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ABSTRACT 

This thesis study aims to introduce nanosecond laser processing for the enhancement of 

biocompatibility of pure silicon for biomedical technologies. These results have the 

potential to contribute to the design of manufacturing processes of innovative 

biomedical devices and improve the quality of life. This research investigates the trends 

of various laser parameters including three scanning parameters (line spacing, overlap 

number, and scanning speed), pulse frequency, and laser power. Biocompatible in vitro 

assessment was conducted through the use of Simulated Body Fluid (SBF) and cell 

culturing with NIH 3T3 fibroblasts. The samples with smaller line spacing and higher 

overlap numbers showed more generation of SiO2 nanofibres, which were shown to be 

biocompatible under SBF assessment. Scanning speed samples also showed an increase 

in biocompatibility at lower scanning speeds. Biocompatibility increased with frequency 

due to the hybrid amorphous SiO2 being more prominent on high frequency samples and 

providing a favourable site for fibroblast cell proliferation. Fibroblasts also showed 

preference to higher powers. However, the heat affected zone immediately outside the 

ablated areas showed a mismatch of crystal orientations causing residual stress. These 

stress zones were avoided by cells, which lead to promising results for the potential in 

cell programming and manipulation. 
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DEFINITIONS  

TERM DEFINITION 

Silicon The second most abundant element on earth, next to oxygen. This 

is a tetravalent metalloid sitting at number 14 on the periodic table 

of elements. It is mainly found in nature in the form of silicate and 

silicon dioxide (e.g. Quartz). Pure silicon disks with orientation 

<100> are used in this research. 

Biocompatibility The behavior of a material when it interacts with the human body 

while provoking a positive controlled biological response. 

Biocompatibility cannot be quantified in one single number; it has 

a range of parameters that can be tested to prove the biomaterial is 

safe. In the case of this research, the biocompatibility will be tested 

in vitro to see if cell growth is promoted, and if infection is 

avoided.  

Bioactivity The ability of a material to have biological effect.  

Nd:YAG The laser system used in research experiments. This term stands 

for “neodymium-doped yttrium aluminium garne”, which is the 

specific crystal used in the laser. The light emitted has a 

wavelength of 1064 nm. This device is commonly used in medical 

procedures due to its simplicity and affordability. 



   1 

CHAPTER 1 

1.0  INTRODUCTION 

Science fiction has motivated us to question if there is a possibility that we could 

completely restore bones or tissues in the human body that had been damaged or lost. 

Better yet, we have asked if we could implant new electronic devices into the body and 

control them with the brain. These have been popular questions among scientists for 

decades and they are finally being answered with biomedical engineering. The interface 

between electronic devices and human body is being designed and improved everyday 

with new biomaterials and fabrication methods. Milestones like bone implants, artificial 

hearts, and prosthetic limbs have all emerged in the last few decades.  

Materials that are currently being used as biocompatible and biocompatible for bionic 

implanted devices include metallic, ceramics, and polymers  [1, 2]. More research is 

being conducted to apply more affordable and easily accessible materials for bionic 

devices with an exceptional electrical and mechanical performance. A promising 

material to solve these problems is silicon, which is mainly used today in the 

microelectronics industry. Silicon in its pure form is not biocompatible, but can be used 

for these biomedical devices if it is packaged in a biocompatible material. In this 

research, pure silicon is treated by laser processing with an Nd:YAG pulsed laser 

system, which creates a thin layer of porous silicon on the surface. This treatment 

method uses an abundant and affordable material and pairs it with the simplest of laser 

techniques to achieve a new approach to biomaterials fabrication. 
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1.1  Statement of the Problem 

Silicon in its pure form is not biocompatible and the methods to increase its 

biocompatibility are precarious, expensive, complicated, and have long waiting times. 

Any crystalline Si-based material needs to be encased in a biocompatible material before 

being implanted into the body. It is known that porous silicon is bioactive due to the 

observation that hydroxyapatite crystals can grow on silicon’s microporous surface  [3-

6]. Methods used to create this type of Si include complicated chemical treatments like 

electrochemical etching  [7-10]. Etching equipment is costly, toxic and corrosive gases 

and liquids are used, and it is a long and complex multi-step process. Another example 

of a process to increase silicon’s biocompatibility is applying a thin layer of titanium on 

its surface  [11, 12]. Thin layer deposition methods also have expensive equipment and a 

complicated procedure. 

This research aims to apply laser processing because it allows a superior control of the 

parameters to make silicon biocompatible. In addition, it is a quick, single-step method 

that reduces the risks of any complications when implanting silicon into the human 

body. With this novel approach to surface modification of this material, silicon can 

potentially be used for the production of biomedical devices such as biosensors, bio-

MEMS, and nano-biomaterial fabrications. 
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1.2  Purpose 

The purpose of this study is to provide a novel method for increasing the 

biocompatibility of silicon through the use of laser processing and discover its potential 

use in bionic devices. 

1.3  Significance of the Study 

The target of this research is to help patients who have damaged or lost tissues in their 

body, or need certain biomedical devices for medical treatment. 

Other than being one of the best semiconductor materials available, the benefits that are 

offered by using silicon for bionic devices include both availability and the affordability. 

As stated, silicon is the second most abundant element on earth next to oxygen, and is 

consequently cost effective. Time efficiency plays a big role in the availability of the 

final product, which is why it is essential to use processes that are simple and quick. 

This is why using laser treatment is an excellent method to improve silicon’s 

biocompatibility due to its straightforward single step process. 

1.4  Objectives 

A standing research question has been what materials could be used for the fabrication 

of biomedical devices. Titanium has been a common solution, but it is expensive and 

does not have the desired electrical properties for certain biomedical devices [13-15]. 

There are plenty of other materials that have almost as good mechanical and chemical 

properties as titanium but are more economic. Silicon was the first choice for this 
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research due to its affordability and abundance; however, a downside is its poor 

biocompatibility. The remaining research question is what would be the most 

appropriate procedure to enhance silicon’s biocompatibility? To answer this question, 

this research is divided into different effects of certain laser parameters. For each 

parameter, the biocompatibility is assessed by the use of Simulated Body Fluid (SBF) 

and cell culturing experiments. The scanning parameters of the laser that are being 

analyzed include the line spacing, overlap number, and scanning speed (number of 

pulses). The other laser parameters being studied are the pulse frequency and power. 

The first phase of this study is to investigate the scanning parameters of the Nd:YAG 

laser. These laser parameters include line spacing, overlap number, and scanning speed. 

