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ABSTRACT 
 

Synthesis and Characterization of Chemically Etched Nanostructured Silicon  

Asad Jahangir Mughal 

 

 

Silicon is an essential element in today’s modern world.  Nanostructured Si is a more 

recently studied variant, which has currently garnered much attention.  When its 

spatial dimensions are confined below a certain limit, its optical properties change 

dramatically.   It transforms from an indirect bandgap material that does not absorb 

or emit light efficiently into one which can emit visible light at room temperatures.  

Although much work has been conducted in understanding the properties of 

nanostructured Si, in particular porous Si surfaces, a clear understanding of the 

origin of photoluminescence has not yet been produced.  Typical synthesis 

approaches used to produce nanostructured Si, in particular porous Si and 

nanocrystalline Si have involved complex preparations used at high temperatures, 

pressures, or currents. The purpose of this thesis is to develop an easier synthesis 

approach to produce nanostructured Si as well as arrive at a clearer understanding 

of the origin of photoluminescence in these systems.    

We used a simple chemical etching technique followed by sonication to produce 

nanostructured Si suspensions. The etching process involved producing pores on 

the surface of a Si substrate in a solution containing hydrofluoric acid and an 

oxidant. Nanocrystalline Si as well as nanoscale amorphous porous Si suspensions 

were successfully synthesized using this process. We probed into the phase, 
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composition, and origin of photoluminescence in these materials, through the use of 

several characterization techniques.  TEM and SEM were used to determine 

morphology and phase.  FT-IR and XPS were employed to study chemical 

compositions, and steady state and time resolved optical spectroscopy techniques 

were applied to resolve their photoluminescent properties. 

Our work has revealed that the type of oxidant utilized during etching had a 

significant impact on the final product.  When using nitric acid as the oxidant, we 

formed nanocrystalline Si suspensions composed of particles with a crystal 

structure different than the common polymorph of Si.  These particles emitted UV to 

blue wavelengths.  Iron(III) chloride was also employed as an oxidant, and it created 

amorphous Si nanostructures from a bulk crystalline Si source.  These suspensions 

showed ultra-bright visible photoluminescence, which could be tuned through 

engineering the surface. 
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1 INTRODUCTION 

1.1 Nanostructured Si 

Silicon is the second most abundant element on the surface of the earth [1].  It is also 

the most widely used semiconductor in electronics and photovoltaic applications.  

Given its abundance and importance in our daily lives, a great deal of research has 

gone into this material for its use in a wide array of industrial applications.  

Understanding its physical properties is crucial for its use in real world applications.   

Bulk crystalline Si, a common form of Silicon, does not exhibit efficient light 

emission at room temperature, making it a poor active material in optoelectronic 

devices. This is mainly due to its band structure having an indirect band gap of 1.1 

eV.   An indirect band gap requires optical transitions between energy bands to emit 

phonons, in addition to photons, in order to conserve crystal momentum. However, 

with the proper structure Si can overcome its very low intrinsic radiative 

recombination probability and be made to become an efficient emitter of light at 

room temperature.  One method to overcoming the indirect nature of optical 

transition in Si is through the relaxation of momentum (k) selection rule caused by 

spatially confining it into low dimensional nanostructures. This discovery of visible 

luminescence makes it possible for Si to be used in optoelectronic applications.  

Nanostructured Si is a wide field of research. In this work, we will focus on 

synthesizing and characterizing the properties of Si structures derived from porous 

Si films created through a chemical etching process. The mechanism behind the 

emission of visible light from these materials will be discussed as well. 
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1.2 Objectives of the Research 

The three major objectives of this research are listed below: 

1. Synthesize and characterize free standing nanocrystalline Si (nc-Si) produced 

through a stain etching method using nitric acid 

2. Synthesis and characterize  amorphous porous Si (ap-Si)  suspensions 

produced through a stain etching method using iron(III) chloride 

3. Study the effect of surface states on the emission from ap-Si  

1.3 Organization of this Thesis 

This thesis is organized into six chapters.  The next chapter provides a review of 

work done in this field of study, with a focus on synthesis methods and the 

mechanism for the emission of light.  An explanation of the methods and materials 

used during the course of the research are provided in chapter three. Chapter four 

reports and discusses the results of chemical etching using nitric acid. The use of 

iron chloride in the synthesis of amorphous porous silicon is reported and discussed 

in chapter five.  Finally, concluding remarks and recommendations for future work 

are presented in chapter six. 

  



3 
 

2 LITERATURE REVIEW 

2.1 Introduction 

Transforming bulk Si into nanometer scales results in changes to its electronic 

structure that allow it to become an efficient room temperature emitter of visible 

light. This unique property enables Si to become an optically active material which 

could be used in various applications. 

For instance the optical properties of porous Silicon (p-Si) allow it to be 

implemented in a wide array of technologies such as optoelectronics[2], sensors[3],  

and photonic barcodes[4]. Its high surface area porous structure have even been 

shown to be applicable as cell cultures[5] , drug delivery systems[6], 

biomaterials[7], catalyzers for hydrogen production[8], solar cells, LEDs[9], and 

anodes for Li ion battery [10]. 

Nanocrystalline silicon (nc-Si) has also demonstrated its use in several applications.  

Since this material is biologically benign compared to other semiconductor 

nanocrystals(i.e. CdTe, PbS, etc.) [11], they have been shown to be good candidates 

for tagging biological material[12] and hybrid biofuel cells[13].  Their optoelectronic 

properties have allowed it to be used in devices such as LEDs[14], hybrid solar 

cells[15], super capacitors[16],  biological sensors[17], and lasers[18].  They are 

even believed to be a component of interstellar dust[19]. 
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In this chapter we will discuss the synthesis techniques currently employed in 

creating porous Si and nanocrystalline Si.  We will then discuss the current 

understanding of the processes behind the emission of light in these materials. 

2.2 Nanostructured Si 

2.2.1 Porous Si 

Porous silicon is an extensively studied variant of nano-scaled Si. The porous 

features in this material are typically created from a bulk Si surface through some 

form of electrochemical etching. The first reported observation of visible light-

emission from anodically etched p-Si layers at room temperature was made by 

Canham more than two decades ago[20]. Since then a great deal of work  has been 

published on its formation[21] , surface chemistry[22], structure, and 

photoluminescence[23].   

2.2.2 Nanocrystalline Si 

nc-Si are a class of nanostructured Si that has garnered a great deal of interest for 

the past decade. nc-Si are defined as particles of Si with a diameter less than its Bohr 

exciton radius of 5 nm.  For semiconductors at these length scales quantum 

confinement effects dominate, allowing for tunable optical properties based on 

size[24].    

Free standing nc-Si has been the focus of a great deal of research due to their unique 

chemical and optical properties.   One of their advantages is the ability to alter their 
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surface chemistry which in turn can affect its optical properties and allow it to be 

further formed into hierarchical structures[25]. 

2.3 Synthesis of Nanostructured Si 

2.3.1 Porous Si 

There are various methods for creating p-Si layers on a Si substrate.  The most 

common of which is known as anodic etching[26].  In this technique, a current is 

passed through the Si substrate while in the presence of a solution containing 

fluorine.  The process for the dissolution of a silicon surface via anodic etching is 

displayed in Figure 2.1. The process can be summarized as follows: 

1. Hydrogen passivated silicon remains unaffected by an HF solution without 

the presence of an electric current 

2. When a voltage is set across the Si surface and HF electrolyte hole migrate to 

the surface and oxidize the Si and allow F to break the Si-H bond  

3. A second F ion can then attack the remaining hydride bond causing the 

formation of H2 gas which injects an electron into the Si surface 

4. The Si-F bonded Si becomes more susceptible to attack by F which breaks the 

Si-Si bonds 

5. A silicon tetrafluoride is formed which reacts with HF to from SiF6-, the 

surface returns to a neutral state until another hole migrates to the surface 
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Figure 2.1 Schematic of the steps involved in the anodic dissolution of silicon 
 

The chemical reactions are given by[27]: 

Surface reaction 1:  Si(surface) + 2HF + 2h+  SiF2(surface) + 2H+ + 4e- 

Surface reaction 2: SiF2(surface) + 4HF  H2SiF6(solution) + H2 

Partial reactions:  SiF2 + 2F-  SiF4- + e- and 2H+ + 2e-  H2 

 

Other methods exist that do not require the use of anodization equipment, these 

forms of electroless electrochemical etching  include metal assisted[28], chemical 

vapor etching, and  stain etching[29]. A comprehensive review of Si porosification 

has been given by Korotcenkov et al.[21]. Stain etching, also known as chemical 

etching, is a facile method of producing nanometer scale features on silicon 

surfaces[30]. Fathauer et al. were the first to demonstrate  a non-anodic chemical 

etching method for producing photoluminescent Si layers in which the porosity is 

created by etching single crystal Si in aqueous solutions of HF and HNO3[31].  In 
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stain etching process, the holes required to dissolve the Si substrate are provided by 

an oxidant.  The chemical reaction proceeds in three steps: 

Initiation: Si + Ox+  Si+ + Ox 

Etching: Si+ + 3HF  HSiF3 + 2H+ + e-  

Products: HSiF3 + 3HF  H2SiF6 + H2 

 

The main requirement in selecting an oxidant to etch silicon is their standard 

electrode potential (Eo). This parameter must be greater than the +0.7 V required to 

inject holes into the valence band of Si[32].  In addition to HNO3, several other 

oxidants have been shown to be effective in etching Si. These include Fe(III) 

Eo=+0.77 V, Ce(IV) Eo=+1.4 V, and V(V) Eo=+1.0 V[30]. 

Pore formation in either the anodic or stain etching process may only occur if the 

holes are preferentially directed to the bottom of the pores. In anodic etching there 

are two different effects which can cause this to occur (Figure 2.2A).  One, an 

inhomogeneous electric field can guide the carriers into the bottom of the pore. 

Two, when the pore wall becomes narrower than the exciton radius, quantum 

confinement effects shift the band gap. The band bending at the interface between 

the bulk and the pore direct the carriers to the bottom of the pore.   

In the stain etching method, hole creation is controlled by the diffusion of oxidant 

ions to the surface of the silicon (Figure 2.2B).  While the surface Si is being 

dissolved, holes get injected into the bulk at a greater rate than into the top or wall 
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of the pore. The thickness of the porous layer produced is self-limited by the 

diffusion of the oxidant through the structure[30].  

 
Figure 2.2 A) In anodic etching holes are created in the bulk and transported under 
an electric field to the reactive interface. B) In stain etching holes are created when 
an oxidant becomes reduced upon gaining an electron from the Si surface (adapted 
from ref[30]) 
 

2.3.2 Nanocrystalline Si 

The two main approaches to the synthesis of nc-Si are chemical and mechanical. In 

general, chemical synthesis methods involve the reduction of a Si containing 

precursor. Several examples exist for this method, such as thermal reduction of a 

sol-gel glass[12], laser induced pyrolysis of silane[33], melt synthesis[34], reduction 

of Si containing (zintl) salts[35], and tetrachlorosilane[36]. The advantages to 

chemical synthesis are greater control of size, morphology, and the ability to easily 
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form different surface terminations.  However, the drawbacks are low yields as well 

as having to work at high temperatures and or pressures.  

