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ABSTRACT 

Since the first description of Si nanocrystals, research in this field has gone 

through raid progress and potential applications of Si nanocrystals have been established. 

There are several methods applicable to the fabrication of Si nanocrystals with one of the 

most used being ion implantation followed by thermal annealing. Two types of thermal 

annealing are available for use: furnace annealing (FA) for several hours, normally in an 

N2 atmosphere; and rapid thermal annealing (RTA) for a short time (less than a few 

minutes), again in an inert atmosphere such as N2. The formation of the nanocrystals then 

proceeds with decomposition, segregation, diffusion, nucleation, aggregation, growth and 

crystallization. This formation requires temperatures in excess of 1000
o
 C such that 

noticeable photoluminescence may be observed. This thesis explores the fabrication of Si 

nanocrystals using the McMaster ion implanter and subsequent RTA. The implantation 

conditions required to form luminescent nanocrystals are determined. For example, for an 

implantation energy of 10 KeV a minimum dose of 1.5  10
16

 ions cm
-2

 is required. The 

relationship between luminescent intensity and post-implantation annealing is also 

explored. An optimum annealing temperature of 1100
o
C is found. For the first time to the 

author’s knowledge, a study of the effects of thin film thickness on luminescent intensity 

is conducted. The major conclusions of this thesis are i) a specific thickness of oxide layer 

has the maximum PL for a fixed implantation energy and implantation dose, ii) PL 

intensity is inversely proportional with measuring temperature., iii) the type of oxidation 

process has a large effect on PL intensity.  
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CHAPTER ONE: INTRODUCTION 

Silicon is an indirect semiconductor with a band gap close to 1.1 eV at room 

temperature. In its bulk form it has very low luminescence efficiency and for this reason it 

has very few applications as a photonics material [1]. Despite its indirect nature, silicon 

may be an efficient optical emitter when confined to a small volume such as is the case 

for porous Si which exhibits strong photoluminescence in the visible range at room 

temperature [2]. This behavior draws the attention of researchers.  

Si nanocrystals embedded in SiO2  have the properties of strong light emission, 

high thermal and chemical constancy and potential for compatibility with silicon 

electronics. Lots of investigation has taken place on the photoluminescence behavior in Si 

nanocrystals in embedded SiO2 [3]. In the current work presented here, I investigate and 

report on the fabrication of Si nanocrystals via ion implantation of silicon into SiO2 

followed by thermal annealing. 

1.1 The Indirect Band Gap 

If the maximum of the valance band and the minimum of the conduction band are 

at the same k (wave vector) point, a semiconductor is referred to  as direct and in this case 

only optical energy (photon energy) is needed for transition of electrons from one band to 

the other. For an indirect semiconductor the maximum of the valance band and the 

minimum of the conduction band are at a different k point and in this case phonon and 

photon energy are needed for the electron transition [4]. 
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The band gap (Eg) is the energy difference between the valence band (Ev) and 

conduction band (Ec). For insulator materials the difference is larger than for 

semiconductors, while for metals the two bands overlap so there is no apparent band gap.  

At T= 0 K the valance band is filled with electrons and the conduction band is empty [4]. 

Direct band gap semiconductors are thus better for optical use than indirect band 

gap semiconductors. In the former, electrons in the conduction band can release energy in 

a downward transition to the valance band. There is no k (wave vector) difference so 

efficient light emission ensues where Eg=hѵ, where h is the planck constant and ѵ is the 

frequency of light. For indirect band gap semiconductor the wave vector k is not the same 

for the maxima of the conduction band and minima of the valance band. So in this case 

when electrons transition from the conduction band to the valance band the amount of 

energy released is divided into two parts: one is for the change in k (i.e. change of the 

electron momentum) and the other is for photon emission. For this reason indirect band 

gap semiconductors emit relatively weak light compared to direct band gap 

semiconductor [4]. 

1.2 Emission from Low Dimensional Silicon and Motivation for This Work 

Bulk Si is an indirect material. For this reason the light emission efficiency from 

bulk Si is very low. On the other hand light emission efficiency from Si nanocrystals is 

relatively high.  There is some controversy about the origin of light emission from Si 

nanocrystals [5-8]. Here quantum confinement and the interface layer behavior along with 

oxide defects are two possible causes for the light emission from Si nanocrystals [5-8]. At 
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the small dimension, and thus due to quantum confinement, the wave functions of the 

hole and electron confined in Si nanocrystals overlap, thus it is easier to recombine holes 

and electrons [2]. Wave function overlapping provides a route to a quasi-direct silicon 

structure, thus the light emission efficiency is dramatically increased.   

Si nanocrystals have potential use in a number of fields such as: multicolor 

electroluminescence devices; PV and PC cells; flat panel displays; and even in biology 

for applications such as drug delivery [9].  

Stable light emitting diodes (LED) have been made from Si nanocrystals 

embedded in SiO2, including some reports of devices fabricated via ion implantation [10]. 

All these applications provide motivation for the current work.  

1.3 Objective of the Thesis 

The main objectives of the research leading to this thesis are:  

 To analyze the formation of Si nanocrystals via ion implantation and annealing. 

 To analyze the effect of different implantation energies and doses and different 

annealing temperatures. 

 To study the effect of different oxide layer thickness on the formation of Si 

nanocrystals. 

 To study the differences between formation of silicon nanocrystals in oxides 

formed by dry oxidation or wet oxidation.  
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1.4 Organization of the Thesis 

Chapter 1 provides a brief introduction to the motivation for this work; describes 

the goals and achievements and summarizes the organization of this thesis.  

Chapter 2 presents a background literature review relevant to the thesis; while the 

theoretical considerations required by my research are discussed. 

Chapter 3 describes operating systems for the fabrication and characterization 

equipment I used for my experiments.  

Chapter 4 presents the results obtained and discusses them in the context of other 

works.  

Chapter 5 presents some concluding remarks and highlights some possible 

promising avenues of further development. 

1.5 Summary of Contribution  

During the course of my research the following contributions to the development 

of the understanding to the formation of silicon nanocrystals have been addressed:  

 Calibration of rapid thermal annealer.  

 Investigating the optimal annealing temperature for maximum PL efficiency. The 

annealing temperature is 1100
o 
C.  

 Observing the effect of oxide thickness during the fabrication of Si nanocrystals. 

There is a maximum oxide thickness for a fixed implantation energy for which the 
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PL intensity is maximum. PL intensity decreases with the further increase of 

thickness.  

 Comparing the effect of oxidation types on PL intensities. Wet oxidation and dry 

oxidation have different effects at different implantation energies.  

 Observing the effect of measurement temperature on PL efficiency. The PL 

intensity deceases with the increase of measuring temperature. 
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CHAPTER TWO: REVIEW AND THEORITICAL CONSIDERATION 

2.1 Introduction  

Presently, due to the wide range of potential applications, Si nanocrystals are a 

very attractive field in which to work [9-10]. A huge amount of work has been done 

relating to Si nanocrystals embedded in an SiO2 matrix, formed via ion implantation; 

specifically on the effects of implantation doses, implantation energy, annealing 

temperatures, etc. [1] [11-14].  Among all fabrication techniques ion implantation draws 

the researchers’ interest due to its advantages [1] [8] [10] [12-14].  

2.2 Background and Theoretical Consideration 

Ion implantation, sputtering, chemical vapor deposition, molecular beam epitaxy, 

gas evaporation and laser ablation are commonly used techniques for the formation of Si 

nanocrystals [1] [8] [10] [12-14]. For potential commercial application ion implantation 

may be suitable due to the precise control afforded for dopant distribution [12] [1] [10]. 

Ion implantation can control the depth of implanted ions and their concentration by 

varying the acceleration energy and dose respectively [10]. The distribution may be 

modeled using software such as SRIM [49]. 

Post-implantation thermal annealing is essential to form Si nanocrystals embedded 

in a SiO2 matrix. Measured PL intensity increases with the increase of annealing 

temperature above 1000
o
 C [1] [15]. Below this temperature the Si crystals do not form 

[1] [15]. However, it is observed that samples annealed less than 900
o
 C emit light due to 



 

M. A. Sc. Thesis- M. A. I. Shaikh 

McMaster University- Department of Engineering Physics  

7 

 

the defects introduced during ion implantation [17]. The annealing characteristic of 

emission intensity is consistent with the decomposition of SiOx (silicon-rich SiO2) which 

begins at 1000
o 

C [18-22]. A subsequent hydrogen passivation (through annealing at low 

temperatures in a hydrogen environment) increases nanocrystal luminescence via 

passivation of dangling bonds and non-radiative defects [5] [13] [23-25]. 

2.3 Light Emitting Mechanism 

As an indirect band gap material, bulk Si has very low light emission efficiency; 

however Si nanocrystals have much higher light emission efficiency. There are two 

theories related to the photoluminescence from Si nanocrystals [5-8] [21] [54-55]. 

Quantum confinement during the recombination of excitations is the cause said by one 

theory while the other explains the emission as due to the oxide defects as well as the 

interface between the silicon and host dielectric.  

One dimensional, two dimensional and three dimensional quantum confining 

volumes are known as quantum well, quantum wire and quantum dot respectively. In the 

nanostructure, the wave functions of both hole and electron overlap so phonon energy is 

not needed for light emission (in the case of indirect materials) [2]. Figure 1 shows the 

transformation of electron energies for direct and indirect semiconductor. For direct 

semiconductor, when an electron and hole recombine the energy is converted to light 

(photon energy) as Eg=hѵ (figure 1). But for indirect semiconductor, the valance band 

maxima and conduction band minima are not at the same k (wave vector) point (figure 1). 

So for indirect semiconductor, electron hole recombine energies transform as both light 
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energy i.e. photon energy and phonon energy (figure 1). So light emission from the 

indirect semiconductor is much less compared to the direct semiconductor. Quantum 

confinement gives Si nanocrystals the feature of a direct band gap (at least optically). 

 

Figure 1: Transfer of energy (a) direct semiconductor (b) indirect semiconductor [2].  

2.4 Formation of Si Nanocrystals 

Ion implantation is a widely used technique for fabricating Si nanocrystals in an 

embedded SiO2 matrix. In ion implantation, the depth profile and concentration can be 

controlled precisely. The doses and energies of Si ion implantation are in the range of 

     to     ions cm
-2 

and 10 KeV to 1MeV respectively [1] [8] [11-12] [15]. But during 

ion implantation many defects are introduced into the SiO2 layers. Si nanocrystals are 

grown by high temperature thermal annealing (subsequent to the implantation) above 

1000
o
 C and this annealing essentially removes the implantation induced defects [1] [15]. 
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In general, two types of thermal annealing are used i.e. furnace annealing (FA) for several 

hours normally in N2 atmosphere and rapid thermal annealing (RTA) for a short time.    

Figure 2 describes the formation of Si nanocrystals during high temperature 

thermal annealing following ion implantation. The luminescence depends on 

decomposition, segregation, diffusion, nucleation, aggregation, growth and 

crystallization. Typically 1000
o
 C furnace annealing can do all the above steps such that 

adequate visible photoluminescence is found.     