The line spacing is the measurements between the centre of each ablated path of the line 

pattern. The overlap number is the number of times the laser repeats the same line 

pattern. Finally, the scanning speed is the speed of the laser as it scans the line pattern. 

The objective is to determine the trend of each parameter and see if the biocompatibility 

is enhanced. The line spacing and overlap number have been analyzed and the results 

can be found in section 3.0. The line spacing varies from 0.025 mm, 0.05 mm, 0.10 mm 

and 0.15mm. The overlap number varies from 1, 2, or 3.  

The other laser parameters that are investigated in this study are the pulse frequency and 

power. The objective is to analyze the trend of increasing frequency and power and 

determine which level is best for the enhancement of biocompatibility. 
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1.5  Silicon’s Role in the Body 

Silicon’s use as a biomaterial is a relatively new topic, therefore there is not a substantial 

amount of supporting research that has been done to date. Researchers can identify 

silicon as an effective biomaterial and study various methods on how it can be modified 

for optimal results. Henstock (2014) studied the evolution of silicon as a biomaterial  

[16]. He suggests that since silicon plays a significant role in bone biology, it can 

improve bone health and accelerate healing by providing silicic acid. Silicic acid is 

found in nature from a reaction between quartz and water. Tests were first conducted 

with chickens where two separate chickens were fed a particular diet containing 

different amounts of silicon. It was found that silicon deficient diets exhibited abnormal 

bone and cartilage formation in chickens. On the other hand, the silicon-supplemented 

diet enhanced bone growth and increased the amount of articular cartilage and bone 

water. Henstock further found that silicon-hydroxyapatite (HA) coatings on metals 

possessed faster cell growth both in in vitro and in vivo environments compared to 

unmodified HA. Silicon in its pure form, as opposed to silicic acid, is a foreign material 

to the human body and might pose a risk of infection. It is important to find an efficient 

way to make silicon biocompatible in order for it to be used inside the body for its 

beneficial electrical qualities. 

1.6  Porous Silicon as a Biomaterial 

Buckberry (1999) stated “silicon-induced toxicity may occur if a system is exposed to 

more silicon than is needed physiologically” [7]. Buckberry’s study proposed to use a 

biocompatible “packaging” when interacting silicon with living tissue. Bulk silicon is 
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utilized as a semiconductor for in vitro operations. Buckberry was devoted to use silicon 

for its semiconductor abilities, so she modified its surface by conducting 

electrochemical etching with hydrofluoric acid. The etching process created a porous 

layer, which was “acceptably” reactive towards hydroxyapatite formation for in vitro 

testing. Buckberry suggested that biocompatible silicon has the potential to produce 

devices for replacing tissues particularly in the eye, skin, ear, or nasal cavity. The 

challenge that remains is establishing an easier solution using a method where cells can 

form quickly on the surface. 

Titanium has been used as a biocompatible packaging for silicon by Mwenifumbo 

(2007). Nano-scale titanium coatings were deposited by Electron Beam Vapour 

Deposition on micro-grid pattern Si surfaces. Cell attachment and adhesion to the coated 

and uncoated Si surfaces increased on surfaces with thicker Ti coatings. The micro-

grooved Si surfaces showed that there was more contact guidance of the cells, which 

lead to reduced scar tissue formation  [12]. 

As well as Buckberry, Hou (2014) used acid etching for the generation of silicon 

microparticles Hou researched intravitreal drug delivery systems and used porous silicon 

for its high loading degree for drug molecules and ability to regulate payload release 

[17-20]. There are a number of obstacles with acid etching seeing as that it is a multi-

step process that includes the dangerous use of chemicals. It also is a time consuming 

process that has high potential for a number of errors. Acid etching is certainly not a 

sustainable method for silicon particulate production. 
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Low (2006) more recently altered porous silicon by chemical treatment and studied the 

cell adhesion on mammalian cells and states that it is non-toxic  [21]. The surface was 

modified by ozone oxidation, salinization, or coating with collagen or serum. It was 

found that the silanisation of porous silicon significantly stabilized the surface and 

reduced its degradation in aqueous solutions. However, its degradation qualities can be 

used as an advantage since it can degrade into non-toxic products. This further supports 

the use of porous silicon as a biomaterial. Low’s study shows the degradation of silicon 

is possible, so over time, the biomedical implants can be potentially made up of 

exclusively the host’s tissue. 

1.7  Laser Treatment 

It has been determined that it is possible for silicon to be bioactive with surface 

modifications. Therefore, the main challenge is to identify a simple and affordable 

method for the creation of bioactive silicon. Technology that easily controls and creates 

an accurate pattern on a micro scale is required in the microelectronics industry. A good 

solution to this criterion is a laser, and Vilhena (2009) used an Nd:YAG pulsed laser 

system for surface texturing of steel [22, 23]. They found that this method of surface 

treatment allowed the generation of micro-pores with different characteristics. Unlike 

acid etching, a laser is great for the modification of silicon since it is very clean, high 

resolution, and controllability of intensity and depth of penetration. The Nd:YAG pulsed 

laser is a particularly good solution since it is cost effective, stable, and has the required 

high power range. Another advantage to this method is that there are no chemicals 

involved, which eliminates the complex processes of preparation and environmental 
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concerns. Above all, using a laser is a single step process. The economic and simplistic 

benefits that are associated with this approach are valuable to the biomedical industry. 

However, the desired porous silicon layer has only been generated with the use of 

femtosecond or picosecond lasers [24, 25]. The nanosecond laser is much more 

economical and commercially available than the faster pulse lasers. The nanosecond 

laser is also currently used in the medical industry for procedures such as eye and dental 

surgeries  [26, 27]. 
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CHAPTER 2 

2.0  METHODOLOGY 

2.1  Laser processing and generation of nanofibrous structures 

The laser being used in this research is a nanosecond Nd:YAG pulsed laser with a 

wavelength of 1064 nm. A simple line pattern is made on silicon wafers with orientation 

<100>. These patterns are made above the ablation threshold at a sub-micro scale. The 

patterns in this study can vary in line spacing, overlap number, scanning speed, pulse 

frequency, or power. The laser repeats the line pattern for 1, 2, or 3 loops (or “overlaps”) 

for different samples. 