Mechanical methods involve physically extracting the nc-Si from a substrate. Several 

examples are found in the literature, these include laser ablation[37], ball milling Si, 

as well as sonication to remove the nanocrystals that compose anodized[38], [39] 

and metal assisted p-Si films[40].  Although the methods listed are simple to carry 

out, they lack control of particle size and typically have low yields as well. 

2.3.3 Amorphous Si   

The most common methods of producing amorphous Silicon (a-Si) are through a 

deposition process, such as reactive sputtering, glow discharge decomposition, and 

plasma enhanced chemical vapor deposition (PECVD).  In reactive sputtering a 

silicon target is sputtered by an inert gas, typically Ar, in the presence of a small 

partial pressure of H2. In glow discharge decomposition a gas containing Si (e.g. 

SiH4, Si2H6, or SiF4) disassociates in an electric discharge and deposits on a 

substrate.  In PECVD, silane gas is disassociated by radio frequency plasmas and the 

deposited onto a heated substrate. In all technique the films contain 5-25 atomic%  

hydrogen, with most of its properties sensitive to the concentration of hydrogen and 

to the parameters of the deposition[41].  

Nanoparticles of a-Si have been produced via the reduction of Si in SiN films by 

PECVD[42] and through the reduction of silane in a non-thermal low pressure 

plasma reactor[43].  
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Photoluminescent thin films, 80 to 400nm thick, of amorphous porous silicon have 

been produced by Solomon et al.[44] and Estes et al.[45].  Their synthesis method 

consisted of depositing a-Si onto a substrate such as (111) Si, indium tin oxide, or 

stainless steel followed by an anodization etches in an HF containing electrolyte.  An 

alternative method employed by Ovsyuk et al. created ap-Si films through 

irradiation of p-Si by 10B+ ions[46]. 

2.4 Origin of Photoluminescence 

2.4.1 Mechanisms for Light Emission 

Although this topic has been researched for more than two decades, the origin of 

visible room temperature emission of light from nanostructured Si is still a 

controversial topic.  Photoluminescence in porous Si was originally attributed to 

quantum confinement effects from nanocrystalline Si domains[20].  Later, additional 

theories emerged to try and explain the phenomenon.  The major alternative 

theories are claim that the luminescent properties are a result of amorphous Si 

layers, surface species, or surface molecules.  In this section we will briefly discuss 

each of these models. 

2.4.1.1 Quantum Confinement 

The electronic properties of semiconductor materials change drastically when their 

dimensions become spatially confined.   When quantum confinement effects occur, 

the band gap of a semiconductor increases with a decrease in size.  Fluorescent 

emission in these systems is defined by the radiative recombination of excitons 

through the band gap.  Consequently, a decrease in the size of a nanocrystal will 
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result in a blue shift in the emission. Several groups have presented evidence of size 

tunable emission in nc-Si[24], [47–50]. However, it has also been shown that other 

properties also contribute to its optical properties of nano-structured Si in addition 

to quantum confinement[51]. Assigning the emission process exclusively to 

quantum confinement effects may not accurately represent the emission process.  

2.4.1.2 Surface Species and Molecules 

When the volume of a structure is reduced its surface to volume ratio increases. As a 

result, surface properties provide a greater contribution to the optical properties of 

a material. In p-Si and nc-Si, structures are on the order of nanometers giving them 

high surface areas with various chemical ligands such as silicon hydrides, oxidized 

hydrides, oxides, and others which attach to the unsatisfied chemical valences on 

the Si surface. Adjustments to the surface cause bond angle and bond length 

variations among the Si atoms. The result is a spectrum of electronic states in which 

the elementary excitations are localized on a length scale similar to hydrogenated a-

Si.  Localized changes of the wave function would provide a number of trapped 

states which carriers can then radiatively recombine by a tunneling mechanism. 

Recombination between the disordered-induced localized states may  account for 

the fluorescent emission[52].  

The recombination mechanism in oxidized nanocrystallites in nc-Si and p-Si is 

different from that found in ones passivated by hydrogen. It has been claimed to be 

responsible for both blue shifts[53]  and red shifts[54] in fluorescent emission.  
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Hydroxyl groups adsorbed on oxidized Si in p-Si have also been claimed to be 

responsible for the observed green/blue  emission[55]. 

It has been demonstrated that the emission in nc-Si is sensitive to its interfacial 

states[56], [57]. A three region model for p-Si has been proposed in which 

interfacial region plays an important role in the emission process[58].  The three 

regions are composed of a crystalline core, an outer oxide layer, and an interfacial 

layer between the first two.  The a-SiO2 surface regions form a high potential barrier 

which confines excitons within it.  Photogenerated excitons are created in the c-Si 

core.   Radiative recombination occurs when the photogenerated excitons from the 

core region become localized to the interfacial layer between the core and the oxide 

layers. 

Siloxene (Si6O3H6) is a molecule that has been proposed as the emitting material in 

p-Si[59].  It is composed of a mixture of six member rings of Si interconnected by 

oxygen and saturated by H and OH.  FT-IR and Raman analysis of this molecule 

showed quite similar vibrational properties to p-Si. Photoluminescent properties 

were also comparable[60].  It is believed that this molecule may be present on the 

surface of p-Si as a result of anodized or chemical etching[61]. 

2.4.2 Emission in Amorphous Si 

Before discussing the emission mechanisms in amorphous Si, it is a good idea to 

review some electronic properties of a-Si.  In crystalline semiconductors, an 

electron’s wavefunction can be described as a Bloch wave, due to the periodicity of 

the electron’s potential energy within the crystal.  This wavefunction forms 
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extended states which are present throughout the crystal.  As a result, the electron is 

a part of the whole crystal; it has equal probability of being found in any unit cell. 

The wavevector (k) behaves as a quantum number.  Interactions between an 

electron and external forces, photon, or phonons can be described by a momentum 

(ℏk).  In the case of a-Si, due to the lack of long range order, the Bloch wavefunction 

cannot be used to describe the electron.  As a result we cannot use the wavevector 

(k) or the momentum (ℏk) to describe the electron’s motion[62].  Nevertheless, a-Si 

does have short range order and thus possess an energy gap between its valance 

and conduction band.   

Figure 2.3 compares the differences in localizes and extended states found in a-Si.  

The potential energy of the electrons in amorphous semiconductors varies 

significantly from one site to another.  Some locations within the structure can have 

strong local changes in its potential energy, caused by defects such as variations in 

bond lengths or over/under coordinated atoms. Such locations in the material can 

form finite potential wells. These locations trap electrons to a particular spatial 

location by giving them localized wavefunction, known as localized states 

(Figure 2.3C).  Electrons in amorphous silicon also have electrons that belong to the 

whole solid; these electrons possess extended wavefunctions and are known as 

extended states.  These extended states differ from those found in the crystalline 

phase due to their random potential fluctuations.  The extended and localized states 

are separated by the both the conduction band (Ec) and the valance band (Ev) 

(Figure 2.3A).  States that exist within the mobility gap are a result of either tail 
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states or defects (Figure 2.3B). Tail states are due to the structural disorder, 

variations in bond angles and lengths. Defects states exist as a result of structural 

defects, which could be dangling bonds, dopants, or under/over coordinated atoms 

in the structure[62].  

 
Figure 2.3 Schematic representation of the A) band structure B) density of states 
Z(E) C) wavefunctions of the extended and localized states in a-Si. (adapted from ref. 
[62]) 
 

Fluorescent emission in a-Si has been known for quite some time. At low 

temperatures intrinsic bulk amorphous silicon is highly luminescent with quantum 

efficiency in the order of 10%.  At temperatures less than  80 K, light emission from 

a-Si have been reported by various groups, with energies ranging from 0.7 up to 1.5 

eV[41]. According to the commonly cited model of recombination in hydrogenated 

a-Si proposed by Street[41], defects provide dominant recombination centers when 

the temperature is higher than 100K. At low temperatures, photogenerated carriers 

thermalize in the tail states and become trapped. These excitons can then recombine 

either radiatively if sufficiently distant from a defect center, or non-radiatively if 

captured by a defect.     
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Amorphous regions have also been observed in luminescent chemically etched p-

Si[63] and have been claimed to be the source of light emission.  Due to the presence 

of these complex electronic structures, providing an exact model of light emission in 

ap-Si is quite challenging. Nanostructured amorphous porous Si films synthesized 

and studied by Bustarret et al.[64], Wehrspohn et al.[65],  and Estes et al.[66] help 

give some insight into the emission process in this class of materials.   

When excitons are created in a-Si, they thermalize to the band tails and become 

trapped in localized states.  These electron-hole pairs can now either radiatively or 

non-radiatively recombine.  The probability of radiative recombination is 

determined by its distance from a defect.  A non-radiative capture radius Rc can be 

defined around a defect and is given by equation 1. 

   
  

 
          (1) 

Here R0 is the localization radius, τ0 is the radiative lifetime, and ω0 is the attempt to 

escape frequency (~1012 Hz). Rc is typically in the range of 10 to 12 nm with a R0 of 

about 10Å.  This means that if an exciton is created outside this capture region given 

by a sphere of volume, Vc = 4πRc3/3, radiative recombination can occur. Figure 2.4A 

illustrates the role of non-radiative capture regions in a-Si.  A majority of the space 

is occupied by these regions, leading to negligible emission at room temperatures.   

However, when bulk a-Si is etched into nanoporous structures with characteristics 

sizes smaller then Rc, the probability of encountering a non-radiative center is no 

longer given by Vc, but by the intersection of Vc with the nanostructure.  As shown in 
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Figure 2.4B, the non-radiative capture regions become truncated or removed from 

the etched material, resulting in an increase in quantum efficiency. This method of 

emission in ap-Si is known as the spatial confinement model[67].   

 
Figure 2.4 Schematic of spatial confinement in ap-Si A) bulk a-Si and B) ap-Si, black 
dots represent non-radiative centers dark grey circles represent non-radiative 
capture regions, yellow regions are radiative, and white areas are void of material 
(adapted from ref.[68]) 

2.5 Summary 

Nanostructured Si is an interesting material for both the viewpoints of fundamental 

physics and device applications. There exist numerous methods to create 

nanostructured Si. The most well studied being nc-Si and p-Si.  Although much is 

known about this material, the precise origin of light emission is still a topic of 

debate in the literature.  Several models have been proposed to describe the 

mechanism, but none have been accepted as the definitive model.  Differences in 

synthesis techniques, characterization methods, and results lead to a confusing 
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array of contradictory conclusions.  Nevertheless, the importance of studying Si in 

these forms is crucial for applying this material in the next generation of devices and 

products. 

In the next chapter we will discuss the materials and methods used during the 

course of our research. 

  



18 
 

3 EXPERIMENTAL METHODS 

3.1 Introduction 

The primary goal of this research was to develop a method for creating colloidal 

suspensions of nanostructured Si and characterize both their physical and optical 

properties. The experimental methods were designed to determine the most 

effective etchant formulation and processing procedure for the synthesis of this 

material. Etchant formulations were selected based on a review of existing literature 

related to the porosification of Si substrates via electroless electrochemical etching.  

The most common materials used for this research are listed in Table 3.1.  Solvents 

such as ethanol, isopropanol, and toluene were degassed prior to use. This was 

accomplished by placing them in a vacuum desiccator and stirring the solution with 

a stir bar and magnetic stirring plate.  Porous Si films were characterized through 

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM). 