 

 

Figure 2: Formation of silicon nanocrystals with annealing process [1]. 

 

High resolution electron microscopy (HREM), in the Dark Field mode (DF) has 

been used to image silicon nanocrystals. The atomic number and density of Si and SiO2 

are nearly the same, so in the images it is very difficult to differentiate Si nanocrystals 
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from the SiO2 matrix. The Si nanocrystals whose diameters are less than 1.2 nm cannot be 

distinguished in high resolution electron microscopy (HERM) images and for dark field 

(DF), Si nanocrystals of diameter less than 1nm cannot be differentiated from the SiO2 

matrix [3]. Figure 3 and figure 4 show the HERM image and DF image for Si 

nanocrystals embedded in SiO2 matrix for the implantation dose and energy of 3×10
17

 

ions cm
-2

 and 150 KeV respectively. 

 

 

Figure 3: HREM picture of Si nanocrystals embedded on SiO2 [3] 
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Figure 4: Dark Field picture of Si nanocrystals embedded in SiO2 . Red line indicating 

the region where Si nanocrystals were formed [3]. 

2.5 Improving the PL Efficiency  

2.5.1 Eliminating the Defects Caused by Ion Implantation   

It is known that for forming Si nanocrystals and obtaining strong 

photoluminescence the thermal annealing temperature should be more than 1000
o
 C. But 

from the figure 5, PL intensity was found in the as-implanted sample after 400
o
 C 

annealing temperature and this occurred due to the defects created during ion 

implantation. Also, photoluminescence was found after 900
o 

C annealing temperature but 

this was significantly lower than that after 1000
o
 C.  



 

M. A. Sc. Thesis- M. A. I. Shaikh 

McMaster University- Department of Engineering Physics  

12 

 

For as-implanted samples the PL intensity peak is wide and asymmetric. After 

400
o
 C and 600

o
 C it is seen that this peak is in fact the overlap of 2 peaks. The first one is 

at about 1.74 eV and the second one is  at about 1.96 eV; while the values of  peak 

energies are not a function of annealing temperature the intensity at the values of them are 

decreasing with the increase of annealing temperature. In as-implanted samples it is 

assumed to be no Si nanocrystals so the PL peaks are thus created due to the defect in 

SiO2 layer. During ion implantation oxygen type defects occur due to the braking of Si-O 

bonds in the SiO2 layer and the ratio of O/Si atoms becomes less than two [19]. 

 

 

Figure 5: The room temperature PL spectrum of SiO2/Si structure implanted by Si ions 

and annealed at different annealed temperature in an N2 atmosphere for 30 min and the 

excitation light was 514.5 nm. Here the concentration is flat topped and depth region is 

80-290 nm below the oxide surface [17]. 
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Figure 5 and figure 6 reveal new peak energy when the annealing temperature is 

greater than 900
o
C and this PL intensity peak increases with the increase of annealing 

temperature until 1100
o
 C, after which it starts decreasing. The value of this peak energy 

decreases from 1.84 eV to 1.70 eV when the value of annealing temperature increased but 

it is approximately flat between 1000
o 
C and 1100

o
 C.   

 

 

Figure 6: PL peak energy (a) and PL intensity (b) with respect to thermal annealing 

temperature [17]. 
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2.5.2 Effect of Implantation Ion Doses 

The peak position of photoluminescence intensity is dependent on implanted ion 

dose [1]. For 5.0   
16 

ions cm
-2 

the peak photon energy is greater than that of the higher 

dose implantation for the implantation energy of 180 KeV [1]. PL intensity increases with 

dose but after reaching a maximum the PL intensity decreases. This general behavior is 

shown in figure 7. For getting measurable light from the Si nanocrystals, the minimum 

dose is about 1     16 
ions_cm

-2 
which is found from the experimental results of this 

thesis and discussed in chapter four. 

 

 

Figure 7: Photoluminescence and optical absopbance spectra of 180 KeV Si implanted 

600 nm thermal oxide thin films for different doses, after annealing at 1050
o
 C for 5h [1]. 
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2.5.3 Effect of Thermal Annealing 

Si nanocrystals cannot form before the high temperature thermal annealing 

following ion implantation. For as-implanted samples the PL intensity is very low and is 

due to the defect generation during ion implantation [17]. Furnace annealing (FA) below 

900
o
 C shows PL intensity similar to that in as-implanted samples [17]. But for 

temperatures greater than 1000
o
C, Si nanocrystals are formed and light is emitted. PL 

intensity increases with the increase of time duration of thermal annealing (figure 8).  

 

 

Figure 8: PL intensity of 7.5 10
16

 ions_cm
-2 

dose and 180 KeV sample with respect to 

photon energy for several house 900
o
 C and 1100

o
 C temperature furnace annealing (FA) 

[11]. 
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Rapid thermal annealing (RTA) and standard furnace annealing have been used 

(on the same sample set) following ion implantation. The sequence of these two annealing 

processes was very significant. Figure 9 and figure 10 reveal that rapid thermal annealing 

(RTA) followed by furnace annealing (FA) had a higher luminescence intensity peak 

compared with furnace annealing followed by rapid thermal annealing. While for a 

1100
o
C annealing temperature, the PL intensity was 2 times greater compared with that of 

1050
o 

C. PL intensity also depended on the temperature rise rates. The faster the 

temperatures raise, the more the value of PL intensity peak [1]. 

 

 

Figure 9: Photoluminescence spectra of samples implanted to dose of 5 10
16

 ions cm
-2 

and first 5 min rapidly thermally annealing with different temperature rise rate for 

1050
o
C 1100

o
 C annealed temperature and then furnace anneal at 1050

o 
C for 1h [1]. 
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Figure 10:  Photoluminescence spectra of samples implanted to dose of 5 10
16

 ions cm
-2 

and first 5 min rapidly thermally annealing with different temperature rise rate for 

1050
o
C 1100

o
 C annealed temperature but here first furnace annealing and then rapidly 

thermal annealing [1]. 

 

Sais et al described that with the increase of annealing temperature was an 

increase in the diameter of Si nanocrystals [26]. The PL intensity increases with the 

increase of diameter of Si nanocrystals, but only to a limit. After the limit the PL intensity 

decreases with the increase of diameter. At this point the larger diameter Si nanocrystals 

come so close to one another that they form a silicon continuum. Thus, the number of Si 

nanocrystals decreases and due to this the PL intensity decreases. Also, larger Si 

nanocrystals have a lower cross section for optical absorption. So as per figure 11, the PL 

intensity is low compared to the other two spectrums [26].   
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 Figure 11: PL intensity versus implantation temperature for samples implanted to a 

fluence 1 10
17

 Si/cm
2 
and thermal annealed for 1 h at temperatures of 1100 °C , 1150 °C, 

and 1200 °C  [26].  

2.5.4 Effect of UV Irradiation 

UV-light irradiation increases the PL intensity when applied to Si-nanocrystals 

likely because UV-light irradiation breaks the Si-Si and Si-O bonds which have been 

shown to have an impact on photoluminescence [11], [16]. Previously, 172nm UV-light 

irradiation took place for 2 h in vacuum. Figure 12 reveals that such UV-light irradiation 

increased the PL intensity peak. 
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Figure 12: PL intensity spectra of sample implanted with dose 7.5 10
16

 ions_cm
-2

, before    

and after UV light irradiated for 2 h in vacuum [11]. 

 

2.5.5 Relationship between Implantation Dose and Annealing Temperatures   

The relationship between PL intensity enhancements by RTA processing depends 

on the implantation ion dose [1]. Figure 13 (A) shows that the PL intensity due to doses 

of 5.0 10
16

 ions_cm
-2

 and 1.0 10
17

 ions_cm
-2

 were 3 times and 1.8 times increased 

respectively with RTA compared with that without RTA (i.e. those that received furnace 

annealing only). So the effective increase of PL peak is about 2 units and 0.8 units 

respectively with RTA.  
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Figure 13: Photoluminescence spectra of samples implanted to doses of (A) 5.0 10
16

 

ions_cm
-2

 (B) 1.0 10
17

 ions_cm
-2

, first rapidly thermally annealed at 1100
o
C for 5 min 

with temperature rise rate of 30
o 
C/sec and then furnace anneal at 1050

o 
C for 1h. The 

dashes line shows the spectrum only for furnace annealing [11]. 

 

Figure 14 reveals the relationship between PL intensity and Si ion doses at 1100
o 

C, rapidly thermal annealed for 5 min prior to furnace anneal at 1050
o 

C for 1h. It was 
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found that the RTA was more effective during the initial stages such as decomposition 

and segregation. In RTA the temperature rises within a very short time such as 50
o
 C/sec 

and due to the short time the diffusion of implanted Si is limited. A little aggregation 

forms because of the diffusion limited segregation and the small aggregations behave like 

a nucleation point. When the implanted Si ions increase they try to form small aggregates 

without RTA or FA. RTA is also doing the same thing.  

 

 

Figure 14: Enhancement of photoluminescence intensity as a function of implanted Si ion 

doses [15]. 
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2.5.6 Relationship between Annealing Time Duration, Mean Radius and Lifetime 

The diameter of Si nanocrystals is increased with the increase of annealing time 

[1] [3] [11] [56]. Figure 15 reveals the relationship between Si nanocrystal diameter and 

annealing time for 1100
o
 C annealing temperature for 10% to 30% excess Si. The 

diameter increases very slowly over the time duration, nearly 15% from 1min to 16 h. 

Due to the low diffusion coefficient of Si in SiO2 and asymptotic Ostwald ripening 

growth stage of Si nanocrystals the diameter is almost constant at 1100
o
 C annealing 

temperature [10]. Annealing after 16h, the diameter for 10% excess Si was 3 nm and for 

30% excess Si was 5.5 nm. The result can be explained with the overlapping theory of 

excess Si to neighbor nanocrystals [3]. Such larger diameter Si nanocrystals are formed 

via merging with neighboring Si nanocrystals.   
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Figure 15: Diameter or mean radius with respect to annealing time graph was plotted for 

10% to 30% excess Si at annealing temperature 1100
o
 C. The solid lines are simulations 

compared to the experimental points [3]. 

2.5.7 Role of Vacancy Type Defects on Si Nanocrystals 

Primary vacancy creation has been shown to have an impact on Si nanocrystal 

size distribution.     
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Figure 16: (a) Simulation routine stopping and range of ions in matter (SRIM) simulation 

for dose of 1.4 10
17

 ions_cm
-2

 energy 90 KeV. Implantation profile and vacancy 

distribution plotted with respect to the mean of Si nanocrystals (b) TEM images for 

different region of figure 16 (a) [10]. 