2.2  Sample soaking for in vitro assessment 

Simulated body fluid (SBF) is a solution that mimics the ion concentration of human 

blood plasma and is used to determine silicon’s apatite-forming ability  [28, 29]. Two 

sets of samples are submerged in SBF for a period of 2 weeks and 4 weeks. The 

temperature of the incubator is kept constant at the average human body temperature of 

36.5 °C. The SBF is prepared in the lab with the following ingredients found in Table 

2.1: 
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Table 2.1: Simulated Body Fluid Ingredients, in order of addition  [30] 

Ingredient Amount 

NaCl 8.035 g 

NaHCO3 0.355 g 

KCl 0.225 g 

K2HPO4 – 2 H2O 0.231 g 

MgCl2 – 6 H2O 0.311 g 

1.0 M - HCl 39 mL 

CaCl2 0.292 g 

Na2SO4 0.072 g 

TRIS 6.118 g 

An additional factor of biocompatibility is the biodegradation of a biomaterial. 

Phosphate-buffered saline ( ) is used to test the degradation abilities of silicon. The 

solution is prepared by the UNB Biology Department. PBS has a similar ion 

concentration of SBF but does not promote as much cell growth.  

Cell culturing with NIH 3T3 for further cell growth evaluation is carried out in 

cooperation with the UNB Biology Department. The NIH 3T3 fibroblast cells used in 

this work are mouse embryonic cells, which are used to quantitatively study the cell 

adhesion on the silicon samples. The cells are grown for 24, 48, and 72 hours at 37 °C  

(human body temperature) with 5% CO2 and 95% air in DMEM, which is supplemented 

with 10% heat-inactivated calf serum, 4.5 mg/ml glucose, and 2 mM of glutamine. The 

surface is then rinsed with phosphate buffered saline (PBS) to remove non-adherent 

cells. Finally, the samples are fixed in 4% formaldehyde and submerged in PBS 

overnight at 4 °C. 
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2.3  Surface characterization 

Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive 

Spectroscopy/X-Ray (EDS or EDX) 

The samples are analyzed under Field Emission Scanning Electron Microscopy. The 

model used is the Hitachi SU-70 Field Emission Gun (FEG) SEM. The Schottky 

thermal emitter allows for ultra-high resolution images of the samples, which are used to 

observe the size and orientation of the nanofibres on silicon’s laser-treated surface. In 

order to verify the elements present on the samples after soaking them in SBF, the 

Energy Dispersive Spectrometer (EDS or EDX) within the FESEM apparatus is used. 

The EDX can determine the respective element ratios of a material’s surface. The 

FESEM might possess issues in high magnification that include any particles of the 

surface being charged from the electrons. This affects the image and generates high 

contrast areas, eliminating the reliability of the image. In this case, the operator moves 

to a similar area without the charged particles. 

Micro-Raman Spectroscopy 

The Renishaw inVia mirco-Raman spectrometer is used to further identify the chemical 

composition of the silicon samples before and after SBF. The EDX results involve the 

individual elements of the surface, but not the chemical compounds, which are provided 

by the micro-Raman machine. The Raman graphs show shifts, which represent the 

substrate’s composition and phase. 
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3D Optical Microscopy 

This study uses the Zeta-20 Optical Profiler to scan the surface of the samples to obtain 

the average surface roughness across each sample. The 3D microscope software also 

generates high quality 3D and 2D images of high-profile surfaces. 

Light spectroscopy 

The samples’ absorbance and reflection are essential for determining surface 

temperature calculations. This will be measured with Light Spectroscopy. The reflection 

spectrum is measured using STS-NIR spectroradiometer (Ocean Optics, Dunedin, 

Florida, USA) with the optical resolution of 1.5 nm. The measurement is conducted for 

wavelengths in the range of 650–1100 nm. The light intensity is plotted for different 

specimens and the graphs can be compared to see which has the highest reflection. 

X-Ray Diffraction 

X-ray Diffraction is used to obtain the information of the crystal structure of the laser-

treated silicon material. The data was measured using a Bruker D8 Advance 

spectrometer. The X-ray source maintained a voltage of 40 kV at 30 mA. 

Immunofluorescence 

Once the cell culturing is complete, fluorescent staining is used for imaging. The non-

adherent cells from the cell culturing process are removed from the silicon surface and 

the substrate is stained with actin and cytoskeleton to improve the imaging. The staining 

process involves the samples being incubated with Alexa Fluor 488 followed by Draq5 
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to stain the nuclei. Using a fluorescence microscope, images are taken and used to 

identify the cell shapes and patterns. 

2.4  Surface Calculations 

2.4.1 Temperature Change of A High Absorption Material due to a Laser Pulse 

A model for the surface temperature using the 2-dimensional heat equation in cylindrical 

coordinates to obtain the temperature distribution on the silicon surface was found in 

literature. Determining the temperature trends during the laser process for each laser 

parameter will help identify the effect that temperature has in and around the laser-

ablated zone. First, the heat equation in cylindrical coordinates is found in Eq. 1. 

 1
𝑟
𝜕
𝜕𝑟 𝜅𝑟

𝜕𝑇
𝜕𝑟 +

1
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(1) 

Where 𝜅 is the heat conduction coefficient, 𝜌 is the material density [kg/ m3], 𝑐! is the 

specific heat [J/kgK], and 𝑞 is the rate at which energy is generated per unit volume of 

the medium [W/m3]  [31]. Since it is assumed that 𝜅,𝜌 and 𝑐! is constant, and there is no 

energy generation within the silicon (𝑞 = 0), Eq. 1 can be simplified into Eq. 2. 

 1
𝑟
𝜕
𝜕𝑟 𝑟

𝜕𝑇
𝜕𝑟 +

𝜕
𝜕𝑧

𝜕𝑇
𝜕𝑧 =

1
𝑎
𝜕𝑇
𝜕𝑡  

(2) 

Where 𝑎 = 𝜅 𝜌𝑐!, which is the thermal diffusivity [m2/s]. The boundary conditions for 

this equation include the initial temperature being room temperature, pulse the intensity 

is at its maximum during the pulse at 𝑧 = 0 if 𝑟 < 𝑟!"#$, the intensity is zero between 
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pulses (𝑡 > 𝑡!), and the temperature change is zero at 𝑟 = ∞, and 𝑧 = ∞. With these 

conditions, the single-pulse temperature change of a high absorption material, 𝛥𝑇, for a 

square pulse, can be obtained (Eq. 3)  [32]: 

 

𝛥𝑇 𝑟, 𝑧, 𝜏 =  
𝐼!"#𝛾 𝜅

𝜋𝐾
1

𝑡 1+ 8𝜅𝑡𝑊!

𝑒
! !!
!!"!

!!

!!"!!!!
!

!