After removing these films via sonication, the resultant suspensions were studied 

using several types of characterization methods. The materials and characterization 

methods used during this research will be discussed in this chapter.  
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Table 3.1 Materials used in the synthesis of nanostructured Si 
Material Manufacture Description 

Silicon, Si Addison Electronics (100),  p-type, B-doped, 1-10 Ωcm 
Hydrogen Fluoride, HF Fluka 49 vol% Trace select ultra 
Nitric Acid, HNO3 Fluka 70 vol% for trace analysis 
Hydrochloric Acid, HCl  Fischer Scientific 35 vol%  
Iron(III) Chloride, FeCl3 Fischer Scientific FeCl3 6H2O hexahydrate  
Ethanol, C2H6O Sigma Aldrich ACS reagent grade 99.5% 
Isopropanol, C3H8O Fluka Chromosolve grade 99.8% 
Toluene, C7H8 Fischer Scientific ACS 99.5% 
Distilled Water, H2O Millipore Milli-q ρ -18.2 Ωcm  

 

3.2 Synthesis of Stain Etched Nanocrystalline Si 

 
Figure 3.1 Outline of the synthesis process for producing nc-Si suspensions 
 

Nanocrystalline Si (nc-Si) was synthesized from p-type (100) boron doped Si wafers. 

Figure 3.1 summarizes the process for producing nc-Si suspensions. Since the 

oxidant in this process, NO+,   has a standard electrode potential of + 1.45 V[69], it 

meets the conditions for electroless etching Si, Eo > 0.7 V. The synthesis method 

involves two basic steps. The first is to create a nanoporous crystalline layer which 

is then removed through a sonication step dispersing the nanocrystals into a 

solvent.  Si wafers were cut into 2.5x4.5 cm strips and submerged in a dilute HF 

solution (50:1 by volume HF:H2O) to remove the native oxide layer prior to 

Etch Si substrate 
with solution 

containing 
HF:HNO3:H2O for 3 

to 6 minutes 

Sonicate etched Si 
in a solvent for 20 

to 60 minutes 

Remove sonicated 
Si substrated and 
further process 
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submergence into the etchant.  The etching solution was composed of HF: 

HNO3:H2O mixed in a 4:2:5 volume ratio.  The etching of Si in this mixture is 

autocatalyzed by HNO2 which requires a quiescent period of several minutes before 

significant etching arises.  In order to reduce this induction time, the Si strips were 

briefly dipped into a solution containing only the HF and HNO3 prior to it being 

diluted with the deionized water[31].  Si strips were then submerged into this 

solution for 3 to 6 minutes. In a typical reaction 8 Si strips were submerged in 60ml 

of etching solution, using two 30 ml Teflon beakers. It was found that longer 

reaction times created violent reactions which emit brown gases of what could be 

NOx as well as cause the solution to heat and effervesce.    

After reacting the Si strips were rinsed with ethanol, isopropanol, or methanol and 

dried under a N2 stream, before being placed into a sealable vessel containing the 

desired solvent.  Stain etched Si exhibited a browning blue coloration on the surface.  

The solvent containing the Si strips was then sonicated using an ultrasonic bath 

(VWR) for between 20 to 60 minutes.  Sonicating p-Si films produces cavitations on 

the surface which upon collapsing can create shock waves. This action provides the 

necessary energy to remove the particles from the surface[39].  After sonication, 

strips were removed from the solvent and either stored or re-etched and sonicated 

to further increase the concentration of nc-Si in the solvent.  A schematic of the 

process is displayed in Figure 3.2. The remaining solution now contained both nc-Si 

as well as larger aggregates porous Si. Two methods were employed in order to 

separate these two components.     The solutions were either centrifuged at 10,000 
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rpm for 10 min or strained through either a 200 nm or 400 nm PTFE filter 

membrane.   

 
Figure 3.2 Schematic representation of the synthesis procedure A) etching Si in 
etching bath B) sonicating etched Si to remove porous layer 
 

Since this etching method could be performed on arbitrarily shaped object, attempts 

were made to employ this method to create nc-Si using powdered Si.  Small Si 

particles have a greater surface to volume ratio and therefore should yield higher 

concentrations of nc-Si.  Si powders were prepared by ball milling Si wafers.  These 

powders were then reacted with the etching solution, and removed from the etchant 

through filtration, prior to rinsing and sonication.  Although there was some success 

with this method, the difficulty in handling the powders forced us to abandon this 

approach.   
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3.3 Synthesis of Stain Etched Amorphous Porous Si 

 
Figure 3.3 Outline of the synthesis process for producing ap-Si suspensions 
 

As seen in Figure 3.3, the synthesis of amorphous porous silicon (ap-Si) was very 

similar to that of nc-Si, the main difference being the choice of etching solution and 

the etching time.  As discussed in the chapter 2, various oxidizing agents can be 

employed to create porous Si layers on Si substrates.  One such oxidant is iron (III) 

chloride, FeCl3.  For our work, We selected an etchant composition similar to one 

reported by Dudley et al[70]. It was a mixture of 0.48M of FeCl36H2O combined 

with a 7:3 volume ratio HF:HCl solution.   A typical synthesis involved mixing 7.8g of 

FeCl36H2O into a solution containing 43ml of HF and 18ml of HCl.   Below are the 

chemical reactions for this process: 

Cathode: Fe3+  Fe2+ + h+ 

Anode: Si + 6HF + h+  H2SiF6 + 4H+ + 3e- 

Overall: Si + Fe3+ + 6HF  H2 SiF6 + Fe2+ + 4H+ + 3e- 

The role of the HCl is to acidify the iron (III) chloride in solution in order for it to 

maintain its solubility.  It was also shown to decrease the induction time for the 
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etching reaction[71].  The oxidant, Fe3+, has a standard oxidation potential is +0.77 

V, meets the requirement for stain etching Si (Eo > 0.7 V). 

In this reaction 8 Si strips were submerged in 60ml of etching solution, using two 30 

ml Teflon beakers.  After the Si strips were placed into the etching solution, it took 

approximately one minute for the reaction to begin.  Certain regions of the Si surface 

began to turn purple, but as the reaction proceeded the surface turned brownish 

black.  The reaction was allowed to continue for 15 to 20 hours before the Si strips 

were removed.  At the end of the reaction a white precipitate with yellow or green 

hues formed on the edges of the Si strips as well as the bottom of the beaker.  This 

precipitate may be hexafluorosilicic acid, H2SiF6, which precipitate out of solution 

due to over saturation.  

The Si strips were cleaned by first dipping it in a solution of deionized water and 

then rinsing in ethanol.  They were then dried under a nitrogen stream until any 

remaining ethanol was removed.  During this drying procedure the surface of the Si 

strips exhibited a matte brownish yellow appearance, which was easily removed 

through gentle mechanical abrasion.  These etched and dried substrates were then 

placed into a solvent such as ethanol or toluene and sonicated in a closed container 

placed in a sonicating bath for 30 minutes.  Again, sonicating these ap-Si films 

produces cavitations which upon collapsing create shock waves on the surface. This 

action provides the necessary energy to remove the particles from the surface[39].  

The Si strips were then removed from the sonicated solution. This sonication step 

removed the yellow surface and exposed a matte black inner layer of the Si 
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substrate.  The solution which now contained the yellow top layer was further 

sonicated to reduce the size of the ap-Si particles. We processed the solution using 

an ultrasonicating horn, Q500 (Q Sonica), set at 40% amplitude with a tapered tip 

for an additional 30 minutes.  This step created a finer particle size which allowed it 

to stay in suspension for a longer period of time. 

3.4 Characterization 

3.4.1 Introduction 

In these sections we briefly review the fundamental principles of the various 

characterization techniques employed in this research. We also explain how 

samples were prepared for each technique. 

3.4.2 Morphology 

3.4.2.1 Scanning Electron Microscopy 

A Nova NanoSEM 50 scanning electron microscope (FEI) was used to study the 

morphology of stain etched Si surfaces as well as ap-Si particles. SEM is a widely 

used imaging technique that involves the use of a beam of high energy electrons to 

scan the surface of a given sample.  The interaction between the sample and the 

impinging electron beam provides insight into the morphology, topography, and 

composition.  The major signals generated in an SEM include secondary electrons, 

back-scattered electrons, and characteristic X-rays. Secondary and back scattered 

electrons are the primary signals used to image a specimen. With a resolution of 

1.8nm and a depth of field of 4µm, it is one of the best means of understanding 
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materials at the micron and nanometer scales[72]. For our measurements the beam 

voltage was set to 2 keV. 

Samples were prepared depending on their composition.  Etched Si substrates were 

cleaved into approximately 1x2cm pieces using a diamond tipped scribe, after which 

they were attached to an aluminum specimen mounts using either carbon, copper, 

or aluminum tape.  Powder samples were scattered on copper tape or directly on to 

an aluminum specimen mount. 

3.4.2.2 BET Porosimetry 

BET porosimetry was used to measure surface area and pore size distributions of 

ap-Si samples.  We conducted our measurements on an ASAP 2420 surface area and 

porosimetry system (Micrometrics).  This method involves the physical adsorption 

of gas molecules, adsorbate, on the surface of sample, adsorbent. This adsorption 

process is usually described through isotherms, which refer to the amount of an 

adsorbate present on an adsorbent as a function of its pressure at a constant 

temperature.  

Brunauer-Emmett-Teller (BET) theory was used to determine the surface area and 

pore size distribution of our material.  BET theory is used to describe multilayer 

molecular adsorption and is an extension to the Langmuir theory for monolayer 

adsorption. The total and specific surface areas can be calculated using equation 2 

and 3 respectively. Here vm is the monolayer of adsorbed gas, N is Avogadro’s 

number, s is the adsorption cross section of adsorbing material, V is the molar 

volume of the adsorbate gas, and a is the mass of adsorbent[73].      
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(3) 

Samples were prepared by completely evaporating the solvent under vacuum and 

degassing through heating the sample to 200°C in a N2 environment. Physical 

adsorption tests were carried out at -195.8°C using N2 as the analysis adsorptive.   

3.4.2.3 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) was briefly used to measure the dimensions of ap-

Si particles.  We used a 5400 Scan Probe Microscope (Agilent Technologies) under 

contact mode for our studies; the tip used was a NT-MDT CSG01 with a 10 nm tip 

radius.  The AFM uses a cantilever with a sharp tipped end to scan the surface of a 

specimen.  When the tip is brought on to the surface, the forces between the tip and 

the sample lead to the deflection of the cantilever.  Various forces can be measured 

by these deflections, such as van der Waals forces, chemical bonding, and 

electrostatic forces.  Deflections of the cantilever are measured through the 

displacement of a laser spot reflecting from the top surface of the cantilever onto a 

photodiode array[72].  Using this method we were able to image and measure 

topographical features of ap-Si particles. 

