nanocrystals (samples A–C).  

 In Figure 8-8, the PL spectra of samples A-D in solution excited at 450 nm are shown. 

All the samples exhibit a broad PL within a biological window. Despite the relatively 

small size distribution shown in Figure 8-8 (c), the PL is much broader than that of Si 

nanocrystals reported so far22,23 and the full width at half maximum is in the range of 

400 to 500 meV. The PL spectra depend slightly on B and P contents and have a 

tendency to shift to longer wavelength with increasing their contents. The PL quantum 

yield of sample D is 1.1 %, which is slightly smaller than others. The origin of the PL of 

B and P codoped Si nanocrystals is considered to be electron-hole recombination via 
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donor and acceptor states in the bandgap.103 Since sample D consists of two different 

types of nanocrystals, it is not clear whether either or both of them contribute to the PL. 

 

Figure 8-8 PL spectra of samples A-D. Filled area shows the biological 

transparent window. 

 

8-4 Conclusion 

In summary, formation of different types of B-rich nanocrystals by annealing 

O-deficient BPSG was systematically studied. In between the conditions of the growth 

of two known nanocrystals, i.e., B and P codoped Si nanocrystals and cubic BP 

nanocrystals, we found a new type of B-rich nanocrystals containing more than 30 at.% 

of B. The nanocrystals were dispersible in water and exhibited broad PL centered at 

~900 nm. The nanocrystals have Si-H and Si-O bonds on the surface, which can be 

functionalized by biomolecules with well-established processes. These properties 
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suggest that the B-rich nanocrystals developed in this work have a potential to be a 

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

Outlook 

Throughout this thesis, we have developed novel Si nanocrystal-based functional 

nanomaterials targeting for biological and optoelectronic applications. We have 

succeeded in producing all-inorganic colloidal Si nanocrystals with controlled size and 

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

properties, we have demonstrated the potential of B and P codoped Si nanocrystals for a 

variety of applications. However, there are many open questions remaining to be 

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

might clarify the problems.  

(a) We have studied the structural properties by TEM, STEM-EELS, IR-absorption, 

XPS and Raman spectroscopy, and suggested the structural model of heavily doped 

surface shell, which inorganically modifies the surface and provides the 

solution-dispersibility to Si nanocrystals. To further clarify the structure of codoped 

Si nanocrystals such as distribution of dopants in nm scale, atom probe 

tomography210 would be a very powerful tool.  

(b) It has been also found that codoping modifies the energy state structure of Si 

nanocrystals, and enables them to exhibit widely size-tunable PL (0.85 to 1.85 eV) 

across the bulk Si bandgap. The PL energy of codoped Si nanocrystals is ~300 meV 

smaller than that of undoped nanocrystals with an identical size. The PL lifetimes 
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are much shorter than that of undoped Si nanocrystals. The samples in this work are 

ensemble and thus the distribution of size and doping concentration causes 

inhomogeneous broadening of the PL data. The technique of single-dot 

spectroscopy of individual nanocrystals211, in particular at low temperatures, could 

identify the origin of PL in codoped samples by excluding such inhomogeneous 

broadening. 

(c) In Chapter 4, we have studied the colloidal and photo-stability of codoped Si 

nanocrystals in a wide range of pH, which demonstrates the ultra-stable properties 

of the nanocrystals suitable for the bioimaging application. However, the quantum 

efficiency is limited up to 13% and excitation cross-section of Si nanocrystals is 

inherently low due to the indirect bandgap nature. As an answer to improve them, 

we developed the hybrid structures consisting of Si nanocrystals and plasmonic 

nanoparticles in Chapter 5 and 6. The plasmon-enhanced PL of Si nanocrystals 

dispersed in water-dispersible and biocompatible media demonstrated the promise 

of their use in bioimaging applications. To obtain further enhanced PL, the 

controlled system of Si nanocrystals coupled to the strongly-enhanced local fields 

by the gap-mode of coupled plasmonic structures128,212 is desirable. 

(d) In Chapter 7, by expanding the preparation method of codoped Si nanocrystals, we 

have succeeded in producing cubic BP nanocrystals with different size. This is the 

first experimental demonstration of the formation of free-standing BP nanocrystals 

smaller than 10 nm. Furthermore, in chapter 8, we expanded the possibility of the 

application of Si-based nanocrystal materials in BNCT. Water-dispersible and 
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near-IR luminescent B-rich (36 at%) nanocrystals have been successfully prepared. 

Detailed structural analyses have demonstrated the formation of Si-B-P ternary 

alloy nanocrystals. There are still many questions and tasks to be achieved such as, 

i) the relation between size and quantum confinements of BP nanocrystals, ii) the 

development of colloidal BP nanocrystals in solution, iii) the structure and 

coordination of Si-B-P ternary alloy nanocrystals by theoretical calculations, and 

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