!
𝑑𝑡 

(3) 

 where      𝐼!"# =  !!"#$
!

=  !!!"#$%&"'
!!!!"

 (4) 

Where 𝐼!"# is the peak intensity which is the peak power divided by the spot area, 

𝑃!"#$%&"' is the experimental measured power, 𝑓 is the pulse frequency, 𝜏 is the pulse 

duration, 𝛾 is equal to the Fresnel energy reflectivity (R) subtracted from 1 (1 – R) with 

a R value of 0.325 and a 𝛾 value of 0.675, 𝜅 is Silicon’s diffusivity with a value of 

9.07x10-3 m2/s, 𝐾 is Silicon’s conductivity with a value of 155 W/mK, 𝜏 is the laser 

pulse duration, 𝑊 is the beam’s filed radius (1/e) with a value of 1.94x10-5 m, 𝑧 is the 

ablation pit depth, and 𝑟 is the ablation pit radius. Using this equation with the 

assumption that the pulse is a squared-shaped, the temperature can be determined at the 

centre of ablation (r = 0) and at the surface (z =0). 

The temperature was calculated over the depth and radius and was found with the use of 

a MATLAB code, found in Appendix A. 
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2.4.2 Ablation Pit Profile 

An analytical expression can be made for depth of the ablated groove with respect to the 

radius by using the mean value theorem with Eq. 3. The ablation depth at the centre of 

the pit is found with Eq. 5  [32]: 

 

ℎ 𝑟 = −4𝜅𝜏 ln
𝛽𝐾𝛥𝑇!
𝛾𝐼!"#

𝜋
𝜅𝛽𝜏 1+

8𝛽𝜅𝜏
𝑊! −

𝑟!

1+ 𝑊!

8𝛽𝜅𝜏

≤ ℎ 0  

(5) 

Where 𝛽 is an experimentally determined correction factor of 0.5 and 𝛥𝑇! is silicon’s 

boiling temperature of 2972 K. Solving Eq. 1 at the surface (ℎ 𝑟 = 0), the ablation pit 

radius can be found with Eq. 6  [32]: 

 
𝑟! = −(4𝜅𝑡! + 0.5𝑊!) ln

𝛽𝐾𝛥𝑇!
𝛾𝐼!!"

𝜋
𝜅𝜏 (1+

8𝜅𝛽𝜏
𝑊! )  

(6) 

In order to get a more accurate depiction of the laser groove, the depth must be 

determined after a train of pulses. Each consecutive pulse adds to the penetration of the 

preceding pulse at a distance 𝑆, resulting in a deeper groove  [32]. This depth can be 

determined using Equations 7 and 8 [32]: 

 ℎ!"#$ 𝑟 = ℎ 𝑟 + ℎ(𝑆 − 𝑟) (7) 

  𝑆 =
𝑣_𝑠𝑐𝑎𝑛
𝑓  (8) 
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Where 𝑆 is the spatial separation between each consecutive pulse, 𝑣_𝑠𝑐𝑎𝑛 is the 

scanning speed in m/s, and 𝑓 is the pulse frequency, which was kept constant at 100 kHz 

for this research. 

The groove shape was determined with the use of a MATLAB code, found in Appendix 

A. 

2.5  Statistical Analysis 

Statistical analysis must be utilized for this research for the surface topography of each 

silicon sample, as well as the line width and depth of the treated silicon surface. Proper 

statistical techniques will help develop an efficient experimental design. All experiments 

are carried out in Minitab® and the data points are averages unless otherwise stated. The 

type of plotting method that will be used in this research is with Interval Plots with a 

95% (α = 0.05) confidence interval using Minitab. The error bars indicate standard 

deviations. All data used is ensured to have a p-value of less than α, which indicates that 

there is strong evidence that the null hypothesis is incorrect. The null hypothesis 

suggests that the data collected occurred by chance. 

2.6  Experimental Procedures 

2.6.1  Laser Processing 

1. To set the parameters including line spacing, scanning speed, shape of pattern, 

and number of overlaps, create a file using the EZCAD software. 
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2. Have the computer with the software and desired file connected to the Nd:YAG 

laser. 

3. Put on safety glasses and turn on the laser system. Make sure the room is clear of 

bystanders and the door is closed. There should be at least two people operating 

the laser (no more than 4 people). 

4. Check the optical parameters with the lenses on the laser table with a non-

reflective specimen. Turn off lights when checking the laser and aiming beam. 

5. Set frequency and power with voltmeter. 

6. To measure power, place the Laser Power & Energy Meter in the path of the 

laser, only when measuring the power. 

7. Remove the Laser Power & Energy Meter, and run the laser and EZCAD file at 

the same time by having one person hit the “F2” key on the computer and the 

“Emission” button on the Voltmeter. 

8. Wait for laser to be done patterning the surface or cancel by hitting the 

“Emission” button again. 

9. DO NOT remove glasses, place anything in path of laser, or look directly at the 

laser hitting the surface. 

2.6.2 SBF preparation 

1. Measure out each ingredient listed in Table 2.1. 

2. Put a clean plastic container on a heating element and to keep solution at 

36.5±1.5 °C 

3. In the plastic container, combine all the ingredients, except Tris and 1M-HCl. 
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4. Make sure the amount is smaller than 900mL and if not, add distilled water up to 

900 mL. 

5. Record the pH of the solution and make sure it is 2.0±1.0. 

6. Dissolve a small fraction of the Tris and wait until the reagent is dissolved 

completely and the pH is constant. 

7. Continue to add small amounts of Tris until the pH reaches 7.45. 

8. Add 1-M HCl with a syringe to decrease the pH to 7.42±0.01. 

9. Dissolve remaining Tris until the pH reaches 7.45. 

10. Repeat steps 7-9 until Tris and HCl is depleted. 

11. Cool the solution down to 20 °C by placing plastic container in cold water. 

12.  SBF should be stored in temperatures from 5 – 10 °C until ready to use. SBF 

should then be kept in an incubator at 36.5 °C (human body temperature) during 

experimentation. 
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CHAPTER 3 

3.0  EFFECT OF VARIOUS SCANNING PARAMETERS 

3.1 Effect of Overlaps and Line Spacing1 

For the first set of experiments, silicon was treated by laser processing and various 

samples with different line spacing of 0.025 mm, 0.05 mm, 0.10 mm, and 0.15 mm were 

made. The number of laser overlaps also differed on these samples from 1 to 3. The 

laser power was set to 13.8 W, the frequency was constant at 100 kHz, and the scanning 

speed 100 mm/s. Overlap number and line spacing are easily manipulated through the 

EZ CAD program used for the Nd:YAG laser. 