Samples were prepared by depositing suspensions of ap-Si onto a (100) silicon 

substrate and drying off the solvent under vacuum.   
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3.4.3 Structural 

3.4.3.1 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is one of the most versatile tools available 

to characterized nano-scaled materials.  Its versatility lies in the fact that it can be 

used to study various aspects of a material at nanometer dimensions.  TEM operates 

by using the wave properties of electrons as it passes through an ultra-thin section 

of a material.  Sample thicknesses can range from a few nanometers up to 

approximately 500 nm, depending on the elemental composition of the material as 

well as the energy of the incoming electron beam.  The electrons are first generated 

using a field emission gun, they then pass through a series of apertures and 

condenser lenses which create a coherent beam which interact with a material in 

several ways.  In our work we used the TEM to conduct high resolution TEM 

(HRTEM), Scanning TEM (STEM), energy dispersive spectroscopy (EDS), and 

selected area electron diffraction (SAED).   In STEM a highly focused narrow spot 

electron beam rasterizes over a sample.  This method was used to obtain high Z 

contrast images.  EDS uses secondary electrons to determine the elemental 

composition of the sample material. It was used to determine elements present on 

the nanostructured Si.   SAED provides a diffraction pattern of the material being 

sampled[72].   

Samples were prepared by depositing 1-3 µl of a sample solution onto a carbon 

coated Cu 300 mesh TEM grid.  The solutions were then allowed to dry in air or 

blotted using filter paper. The blotting process is intended to rapidly remove the 
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solvent from the grid, but it was observed that the deposited sample also was 

removed with this process.  The grids were then either placed into the TEM or 

further treated with plasma consisting of 25% O2/75% Ar in order to remove any 

residual solvent molecules remaining on the surface.   It was found that plasma 

treatments reduced the amount of surface contamination during high resolution 

imaging and STEM imaging.  The carbon coatings on the grids were either ultrathin 

or holey carbon film.  Graphene coated Cu 1000 mesh were also used to examine Si 

nanostructures.  These grids did not show any improvement in image quality, and 

exhibited diffraction spots in SEAD. 

3.4.3.2 Raman Spectroscopy  

We used Raman spectroscopy to help determine the phase of ap-Si.  In our 

experiments we used a LabRam ARAMIS Raman spectrometer (Horiba) equipped 

with a 473 nm 6 mW cobalt laser.    Raman spectroscopy is used to study low-

frequency modes in a material, through the inelastic scattering of monochromatic 

(laser) light.  Phonons become excited by the incoming laser photons and shift its 

energy either up or down. This shift in energy gives us information about the 

vibrational modes of a material[74].   

Samples were prepared by evaporating the solvent from the ap-Si suspension and 

depositing the dried powders on a glass slide.  It was found that the sample was 

sensitive to the laser intensity. This could be seen through an optical microscope as 

a discoloration as well as changes in the Raman spectrum with longer exposure 

times.  Laser intensity was controlled through apertures and filters, while exposure 
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times were minimized as to not damage the samples during measurements. For 

most experiments we used a D1 filter (0.6 mW laser intensity), a 100 µm aperture, 

and an exposure time of 30 seconds. 

3.4.4 Chemical Composition 

3.4.4.1 X-ray Photoelectron Spectroscopy 

An Axis Ultra DLD X-ray photoelectron spectrometer (Kratos Analytical) was used to 

study the composition and phase of ap-Si powders.  X-ray photoelectron 

spectrometry (XPS) is an ideal tool for studying the elemental composition as well 

as chemical and electronic states of the elements found on the top most (1-10 nm) 

surface of a material.  It has the ability to detect all elements with an atomic number 

of 3 (Li) and above.  This technique measures the binding energies of electrons in a 

given material.  X-ray photons of a particular wavelength/energy strike the surface 

of a material and interact with the atoms at or near the surface causing it to eject 

electrons.  Since the X-ray energy is known, the electron binding energy, Ebinding, of 

every emitting electron can be calculated using equation 4. 

                              (4) 

Where Ephoton is the energy of the incoming X-ray, Ekinetic is the kinetic energy of the 

electron and Φ is the work function of the spectrometer. Each element has its own 

characteristic energy peaks[72].  

XPS samples were prepared by evaporating the solvent from ap-Si suspensions 

under vacuum and then depositing the dried powder onto a 1x2 cm strip gold 
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coated glass substrate.  We used a monochromatic Al Kα X-ray source operating at 

150 W, a multi-channel plate and delay line detector under 1.0 x10-9 Torr vacuum.. 

All spectra were recorded using an aperture slot of 300 μm x 700 μm, survey and 

high-resolution spectra were collected at fixed analyzer pass energies of 160 and 20 

eV, respectively. Binding energies were referenced to the C 1s binding energy of the 

carbon contamination which was taken to be 284.8 eV.  

3.4.4.2 Fourier Transformed Infrared Spectroscopy 

For our Fourier transformed infrared spectrometry (FT-IR) measurements we used 

a Nicolet iS10 (Thermo Scientific) FT-IR spectrometer.  FT-IR is a powerful yet 

simple tool to use for studying chemical bonding in a material.  It is a type of 

absorption spectroscopy similar to Raman spectroscopy.  In this technique infrared 

(IR) light passes through a beam splitter which splits the incoming light into two 

beams that then recombine out of phase producing an interferogram. This 

interferogram signal contains all the information for every infrared signal emitted 

from the source.  This signal passes through the sample and in the process certain 

frequencies get absorbed by the material. The interferogram signal leaving the 

sample now contains information regarding the IR absorbance of the sample. [75]. 

Computer processing is required to convert this signal, collected by photodetector, 

into readable results through the use of a Fourier transform.  The infrared spectra 

that are produced are a result of the absorption of electromagnetic radiation at 

frequencies corresponding to the vibration of specific types of chemical bonds found 
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on or within a material.  More information regarding this technique and its 

application for studying Si bonding vibrations can be found in appendix 8.1. 

Several methods were employed in preparing samples for FT-IR. Initially we tried to 

study samples dispersed in solvents using a liquid sample holder.  However, this 

method did not yield expectable results since the signals generated by the solvent 

itself masked any signal from our samples.  We next tried to use the method most 

cited in the literature, which consists of drop casting the liquid sample (0.1 ml) onto 

a KBr pellet and taking measurements after evaporating the solvent.  This method 

showed better results than the first, but the signals measured were still weak, and 

contained a lot of background noise.  The final preparation method we employed 

consisted of drying 1 to 2 ml of a sample in a micro centrifuge tube containing 0.1g 

of either KBr or NaCl powder under vacuum or using a rotary evaporator 

(Labconco).  The powder loaded with the samples was then processed into pellets 

used for measurements. The last method yielded the best and most consistent 

results.   

3.4.5 Optical 

3.4.5.1 Fluorescence Spectroscopy 

For our photoluminescent emission (PL) and excitation (PLE) experiments, we used 

a Fluoromax-4 spectrofluorometer (Horiba).  Fluorescent materials can be studied 

using this method due to the fact that they contain discrete electronic states which 

an electron can occupy.  When an electron is excited from a ground state to an 

excited state through the absorption of a photon, it can then radiatively relax back to 
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its initial state through the emission of a photon[76].  Typically, excitation 

wavelengths are in the ultra violet 330 to 380 nm, while emission ranged through 

the visible wavelengths. PL is measured using a fixed excitation wavelength and 

scanning a range of emission wavelengths.  PLE is measured by fixing an emission 

wavelength and scanning a range of excitation wavelengths.  3D contour maps can 

also be created in which both excitation and emission are measured with respect to 

intensity.  Excitation and emission intensity were controlled through the use of 

adjustable slits. These slits were typically kept at 5nm, but were reduced if there 

was any saturation in intensity.  Second order emission from the excitation 

wavelengths were filtered by using either a 375 nm or 399 nm high pass filter.  

Temperature effects were measured using a temperature controller and a Peltier 

sample holder module.   

PL lifetime measurements were conducted using a F900 spectrometer (Edinburgh 

Instruments).  We measured the lifetimes of our samples through a time correlated 

single photon counting (TCSPC) method.  Samples were excited at their peak 

emission wavelengths using a nanosecond Xe flash lamp. Intrinsic lifetime 

parameters are determined through a numerical analysis procedure. The decay 

process is typically modeled as an exponential decay, given by eqn. 5  

       ∑    
 

 

   
      (5) 

Where A is an additional background (i.e. the excitation source), Bi is a pre-

exponential factor, t is time, and τ is the radiative lifetime.  Radiative lifetime 
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expresses the time it takes to decay from the beginning of the decay to a level of 

about 37% of the original value. Typically lifetime measurements can be fitted to 

three exponential terms. The average lifetime of the entire decay process is given by 

eqn. 6 

     
    

      
      

  

               
   (6) 

Sample preparation involved transferring a sample solution into either a standard 3 

ml quartz cuvette or a 0.5ml quartz micro cuvette.  Samples for temperature 

dependence measurements were kept stirred using a small magnetic stir bar which 

was placed in a 3ml cuvette.   

3.4.5.2  Absorbance Spectroscopy 

Absorbance measurements were carried out using a Genysis 10S UV-Vis 

Spectrometer (Thermo Scientific). Information regarding materials electronic 

transitions, its band gap, or its excitonic absorbance peak can be determined using 

this method. This technique involves measuring the absorbance of radiation as a 

function of wavelength.  A range of monochromatic light is directed at a sample and 

a photodetector is placed across from the source and sample, in order to measure 

which wavelengths transmit through.  Absorbance values are calculated using 

equation 6, where A is absorbance, P0 is the intensity of the monochromatic light, 

and P is the intensity of transmitted light. [76] 

       
  

 
   (6) 
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Absorbance spectrums were measured from deep UV (200nm) through the visible 

(800nm).   

Samples were prepared by placing 3ml of sample solution into a quartz cuvette. 

Absorbance measurements for ap-Si suspensions were conducted on centrifuged 

samples.  Non-centrifuged samples contained large ap-Si particles which scattered 

too much light for proper measurements.  Samples were centrifuged at 500 rpm for 

3 minutes in order to separate the larger aggregates. 

3.4.6  Yield 

Measurements of synthesis yields were conducted through gravimetric analysis. 1 

ml of ap-Si solution was transferred into a 1.5 ml micro centrifuge tube and allowed 

to dry under vacuum or with the assistance of a centrivap rotary evaporator 

(Labconco).  The weight of the micro centrifuge tube was measured using an XP205 

weighing balance (Mettler Toledo) before and after the sample was added/dried, for 

which a difference was assumed to be from the synthesized materials. 

 

3.5 Summary 

The synthesis of nanostructured Si through chemical etching is a fairly 

straightforward procedure.  However, developing the proper sample preparation 

protocols for characterizing the resulting products proved to be more difficult.  For 

nc-Si, characterization methods such as Raman spectroscopy, XPS, and AFM were 

unavailable due to the low yields.  For ap-Si, the characterization procedures were 

fairly simple and yielded results quickly.  Since Si oxidizes in air, steps were taken to 
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reduce its exposure. Solvents were degassed and samples were stored in a nitrogen 

environment.  Even with these precautions chemical analysis results may deviate 

from ideal conditions due to exposure to ambient air during preparation and 

handling.  

The subsequent two chapters will present the results the results of our experiments 

with the two different etching methods as well as discuss their significance. 
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4 RESULTS AND DISCUSSION: Stain Etching with HNO3 (nc-Si) 

4.1 Introduction 

In this chapter we will report and discuss the results of our work on synthesizing 

nc-Si particles using a stain etching process.  Although the synthesis procedure for 

this material was fairly simple, analysis proved to be more complicated.  We were 

limited in the range of characterization techniques available to us due to low yields.  