 

Figure 16 reveals the implanted ion profile, vacancy distribution and size of Si 

nanocrystals for the implantation dose and energy of 1.4 10
17

 ions_cm
-2

 and 90 KeV 

respectively. TEM images are used to find Si nanocrystal location and distribution after 

annealing at 1070° C for a total of 3 h. The implant profiles, vacancy distribution and size 



 

M. A. Sc. Thesis- M. A. I. Shaikh 

McMaster University- Department of Engineering Physics  

25 

 

of nanocrystals were increased with the increase of depth till a certain region and after 

that region the values were decreased. Table.1 shows the mean and median values of 

diameter of Si nanocrystals for different TEM image locations. It was found that the 

nanocrystal size was increasing till the depth of 135 nm for the specific implantation 

energy. At the thickness between 180-225 nm, the size of nanocrystals was so small that 

it could not be seen i.e. there was no Si nanocrystals or they were smaller than 1 nm. 

 

TEM image location 
SiOx depth 

(nm) 

Median Si-nc 

diameter (nm) 

Mean Si-nc 

diameter (nm) 

1 0-45 1.71 1.77±0.05 

2 45-90 1.79 1.82±0.05 

3 90-135 1.82 1.86±0.05 

4 135-180 1.61 1.67±0.05 

5 180-225 
Too small to 

distinguis 

Too small to 

distinguis 

Table.1: Median and mean Si-nc size as a function of depth for silicon ions implanted to a 

dose of 1.4 10
17

 ions_cm
-2 

into a 430 nm thick oxide and annealed at 1070 °C for a total 

of 3 h [10].  

 

Figure 17 (a) and (b) shows the normalized implanted ion concentration with 

respect to depth, and the normalized vacancy concentration. Here, two types of 

implantation energy were used i.e. 450 KeV and 90 KeV.  The figure reveals that the 

vacancy type defects greatly depend on implantation energy [10]. PL intensity with 

respect to wavelength for three samples is plotted in figure 17 (c).  For sample A the 

implantation energy was 450 KeV and dose was 1 10
17

 ions_cm
-2

, for sample B the 



 

M. A. Sc. Thesis- M. A. I. Shaikh 

McMaster University- Department of Engineering Physics  

26 

 

implantation energy was 90 KeV and dose was 3 10
16

 ions_cm
-2

, for sample C the 

implantation energies and doses were 450 KeV and 1 10
17 

ions_cm
-2 

followed by 90 KeV 

and 3 10
16

 ions_cm
-2

. The PL intensity for sample C was about double than that of 

sample A and PL intensity peak wavelength of sample C was red shifted with respect to 

sample B. This indicates that the PL intensity i.e. the growth of Si nanocrystals was 

dependent on the vacancy type defects. The PL intensity spectrum shape of sample A and 

sample C was similar but sample C had more vacancy type defects due to their 

implantation energies and doses compared to sample A. PL intensity appears to thus 

increase with the increase of vacancy type defects. 
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Figure 17: SRIM simulations of a 450 KeV implant at 1 10
17

 ions_cm
-2 

and a 90 KeV 

implant at 3 10
16

 ions_cm
-2

. (a) Normalize ion concentration, (b) normalized vacancies 

concentration and (c) PL intensity spectrum are plotted [10]. 
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2.5.8 Effect of H2 Passivation 

Hydrogen passivation increases significantly the PL from silicon nanocrystals [5] 

[23-25] [27]. H2 passivation by using forming gas is a popular method to achieve this. In 

reference [24] the authors found that forming gas treatment had a great influence on PL 

intensity of Si nanocrystals.   

Figure 18 and figure 19 show the impact of forming gas in the process of making 

Si nanocrystals. If the temperature and the time duration of the forming gas anneal were 

increased the PL intensity will also increase. 

 

 

Figure 18: The impact of forming gas for different temperatures for fixed time duration 

The sample first annealed at 1300
o
 C in N2 atmosphere for 30 min [24]. 

 



 

M. A. Sc. Thesis- M. A. I. Shaikh 

McMaster University- Department of Engineering Physics  

29 

 

 

Figure 19: The impact of forming gas for different temperatures for fixed temperature but 

different time duration. The sample first annealed at 1300
o
 C in N2 atmosphere for 30 min 

[24]. 

2.5.9 Effect of Oxidation Type 

Tetelbaum et. al. found that a wet oxidation sample had PL intensity with two 

peaks at 770 nm and 880 nm (Figure 20). The group used 150 KeV as implantation 

energy. There were two theories for the origin of the peak about 770 nm; one group said 

that it was due to the interband recombination i.e. transition inside nanocrystal [59-61]; 

other group said that it was due to the recombination of excitations which was formed in a 

nanocrystal with the boundary region states [59] [62-64]. Water vapour present at 

interface states was responsible for the peak at 880 nm [59]. Flowing air at 1000
o
 C 

temperature could not remove the peak but 1100
o
 C removed the peak at 880nm (Figure 

21) [59]. 
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Figure 20: Wavelength dependence of PL intensity for wet oxidation at two annealing 

condition (N2 and air) are shown for two annealing temperatue where the implantation 

dose 10
17

 ions_cm
-2

 [59]. 
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Figure 21: PL intensity vs wavelength graph for only wet oxidation and high temperature 

air flowing at 1100
o
C. Here the dose was 10

17
ions_cm

-2
 [59]. 

 

The group proposed a model for dry and wet oxidation shown in figure 22. 

According to this model, excitons formed in the nanocrystals and recombined through 

interband transition which was responsible for the PL intensity peak at 770 nm and 

interface region states captures electron and hole from nanocrystals. The recombination is 

radiative and responsible for the PL peak at 880 nm [59].  
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Figure 22: A model of light emission from Si nanocrystals. (a) is responsible for ~770 nm 

peak and (b) is responsible for ~880 nm peak [59]. 

   

2.6 Conclusion 

The photoluminescence of silicon nanocrystals is a function of many process 

parameters when they are formed by ion implantation and annealing. After Si ion 

implantation in SiO2 high temperature annealing must be performed. If furnace annealing 

(FA) is done before rapid thermal annealing (RTA), the photoluminescence is less than 
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compared to that of only FA annealing for any FA temperatures. The PL intensity 

increases with the increase of FA temperature until 1100
o
 C after which the PL intensity 

decreases due to the larger diameter i.e. low absorption cross-section of Si nanocrystals. 

Minimum implantation dose for fabricating Si nanocrystals is 1   16 
ions cm

-2 
(also 

experimental result of this thesis) which is required for making Si cluster with the radius 

greater than critical radius for joining the surrounding implanted Si ions [48].  

Light emission is found from as-implanted samples- the reason being due to 

defects in SiO2 layers formed during ion implantation. Hydrogen passivation is also 

important for enhancing the photoluminescence.   
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CHAPTER THREE: EXPERIMENTAL 

3.1 Introduction 

Several practical instruments and simulating software were used during this research 

work. Ion implanter, rapid thermal annealer and photoluminescence (PL) set up were the 

primary experimental tools. Ion implanter was used at the very beginning of the 

fabrication process followed by rapid thermal annealer, while the PL set-up was used to 

characterize the samples. In the following chapter the working principal and operational 

procedures are described. 

3.2 Doping 

Doping is a very common and important feature for semiconductor technology as 

well as the integrated circuit (IC) industry. Although not the primary focus of this 

research, doping has driven the development of ion implantation which is central to this 

work. It is appropriate therefore to outline the physical principals of doping in this 

section. 

Intrinsic and extrinsic describe two types of semiconductor. In an intrinsic 

semiconductor the number of electrons and holes are equal. Undoped Si is normally an 

intrinsic semiconductor. When energy is provided to Si, the electrons from the valence 

band are promoted to the conduction band. Valance band electrons which go to 

conduction band, leave holes in the valance band, resulting in this equivalency of holes 

and electrons (Figure 23).  
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Figure 23: Intrinsic semiconductor at which number of electons and holes are same. 

Every e represents electon in orbits  [28]. 

 

If silicon is doped with a group V material, then it is called n-type doping in Si. 

For example when Si is doped  with As which has five valence electrons four Si electrons 

make covalent bonds with four As electrons while one electron remains unbounded, 

orbiting the As
+
 much like a single hydrogen atom. If sufficient energy is provided, then 

this electron becomes free from the As. Normally the energy for excitation of a hydrogen 

atom is 13.6 eV but in the case of doped silicon we have to consider the relative dielectric 

field and effective energy so the energy will be different [29]. In n-type doping free 

electrons are charge carriers and the doped atoms are known as donor atoms. Figure 24 

shows an n-type semiconductor.  
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Figure 24: n-type semiconductor at which the number of electon is higher than that of 

holes i.e. they have extra electron as major carrier. The red e indicates an extra electon 

[28]. 

 

In p-type doping, group III materials are placed in Si. Group III materials are 

known as trivalent atoms. When silicon is doped with trivalent atoms such as boron, a 

hole is created due to the presence of only three valance electrons. Then a neighboring 

electron comes to the hole and the hole goes away from the B atom. The binding energy 

is near to 0.05 eV. The thermal vibration can free the electrons from B at room 

temperature. This boron atom is known as acceptor impurity. In p-type doping free holes 

are carrier [30]. Figure 25 shows a p type semiconductor. 
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Figure 25: P-type semiconductor at which the number of hole is higher than that of 

electron i.e. they have extra hole as major carrier. The red h indicates an extra hole [28].  

3.3 Ion Implantation 

Ion implantation is the most common method for achieving doping. It has huge 

importance in the semiconductor industry. Today’s integrated circuit (IC) has many 

components and ion implantation is needed for fabrication of these parts and for the 

precise control of feature sizes of the IC (Figure 26).  The increasing requirement for 

process control is summarized nicely in figure 27. The numbers of bits per chip has 

increased such that today a Si IC can store as much information as an encyclopedia.  
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Figure 26: Elements at present IC which need several implant process [31-33].  

 

 

Figure 27: The number of bits per chip with respest to year is plotted which is 

exponential shaped [34]. 
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              An ion is a charged atom whose nature and amount of charge depends on the 

numbers of protons and electrons of that specific atom. If the numbers of protons are 

greater than the number of electrons, then the atom is known as a positively charged ion. 

The reverse is the case for negatively charged ions. During ion implantation ions are 

launched into a wafer using a forceful electric field [31-33]. The properties of the target 

material is thus changed-  in the  case of electrical doping the electrical  properties are 

modified dependent on the concentration of p type or n type ions implanted into the 

material [31-33].  The implantation energy is determined by the accelerating potential of 

the ion implanter and is determined by the required specific depth of modification [31-

33].  

In a modern fabrication process a number of ions may be used: silicon (Si), 

arsenic (As), nitrogen (N), phosphorus (P), antimony (Sb),  boron (B),  hydrogen (H), 

boron difluoride (BF2), indium (In), germanium (Ge) and helium (He) [35]. The 

commonly used elements as dopant are shown at figure 28. 
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Figure 28: Highlited atoms are commonly used as doping atoms by ion inplanter [35]. 