FESEM images of these samples can be seen in FIG 3.1.1. The samples were soaked in 

SBF for either a period of 2 weeks or a period of 4 weeks. Using FESEM, Raman, and 

EDS, it was found that more apatite was formed on the 4-week samples. It was also 

found that the optimal results were on the sample with 3 overlaps at a line spacing of 

0.025 mm. This is expected because the roughness is the highest on this specimen, 

therefore a lower surface energy. A decrease in surface energy will promote the 

adhesion of cells  [33-35]. The FIG 3.1.1 shows a series of photos taken of the untreated 

silicon with the FESEM before the samples SBF submersion. The first row, FIG 3.1.1(a) 

through 3.1.1(c), shows silicon with one overlap (OL) for line spacing (a) 0.025 mm, (b) 

0.05 mm, and (c) 0.10 mm. The second row, FIG 3.1.1(d) through 3.1.1(f), shows two 

                                                
1 These results have been published in the Journal of Nanomaterials and Nanotechnology titled “Synthesis 
of Bioactive Three-dimensional Silicon-oxide Nanofibrous Stuctures on the Silicon Substrate for Bionic 
Devies’ Fabrication” 
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overlaps for the same line spacing, and the third row, FIG 3.1.1(g) through 3.1.1(i), 

show the results for three overlaps. 

 

FIG 3.1.1: FESEM images of silicon at different overlaps (a) 1 OL 0.025 mm, (b) 1 

OL 0.05 mm, (c) 1 OL 0.10 mm, (d) 2 OL 0.025 mm, (e) 2 OL 0.05 mm, (f) 2 OL 

0.10 mm, (g) 3 OL 0.025 mm, (h) 3 OL 0.05 mm, (i) 3 OL 0.10 mm 

As shown in FIG 3.1.1, both increasing the number of overlaps (scanning loops) and 

decreasing the laser scanning line distances, results in forming a 3D nanofibrous 

structures on the treated surface of Si samples. FIG 3.1.1 shows a close-up FESEM 

micrographs of the nanofibrous structure generated on the Si surface at the laser 

scanning line distance of 0.025 mm at 3 loops (overlap; OL); nanofibres consisted of 
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self-assembled bridges and closed rings in which nanoparticles of silicon oxide are 

bonded together  [36]. 

 

FIG 3.1.2: FESEM image of silicon nanofibres synthesized at: 3OL, 0.025 mm 

When the laser irradiates the surface, it creates a high-temperature reactive plume 

around the contact area and generates a shockwave. The laser ablation causes the silicon 

to oxidize within and around the plume. When the vapor reached the outer wall of the 

plume, the SiO2 becomes supersaturated allowing nucleation. Once the laser has passed 

and the pattern cools below sublimation, the nanofibres begin to aggregate on the 

surface  [33, 37, 38]. This nanoporous structure can be seen on the sample in FIG 3.1.2. 

FIG 3.1.3 illustrates the plume and particle formation. 
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FIG 3.1.3:  Plume and nanoparticle formation of silicon during laser processing 

The porous areas increase the wettability when soaked in SBF, which results in 

hydroxylation of the silicon, producing a Si-OH layer. The SiO2 surface has a negative 

charge, which leads to calcium phosphate nucleation that forms hydroxyapatite  [37, 

39]. FIG 3.1.4 shows the same samples with the same orientation of FIG 3.1.2, but FIG 

3.1.4 consists of FESEM images from the silicon samples that have been soaked in SBF 

for a period of 4 weeks.  
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FIG 3.1.4: FESEM images of silicon at different overlaps after SBF for 4 weeks (a) 

1OL 0.025 mm ,(b) 1OL 0.05 mm, (c) 1OL 0.10 mm, (d) 2OL 0.025 mm, (e) 2OL 

0.05 mm, (f) 2OL 0.10 mm, (g) 3OL 0.025 mm, (h) 3OL 0.05 mm, (i) 3OL 0.10 mm 

It can be seen in FIG 3.1.4 that as the overlaps increase the more bone apatite is 

deposited on the surface. It can also be seen that for each of the overlaps, the most bone 

apatite is found on the smallest line spacing, 0.025 mm. This is due to the fact that the 

roughness has increased as the number of lines on the area of the surface increases. The 

increased surface area due to the roughness change enables a higher cell attachment rate. 

Surface roughness can enhance the absorption of light both by multiple reflections in 

microcavities and by variation in the angle of incidence. Laser-induced periodic surface 
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structures may enhance absorption of laser energy via generation of surface 

electromagnetic waves [40]. The initial pattern with one overlap increased the 

roughness, which allowed for more light absorption. By further increasing the overlap 

number to 2 and 3, the contact surface will increase allowing more apatite to induce on 

the silicon. The effects of number of overlaps on roughness and light absorption of 

silicon can be seen in FIG 3.1.7 for the sample with 0.025 mm line spacing and 3 

overlaps. 

To further prove that the higher number of overlaps yields the best outcome, the EDS 

results were taken for different overlaps at 0.025 mm line spacing. These results are 

presented in FIG 3.1.5. 

 

FIG 3.1.5: EDX results of 4-week SBF samples for 0.025 mm at (a) 1 OL, (b) 2 OL, 

(c) 3 OL 

The EDX results show the increase in bone-like apatite elements such as calcium, 

sodium, and potassium. Seeing that a greater amount of these elements appear in FIG 

3.1.5(c), more apatite results at a higher number of overlaps. FIG 3.1.6 proves these 

results even further with micro-Raman spectroscopy looking at the SBF sample with a 

line spacing of 0.025 mm at 3 overlaps. 
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FIG 3.1.6: Raman results for 0.025 mm line spacing at 3 overlaps untreated silicon 

(Si) and after SBF (Si-HA) 

The dotted line on the graph in FIG 3.1.6 shows the results before the samples were 

soaked in SBF. The solid line represents the results after SBF and there are peaks 

formed at a Raman shift of 600 cm-1. This peak is characterized as phosphorous oxide 

(PO4), a bone-like apatite compound  [41]. The 800 cm-1 peak represents carbon and can 

be neglected due to the carbon coating required for the FESEM images. Both the EDS 

and Raman results illustrated in FIG 3.1.5 and 3.1.6 draw the same conclusions and are 

therefore in close agreement. 