Nevertheless, the observations carried out on this material produced interesting 

results. In the following sections we will discuss our analysis of the material’s 

structure through TEM, optical properties through fluorescence spectroscopy and 

UV-Vis absorbance, as well as chemical composition through IR absorbance and 

EDS. 

4.2 Stain Etched p-Si Films 

Following the procedure outlined in chapter 4, we synthesized fluorescent p-Si films 

on crystalline Si substrates using HF and HNO3.  The etched substrates were 

blue/purple under ambient light, and as indicated in Figure 4.1, PL emission 

measurements of these films exhibit peak intensity at 622 nm. This value is similar 

to what is typically reported for this etching technique[77].  
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Figure 4.1 PL emission of p-Si surface 
 
SEM imaging was conducted on these films and is displayed in Figure 4.2A; it shows 

that the surface of the p-Si is composed of a nanoporous structure with varying pore 

sizes and shapes. Figure 4.2B presents the TEM cross section of a portion of this 

film. It shows that the porous structure is composed of nanocrystallites of Si with 

lattice spacings of 3.1 Å, 1.9 Å, and 1.6 Å corresponding to the (111), (220), and 

(311) lattice planes of diamond cubic Si.  These nanocrystallites were found to be 

surrounded by an amorphous phase.  This amorphous phase was composed of 

amorphous Si and amorphous SiO2.  The SiO2 is mainly due to oxidation during 

sample preparation, whereas the amorphous Si phase is believed to be a result of 

the etching process[31], [78].     
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Figure 4.2 A) SEM micrograph of the surface of an etched Si substrate, B) HRTEM 
image of the etched Si surface (crystal domains are circled red to help guide the eye) 
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4.3 nc-Si from p-Si Films 

nc-Si were extracted from stain etched p-Si films via sonication.   STEM, 

Figure 4.3A, and HRTEM, Figure 4.3B, images show that nanocrystals can indeed 

be created through this synthesis approach.  

 

Figure 4.3 A) STEM image of nc-Si particles (inset: one nanocrystal with atomic 
resolution), B) HRTEM image of nc-Si particles (inset: one nanocrystal with visible 
lattice fringes) 
 

Figure 4.4A presents the particle size distribution analysis that was carried out on 

these samples.  With a count of 361 particles, it was determined that the average 

diameter was about 3.5 nm with a standard deviation of 0.79 nm.  An EDS spectrum 

taken of these particles indicates that they are composed mainly of Si and O. In the 

EDS spectrum, signals from Cu and C are believed to be a result of using a TEM grid 

made of holey carbon film deposited on a Cu, shown in Figure 4.4B. 
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Figure 4.4 A) size distribution of nc-Si from TEM analysis, B) EDS spectrum of nc-Si 
 

Fast Fourier Transforms (FFTs) of TEM images were taken in order to determine 

the lattice spacing of the nanocrystals.    

Figure 4.5 presents FFTs of selected areas in a TEM image of nc-Si.  1.8 Å and 2.1 Å 

were the most common lattice spacings measured using this method.  Typical lattice 

spacings found in nc-Si are 3.1 Å corresponding to the (111) plane in diamond cubic 

Si and 1.9 Å corresponding to the (221) plane[33].  The measured spacings are 

similar to those found in Cu, quartz SiO2, the hexagonal phase of Si, as demonstrated 

in Table 4.1.  

 

Table 4.1 Comparison between observed lattice spacings and that of different 
materials; numbers in parenthesis correspond to the associated plane  
Recorded 
spacings (Å) 

Si diamond cubic(Å) Cu FCC(Å) αSiO2 trigonal(Å) Si hexagonal 

2.1 3.14 (111) 2.07(111) 2.13(200) 2.27(102) 
1.8 1.92 (221) 1.79(200) 1.81(112) 1.76(103) 
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This difference in observed spacings, and the known values may be a result of one of 

three causes: 

1. The TEM grids may have been contaminated with Cu nanoparticles. 

Alternatively, Cu from the grids has been dissolved by residual acids in the 

sample solution and reduced on the carbon to form Cu nanocrystals. 

2. These nanocrystals may have been composed of a different crystalline phase 

of Si. 

3. The Si has been oxidized into a quartz phase of SiO2. 

 
Figure 4.5 FFT analysis of HRTEM images, outlined nanocrystals have their FFT 
image in insets on the right 
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Cu contamination of the carbon coated grids may be a possible explanation for the 

observed lattice spacings, because they match with those of face centered cubic 

(FCC) Cu.  Some particles even exhibited crystal twinning, which is common to 

metallic nanocrystals, but never mentioned for nc-Si.  Several different types of TEM 

grids were used through the course of this work and all revealed the same type of 

particles, which indicates that the nanocrystals were probably not from 

contaminated grids. Cu dissolution and reduction may also have been the cause of 

the observation since it is possible for Cu to dissolve in nitric acid[79], but this 

would not explain the fluorescence and absorption characteristics  that these 

solutions exhibited before observing them under TEM.  Systematic experimentation 

to determine if the Cu grid was the source of the nanocrystals was not carried out 

due to the lack of other grid materials, such as Au or Ni to make comparisons. 

Si is known to exist in at least 12 different high pressure  polymorphs[80], making it 

possible that the nanocrystals viewed under TEM may be in one such phase.  For 

example, at pressures above 8 GPa, diamond cubic Si can transform into a hexagonal 

phase with lattice spacings similar to those observed.  These types of pressures may 

be possible during the sonication process, but this crystalline phase has not 

previously been reported in nc-Si produced using similar methods[39].  Although 

the observed spacings were similar to that of hexagonal phase silicon, they were not 

within experimental and calibration errors.  As of yet, no high pressure polymorph 

has been identified as an acceptable match for observed nanocrystals. 
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Another material that nanocrystals may be composed of is quartz SiO2.  Trigonal α-

SiO2 has lattice spacings which are very similar to those observed under TEM.  

Lattice spacings of 2.1 Å and 1.8 Å were observed in nc-Si using a different synthesis 

process[34] and attributed to quartz SiO2. These spacings were claimed to form 

during oxidation of their nc-Si. Lattice spacing of diamond cubic Si were observed in 

those nc-Si as well.   The main issue with associating these nanocrystals with quartz 

is that this material has only been shown to form under hydrothermal and alkaline 

conditions[81].  Although hydrothermal pressures and temperatures may be 

present during the etching and sonication of the nanocrystals, the solutions are 

never alkaline.   

Intensive TEM characterization of our nanocrystals was hampered by issues with 

sample preparation.  Locating the particles was made difficult due to the small size 

of the crystallites and low concentrations.  Imaging at high magnifications and STEM 

mode caused residual solvent molecules to crack and deposit over the area of the 

beam, burying the particles under a film of carbon.   
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4.4 Surface and Optical Properties of nc-Si 
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Figure 4.6 FT-IR transmission spectrum of nc-Si dispersed in NaCl 

 

FT-IR spectrums of nc-Si samples were taken using the methods described in 

chapter 4.  The transmission spectrum, represented by Figure 4.6, indicates four 

major absorption bands which are located between 720-790 cm-1, 1050-1180 cm-1, 

1370-1420 cm-1, and 2840-2970 cm-1.   

Table 4.2 provides the assignments for these bands as well as two other minor 

peaks found in the spectrum.   This data indicates that the nc-Si are passivated by 

both oxides as well as some type of organic ligand.  These organic ligands may have 

formed during the sonication process while the p-Si substrates were submerged in 

isopropyl alcohol.  The nc-Si also shows a very weak absorption band associated 

with hydride termination, which would have been present on the p-Si surface after 

etching.  
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Table 4.2 Associated species for given peak positions found in nc-Si (obtained from 
ref  [82] and [83]) 

Peak Position (cm-1) Chemical Species Mode 

723-790 Si-CH3  rocking or wagging 
660 Si-H and Si-H2  wagging-bending   
893 SiH2  scissor 
945 SiH  bending (Si2-H-SiH) 
977 SiH  bending (Si2-H-SiH) 
1080-1160 Si-O-Si  asymmetric stretching 
1375 C-H  deformation or bending 
1417 C-CH3 or Si-CH3  deformation or Si-CH2 scissor 
2101  SiH stretching 
2853 C-CH3 or Si-CH3 terminal -CH3 

group 
asymmetrical stretching 

2924 C-CH2  asymmetrical stretching 
2961 C-CH3 or Si-CH3 terminal -CH3 

group 
asymmetrical stretching 

 

The nc-Si characterized by FT-IR and TEM exhibited UV-blue emission when excited 

by a 350 nm wavelength. After sonicating the p-Si substrates, the suspensions 

consisted of a wide range of sizes.  Some of the larger aggregates were even visible 

to the naked eye. The PL spectrum, as shown in Figure 4.7, exhibited an emission 

peak at 656 nm before size separation procedures and 436 nm afterwards.  The 

main method to separate sizes in these solutions was through centrifugation, which 

turned the suspensions from a cloudy solutions to a clear ones.  This change in PL 

emission indicates that the larger aggregates emitted red, whereas the smaller 

particles emitted blue wavelengths. 
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Figure 4.7 PL emission spectrum of nc-Si before and after centrifugation 
 

Figure 4.8A shows the absorbance, PL excitation, and PL emission spectrums of nc-

Si.  The absorbance spectrum has a shoulder at around 280 nm which is similar to 

that of nc-Si particles prepared using a different synthesis approach[36].  The peak 

excitation is at 375 nm while the peak emission is 436 nm. The emission spectrum 

contained two emission peaks located at 412 nm and 436 nm.  These peaks did not 

shift in relative intensity when excited at different wavelength, indicating that they 

are not caused by different populations of nanocrystal sizes. They are likely due to 

interactions of the excitons created in the nanocrystal and the surface groups, such 

as the oxides or alkyls found on the surface. Figure 4.8B illustrates how the two 

emission peaks could arise from separate surface states.  Blue emission had been 

observed in nc-Si previously and had been attributed to oxygen related surface 

states[84].  
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Figure 4.8 A)UV-Vis Absorbance (blue), PL excitation (red), and PL emission (black) 
spectra of nc-Si dispersed in IPA B) Simplified Jablonksi diagram of proposed energy 
transitions in nc-Si 
 

Not all samples showed fluorescence after synthesis. Some samples had weak 

signals at their characteristic emission wavelengths, as demonstrated in Figure 4.9.  