3.3.1 Operation of Ion Implanter 

An ion implanter consists of an ionization chamber or ion source; ion accelerator 

and target chamber. At the ionization chamber, the ions which are to be implanted into 

the target are produced; in the accelerator these ions achieve high energy due to the 

electrostatic acceleration; and in the target chamber the ions are implanted into the target 

as shown in figure 29 and figure 30. The total number of ions or atoms implanted is 

known as the ion dose. Ion implantation may cause either chemical or structural changes 

in target [17] [36].  
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Figure 29: Basic overview of ion implanter [52-53]. 

 

 

Figure 30: Detail figure of ion implanter [2] 
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An analyzer magnet is used to choose the correct ions from all those generated in 

the source chamber (Figure 30) [2]. Ion mass and charge are the selecting factors [31-33]. 

The ions with the required mass, charge and energy pass through the aperture. Ions with 

lighter mass, higher charge or less energy are bent more in the analyzer; while ions with 

heavier mass, lower charge or more energy are bent less and are stopped by the specific 

aperture in the analyzer magnet (Figure 31) [31-33].  

 

 

Figure 31: Desired ions with specific weight, charge and energy are passed through the 

aperture due to the set magnet current [31-33]. 

 



 

M. A. Sc. Thesis- M. A. I. Shaikh 

McMaster University- Department of Engineering Physics  

43 

 

Electrostatic lenses perform the important task of spreading the ion beam 

uniformly over the target material surface. Finally faraday cups (or in other cases the 

target itself) measure the number of implanted ions [31-33]. 

3.3.2 Typical Implanted Doses and Implanted Energies 

Typically the energy range in ion implantation is 10 to 200 KeV but 3 MeV ion 

implanters also can be found [11] [17] [31-33]. For higher energy the penetration depth is 

high. Generally four types of implanter exist: high current/ high dose, plasma doping/ultra 

high dose, medium current/low dose and high energy/ low dose are found (Figure 32). 

 

 

Figure 32 : Log paper diagram for the ranges of implantation doses and energies for four 

different implant system [31-33]. 
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The various applications of different energies and doses in a standard silicon 

device build are summarized in figure 33.  

 

 

Figure 33: Implanted energy vs dose graph for ion implantation demonstrating the 

variety of applications in a silicon device build [35]. 

 

The high cost of ion implantation equipment is off-set by its utility in device 

fabrication and its excellent control of implantation dose and profile; uniformity of 

doping throughout the target materials; and its cleanliness (it is performed in vacuum) 

[37]. 
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3.4 Rapid Thermal Annealer 

After ion implantation, lots of damage is produced in the target. High temperature 

annealing removes most of these defects. Rapid thermal annealing (RTA) is one kind of 

annealing and is defined as a process where the thermal load is limited to seconds or 

minutes. [2] [38-41].  

3.4.1 RTA Structure and Working Procedure 

JetFirst 100 RTP at McMaster University was used for the annealing work. The 

main parts of the RTP are reflector, halogen lamps, quartz window, process chamber, 

wafer stand, exhaust and pyrometer as shown at figure 34 [2] [40]. For the heating 

purpose 12 tube-shaped halogen lamps are used. The wafer is placed to the process 

chamber on the wafer holder. The wafer got infrared radiation from the halogen lamps. 

The pyrometer is used to measure the temperature. Quartz window is used to divide the 

halogen lamps from the process chamber. For the lamp cooling purpose, circulating water 

is used [2] [40].  
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Figure 34: Basic diagram for JetFirst 100 RTP at McMaster University [2].  

 

At the beginning of the process, the sample is placed into the process chamber. 

After closing the door of RTP, N2 gas flows with a duration of several minutes at 20
o
 C 

temperature at 1000 sccm to remove the moisture and unwanted dust or impurities. Then 

annealing starts according to the recipe and after the end of annealing, RTA needs several 

minutes (4 minutes for 100 Jetfirst RTA) to cool down at room temperature. Several 

steady steps are used to avoid the power spikes which can damage the sample as well as 

the RTP sample holder. The number of steady steps depends on the target annealing 

temperature. One steady step is sufficient between 400
o
 C to 450

o
 C for one minute for 

the target annealing temperature of 700
o
 C, but two steady step is required for the target 
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annealing temperature of 1150
o
 C. Temperatures between 400

o
 C to 450

o
 C and 700

o
 C to 

750
o
 C will be the best choices for one minute steady steps.     

 

 

Figure 35: Rapid thermal annealing furnace at McMaster University 
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Figure 36: Sample chamber of the RTP of McMaster University. 

  

A picture of the JetFirst rapid thermal furnace is shown in figure 35 and figure 36. 

It has also the controlling feature of temperature with thermocouple and pyrometer. This 

furnace is also capable of vacuum as well as atmospheric process. It is controlled by a PC 

and it has one purge gas line with a maximum of three process gas lines controlled with a 

mass flow controller (MFC). Thermal annealing as high as 1300
o
 C can be done by this 

furnace with the rise rate of 1
o
 C/s to 300

o
C/s [40]. The wafer is heated via infra-

red/visible radiation [2] [38]. First heating and cooling rates are correctly maintained by 

halogen lamps (Figure 34) which raise the temperature [38].  
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In a rapid thermal annealing process, several steps are defined i.e. delay step, 

ramp step and steady step (Figure 37). Normally every annealing recipe has two delay 

steps, one is at the starting point and other one is at the ending point. Throughout the first 

delay step the bulbs are off but the N2 gas is flowing for the cleaning purposes. In the 

second delay step the gas flow helps the wafer to cool down. The duration of this step is 

about five to ten minutes.  

Ramp steps drive the temperature up or down from a steady stage. The duration of 

this step depends on the temperature rise rate.  

The wafer experiences a constant temperature during the steady step. This step 

duration is normally about one minute. A complete representation of a recipe including 

delay, ramp and steady steps is shown in figure 37- screen grab from the McMaster RTP. 

 

 

Figure 37: A complete diagram of steps during annealing. 
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3.5 Photoluminescence (PL) Set Up 

The PL set-up is used to measure luminescence intensity from a sample when it is 

excited with a light source such as a laser [42-43] [50-51]. The principal of operation of 

the PL set-up is shown in figure 38 and figure 39.  

  

 

Figure 38: Basic PL set up including laser, spectrometer, lenses, sample and photo-

detector [50].  

 

When laser output hits a sample with sufficient energy, the electrical excitations 

are formed and subsequently relax via photon emission [42] [50-51]. Lenses are used to 

collect the desired output PL component coming from the sample after the laser hits it. 

The spectrometer distinguishes the light intensity as a function of wavelength. Then the 

optical system collects the photons by the photo-detector. Software is used to get the PL 

intensity graph.  
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Figure 39: Schematic diagram of PL set up [51]. 

 

Spectrasuite software is used to control the PL set-up used in this research. Ocean 

optics USB4000 detector and yellow filter are used to detect the luminescence. The 

voltage applied to the laser is .62V and laser type is 405 nm 50mW solid state. The 

McMaster PL set up is shown at figure 40. 
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Figure 40: PL set up at McMaster University for this work. 

3.6 Conclusion 

The ion implanter, rapid thermal annealer and PL set up used in this research have 

been described. The ion implanter is used to introduce Si ions into a SiO2 samples 

according to the requirement of the researcher and rapid thermal annealer removes the 

defect caused the ion implanter and helps to grow nanocrystals. The described PL set up 

measures the luminescence coming from the sample and gives the resulting PL intensity 

with respect to the emission wavelength.  
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CHAPTER FOUR: RESULTS AND DISCUSSION 

4.1 Introduction 

 This chapter presents the core of this thesis work. All data and results are 

discussed along with presentation of results via tables and figures. The summary of the 

research work as well as the contributions to the field is presented.  Two areas of study 

were performed during the research i.e. the effect of oxide layer thickness on the 

formation of nanocrystals and the effect of measurement temperature on the luminescence 

of samples. Figure 41 reveals the flow chart of this work. 
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4.2 Flow Chart  

 

Figure 41: Flow chart of work. 

 

4.3 Initial Fabrication of Si Nanocrystals 

4.3.1 Flow of work 

Several preliminary samples were prepared to investigate a potential process for 

nanocrystal formation. The work flow, together with specific sample description, is 

SILVACO  and SRIM Software 

(Used this software for fabrication simulation) 

Ion Implanter 

 

Used ion implanter for implanting Si ions into quartz and Si ions and 
SiCl ions into thick oxide layer Si samples 

Rapid Thermal Annealer 

 

Used RTA for annealing samples. After this annealing Si 
nanocrystals are formed  

PL Set Up 

 

Used this set up, I have measured the PL intensity for each sample 
in a dark room using Spectra Suit software with 405nm laser 
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described in figure 42. The 1mm quartz sample is named as sample-1, a thermal oxide 

layer grown on silicon describes samples-2 to 4. For sample 1, the implantation doses 

were 1.5 10
16

 ions_cm
-2

, 3.0 10
16

 ions_cm
-2

, 4.5 10
16

 ions_cm
-2

, 6.0 10
16

 ions_cm
-2

, or 

7.5  10
16

 ions_cm
-2

 and implantation energy was same for each implantation doses which 

was 25 KeV. The implant ion was Si for sample 1. 

The dose and implantation energy were 2.0 10
16

 ions_cm
-2

 and 23 KeV 

respectively for sample-2. The implant ion was SiCl for this sample. 

The dose and implantation energy were 2.0 10
16

 ions_cm
-2

 and 30 KeV 

respectively for sample-3. The implant ion was Si for this sample. 

For sample-4, those values were 3.0 10
16

 ions_cm
-2

 and 25 KeV. Implanted ion 

was Si for the sample. 
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  Anneal Passivation PL 

Substrate Doses Energy Temperature Gas Time Gas Temperature Time Intensity 

Integrati

on time 

Range 

 Si+ /cm
2 

KeV °C Type SSCM mins Type SSCM °C 

mins 

 

Counts msec Nm 

 

 

Sample-1 (1 mm thick 

quartz) 

1.5 x 10^16 25 1050 N2 1000 10 N2H2 1000 500 10 0 100 n/a 

3.0 x 10^16 25 1050 N2 1000 10 N2H2 1000 500 10 0 100 n/a 

4.5 x 10^16 25 1050 N2 1000 10 N2H2 1000 500 10 0 100 n/a 

6.0 x 10^16 25 1050 N2 1000 10 N2H2 1000 500 10 0 100 n/a 

7.5 x 10^16 25 1050 N2 1000 10 N2H2 1000 500 10 0 100 n/a 

 

Table 2: Experimental data for 1 mm quartz sample (sample-1). 
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   Anneal Passivation PL 

Substrate Doses Energy Temperature Gas Time Gas  
Temperat

ure 
Time Intensity 

Integr

ation 

time 

Range 

 