As mentioned earlier, the roughness had increased with a higher number of overlaps and 

with smaller line spacing. This is shown in FIG 3.1.7, where 3D microscopy was used to 
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determine the surface roughness of the silicon samples. The roughness results obtained 

by 3D optical microscopy, show the maximum roughness obtained for the laser 

scanning line distance of 0.025 mm at 3 laser scanning intersections (OL). 

 

FIG 3.1.7: Topography values for silicon for 1, 2, and 3 overlaps at 0.025 mm, 0.05 

mm, 0.10 mm, and 0.15 mm line spacing taken with 3D Optical Microscopy 

As shown in FIG 3.1.8, the reflection of the Si samples at near infra-red (IR) wavelength 

decreases by increasing the number of overlap (loop number) as well as by reducing the 

line distance of the irradiated areas. This results in larger volume of generated plasma 

plume and higher nucleus density as well as the number of evaporated silicon particles 
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from the substrate, which leads to a higher deposition rate of generated nanofibrous 

(nanoporous) silicon oxide on the surface. 

 

FIG 3.1.8: Intensity of infrared for (a) increasing loop number and (b) increasing 

line distance 

In this chapter, the apatite-inducing ability of the laser-ablated surface increases with 

higher number of overlaps and a smaller line spacing. The apatite on the surface 

favoured a higher roughness caused by the nanoporous surface. The nanofibres found on 

the laser-treated silicon surface are the result of a high-energy reactive plume that causes 

the silicon ions to react with the oxygen ions in the air. 

3.2 Effect of Scanning Speed 

The laser power for this experiment was set to a power of 15 W and a 100 kHz 

frequency while varying the scanning speed as 100 mm/s, 200 mm/s, 500 mm/s, 800 

mm/s, and 1000 mm/s. The scanning speed, or number of pulses, is defined as the rate at 

which the laser beam scans a line on a material  [42]. 

The scanning electron microscope (SEM) images of each sample is shown in FIG 3.2.1: 



   28 

 

FIG 3.2.1: 3D optical microscope images of ablated zones for scanning speeds of 

100 to 1000 mm/s 

The experimental profiles presented in FIG 3.2.2 show that for lower scanning speeds, 

such as 100 mm/s, the groove is shallow but there is a fair amount of material built up 

along the sides of the groove. 

 

FIG 3.2.2: Experimental profiles for scanning speeds of 100 to 1000 mm/s 

 

As the scanning speed is increased to 500 mm/s, it can be seen in FIG 3.2.2 that the 

groove is deep with a moderate amount of material built up along the walls. Increasing 

the scanning speed to 800 mm/s and 1000 mm/s shows that the groove is getting 

shallower. This is due to the laser pulses not being as close together, therefore leading to 

less penetration on the surface. The experimental data was assessed with one-way 

ANOVA and the p-value is less than 0.05 indicating that the null hypothesis is incorrect. 
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This affirms that there is no significant difference in the experimental data of each 

scanning speed. The interval plot is shown in FIG 3.2.3. 

 

FIG 3.2.3: (LEFT) Interval Plots for Height (RIGHT) Interval Plots for Width 

FIG 3.2.4 illustrates the theoretical ablation depth for a single pulse at a power of 15 W 

and frequency of 100 kHz found using Eq. 5 using the MATLAB code in Appendix B. 

FIG 3.2.5 presents the theoretical depths for varying scanning speeds found using 

equations 7 and 8. According to the theoretical results, it is expected that there be a 

deeper groove at lower scanning speeds. However, the heat-affected zone is much larger 

at lower scanning speeds, creating more molten material, which settles into the groove 

and fills in the ablated depth. This is also seen with 200 mm/s, where the groove has a 

lot of material built up along the sides of the ablated line although the groove is deeper 

than the 100 mm/s profile. The widths were measured from peak to peak on the material 

walls. Because the material accumulation is higher at lower scanning speeds, the width 

is difficult to measure, thus showing a thinner groove. Since the heat-affected zone is 

larger at lower scanning speeds, the width should be larger. 
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FIG 3.2.4: Ablation pit profile for a single pulse at any scanning speed for 15 W 

and 100 kHz 
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FIG 3.2.5: Ablation depth for increasing scanning speed for 15 W and 100 kHz 

pulses 

The experimental and theoretical values for ablation pit depth and width are shown in 

Table 3.1: 

Table 3.1: Theoretical and experimental groove values for various scanning speeds 

Scanning Speed 
Theoretical 

Depth 

Theoretical	

Width	

Experimental	

Depth	

Experimental	

Width	

100 mm/s 7.6 μm 36.96	μm	 27.7	μm		 12.3	μm	

200 mm/s 7.6 μm 36.96	μm	 20.4	μm	 20.2	μm	

500 mm/s 7.5 μm 36.96	μm	 16.8	μm	 26.4	μm	

800 mm/s 7.2 μm 36.96	μm	 13.2	μm	 28.6	μm	

1000 mm/s 7.0 μm 36.96	μm	 10.5	μm	 30.3	μm	
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The samples were then submerged in Simulated Body Fluid (SBF) for six weeks. The 

SEM images shown in FIG 3.2.5 indicate the presence of white deposits that were found 

on top of the surface of the ablated areas. 

 

 

FIG 3.2.5: Scanning speed samples that have been soaked in Simulated Body Fluid 

(SBF) for 6 weeks 

 

The white layer in the SEM images consist of bone-like apatite elements including 

Calcium. This deposition indicates that the laser treated area provided a favourable site 

for bone-like apatite to form. These results suggest an increase in biocompatibility. The 

Energy Dispersive X-Ray (EDX) results obtain traces of Calcium and these are shown 

in FIG 3.2.6.  
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FIG 3.2.6: Energy Dispersive X-Ray Results of Scanning Speeds of 100, 200, and 

600 mm/s 

Calcium is a main element in hydroxyapatite. As mentioned in section 3.1, this bone-

like apatite is attracted to the nanoparticles on the laser-treated silicon substrate. There is 

no significant difference in the calcium content for each sample. However, there are 

slightly higher Ca contents in the lower scanning speeds. The larger heat-affected zone 

at low scanning speeds allows for more generation of the SiO2 nanoparticles, which 

leads to more HA hydroxylation  [30, 43].  