However, after reconstituting the samples in the same solvent and volume, the 

fluorescence signal  increased by at least two orders of magnitude. Reconstitution 

consisted of completely drying the sample under vacuum, adding back a solvent, and 

re-dispersing the material via sonication.  This signal enhancement may be due to 

interactions between the nanoparticles that amplify the signal from single 

nanocrystals.  Such collective effects in nanoparticle clusters have been shown to 

enhance their fluorescence [85].    
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Figure 4.9 PL emission spectra of nc-Si dispersed in IPA before (blue) and after 
(red) reconstitution into the same solvent. The peak below 400 nm is due to the 
Raman signal of the solvent  
 

Reconstituting samples in different solvents also had an effect on the emission 

intensity.  Comparing tetrahydrofuran (THF), isopropyl alcohol (IPA), and 

acetonitrile (MeCN) containing the same concentration of nc-Si, it was found that 

ACTN showed the highest increase in emission (Figure 4.10).  The interactions 

between nc-Si and the solvent have an effect on the emission, and this could be due 

to the polarity of the solvent as summarized in Table 4.3.   
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Figure 4.10  PL excitation (dashed) and PL emission of nc-Si reconstituted in 
THF(black), IPA(blue), and MeCN(red) 
 

Table 4.3 Properties of THF, IPA, and MeCN with their respective peak emission 
intensities  
Solvent Type Polarity(Dielectric Constant) Emission intensity (counts/second) 

THF Polar Aprotic 21 1.461x10
6 

IPA Polar Protic 18 1.286 x10
6
 

MeCN Polar Aprotic 7.5 1.053 x10
6
 

 

Yield calculations were determined through gravimetric analysis of the synthesized 

solutions.  For an average synthesis we obtained approximately 45 µg/ml of 

solution.  The amount of particles produced during each etching cycle per unit area 

of the substrate approaches ~3 µg/cm2. 

4.5 Summary 

Sonication of stain etched Si using HF and HNO3 yielded nanocrystals which 

exhibited UV-blue PL as well as other features which indicate that they may be 

composed of Si.  However, due to the low synthesis yields and difficulty in obtaining 
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measurements, we were unable to determine a definitive composition.  If these 

nanocrystallites were indeed a polymorph of crystalline Si, then they would be 

extremely interesting to the quantum dot community because only the diamond 

cubic phase of Si has ever been observed for nc-Si.  If these particles are made of 

quartz, then understanding its formation and electronic properties would be of 

interest because quartz has never been studied at these dimensions. TEM 

measurements were the main source of characterization for this material due to 

their small size and low concentrations. This limited the amount of information that 

was available for analysis, making it difficult to form definitive conclusions. Even 

imaging these nanocrystals proved to be difficult. The effects of reconstituting the 

nc-Si particles were quite interesting, but understanding the effect requires further 

work.  Much more work will need to be conducted on this synthesis technique to 

understand what type of material is being produced. In any case this was not an 

efficient method of creating nc-Si in large quantities.    

In the next chapter we will present our work on stain etching using a different 

oxidant, FeCl3. 
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5 RESULTS AND DISCUSSION: Stain Etching with FeCl3 (ap-Si) 

5.1 Introduction 

In this chapter we will discuss the results of our efforts in synthesizing ap-Si 

suspensions.  A wide array of characterization techniques were used to probe both 

the structural, chemical, and optical properties.  The etching process yielded 

consistent results at higher concentrations, allowing for easier analysis of this novel 

material.  Fluorescence spectrometry and FT-IR were the two main techniques used 

to study the relationship between these two properties. TEM, AFM, SEM, and Raman 

spectroscopy were used to investigate the structure and phase.  XPS was used to 

determine the overall chemical composition of ap-Si.  Porosimetry measurements 

were also taken to determine the porosity and surface area of the ap-Si particles.  All 

of these characterization techniques taken together reveal the unique properties of 

ap-Si. 

5.2 ap-Si Films 

Stain etched films of ap-Si were created using FeCl3 as the oxidizing agent and 

following the procedure outlined in chapter 4. Visibly, the stain etched ap-Si films 

displayed a dark orange yellow color when dried.  As seen in Figure 5.1A&B, the 

etched films exhibited interesting features at the micron scale.  The surface of the 

films is covered in nodules ~10 µm in diameter and ~5 µm in height with a gap 

between them and the bottom surface (Figure 5.1C). The nodules compose the top 

layer of the surface while the bottom layer consists of a film that seemed to be more 

adherent to the substrate.  As revealed in Figure 5.1D, the nodules surfaces 
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consisted of porous features that were not resolvable at the resolutions we obtained 

using SEM.   

 
Figure 5.1 SEM micrographs of an FeCl3 etched Si substrate before sonication A) 
and B) are top views of the surface while C) shows the cross sectional view and D) is 
a high magnification image of one nodule 
 

The stain etched ap-Si films were sonicated in a solvent using a bath sonicator in 

order to remove the top layer of nodules from the Si substrate.  After this sonication 

step, the solvent contained fine yellow particles of ap-Si whereas the etched 

substrates were matte black.  SEM imaging of this sonicated film revealed that the 
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nodules were attached to the surface by circular stems, as displayed in 

Figure 5.2A&B.  From Figure 5.2C, we can see that the bottom layer was measured 

to be ~2 µm thick, composed of pseudo-polygonal ridges with circular stems at their 

centroids, and arranged in what seems to be a Voronoi tessellation.  Like the 

nodules, the surface of this bottom layer was also composed of porous features, but 

at larger scales (Figure 5.2D).  From gravimetric analysis it was estimated that 

approximately 16 µm of Si were dissolved from the surface of Si substrate during 

the etching process.  
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Figure 5.2 SEM micrographs of an FeCl3 etched Si substrate after sonication A) and 
B) are top views of the surface while C) shows the cross sectional view and D) is a 
high magnification image of a circular feature 
 

Both the as synthesized and sonicated surfaces displayed bright PL emission under 

UV excitation.  However, both layers did not emit at the same wavelength.  As shown 

in Figure 5.3, the etched film had an emission peak centered at 620 nm, whereas 

the sonicated films presented  an emission peak at 638 nm.  This shift in emission 

may be due to the difference in porosity of the top and bottom layers or as a result 

of interactions between the p-Si layers and the bulk Si underneeth. The films we 
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produced used conditions similar to those employed by Dudley et al.[71], yet we did 

not observe the same morphological properties.  Although, they produced dual layer 

films made of a weakly adherent top layer and a well adhered bottom one, their 

structures were composed of planer sheets.  Both of our p-Si films displayed 

different PL emission wavelengths before and after removing the top layer. 

 
Figure 5.3 PL emission spectrum and images of ap-Si film before (orange 620nm) 
and after (red 638nm) sonication 

5.3 ap-Si Particles 

The bulk of our characterization work was conducted on ap-Si particle suspensions 

extracted from stain etched films.  Creating suspensions allows for easier control of 

surface properties and size.  It also has the added benefit of being able to be 

deposited as films on substrates other than Si, rendering an easier integration into 

devices or other applications.  As displayed in Figure 5.4A, the bath sonicator 

removed the ap-Si nodules from the surface layer and created particles on the order 

of 10 µm in diameter.  A higher magnification image of one particle shows the 
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location where a circular stem from the bottom layer attached to the particle, as well 

as concentric rings where the stem was being etched (Figure 5.4B).   A probe 

sonicator was employed to further mill the particles in order to create colloidal 

suspensions that were analyzed for their fluorescence and absorbance properties.  

As seen in Figure 5.4C&D, this sonication step was successful in milling the ap-Si 

particles into the nanoscale.   

Figure 5.4 SEM micrographs of ap-Si particles A) nodules collected from the etched 
surface B) bottom side of one nodule C) ap-Si particles after ultrasonication D) is a 
high magnifaction image of one particle 
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The dimensions of these colloidal particles varied greatly, the smallest being on the 

order of hundreds of nanometers, whereas the largest were about two to three 

microns.  Although lengths and widths were easily determined by SEM analysis, 

measuring heights were not as easy.  AFM measurements were employed to help 

determine the size and shape of the ap-Si particles.  As seen in Figure 5.5A&B, the 

topographical images were taken using AFM, showing that the heights also varied in 

a similar fashion as the other dimensions (Figure 5.5D).  These results assume that 

there were only single particles that have been measured, and not stacked ones. 

Gravimetric analysis of the synthesized ap-Si revealed that the average yield was 

approximately 0.4 mg/cm2 of etched surface.  This was more than two orders of 

magnitude greater yield than what was obtained with nc-Si synthesis procedures.  

From yield measurements and the SEM images, it was estimated that the particles 

had approximately 60% porosity.  
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Figure 5.5 AFM topographical image of ap-Si particles after ultrasonication A) 2D 
view of surface B) corresponding lin scans C) 3D rendering of surface 
 

TEM imaging on ap-Si particles revealed a highly porous structure, composed of a 

lacey network of nanometer scale bridges which connect larger aggregates of 

material (Figure 5.6A).  Higher magnifications in Figure 5.6B show that these 

bridges vary in scale between 2-10 nm, connecting multilayer aggregates.  The 

diffuse character of the SAED of this material revealed only an amorphous phase 

(inset Figure 5.6B).  p-Si films created by using similar etchant compositions and Si 

substrates have been claimed to be composed of nanocrystalline Si [70]. This 

complete change of phase between the initial crystalline Si substrate into an 

amorphous porous film has previously been observed in anodic and stain etched Si.  

These observed phases have been attributed to a spontaneous crystalline to 

amorphous phase transition, which is initiated once the Si crystallites shrink below 
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some critical value during the etching process[86].   Pressure induced 

amorphization[87] may have also caused this phase transition to occur.  At 

pressures above 7 GPa, porous crystalline silicon has been observed to change to an 

amorphous phase. The high surface area along with possibly trapped hydrogen gas 

may have provided the pressure needed for a phase transformation to occur.   

 

 
Figure 5.6 A) TEM image of an ap-Si particle B) higher magnification image, SAED 
pattern is shown in the inset 
 

As presented in Figure 5.7, the ap-Si we synthesized was composed of particles that 

contained features at various dimensions, including pores and nanowire bridges 

(Figure 5.7A). EDS analysis revealed Si and O as the major elemental constituents in 

this material with Cu and C signals emitted from the TEM grid (Figure 5.7B). 
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Figure 5.7 A) TEM image of ap-Si B) corresponding EDS spectrum 
 

In order to quantitatively determine the surface area of our ap-Si, we conducted BET 

analysis of nitrogen adsorption-desorption isotherms shown in Figure 5.8.  The 

response of the ap-Si particles corresponds to a type II adsorption isotherm.  The 

hysteresis loop observed in these isotherms is a result of capillary condensation of 

the N2 gas into the meso/micropores of the ap-Si.  A surface area of ~493 m2/g and 

an average pore diameter of ~3.2 nm were calculated from these curves.  
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Figure 5.8 Nitrogen adsorption-desorption isotherms at 77 K for ap-Si 
 

Figure 5.9 shows the Raman spectrum of ap-Si, the two main features that can be 

observed are peaks at 480 cm-1 with a tail extending below 450 cm-1 and a peak at 

150 cm-1.  These features are characteristic of amorphous silicon[88] with 480 cm-1 

and 150 cm-1 representing the transverse optical (TO) and transverse acoustic (TA) 

bands respectively.  The 150 cm-1 peak is not found in the crystalline phase because 

translational invariance leads to k selection rules which forbid light scattering by 

phonons in this spectral region.  This type of peak is traditionally called the boson 

peak, but in a-Si the boson and TA mode overlap[89].  The shoulder located below 

the 480 cm-1 is accounted for by the longitudinal acoustic (LA), 300 cm-1, and 

longitudinal optical (LO), 380 cm-1, of a-Si[90]. 

Using the TO and TA modes, it is possible to measure the degree of disorder in 

solids.  Both the intermediate range disorder and bond angle disorder can be 
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estimated using these Raman spectra. The intermediate range disorder can be 

estimated using the intensity ratio between the TA and TO (TA/TO) bands. The root 

mean square, rms, bond angle disorder, Δθ, can be determined by the width of the 

TO band (ΓTO) and the equation 7 [91]. 