SiCl+ for 

sample-2 & 

Si+  for 

sample-3 

/cm
2 

KeV °C Type SSCM mins Type SSCM °C mins Counts msec Nm 

Sample-2 

2.0 x 10^16 23 950 N2 1000 10 N2H2 1000 500 10 0 100 n/a 

2.0 x 10^16 23 1000 N2 1000 10 N2H2 1000 500 10 0 100 n/a 

2.0 x 10^16 23 1050 N2 1000 10 N2H2 1000 500 10 0 100 n/a 

2.0 x 10^16 23 1100 N2 1000 10 N2H2 1000 500 10 0 100 n/a 

2.0 x 10^16 23 1150 N2 1000 10 N2H2 1000 500 10 1000 100 700-
800 

Sample-3 

2.0 x 10^16 30 950 N2 1000 10 N2H2 1000 500 10 0 100 n/a 

2.0 x 10^16 30 1000 N2 1000 10 N2H2 1000 500 10 0 100 n/a 

2.0 x 10^16 30 1050 N2 1000 10 N2H2 1000 500 10 0 100 n/a 

2.0 x 10^16 30 1100 N2 1000 10 N2H2 1000 500 10 0 100 n/a 

2.0 x 10^16 30 1150 N2 1000 10 N2H2 1000 500 10 2500 100 
800-
900 

Table 3: Experimental data for 2.0 10
16

 ions_cm
-2

 dose samples for SiCl+ fluence with 23 KeV implantation energy (sample-

2) and Si+ fluence with 30 KeV implantation energy (sample-3). 
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  Anneal Passivation PL 

Substrate Dose Energy Temperature Gas Time Gas Temperature Time Intensity Integration time Range 

 Si+ /cm
2
 KeV °C Type SSCM mins Type SSCM °C mins Counts Msec nm 

Sample-4  

3.0 x 10^16 25 950 N2 1000 10 N2H2 1000 500 10 0 100 n/a 

3.0 x 10^16 25 1000 N2 1000 10 N2H2 1000 500 10 0 100 n/a 

3.0 x 10^16 25 1050 N2 1000 10 N2H2 1000 500 10 11000 100 660-960 

3.0 x 10^16 25 1100 N2 1000 10 N2H2 1000 500 10 12000 100 650-950 

3.0 x 10^16 25 1150 N2 1000 10 N2H2 1000 500 10 10000 100 650-950 

 

Table 4: Experimental data for 3.0 10
16

ions_cm
-2 

dose with Si+ fluence and 25 KeV implantation energy sample (sample- 4). 
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 Figure 42: Flow diagram describing the preparation of initial Si-nanocrystal samples. 

Initial Samples  

 

Sample-1, 

Implantation energy  

was 25KeV and  
5 different  doses   

Annealed at 1050o C 
and 1100o C. Each for 

10 mim at N2 
atmosphere and N2H2 
forming gas at 500o C 

for 10 min.  

There was no photo- 

luminescence for 

any Si+ implanted 

quartz sample                 

Sample-2, 

Implantation energy 

was 23 KeV and 
dose was 2.0 x 10^16 

ions_cm-2 

Annealed at 950o C,  

1000o C, 1050o C, 

1100o C, 1150o C. Each 

for 10 mim at N2 

atmosphere and N2H2 
forming gas at 500o C 

for 10 min. 

There was very low 

photo 

luminescence at  

1150o C annealing 

temperature  

Sample-3, 

Implantation energy 

was 30 KeV and 

dose was 2.0 x 10^16 

ions_cm-2 

Annealed at 950o C,  

1000o C, 1050o C, 1100o 

C, 1150o C. Each for 10 

mim at N2 atmosphere 

and N2H2 forming gas at 
500o C for 10 min. 

There was very low 

photo              

luminescence at  

1150o C annealing 

temperature  

Sample-4, 

Implantation energy 

was 25 KeV and 

dose was 3.0 x 10^16 

ions_cm-2 

Annealed at 950o C,  

1000o C, 1050o C, 1100o 

C, 1150o C. Each for 10 
mim at N2 atmosphere 

and N2H2 forming gas at 

500o C for 10 min. 

There were good  

photoluminescence for 

1000o C, 1050o C and 1150o 

C  annealing temperatures 
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4.3.2 Results and Discussion 

Annealing the Si
+
 implanted quartz samples at 1050

o
 C and 1100

o
 C did not show 

any photoluminescence. This happened because no Si nanocrystal was formed according 

to this work. Changing implantation doses had no effect. So for quartz, no PL was found. 

So the high temperature rapid thermal annealing and H2 passivation cannot make Si 

nanocrystals at quartz. For fabricating Si nanocrystals, SiO2 layer on top of Si wafer is 

essential because only implanted Si ions within the oxide layer form nanocrystals [1] 

[48]. Decomposition, segregation, diffusion, nucleation, aggregation, growth and 

crystallization process steps have to be accomplished to fabricate nanocrystals. So 

according to this work it can be said that all of those steps were not performed in quartz.     

 For both sample-2 and sample-3, no PL was found before annealing at a 

temperature of 1150
o
 C. According to this work, before this temperature Si nanocrystals 

were not formed for these samples. For forming Si nanocrystals decomposition, 

segregation, diffusion, nucleation, aggregation, growth and crystallization process have to 

take place. It is known that furnace annealing at a temperature of more than 1000
o
 C can 

induce all the above steps [1]. But here no furnace annealer is used, only a rapid thermal 

annealer. Normally the duration of furnace annealing is about several hours but for rapid 

thermal annealing the duration are few minutes [1] [11] [26].  

Significant photoluminescence was observed for higher annealing temperatures 

for the thick oxide layer on Si wafer sample implanted with a dose of 3.0 10
16

 ions_cm
-2
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and energy of 25 KeV (Sample-4). This relatively large PL signal compared to samples 2 

and 3 is likely due to the larger implantation dose. Iwayama et al also observed the same 

behavior [1]. Another observation is the PL intensity increases with the increase of 

annealing temperature. The Si nanocrystals start to emit relatively large amounts of light 

from 1050
o
 C annealing temperature for sample 4.  

  From the tables 2 to 4 of this chapter and the figure 9 and figure 13 of chapter 2, it 

is found that the relationship for rapid thermal annealing (RTA) is quite similar with 

furnace annealing (FA), although the temperature at which nanocrystals begin to form is 

different from that observed after furnace annealing [1] [11]. From the data, an interesting 

feature is observed. The PL intensity increases with the initial increase of annealing 

temperature but appears to saturate as the temperature is increased beyond 1100
o
C 

(Figure 43). It is noted though that this trend is deduced from only three data points. The 

same results were found by Sais et al for three different annealing temperatures [26]. 
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Figure 43:  PL intensity as a function of higher annealing temperature for sample-4.   

 

This trend may be explained by consideration of the nanocrystal size. With the 

increase of annealing temperature the diameter of Si-nanocrystals increases. The PL 

intensity will initially increase with the increase as more nanocrystals nucleate and begin 

to grow. At some point the Si-nanocrystals begin to take on bulk-like properties, either as 

individual nanocrystals become too large to induce quantum confinement or as two 

nanocrystals overlap. The PL thus begins to decrease toward that which might be 

expected for bulk silicon samples.  

During the preliminary stage of research it was tried to make Si nanocrystals from 

Si
+
 implanted quartz and Si

+
 and SiCl

+
 implanted thick oxide layer Si wafers followed by 

rapid thermal annealing (RTA). There was no emission from silicon nanocrystals in 
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quartz. But for the other Si
+
 implanted thick oxide layers PL was observed. The PL 

intensity was directly related to the annealing temperature and implantation ion dose. The 

PL increases with the annealing temperature up to a limiting value. It is also found that 

the formation behavior of Si nanocrystals is similar for both furnaces annealing (FA) 

followed by rapid thermal annealing (RTA) and rapid thermal annealing (RTA) only [1] 

[11]. The Si nanocrystal formation temperature for only FA is about 1000
o
 C and for only 

RTA is about 1050
o
 C. But 1100

o
 C rapid thermal annealing gives the best result in terms 

of PL intensity. So this annealing temperature was used for all the subsequent samples. 

4.4 Calibration of Rapid Thermal Annealer (RTA) 

Rapid thermal annealing (RTA) was used for annealing the samples after the ion 

implantation thus removing the defects caused during ion implantation. The RTA is also 

used for passivation via the flow of forming gas (N2H2) and also for growing thermal 

SiO2 layer (dry oxidation) on Si samples. At the beginning of the project, the RTA was 

calibrated using the Deal and Grove model for thermal oxidation. The model describes 

the relationship of the annealing time, annealing temperature and oxide thickness [45]. 

Bruce Deal and Andrew Grove formulated the model in 1965 for calculating the thickness 

of a thermal oxide layer [46]. It has been widely used and tested ever since. It is 

appropriate for oxide growth on plane substrate (one-dimensional). For this research, 

these limitations do not have any impact. So this model was suitable for calibrating RTA 

for this research work.  
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4.4.1 Deal Grove Model 

 The thermal oxidation of silicon process has three stages i.e. i) oxidizing gas 

comes to the outer surface of oxide, ii) diffuses through any present oxide layer to the 

oxide substrate interface and iii) reaction with the substrate (Figure 44) [47]. 

At the first stage, the flux is described by    

              ------------- (i) 

 Where, h is gas-phase transport coefficient,     is the equilibrium concentration of 

the oxidants in the surrounding gas atmosphere,     is the concentration of oxidants at the 

oxide surface at any given time. 

At second stage the flux is described by 

    
  

  
  

 
  

   

  
 ------------- (ii) 

 Where, D is the oxidant diffusivity in the oxide,    is the oxidant concentration at 

the oxide on silicon interface and     is the oxide thickness. 

The flux of third stage is described by 

        ------------- (iii) 

Where,    is the surface constant and depends on the number of processes 

occurring at the oxide layer and material interface. 

According to Deal and Grove       and        

So,              
 

 
 

   
  

 

 
 

  

  
 ⁄  ------------- (iv) 
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Flux of oxidant molecule is proportional with the oxide growth rate 

 
 ⁄  

   
  

⁄   ------------- (v) 

Where, N is the per unit volume oxidant molecule number. 

From equation (iv) and equation (v) 

   
  

⁄    
 

 
 

   
  

 

 
 

   

  
 ⁄ ------------- (vi) 

The simplified equation is   

   
  

⁄   
       

⁄ ------------- (vii) 

Where, B=     

 ⁄  ; A= 2d(   
⁄  +   ⁄ ) 

An integration of the equation (vii) is performed from t=0 to t=t 

  
             ------------- (viii) 

Where,   
   

      
 

⁄  and    is the initial oxide thickness at t=0. 

 After solving the equation,  

time, t = 
  
    

 

 
 + 

     

 
 ⁄

 ------------- (ix) 

Where, B is a parabolic rate constant and     is a linear rate constant. 

The relationship between time and oxide thickness is defined by equation (ix) (Figure 54).   
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Figure 44: Oxidation process on silicon wafer [47]. 

 

From equation (viii)  

   
   √           

 
 --------- (x) 

Two general regimes exist for oxidation: 

1)   Long oxidation times when t >> τ and t >> 
  

  
     ;       √    

This condition is known as parabolic condition. 