In this chapter, it was found that the heat-affected zone on the silicon material decreases 

with increasing scanning speeds. Increasing the scanning speed forms a shallower 

groove and less molten material. Less penetration is made on the surface at higher 

scanning speeds due to the laser pulses being farther apart. Bone-like apatite was 

confirmed on the SBF-treated samples with EDX.  
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CHAPTER 4 

4.0  EFFECT OF FREQUENCY2 

The laser power for this portion of the research was set to 15 W and a scanning speed of 

100 mm/s. while the frequency varied to 25 kHz, 70 kHz, and 100 kHz. Frequency is the 

number of laser pulses measure in kHz. The frequency varied by 25 kHz, 70 kHz, and 

100 kHz for this experiment in this chapter. Frequency is an extremely controllable laser 

parameter that requires no additional measuring  [44]. 

FIG 4.1 shows the SEM and 3D surface topography results of the treated silicon 

samples. It is clear that by changing the frequency, both width and depth of the laser-

ablated area are considerably varied, which results in different surface roughness and 

surface energy. These changes in surface energy can significantly affect the cell 

adhesion of the irradiated areas. 

 

                                                
2 These results have been published in Journal of Applied Biomaterials & Functional Materials titled 
“Mammalian fibroblast cells show strong preference for laser-generated hybrid amorphous silicon-SiO2 
textures” 
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FIG 4.1: 3D Optical Microscopy Images (Upper) and SEM Images (Lower) of 

Silicon samples with (A) 25 kHz, (B) 70 kHz, and (C) 100 kHz 

The cross section of each silicon sample was plotted using 3D Optical Microscopy. This 

helps link the shape of the groove to the level of cell adhesion. These cross sections are 

shown in FIG 4.2. The average widths of the grooves were measured as 48.2 µm for 25-

kHz, 42.2 µm for 70 kHz, and 32.4 µm for 100 kHz. These numbers show that the 

groove width decreases as the frequency increases. However, by observing the profiles 

in FIG 4.2, it is seen that the grooves get deeper as the frequency increases. The groove 

depth was measured from the zero position to the bottom-most point of the trench and 

was determined to be 4.3 µm for 25 kHz, 11.3 µm for 70 kHz, and 15.3 µm for 100 kHz. 

The theoretical results (FIG 4.3) yield groove depths of 3.0 µm, 3.6 µm, and 3.8 µm for 

25 kHz, 70 kHz, and 100 kHz respectively. The theoretical widths are 53.6 µm, 42.3 

µm, and 36.9 µm for 25 kHz, 70 kHz, and 100 kHz respectively. These results were 

obtained with Eq. 3 with the MATLAB code found in Appendix C. However, these 

results are for a single pulse, and the experimental results represent what is to be 
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expected with more consecutive pulses. The experimental results show deeper grooves 

and material built up along the sides of the grooves. 

 

FIG 4.2: Experimental cross sections of textured area for different frequencies  

 

 

FIG 4.3 Single pulse ablation cross section for frequencies of 25 kHz, 70 kHz, and 

100 kHz 

 

The experimental and theoretical values for ablation pit depth and width are shown in 

Table 4.1: 
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Table 4.1: Theoretical and experimental groove values for various frequencies 

Frequency 
Pulse	

Energy	

Theoretical 

Depth 

Theoretical	

Width	

Experimental	

Depth	

Experimental	

Width	

25 kHz 0.48	J	 3.0 μm 53.6 μm	 4.3	μm	 48.2	μm	

70 kHz 0.22	J	 3.6 μm 42.3 μm	 11.3	μm	 42.2	μm	

100 kHz 0.049	J	 3.8 μm 36.9 μm	 15.3	μm	 32.4	μm	

 

 

FIG 4.4: Confocal microscopy images of each frequency showing the cell 

population within treated and the low cell count within non-treated areas 

The silicon samples were taken to be cultured with NIH3T3 fibroblast cells and 

fluorescent staining was done to take the images seen in FIG 4.4. The white structures 

shown within the treated areas in the images in FIG 4.4 are the nuclei of the cells. It can 

be seen that the least number of cells is found in the 25 kHz groove and increased with 

frequency. To further justify this trend, the cells are manually counted on these surfaces 

using ImageJ software. The cells are counted both within the texture and on the 

untreated areas for each sample, each within a 100-µm2 area. A histogram of this data is 

shown in FIG 4.5. It is quite clear that the density of cells is higher on samples with a 

higher frequency, shown in blue. The orange represents the count of cells outside of the 
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textured area, and the number is negligible compared to the count within the groove. 

The cell count and cell alignment findings in this study have the potential to be feasible 

for cell growth manipulation. 

 

 

FIG 4.5: Histogram of cell count for each frequencies of 100 kHz, 70 kHz, and 25 

kHz within the groove (blue) and on the untreated area (orange) 

More immunofluorescence images were taken to distinguish the shape and orientation of 

the cells using different dyes, shown in FIG 4.6. The blue-dyed structures in FIG 4.6(A) 

to (C) expose the cell nuclei and the red dye displays the cell membrane. In FIG 4.6(C), 

the green represents fibronectin, which is an essential binder for extracellular matrix 
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components. Fibronectin is known to repair tissue, aid in cell adhesion and migration  

[45].  

 

FIG 4.6: Confocal microscopy images of 100 kHz sample with Draq5 dye in (A) & 

(B) and Alexa Fluor 488 dye in (C) 

To identify the chemical composition of the treated silicon substrate, both EDS and 

Micro-Raman was utilized. The results are shown in FIG 4.7. The EDS results in FIG 

4.7(A) show that the laser-treated silicon wafers essentially possess silicon and oxygen. 

The Raman results in FIG 4.7(B) show a sharp Raman shift at 520 cm-1 and a broad peak 

closer to 500 cm-1, confirming the presence of both crystalline silicon and amorphous 

silicon, respectively. The cell count results show that the cells adhere to the hybrid 

structure of SiO2 and amorphous silicon. As mentioned earlier, a high-temperature 

reactive plume is generated at the contact area once the laser pulse irradiates the surface  

[37]. Some of the silicon ions react with the oxygen within and around the plume, 

creating silicon oxide, shown in FIG 4.8(B). The high thermal energy during the pulse 

excites the silicon ions so they assemble in a disordered pattern, which results in the 

formation of amorphous silicon, seen in FIG 4.8(C). The presence of amorphous silicon 

implies that there was an undercooled liquid silicon layer. The cooling rate that is 
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responsible for the formation of a-Si is too high to allow the nucleation of crystalline 

silicon at this stage  [46]. Once the pulse has terminated, the plume begins to diminish in 

size and intensity. The lower thermal energy from the remaining plume allows the 

silicon ions to organize into crystalline silicon, shown in FIG 4.8(D). At this point, the 

silicon ions have time to cool to the crystalline phase. It has been seen that if the pulse 

separation time is decreased, or if the pulse frequency is increased, the amount of 

amorphous structures on the silicon surface after laser irradiation can be increased  [47, 

48]. 