ΓTO = 15 + 6Δθ (7) 

The calculated values for these two terms are given in Table 5.1. The difference in 

the TA/TO ratio and Δθ indicates that laser irradiation is increasing the degree of 

disorder in the structure.  

Table 5.1 TA/TO, ΓTO, and Δθ of ap-Si vs. laser irradiation 
Scan Inter. Range Disorder 

(TA/TO) 
TO Band Width 
ΓTO 

Bond Angle Disorder 
(Δθ) 

1 0.78 96.4 cm-1 13.6° 
2 0.85 105.2 cm-1 15° 

 

Photobleaching can be seen as a decrease in the intensity of the spectrum at Raman 

shifts greater than 700 cm-1 with continued exposure to the laser.  Si-O bonding 

vibrations (800-1100 cm-1) also become visible as a result.  The weak signal from Si-

H and Si-H2 wagging vibrations are also visible at 640 cm-1 [92] which further 

decreases intensity with increasing exposure to the excitation laser.  These effects 

created by the excitation laser may be due to the removal of surface bonded 

hydrogen and/or oxygen, creating non-radiative dangling bonds that also increase 

the degree of disorder.  
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Figure 5.9 Raman spectra of ap-Si showing an initial scan and a second scan on the 
same location 
 

As presented in Figure 5.10A, XPS elemental analysis revealed that the surface 

contained mainly Si and O with only trace amounts of F detectable and likely 

originating from residual Si-F bonds that were formed during the etching process.  C 

was also detected and most probably a result of residual solvent molecules that 

remained on the surface after sample preparation.  Elemental hydrogen was not 

detectable due to the limitations of this technique.  Nevertheless this wide scan 

spectrum shows that no residual materials from the etching process were left on the 

ap-Si. A valence band spectrum was also taken in order to verify the existence of an 

amorphous Si structure (Figure 5.10B).   Crystalline Si typically consists of three 

peaks located at 3, 7.5, and 10 eV. Due to the presence of over coordinated Si, the 

peaks near 7.5 and 10 eV merge to become a single broad peak [93].  For our ap-Si 
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the spectrum consists of broad peak between 15 and 5 eV as well as a shoulder 

around 3 eV, further confirming the presence of an amorphous phase. 

 
Figure 5.10 A) XPS wide scan spectrum of ap-Si B) XPS valence band spectrum 
 

Further analysis of the Si 2p region of the spectrum, displayed in Figure 5.11, 

showed that the surface contained Si at various states of oxidation.   

 

Figure 5.11 Deconvoluted Si 2p core level spectrum of ap-Si (the Si 2p XPS peaks 
analyzed by means of a Gaussian peak) 
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The atomic concentrations of the major elements detected through XPS are 

sumerized in Table 5.2. 

Table 5.2 Concentrations of O, C, and Si calculated from XPS 
Elements O C Si 

Atomic Concentration (%) 30.1 16.6 53.3 

 

5.4 Optical and Surface Properties of ap-Si 

The ap-Si particles extracted from stain etched films exhibited bright orange-yellow 

photoluminescent emission directly after synthesis. However, depending on the 

solvent this emission did not stay constant; it changed in both intensity and 

wavelength with time.  Several factors were found to be responsible for this 

behavior.  Presented in Figure 5.12 is the 3D excitation vs. emission spectrum of 

one sample of ap-Si dispersed in toluene (Figure 5.12a) that exhibited a peak 

emission at 607 nm, and a peak excitation at 346 nm.  The feature located behind 

the peak is an artifact of the data collection and is seen in the 2D map as a diagonal 

streak (Figure 5.12b). It represents the second order emission by the excitation 

source.  What is unique about these results is that all the particles in the suspension, 

regardless of the size, produce homogenous emission.  It was noted that after ultra-

sonication using the sonicating probe, the toluene itself exhibited blue emission (see 

appendix 8.2).   
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Figure 5.12 A) 3D rendering of PL excitation vs. emission B) 2D view indicating 
peak excitation and emission spectra for ap-Si 
 

Shown in Figure 5.13 is a typical UV-visible absorbance spectrum of ap-Si 

suspensions. It reveals that this material absorbs strongly at wavelengths below 400 

nm.  After synthesis these suspensions displayed a yellow or orange color under 
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white light.  This can be attributed to a weak absorption tail from 400 nm onwards. 

The properties of this spectrum are similar to those reported for colloidal silicon 

solutions[94].  
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Figure 5.13 Absorbance spectrum of ap-Si dispersed in ethanol 
 

Preliminary fluorescence lifetime measurements were conducted on two ap-Si 

suspensions dispersed in ethanol, displayed in Figure 5.14.  One issue that was 

discovered was that the peak emission wavelength red shifted 70 nm compared 

with ones measured using the Horiba spectrofluorometer.  Suspensions that showed 

visible dark orange emission under UV light and emission at 610 nm using the 

Fluoromax4 (Horiba), were measured to have a peak emission in the 680 nm on the 

F900 (Edinburgh Instruments).  These differences may be attributed to 

miscalibration of fluorometer used to measure the lifetime.  Nevertheless, when 

comparing two samples that have a difference in emission of 48 nm, they show 
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different average decay lifetimes. The higher energy emission had a lower lifetime; 

the results are summarized in Table 5.3.  The multiexponential decay found on 

these suspensions may be a result of surface localized carriers.  Multiexponential 

decay found in other light emitting semiconductor systems (CdSe quantum dots) 

have been attributed to these effects as well[95].   

 
Figure 5.14 A) fit of the luminescence decay to three exponentials and the 
instrument response B) corresponding emission spectra of sample 1 and 2 
 
Table 5.3 Summary of fit data corresponding to the curves in Figure 5.14 

      ∑   
 

 
  

 

   

 

Sample 1: τ1 0.56 ns B1 0.17 
τavg = 6.85 ns τ2 4.40 ns B2 0.06 
 τ3 15.1 ns B3 0.01 
Peak Emission:  
680 nm 

χ2 1.4 A 12.9 

     
Sample 2: τ1 1.46 ns B1 0.01 
τavg = 4.99 ns τ2 4.11 ns B2 0.02 
 τ3 13.9 ns B3 0.001 
Peak Emission: 
632nm 

χ2 1.0 A 1 
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Figure 5.15 demonstrates how temperature effects PL emission in ap-Si.  We 

measured PL emission at temperatures ranging from 60 °C (333 K) to -6 °C (267 K) 

and found a linear relationship between the two properties within this range.  The 

peak emission wavelength did not change through the temperature range.  This 

reveals that the probability for an exciton to thermalize radiatively increases at 

lower temperatures, as is the case with all fluorescent nano-scaled semiconductors.  

For bulk a-Si, PL measurements are usually take below 100 K with a maximum 

intensity obtained around 50 K and strong quenching occurring at temperatures 

above 100 K.  In the bulk a-Si system, it is believed that as temperature increases 

more and more carriers are released from the band tail states into conductive states 

from which they can easily diffuse to defect centers and recombine non-

radiatively[96].  This process may occur in ap-Si but at a much higher temperature 

due to spatial confinement effects.  However, to have a full understanding of how 

temperature affects the PL properties of ap-Si a larger temperature range is needed 

in order. 
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Figure 5.15 A) 3D temperature dependence of PL in ap-Si B) 2D view with peak 
emission and temperature vs. PL intensity 
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5.5 Oxidation Effects on ap-Si 

 
Figure 5.16 Images of ap-Si suspensions a) before UV illumination b) under UV 
365nm illumination with a 450 nm cut off filter, the suspension on the far right of 
both images is dispersed in toluene, the rest are in ethanol 
 

ap-Si particles, pictured in Figure 5.16, were found to be very sensitive to oxygen 

exposure. Although precautions were taken to limit the amount of dissolved gasses 

in the solvent and to keep the solutions under an inert N2 atmosphere, ap-Si 

suspensions exhibited signs of oxidation.  Figure 5.17 presents the various 

wavelengths observed for ap-Si.  Initially, suspensions synthesized in ethanol 

emitted an orange color, which over time ranged between green/yellow (520 nm) 

up to dark orange/red (620 nm) color.  Samples synthesized in toluene, however, 

showed much more stable emission characteristics.  The emission spectrum for all 

wavelengths was uniform with a FWHM of around 100 nm.   
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Figure 5.17 PL emission spectra of ap-Si in toluene (dashed) and ethanol (solid) 
samples 
 

FT-IR absorbance spectra, displayed in Figure 5.18, showed a strong correlation 

between the relative concentration of different surface species and the PL emission 

wavelength.  Surface hydrides, represented by absorbance bands around 670 cm-1, 

860 cm-1, 903 cm-1, and 2100cm-1 are present in ap-Si that exhibit emission 

wavelengths less than 600 nm. The width of the band centered at 2100  cm-1 

indicates that Si-H, Si-H2, and Si-H3 groups are all present on the surface[97]. ap-Si 

dispersed in toluene contained both hydrides and oxides on the surface while 

emitting brightly at 610 nm.  Oxidized hydrides represented by absorbance bands 

around 880 cm-1 and 2250 cm-1 were present for particles dispersed in ethanol.  

Their concentrations relative to the hydride species shift the emission wavelength of 

the suspensions.  Surface oxides, represented by absorbance bands around 1070 cm-

1 and 835 cm-1,  were present in all FT-IR measurements and are attributed to the 
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oxidation which occurs during the rinsing steps of the synthesis process as well as 

the presence of oxygen in the solvents. A summary of absorbance bands with their 

associated chemical species is presented in Table 5.4. A Schematic of the surface of 

ap-Si is shown in Figure 5.19. 
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Figure 5.18 FT-IR absorbance spectra of ap-Si, colors correspond to those in 
Figure 5.17 
 
Table 5.4 Assignments of absorbance bands in the FT-IR spectra of ap-Si from  [98] 

Band Position (cm-1) Chemical 
Species 

Mode 

670  δ(Si-Hx) deformation 
792  νb(SiO-H) bending 
835  νb (O-Si-O) bending 
860  w(Si-H2) wagging 
880  δ(OySi-Hx) deformation 
903  δ(Si-H2) deformation 
1070/1150  νas (Si-O-Si) asymmetric stretching 
2100  νs(Si-Hx) symmetric stretching 
2250 νs(OySi-Hx) symmetric stretching 
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Figure 5.19 Schematic illustrations of surface species on ap-Si at different levels of 
oxidation 
 

5.6 Controlled Oxidation of ap-Si 

 
Figure 5.20 Images of achievable PL emission in ap-Si suspensions with H2O2 a) 
before UV illumination b) under UV 365nm illumination with a 450 nm cut off filter 
 
In order to get a better understanding of this system, controlled oxidation of ap-Si 

was carried out under a N2 atmosphere. Hydrogen peroxide was used  as an 

oxidizing agent because it can decompose into two OH molecules[99].  These OH 

groups are highly reactive and can easily form silicon hydroxide bonds.   