2)  Short oxidation times when t   
  

  
   ;     

 

 
 (t+ τ)  

This condition is known as linear condition. 
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4.4.1.1 Effect of Temperature  

Deal grove parameters are described by  

 =    
  

  
  ⁄  and 

 

 
 =    

  
  

  ⁄  

Where,   and   are pre-exponential constants,    and    are activation energies (Figure 

45). Significant observations are   ,    and   are same for any orientation of Si, only    

changes with the orientation of Si and    varies for dry O2 and wet H2O because of the 

diffusion coefficients of O2 and H2O in SiO2 [47] [57]. 

 

 

Figure 45:  B and B/A versus temperature for (111) oriented silicon for wet and dry 

oxidation [47]. 
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4.4.2 Procedure and Results 

Thermal oxide layers were grown on silicon substrates at a variety of temperatures and 

then measured using an ellipsometer. The measured results were compared with results 

obtained from the Deal-Grove model (Table 5) [44]. The difference in measured and 

modeled thickness was used to deduce a calibration offset for the RTA system. The 

relationship between the set and actual temperatures of RTA are plotted at figure 46 and 

figure 47. 

 

Set Temperature 

(C) 

Theoretical 

Thickness (A) 

Actual 

Temperature (C) 

Measured 

Thickness (A) 

830 38 910 78.49 

900 71 954 131.36 

950 125 997 217.66 

1000 225 1036 334.05 

1050 385 1092 563.12 

Table 5: Set temperatures at RTA along with the actual temperatures from Deal Grove 

model and their corresponding oxide thickness are shown. Initial oxide thickness was 

25.28 A. 
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Figure 46: Set temperatures vs. Actual temperatures graph for RTA.  

 

The theoretical thicknesses were the predicted oxide thicknesses according to Deal 

Grove model due to the nominal, set temperatures of the RTA. The measured thicknesses 

were the corresponding oxide thicknesses measured by ellipsometer. The actual 

temperatures were deduced from Deal Grove model from the corresponding measured 

thicknesses. The relationship between two set temperatures corresponding to number of 

data is revealed in figure 47.   



 

M. A. Sc. Thesis- M. A. I. Shaikh 

McMaster University- Department of Engineering Physics  

70 

 

 

 

Figure 47: Number of data vs. Set temperature and Actual temperature graph for RTA. 

Blue line represents a line touching all set temperatures data points  and red lines 

represents that for actual temperatures.  

4.5 Calculation of Required Implantation Conditions 

 During the research work, 90% of implanted Si ions were aimed to be implanted 

in the thin films of SiO2 with the intention for fabricating adequate number of Si 

nanocrystals. Only the implanted Si ions in the SiO2 layer are going to form Si 

nanocrystals. The Stopping and Range of Ions in Matter (SRIM) is commonly used 

software to measure several properties such as stopping range of implanted ions, 

damages of the targets for corresponding implantation energies for specific implanted 

ions with various implantation angles [49]. SRIM is used to model the specific SiO2 

layer thickness for a given implantation energy which meets this criterion. The 
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implanted ions had a distribution profile which was similar to a Gaussian curve (Figure 

48).   

 

Figure 48: Gaussian Curve. The number indicates the first standard deviation (68.2% of 

all data), second standared daviation (95.6% of all data) and third standared daviation 

(99.8% of all data) from the mean value.  

 

The SRIM simulation for implanted Si ion distribution in SiO2 layers for 

implantation energies of 10 KeV, 20 KeV and 30 KeV are shown in figure 49, figure 

50 and figure 51 respectively.  
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Figure 49: SRIM simulation for implanted Si ion distribution in SiO2 layers for 

implantation energy of 10 KeV.  

 

 

Figure 50: SRIM simulation for implanted Si ion distribution in SiO2 layers for 

implantation energy of 20 KeV.  
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Figure 51: SRIM simulation for implanted Si ion distribution in SiO2 layers for 

implantation energy of 30 KeV. 

 

The oxide thickness values required for 90% of implanted Si within the SiO2 

layer for different implantation energies are given at table 6. 

 

Implantation Energy (KeV) Oxide Thickness (A) 

10 290 

15 385 

20 520 

25 610 

30 720 

35 800 

40 890 

 

Table 6: The oxide thickness required for 90% of the silicon ions to stop in a SiO2 layer for 

10-40 KeV implantation energies. 
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 The samples with specific thickness were made using the RTA. All the data and 

results are given in table 7. 

 

Temperature 
Time 

(min) 

Calculated 

Thickness (A) 

SRIM   O/P 

Thickness (A) 
Measured 

Thickness (A) 

1023 30 291 290 330 

1050 30 385 385 430 

1099 25 521 520 600 

1108 28 611 610 624 

1123 30 720 720 693 

1138 30 801 800 799 

1156 30 902 895 948 

Table 7: Calculated (for RTA), SRIM simulated and ellipsometer measured thickness of 

oxide layers. 

4.6 Effect of Annealing Temperatures 

Three sets of samples were initially fabricated to investigate the effects of 

annealing temperatures on PL emission from Si-nanocrystals. The implantation energies 

and implantation doses were 25 KeV, 20 KeV, 10 KeV and 3.0  10
16

 ions_cm
-2

,           

2.3  10
16

 ions_cm
-2

 and 1.5  10
16

 ions_cm
-2

 respectively. The oxide thicknesses were 

624 A, 620 A and 330 A respectively. 
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Enhancing the PL from Si nanocrystals is a challenging job. One approach is the 

increase of implantation doses i.e. implanted Si+ ions which increase the concentration 

of excess Si [65]. But the solution is not so simple.  PL intensity is directly related with 

the Si nano-inclusion areal density. Nano-inclusion is inclusion at nanoscale. So the 

nanocrystals are one kind of nano-inclusion. But Si nano-inclusion sizes must be suitable 

for quantum confinement. The increase of implantation doses increases the PL intensity 

along with the size of Si nano-inclusions. So for high implantation doses the size of Si 

nano-inclusions is too high for the quantum confinement. And therefore PL intensity 

decreases at sufficiently higher doses [65].  

The same result was found by two groups i.e. the PL intensity went through a 

maximum value then dropped with the increase of doses for fixed annealing temperature 

[59-60] [65]. The explanation was at high dose the nanocrystals as well as inclusion 

concentration was high. The mechanical overlapping of inclusions occur which is 

responsible for PL intensity decreases due to the less oscillator strength i.e. radiative 

transition [59].  
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Figure 52: Wavelength vs PL intensity graph for two different annealing temperatures i.e. 

1000
o
 C and 1100

o
 C for 30 minutes each case. Parameters for Y1, Y2,Y3 and Y4 are 

10KeV, 1000
o
C; 20KeV, 1000

o
C; 10KeV, 1100

o
C and 20KeV, 1100

o
C respectively while 

the other parameters are same. For 10 KeV and 20 KeV the doses are 1.5 10
16

 ions_cm
-2

 

and 2.3 10
16

 ions_cm
-2

 respectively. Integration time was 6 seconds. 

 

The PL intensities for 20 KeV and 10 KeV samples are shown in figure 52. The 

PL intensities due to different annealing temperature for three different samples are 

shown in table 8. 
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Implantation 

Energy (KeV) 

Implantation Dose 

(ions_cm
-2

) 

Annealing 

Temperature (
o
C) 

 

Peak PL Intensities 

(Arb. Units) 

25 3.0 x 10^16 1040 11000 

25 3.0 x 10^16 1100 12000 

25 3.0 x 10^16 1160 9000 

20 2.3 x 10^16 1100 7800 

20 2.3 x 10^16 1000 500 

10 1.5 x 10^16 1100 2000 

10 1.5 x 10^16 1000 300 

Table 8: Annealing temperature dependence of PL peaks is shown for three sets of data. 

 

During high annealing temperature, the diffusion of Si increases which is 

responsible for merging of inclusions i.e. Ostwald ripening. Ostwald ripening occurs 

when more than one nanocrystal or nanocrystals and inclusions come closer than two 

diffusion length for a fixed annealing temperature and duration. Then the size of merging 

Si nanocrystals radius will be more than the critical radius [59]. The amalgamation of 

inclusion is dominant with respect to mechanical overlapping at high annealing 

temperature [59] [66].   

4.7 Effect of Oxide Layer Thickness 

One of the main goals of this thesis work was to find out the effect of oxide 

thickness on Si nanocrystal formation and PL emission. Two sets of sample were used to 
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this end. The oxide on top of Si samples was grown to varying thicknesses. Due to the 

consideration that 90% of implanted Si
+
 ions should be in that thickness the minimum 

thickness for 10 KeV and 20 KeV implantation energies were 290 A and 510 A 

respectively. 20 KeV and 2.3 10
16

 ions_cm
-2

 were the implantation energy and dose for 

one set of samples of three different oxide thickness of 600 A, 1150 A and 3400 A. For 

other set, the parameter were 10 KeV, 1.5 10
16

 ions_cm
-2

, 330 A, 550 A, 1150 A and 

1800 A. All samples were annealed at 1100
o
 C for 30 minutes and the forming gas, N2H2 

were used at 500
o
 C for 10 minutes. The integration time during measuring PL was 6 

seconds. 

 

Table 9: PL intensities peak along with the PL ranges were shown for different oxide 

thicknesses. The implantation energy and doses were 10 KeV and 1.5 10
16

 ions_cm
-2

 

respectively.  

 

Imp E 

 (KeV) 

Thickness  

(A) 

Annealing Temp          

(
o
 C) 

Measuring Temp  

(
 o
 C) 

PL  

(Arb. Unit) 

10 330 1100 20 2000 

10 550 1100 20 4600 

10 1150 1100 20 15000 

10 1800 1100 20 11700 
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Figure 53: Wavelength vs PL intensity graph for 10 KeV implanted energy samples. Y1 

indicates sample of 330A oxide layer. For Y2, Y3, and Y4, the oxide thicknes wass 550A, 

1150A, and 1800A respectively. Measuring temperature was 20
o
C.   

 

Table 9 shows the relationship between the oxide thickness and PL intensities for 

10 KeV implantation energy and 1.5 10
16

 ions_cm
-2

 dose samples. The PL intensities 

were 2000 Arb. unit, 15000 Arb. unit and 11700 Arb. unit at oxide thickness of 330 A, 

1150 A and 1800A (Figure 53). So it was found that the PL intensity was increasing until 

1150A oxide thickness and had maximum PL which was 15000 Arb. unit and after that 

the PL was decreasing with the increase with oxide thickness.   
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Figure 54: Wavelength vs PL intensity graph for 20 KeV implanted energy samples. Y1 

indicates sample of 600A oxide layer. For Y2 and Y3, the  oxide thickness was 1150A and 

3400A respectively. Measuring temperature was 20
o
C.  

 

Table 10: PL intensities peak along with the PL ranges were shown for different oxide 

thickness. The implantation energy and doses were 20 KeV and 2.3 10
16

 ions_cm
-2

 

respectively. 

 

Table 10 shows the relationship between the oxide thickness and PL intensities for 

20 KeV implantation energy and 2.3 10
16

 ions_cm
-2

 dose samples. The PL intensities 

0

5000

10000

15000

20000

25000

30000

650 700 750 800 850 900 950 1000

P
L 

In
te

n
si

ti
y 

(A
b

r.
 U

n
it

) 

Wavelength (nm) 

PL  

Y1

Y2

Y3

Imp E (KeV) Thickness (A) Annealing Temp   

(
o
 C) 

Measuring Temp 

 (
 o
 C) 

PL  

(Arb. Unit) 

20 600 1100 20 7800 

20 1150 1100 20 26500 

20 3400 1100 20 4000 



 

M. A. Sc. Thesis- M. A. I. Shaikh 

McMaster University- Department of Engineering Physics  

81 

 

 

were 7800 Arb. unit, 26500 Arb. unit and 4000 Arb. unit at oxide thickness of 600 A, 

1150 A and 3400 A (Figure 54). So it was found that the PL intensity was increasing until 

1150A oxide thickness and had maximum PL which was 26500 Arb. Unit and after that 

the PL was decreasing with the increase with oxide thickness.  

For both implantation energy 10 KeV with dose of 1.5 10
16

 ions_cm
-2

 and 20 

KeV with 2.3 10
16

 ions_cm
-2

, 1150A oxide thickness layer provides the maximum PL 

intensities. Optical interference is the cause for the results i.e. the effect of oxide 

thickness layer [74]. Optical interference is responsible for the modulation of PL 

spectrum [74]. Optical interference is the superposition of two or more light waves. 

Constructive interference, provides the maximum value and destructive interference, 

provides the minimum value of PL [75].  

Shin et al studied the effect of dry oxidation thickness on porous Si [58]. The 

group found that the PL intensity changed with oxide thickness and it was not uniform. 

[58]. Barba et. al. group performed the study of oxide thickness on Si nanocrystals and 

found the same trend (increases to maximum value before starts decreasing) of results as 

this work [74]. 

4.8 Effect of Measuring Temperatures 

The effect of measuring temperature (i.e. the temperature of the substrate during 

PL measurement as opposed to annealing temperature) is another focus of this thesis of 

this thesis work. Two sets of sample were used to do study on measuring temperature. 
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The parameters were 10 KeV, 1.5 10
16

 ions_cm
-2

, 330 A, 550 A, 1150 A and 1800 A; 

20 KeV, 2.3 10
16

 ions_cm
-2

, 600 A and 1150 A. The annealing and forming gas flown 

time durations were 30 minutes at 1100
o
 C and 10 minutes at 500

o
 C respectively. 

Integration time during measuring PL was 6 seconds.  

 

 

Figure 55: Wavelength vs PL intensity graph for 10 KeV implanted energy samples. Y1 

and Y2 indicate samples PL intensities at measuring temperature of 20
o 

C and 60
o
 C 

respectively. The oxide layer of samples was 330A. Integration time during measuring PL 

was 6 seconds.  
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Table 11: PL intensities peak along with the PL ranges were shown for different 

measuring temperature. The implantation energy, dose and oxide layer thickness were 10 

KeV, 1.5 10
16

 ions_cm
-2

 and 330 A respectively.  

 

The values of PL for 10 KeV implantation energy, 1.5 10
16

 ions_cm
-2

 dose and 

330 A thickness samples due to different measurement temperatures are shown in table 

11. The PL intensities were 2000 Arb. unit, 1800 Arb. unit and 1600 Arb. unit for the 

measuring temperatures of 20
o
 C, 40

o
 C and 60

o
 C (Figure 55).  

 

Imp E 

(KeV) 

Thickness 

(A) 

Annealing 

Temp (
o
 C) 

Measuring 

Temp (
 o
 C) 

PL (Arb. 

Unit) 

PL Range 

(nm) 

10 330 1100 20 2000 650-950 

10 330 1100 30 1900 650-950 

10 330 1100 40 1800 650-950 

10 330 1100 50 1700 650-950 

10 330 1100 60 1600 650-950 
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Figure 56: Wavelength vs PL intensity graph for 10 KeV implanted energy samples. Y1 

and Y2 indicate samples PL intensities at measuring temperature of 20
o 

C and 60
o
 C 

respectively. The oxide layer of samples was 550A. Integration time during measuring PL 

was 6 seconds.  

 

Table 12: PL intensities peak along with the PL ranges were shown for different 

measuring temperature. The implantation energy, dose and oxide layer thickness were 10 

KeV, 1.5 10
16

 ions_cm
-2

 and 550 A respectively.  
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The values of PL as a result of different measuring temperatures for 550 A 

thickness samples were revealed in table 12. The PL intensities were 4600 Arb. unit, 4200 

Arb. unit and 3800 Arb. unit for the measuring temperatures of 20
o
 C, 40

o
 C and 60

o
 C 

(Figure 56).  

 

 

Figure 57: Wavelength vs PL intensity graph for 10 KeV implanted energy samples. Y1 

and Y2 indicate samples PL intensities at measuring temperature of 20
o 

C and 60
o
 C 

respectively. The oxide layer of samples was 1150 A. Integration time during measuring 

PL was 6 seconds.  
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Table 13: PL intensities peak along with the PL ranges were shown for different 

measuring temperature. The implantation energy, dose and oxide layer thickness were 10 

KeV, 1.5 10
16

 ions_cm
-2

 and 1150 A respectively.  

 

The values of PL 1150 A thickness samples caused by different measurement 

temperatures are shown in table 13. The PL intensities were 15000 Arb. unit, 12200 Arb. 

unit and 9500 Arb. unit for the measuring temperature of 20
o
 C, 40

o
 C and 60

o
 C (Figure 

57).   

Imp E 

(KeV) 

Thickness 

(A) 

Annealing 

Temp (
o
 C) 

Measuring 

Temp (
 o
 C) 

PL (Arb. 

Unit) 

PL Range 

(nm) 

10 1150 1100 20 15000 650-950 

10 1150 1100 30 14000 650-950 

10 1150 1100 40 12200 650-950 

10 1150 1100 50 11500 650-950 

10 1150 1100 60 9500 650-950 
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Figure 58: Wavelength vs PL intensity graph for 10 KeV implanted energy samples. Y1 

and Y2 indicate samples PL intensities at measuring temperature of 20
o 

C and 60
o
 C 

respectively. The oxide layer of samples was 1800 A. Integration time during measuring 

PL was 6 seconds.  

 

The PL caused by different measurement temperatures for 1800 A thickness 

samples are revealed in table 14. The PL intensities were 11700 Arb. unit, 10000 Arb. 

unit and 8000 Arb. unit for the measuring temperature of 20
o
 C, 40

o
 C and 60

o
 C (Figure 

58).  
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Table 14: PL intensities peak along with the PL ranges were shown for different 

measuring temperature. The implantation energy, dose and oxide layer thickness were 10 

KeV, 1.5 10
16

 ions_cm
-2

 and 1800 A respectively.  

 

So it is found that the PL intensity for 10 KeV implanted samples is inversely 

proportional with measuring temperature. The PL intensities were increased with the 

increase of oxide thickness till 1150 A. The cause behind that was described at the effect 

of oxide thickness section.  

 

Imp E 

(KeV) 

Thickness 

(A) 

Annealing 

Temp (
o
 C) 

Measuring 

Temp (
 o
 C) 

PL (Arb. 

Unit) 

PL Range 

(nm) 

10 1800 1100 20 11700 650-950 

10 1800 1100 30 11000 650-950 

10 1800 1100 40 10000 650-950 

10 1800 1100 50 8700 650-950 

10 1800 1100 60 8000 650-950 
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Figure 59: Wavelength vs PL intensity graph for 20 KeV implanted energy samples. Y1 

and Y2 indicate samples PL intensities at measuring temperature of 20
o 

C and 60
o
 C 

respectively. The oxide layer of samples was 600 A. Integration time during measuring 

PL was 6 seconds.  

 

Table 15: PL intensities peak along with the PL ranges were shown for different 

measuring temperature. The implantation energy, dose and oxide layer thickness were 20 

KeV, 2.3 10
16

 ions_cm
-2

 and 600 A respectively.  
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The values of PL for 20 KeV implantation energy, 2.3 10
16

 ions_cm
-2

 dose and 

600 A thickness samples due to different measuring temperatures are shown at table 15. 

The PL intensities were 7800 Arb. unit, 7000 Arb. unit and 6000 Arb. unit for the 

measuring temperature of 20
o
 C, 40

o
 C and 60

o
 C (Figure 59).  

 

 

Figure 60: Wavelength vs PL intensity graph for 10 KeV implanted energy samples. Y1 

and Y2 indicate samples PL intensities at measuring temperature of 20
o 

C and 60
o
 C 

respectively. The oxide layer of samples was 1150 A. Integration time during measuring 

PL was 6 seconds.  
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Table 16: PL intensities peak along with the PL ranges were shown for different 

measuring temperature. The implantation energy, dose and oxide layer thickness were 20 

KeV, 2.3 10
16

 ions_cm
-2

 and 1150 A respectively.  

 

The PL caused by different measuring temperatures for 1150 A thickness samples 

are shown in table 16. The PL intensities were 26500 Arb. unit, 24500 Arb. unit and 

21500 Arb. unit for the measuring temperature of 20
o
 C, 40

o
 C and 60

o
 C (Figure 60).  

 The results of PL intensities for different measuring temperature due to 20 KeV 

implantation energies were same as that of 10 KeV i.e. inversely proportional. This 

happens due to the Auger effect. Auger effect is the recombination of inner cell hole by 

an electron of outer cell without any light. This electron is known as auger electron. 

When recombination due to auger effect increases, then recombination with light 

emission probability decreases [72] [73].    

Huldt et. al. found the relationship of auger effect with the temperature is 

proportional to T
0.6

. So the Auger effect increases with the increase of temperature [72]. 

Imp E 

(KeV) 

Thickness 

(A) 

Annealing 

Temp (
o
 C) 

Measuring 

Temp (
 o
 C) 

PL (Arb. 

Unit) 

PL Range 

(nm) 

20 1150 1100 20 26500 650-950 

20 1150 1100 30 25000 650-950 

20 1150 1100 40 24500 650-950 

20 1150 1100 50 23000 650-950 

20 1150 1100 60 21500 650-950 
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Increasing temperature accelerates Auger effect and due to this behavior, PL intensities 

decreases. Jang et. al. also found the same trend of result [73].  

4.9 The Effect of Types of Oxide Layer 

Toward the end of the research, I decided to perform a brief investigation of the 

effects of the oxide type on the PL luminescence. Dry oxidation and wet oxidation are the 

most common methods to fabricate the oxide layer on Si wafer surface [45] [68-71]. The 

rate of oxidation for dry oxidation is slower than that of wet oxidation [45] [58] [68]. 

Linear pressure dependence oxidation rate is an important characteristic for wet oxidation 

whereas the dependence is sub linear for dry oxidation [62]. Wet oxidation also has the 

feature of insignificant early period oxidation enrichment [45] [62]. Only oxygen (O2) is 

used for the dry oxidation but water i.e. H2O is used for wet oxidation [67].   