Figure 5.20 displays the range of emissions observed with ap-Si solutions 

containing various concentrations of H2O2.  PL emissions ranged between 600 nm to 

560 nm (Figure 5.21).  The initial solution of ap-Si containing no peroxide showed 

yellow emission. The addition of peroxide first red shifted the emission reaching a 

limit around 600 nm before blue shifting down to 566 nm.  566 nm was the lowest 

wavelength emission achievable; increasing the peroxide concentration after this 
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limit only decreased the emission intensity.  Table 5.5 summarizes the conditions 

and results of the H2O2 experiments with the reference numbers corresponding to 

those found in Figure 5.21, Figure 5.22, and Figure 5.24.    
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Figure 5.21 PL emission of ap-Si with increasing H2O2 concentrations 
 

Table 5.5 Summary of results form H2O2 experiment 
Ref  ap-Si (ml) H2O2 (ml) % H2O2 Peak (nm) Δ (nm) FWHM (nm) 

0 5 0 0 580 0 108 
1 5 .02 .398 595 +15 105 
2 5 .06 1.186 589 +9 108 
3 5 .18 3.475 582 +2 110 
4 5 .72 12.587 566 -14 102 

 

Analysis of the FT-IR spectra corresponding to the different experimental conditions 

demonstrates the relationship between emission energy and surface species 

(Figure 5.22).  The untreated sample contained only oxidized hydrides and oxides 

on the surface.  With the addition of H2O2, the concentration of surface hydrides 
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disappeared. This can be seen by the decrease in intensity of νs(OySi-Hx) and δ(OySi-

Hx) vibration modes, located at 2250 cm-1 and 880 cm-1 respectively.  Si-OH bond 

formation can be seen by the increased intensity of related absorbance bands, 

specifically those located at 3620 cm-1, 940 cm-1, and 792 cm-1. Table 5.6 

summarizes all the major observable absorbance bands found in this experiment. 

Figure 5.23 gives a schematic representation of the surface species found on ap-Si 

and its respective emission colors. 
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Figure 5.22 FT-IR absorbance spectra of ap-Si with increasing H2O2 concentrations 
 
Table 5.6 Assignments of absorbance bands in the FT-IR spectra of ap-Si from 
Figure 5.22 [98], [99] 

Band Position (cm-1) Chemical Species Mode 

792  νb(SiO-H) bending 
880  δ(OySi-Hx) deformation 
940  δ(Si-OH) symmetric stretching 
1070/1150  νas (Si-O-Si) asymmetric stretching 
2250 νs(OySi-Hx) symmetric stretching 
3275 νs(O-H) symmetric stretching 
3620 νs(SiO-H) symmetric stretching 
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Figure 5.23 Schematic illustrations of surface species on ap-Si with concentrations 
of H2O2 increasing from left to right 
 

Figure 5.24 presents the absorbance spectra corresponding to ap-Si containing 

different concentrations of H2O2.  The orange/yellow colors that the H2O2:ap-Si 

suspensions exhibit can be seen in the spectra by a tail extending from 400 nm.  As 

the concentration of H2O2 is increased, this yellow color becomes more white and 

the tail in the spectra also decreases.  The ap-Si sample containing no H2O2 

displayed absorbance features similar to those observed in previous samples. With 

the addition of more peroxide, the solution showed a dramatic change in its spectral 

features.  The wavelength at which the suspensions absorbed a majority of the 

incoming light is blue shifted with increasing peroxide concentrations.  This 

indicates a change in the electronic structure which allows for the shift in emission. 



78 
 

250 300 350 400 450 500
0.0

0.5

1.0

1.5

2.0

2.5

3.0
4.96 4.13 3.54 3.10 2.76 2.48

 

 Energy [eV]

A
b

s
o

rb
a

n
c
e

 

Wavelength [nm]

 0

 1

 2

 3

 4

 

Figure 5.24 UV-Vis absorbance spectra of ap-Si with increasing H2O2 concentrations 

5.7 Summary 

In conclusion, we have successfully synthesized ap-Si suspensions through a stain 

etching method.  Etching Si surfaces with a solution containing HF, FeCl3, and HCl 

produced highly photoluminescent films composed of a dual layer structure.  

Sonicating these films removed the top layer of nodules, which were further milled 

through additional sonication steps.  Although these particles vary greatly in size, 

their fluorescent properties were uniform and dependent mainly on surface 

properties. However, oxygen sensitivity is a major factor to overcome for both 

proper characterization and application. To the best of our knowledge, there has 

been no report of tunable emission of ap-Si found in the literature. It is also one of 

the few materials in which PL emission is not controlled by the size of the particles.  

Its unique properties make it an attractive material for a number of possible 
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applications.  However, more work would need to be conducted to determine its 

electronic properties before it may be properly implemented in devices.  
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6 CONCLUSION 

6.1 Concluding Remarks 

Through the course of this work, much has been discovered about the materials 

created from sonicating stain etched layers of p-Si.  Using an etchant mixture 

containing HNO3, we created p-Si films similar to what is claimed in the literature. 

After sonication, colloidal suspensions were made which contained nanocrystalline 

particles.  Although its yield was low, they exhibited interesting properties such as 

blue PL emission when excited by UV light, a crystal lattice that contained a different 

d-spacing than that found in bulk Si, and an enhancement of PL emission after 

reconstitution.   

Stain etching with an etchant containing FeCl3 and HCl yielded thick p-Si films which 

contained ap-Si particles.  The etching pattern observed for our films were quite 

unique and has never been reported in the literature to our knowledge.  Also, we did 

not find the amorphous structure reported by groups studying similar etching 

compositions.  The ultra-bright PL emission seen in and measured for suspensions 

of ap-Si renders it an interesting material to study.  Oxidation effects on the PL 

emission were shown by FT-IR measurements.  Changing the surface species altered 

the emission and allowed it to range between red to green wavelengths.  Its high 

degree of porosity and consequently large surface area allowed the chemical species 

found on the surface to have a profound effect on optical properties.  
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6.2 Recommendations for Future Work 

Although interesting properties have been observed through this research, much 

more work needs to be conducted in order to fully understand and use the materials 

which were synthesized. For nc-Si particles, synthesis of greater concentrations of 

the material are necessary in order to fully characterize them.  Once these quantities 

can be produced, analysis of the crystal structure and chemical composition should 

be simpler.  Definitive identification of the composition and crystalline phase of nc-

Si are necessary before further work on this material can be undertaken.  

Discovering the cause of the fluorescence enchantment which occurs after 

reconstituting the solutions would also be of interest.  

As for ap-Si suspensions, more work could be conducted on several aspects of the 

synthesis, characterization, functionalization, and application of this material. 

Optimizing the synthesis conditions would be necessary in order to efficiently 

produce these suspensions for further analysis and use in devices or other 

applications.  Listed below are our recommendations for future work on ap-Si: 

 Optimizing the synthesis parameters such as etching time, etchant 

concentrations, type of Si substrate, etc.… would be important for producing 

higher yields of a consistent product. 

 Along with optimizing the process, determining a method to further reduce 

the size of the ap-Si particles and create a uniform size distribution would be 

of interest for applications requiring such properties. Ball milling may be one 

method to achieve this. 
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 Understanding how the diffusions of the etching species controls the 

morphology of the Si surface can help explain the formation of the nodules 

and may help in creating thicker ap-Si films.    

 Determining the mechanism responsible for the transition between 

crystalline to amorphous phases will aid in our understanding of the 

structures responsible for the observed properties in ap-Si 

 Stabilizing the PL emission of ap-Si suspensions is essential for its use in 

opto-electronic devices.  One method to prevent oxidation and tune the 

emission is to functionalize the surface with molecules that can both stabilize 

the suspensions as well as create a barrier for oxygen diffusion. 

 Creating a model of the PL emission mechanism in ap-Si would help in 

understanding the precise cause of the emission, as well as determining the 

range of wavelengths which can be achieved. 

 Determining the quantum yield and lifetimes of PL emission in ap-Si 

suspension would be important for understanding the full range of 

properties this material possess. 

 

Finally, using this material in appropriate applications would be the ultimate 

objective.  Several possible uses which ap-Si suspensions may work well in include 

the active material in solar cells, LEDs, Lasers, Li ion battery anodes, drug delivery 

systems,  and catalysts. 
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8 APPENDICES 

8.1 IR Absorbance 

 Typically employed to measures bond vibration frequencies in molecules and 
is used to determine functional groups 

 Summary: http://www.phys.ubbcluj.ro/~dana.maniu/OS/BS_2.pdf 
 Is also used to study bulk and surface properties of inorganic materials 
 Molecules absorb specific frequencies that are characteristic of their 

structure 
 For a vibrational mode in a molecule to be IR active, it must be associated 

with changes in the dipole moment (polar bonds) (to allow for interaction 
with the alternating electrical component of the IR radiation wave 

 IR range is between 4000-400 cm-1, wavenumbers (reciprocal of the 
wavelength) are proportional to frequency/energy 

 Vibrational frequencies for stretching bonds in molecules are related to the 
strength of the chemical bonds and the masses of the atoms 

 Coupling between the stretching and bending vibrations may occur if the 
stretching bond form one side of the angle that varies in the bending 
vibration of the same symmetry species 

 Simple stretching is found between 3500-1600 cm-1 
 Complex vibrations: 1400-400 cm-1  
 Non-linear molecules with N atoms: 2N-6 normal modes: N-1 stretching and 

2N-5 bending 
 Visualizations of vibrational modes: 
 http://www.d.umn.edu/~pkiprof/ChemWebV2/Vibrations/vib3.html 
 http://www.d.umn.edu/~pkiprof/ChemWebV2/Vibrations/vib2.html 
 Fundamental vibrational frequency, ν, of a molecular ensemble can be 

express by a Hooke’s law 

o   
 

   
√

 

 
 

 Where µ is the reduced mass given by m1m2/(m1+m2) with m1 and m2 being 
component masses of the chemical bonds, and  κ is the force constant. 

 Calculations of vibrations modes for Si-Hx can be found in ref. [97] 
 

8.2 Sonication Effects on Toluene 
After sonication using the probe sonicator was found that in addition to fluorescent 

ap-Si, there was a contribution to the PL spectra of the suspensions coming from 

toluene.  Figure 8.1 shows the PL emission spectra of pure toluene, before and after 

sonicating for 30 minutes.  It can be seen that before sonication the solution does 

not emit any considerable PL emission. After sonication an emission peak at 430 nm 

forms, and is intense enough to be observed with the naked eye. 

http://www.phys.ubbcluj.ro/~dana.maniu/OS/BS_2.pdf
http://www.d.umn.edu/~pkiprof/ChemWebV2/Vibrations/vib3.html
http://www.d.umn.edu/~pkiprof/ChemWebV2/Vibrations/vib2.html
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Figure 8.1 Left: image of toluene after sonication, under white light and under 365 
nm UV illumination. Right: PL emission spectra of toluene before(black) and 
after(red) sonication at 365 nm excitation 
 
FT-IR absorbance measurements were taken of the toluene solutions before and 
after sonication to see if the formation of a new functional group can be identified as 
the source of this emission. As presented in Figure 8.2, it was found that the toluene 
showed all the characteristic peaks of the solvent both before and after sonication.  
Samples were then dried to see if a new compound may have formed which was not 
visible in the wet measurements.  The dried samples also showed the same IR 
spectra before and after the sonication treatment. The peaks displayed correspond 
to C-H bonding, which is most likely due to residual solvent on the pressed NaCl 
pellets. 
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Figure 8.2 FT-IR absorbance spectra of toluene wet (black) and dried into NaCl 
pellet (red) 
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