Reaction during dry oxidation, 

           ------------------------------------------ (xi) 

Reaction during wet oxidation, 

               ---------------------------------- (xii) 
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Figure 61: Wavelength vs PL intensity graph for 10KeV implantation energies dry 

oxidation. RTA was done at 1100
o 

C for 30 minutes.  The parameters for Y1 are  400 A 

thick oxide layer with dry oxidation. The parameters for Y2;Y3 and Y4 are 600 A, dry 

oxidation; 1000 A, dry oxidation and 1300 A, dry oxidation respectively. Integration time 

was 6 seconds. 

    

Oxide Thickness (A) Peak PL Intensity (Arb. Unit) 

400 2000 

600 4600 

1000 7800 

1300 20200 

Table 17: The peak PL intensities for dry oxidation samples are shown. Implantation 

energy and implantation dose were 10 KeV and 2  10 
16 

ions_cm
-2

 respectively. 
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Figure 62: Wavelength vs PL intensity graph for 10KeV implantation energies for wet 

oxidation. RTA was done at 1100
o 

C for 30 minutes.  The parameters for Y1 are  600 A 

thick oxide layer with wet oxidation. The parameters for Y2;Y3 and Y4 1000 A, wet 

oxidation; 1300A, wet oxidation and 1900 A, wet oxidation respectively. Integration time 

was 6 seconds. 

 

Oxide Thickness (A) Peak PL Intensity (Arb. Unit) 

600 4200 

1000 6500 

1300 12200 

1900 6000 

Table 18: The peak PL intensities for wet oxidation samples are shown. Implantation 

energy and implantation dose were 10 KeV and 2  10 
16 

ions_cm
-2

 respectively. 

  

0

2000

4000

6000

8000

10000

12000

14000

550 650 750 850 950

P
L 

In
te

n
si

ty
  (

A
rb

. U
n

it
) 

Wavelength (nm) 

PL (10 KeV; Wet Oxidation) 

Y1

Y2

Y3

Y4



 

M. A. Sc. Thesis- M. A. I. Shaikh 

McMaster University- Department of Engineering Physics  

95 

 

 

The PL intensities for dry and wet oxidation samples are plotted at figure 61 and figure 62 

respectively. Both cases the implantation dose and energy were 2  10 
16 

ions_cm
-2

and 10 

KeV.  The PL intensities peak corresponding to oxide thickness are shown at table 17 

(dry oxidation) and table 18 (wet oxidation).  

 

 

Figure 63: Wavelength vs PL intensity graph for 10KeV implantation energies for both 

dry oxidation and wet oxidation. RTA was done at 1100
o 

C for 30 minutes.  The 

parameters for Y1 are  600 A thick oxide layer with dry oxidation. The parameters for 

Y2;Y3;Y4;Y5 and Y6 are 600 A, wet oxidation; 1000 A, dry oxidation; 1000 A, wet 

oxidation; 1300 A, dry oxidation and 1300A, wet oxidation respectively. Integration time 

was 6 seconds. 
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    Oxide Thickness 

(A) 

Peak PL Intensity (Arb. 

Unit) 

Dry Oxidation 

Peak PL Intensity (Arb. 

Unit) 

Wet Oxidation 

600 4600 4200 

1000 7800 6500 

1300 20200 12200 

Table 19: The peak PL intensities for dry oxidation and wet oxidation samples are shown. 

Implantation energy and implantation dose were 10 KeV and 2 10 
16 

ions_cm
-2

 

respectively. 

  

The PL intensities for three oxide thickness are plotted for both type of oxide 

samples at figure 63 and the corresponding results are shown at table 19. RTA was used 

to make the dry oxide samples. It is hard to make thicker dry oxide samples from RTA 

due to the high duration of process time at high temperatures. The PL intensities for 1000 

A dry oxide thickness sample was about 1.2 times than that of wet oxide sample and for 

1300 A the ration was about 1.7 times. So it can be said that dry oxidation samples 

provide more light compared with that of the wet oxidation samples.    
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Figure 64: Wavelength vs PL intensity graph for 20KeV implantation energies for dry 

oxidation. RTA was done at 1100
o 

C for 30 minutes.  The parameters for Y1 are  600 A 

thick oxide layer with dry oxidation. The parameters for Y2 and Y3 are 1000 A, dry 

oxidation and 1300 A, dry oxidation respectively. Integration time was 6 seconds. 

  

Oxide Thickness (A) Peak PL Intensity (Arb. Unit) 

600 20000 

1000 27000 

1300 39000 

Table 20: The peak PL intensities for dry oxidation samples are shown. Implantation 

energy and implantation dose were 20 KeV and 2  10 
16 

ions_cm
-2

 respectively. 
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Figure 65: Wavelength vs PL intensity graph for 20KeV implantation energies for wet 

oxidation. RTA was done at 1100
o 

C for 30 minutes.  The parameters for Y1 are  600 A 

thick oxide layer with wet oxidation. The parameters for Y2;Y3 and Y4 are 1000 A, wet 

oxidation; 1300A, wet oxidation and 1900 A, wet oxidation respectively. Integration time 

was 6 seconds. 

 

Oxide Thickness (A) Peak PL Intensity (Arb. Unit) 

600 28000 

1000 44000 

1300 57000 

1900 32000 

Table 21: The peak PL intensities for wet oxidation samples are shown. Implantation 

energy and implantation dose were 20 KeV and 2  10 
16 

ions_cm
-2

 respectively. 
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Figure 66: Wavelength vs PL intensity graph for 20KeV implantation energies for both 

dry oxidation and wet oxidation. RTA was done at 1100
o 

C for 30 minutes.  The 

parameters for Y1 are  600 A thick oxide layer with dry oxidation. The parameters for 

Y2;Y3;Y4;Y5 and Y6 are 600 A, wet oxidation; 1000 A, dry oxidation; 1000 A, wet 

oxidation; 1300 A, dry oxidation and 1300A, wet oxidation respectively. Integration time 

was 6 seconds. 

 

Oxide Thickness (A) 
Peak PL Intensity (Arb. Unit) 

Dry Oxidation 

Peak PL Intensity (Arb. Unit) 

Wet Oxidation 

600 20000 28000 

1000 27000 44000 

1300 39000 57000 

Table 22: The peak PL intensities for dry oxidation and wet oxidation samples are shown. 

Implantation energy and implantation dose were 20 KeV and 2 10 
16 

ions_cm
-2

 

respectively. 
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 The PL intensities for three oxide thickness are plotted for both type of oxide 

samples at figure 66 and the corresponding results are shown at table 22. The PL 

intensities for 1000 A and 1300 A wet oxide thickness samples were about 1.5 times than 

that of dry oxide samples. So it can be said that wet oxidation samples provide more light 

compared with that of the dry oxidation samples.   So it is assumed that there might be an 

implantation energy between 10 KeV and 20 KeV where the effect changes. Due to the 

limited time only two implantation energies were studied. So this is a very good option 

for future study. The PL intensities difference between the two types of sample is mainly 

due to the existence of water vapor at wet oxide samples [59]. One interesting feature was 

found for the wet oxidation samples i.e. there were two PL peaks; one is ~ 750 nm and 

other one is ~ 850 nm. Tetelbaum et. al. discussed the features and they found peaks at 

770 nm and 880 nm. The interband recombination i.e. transition inside nanocrystal [59-

61] or the recombination of excitations of nanocrystals with the border region states [59]  

[62-64] is responsible for PL peak at  ~ 770 nm and peak at 880 nm is due to water 

vapour presents at interface states [59]. This group also showed a Si nanocrystals model 

for oxidation samples.  

4.10 Conclusion 

The photoluminescence from Si-nanocrystals embedded in SiO2 is a function of 

numerous things. After Si ion implantation into SiO2 high temperature annealing is 

performed for removing the defects and forming the nanocrystals. The first contribution 
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of this thesis is that1100
o
 C rapid thermal annealing is the best choice for fabricating Si 

nanocrystals with RTA following ion implantation.  Second, the PL appears to be a 

function of SiO2 thickness, an observation not previously made. Third, there is an inverse 

relationship between PL intensity and measuring temperature. This result provides a 

potential application in the area of temperature sensing. The fourth and final contribution 

is that types of thermal oxidation (wet or dry) have an impact on PL intensities.  
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CHAPTER FIVE: CONCLUSION AND SUGGESTION FOR FUTURE WORK 

5.1 Conclusion 

A relatively large amount of light comes from the Si nanocrystals embedded in 

SiO2 matrix. A process of fabricating Si nanocrystals by ion implantation followed by 

only high temperature rapid thermal annealing is described. Normally a long time 

duration furnace annealing followed by a short time duration rapid thermal annealing is 

performed after ion implantation. In the current work, only RTA annealing was used. This 

thesis contributes knowledge on the effect of annealing temperature, measuring 

temperature, oxide layer thickness and grown types of oxide layer.  The potential 

application of Si nanocrystals is a vast area which almost includes nearly all branches of 

electronic engineering. A literature review was done for gathering in depth knowledge 

about the topic.  

In chapter 1, the basic principal and concepts of light emission and commonly 

used terms have been discussed. In chapter 2, the theoretical consideration and 

background literature review have been done. The light emission mechanism, the process 

of fabricating Si nanocrystals, effect of implantation doses as well as effect of annealing 

temperature and implantation temperature are discussed.  

In chapter 3, the experimental set-ups and basic operating principals have been 

discussed. In this work an ion implanter was used in conjunction with a rapid thermal 
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annealer to form Si-nanocrystals. The PL set up is used to measure the light coming from 

the samples i.e. from Si nanocrystals.   

   In chapter 4, the results have been discussed. The PL intensities increase with 

the doses till a value after that the PL decreases due to the mechanical overlapping of Si 

nanocrystals. Same result was found for the high temperature annealing and Oswald 

ripening is the cause for the outcomes. 1100
o
 C annealing temperature provided the best 

PL.  The oxide thickness had the similar PL effect tends as that of annealing temperature 

i.e. first increase to maximum value and then decreasing. Oxide layer thickness of 1150 A 

is found best for the samples used during the thesis work. The result was described on the 

basis of crystal size.  

 The results of the effects of measuring temperature and oxide thickness layer 

grown type are discussed. Very little work was done previously in this field. The PL 

intensities decrease with the increase of measuring temperature. An interesting result was 

found during the work on grown types of oxide layer i.e. dry oxidation provided more PL 

compared with wet oxidation for 10 KeV implantation energy whereas the results was 

reverse for 20 KeV implantation energy. 

5.2 Future Work 

Lots of scopes for future work are provided. The effect of measuring temperature 

is a very promising field to do further work because very few works have been done on 

this while it provides potential in temperature sensing. In this thesis work, implantation 
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energies other than 10KeV and 20KeV were not investigated, while only two 

implantation doses are used. Expanding the range of energies and doses will be of 

interest, as would be a more detailed investigation of the annealing temperatures. The 

most interesting results are perhaps the strong dependence of luminescence on thin film 

thickness and oxide type. More work is needed to fully explain why these parameters play 

a role in PL intensity. 
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