 

FIG 4.7: (A) EDS results from laser-treated sample with 100 kHz (B) Raman 

results of untreated (control) and laser-treated silicon 
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FIG 4.8: (A) Plume generation with Si and O2 ions (B) Si ions bonding with O2 ions 

(C) Amorphous Si formation (D) Plume depletion 

In vitro assessment using simulated body fluid is a method of evaluating the 

biocompatibility of a material by testing the apatite-inducing abilities of its surface. The 

100 kHz sample is submerged in SBF for 6 weeks and is assessed using EDX. The 

results are shown in FIG 4.9. It can be seen that traces of sodium, chlorine, phosphorous, 

and calcium are found in the substrate. These elements are all a part of the bone-like 

apatite. The SiO2 substrate has a negative charge, which allows for calcium and 

phosphate ions to nucleate on the surface [43, 49]. This assembly of ions then allows for 
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the formation of a bone-like apatite. The apatite aggregation confirms the enhancement 

of the biocompatibility of the treated Si surface. 

 

FIG 4.9: (LEFT) SEM image of SBF-treated 100 kHz sample (RIGHT) EDX 

results of SBF sample 

Initially, hybrid structure formation studied is validated using the one-dimensional 

average surface temperature during the laser process. In order to determine the average 

surface temperature at the target area after a different number of laser pulses, Eq. 11 is 

used to form the relation between a laser pulse duration and absorbed intensity. The 

average surface temperature is derived from the one dimensional heat conduction 

equation. The assumptions made are that silicon’s diffusivity is constant, the pulse is 

square shaped, and there is no heat generation within the silicon. A more detailed 

derivation of Eq. 11 is found in Appendix D. The average surface temperature from Eq. 

11 is plotted against the number of pulses for each frequency, which can be seen in FIG 

4.10(A). These results were found using the MATLAB code in Appendix E. 
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1− 23𝛼
1+ 𝛼!

𝑇!
1− 𝛼 1+

𝛼! − 𝛼
𝑛(1− 𝛼)  

(11) 

 

where 𝛼 is the ratio for the previous maximum temperature and following minimum for 

all laser pulses with a fixed repetition rate, 𝑡! is the pulse duration in seconds, 𝑡!! is the 

pulse interval in seconds, which is equal to 1 𝑓, and 𝑓 is the pulse frequency in Hz, 𝑇! 

is the maximum temperature at the end of the pulse, 𝑎 is the thermal diffusivity in 

[m2/s], 𝜅 is the heat conduction coefficient, 𝑅 is the Fresnel energy reflectivity (0.325 

for Si), 𝑃 is the power in Watts, and 𝑑 is the laser spot diameter in meters. 

 

FIG 4.10: (A) Average surface temperature for each frequency (B) Average 

Temperature vs Frequency 
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As seen in FIG 4.10(A), the temperature settled at roughly 10 pulses for each frequency. 

These settling temperatures decrease with increasing frequency, and are plotted in FIG 

4.10(B). At 25 kHz, 70 kHz, and 100 kHz, the average surface temperature was 3920 K, 

2360 K, and 1980 K respectively. The average surface temperature is directly affected 

by the laser pulse energy. The pulse energy is evaluated at each frequency using the 

performance plots supplied by the Nd:YAG laser manufacturer. The energy decreases as 

the frequency increases, which results in a decreasing temperature. The theoretical 

temperature results found using the 2D model (Eq. 3) are found in FIG 4.11. These 

results show that there are higher temperatures at lower powers, which agree with the 

one-dimensional model used for FIG 4.10(A). FIG 4.11(A) shows the temperatures at 

each power at the centre of ablation going down into the sample. Figure 4.11(B) shows 

the temperature at each power at the surface along the radius of the ablated line. These 

models are used to determine the trends in the data. 

 

FIG 4.11: (A) 2D Temperature at the centre of ablation and (B) 2D temperature at 

the surface for frequencies of 25 kHz, 70 kHz, and 100 kHz 
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Using the 3D optical microscopy data, the height and the width of each groove is 

measured 10 times and plotted against the frequency and pulse energy in FIG 4.12. The 

energy for 25 kHz, 70 kHz, and 100 kHz is 0.4834 J, 0.2239 J, and 0.0490 J 

respectively. The p-values are found using Minitab and are much less than α = 0.05. 

 

FIG 4.12: Height interval plot (Left) Width interval plot (Right) 

As mentioned earlier, the depth of the treated area increased as the frequency increased, 

which can clearly be seen in FIG 4.3. Is can also be seen in FIG 4.3 that the groove gets 

thinner as the frequency increases. This can be explained by the changes of the 

properties of each individual pulse as the frequency changes. The pulse energy change is 

an aspect of the Nd:YAG laser. As the frequency is increased, the pulse energy 

decreases, which develops a smaller width of a treated area due to a smaller heat-

affected zone. The more frequent and weaker pulses avoid high heat accumulation, 

resulting in lower average temperatures. However, when the recurrence of the pulses 

increases, it allows each pulse to add to the previous pulse’s existing trench, resulting in 

a deeper penetration. It was also observed that there was more of a wall built up along 

the sides of the groove in the 100 kHz sample compared to the 25 kHz sample. This 
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embankment of nanofibres can aid in cell adhesion by being able to trap cells within the 

hybrid structure-covered groove. 

It as been seen that nanostructured silicon can be biodegradable in vitro  [10, 50]. Due to 

the nanoparticles’ high loading degree for drug molecules, the hybrid nanostructure can 

be beneficial for cancer treatment  [51]. The biodegradability of these particles is useful 

for cancer therapy to reduce the effects of chemotherapy. However, in the fabrication of 

biosensors and bionic devices, the degradation abilities of silicon may have adverse 

effects on an implant’s structure. In order to investigate the hybrid a-Si – SiO2 

biodegradation capabilities, first-stage PBS tests are done on different sample that vary 

in loop number. The samples were made at 100 kHz, with loop numbers of 1, 3, or 5. 

Each sample is submerged for 4 weeks or 6 weeks and the results are shown in FIG 

4.13. The samples with varying frequency (FIG 4.1) are made with 1 overlap.  
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FIG 4.13: PBS test (A) before PBS submersion for 1 OL (B) after submersion for 4 

weeks for 1 OL (C) after submersion for 6 weeks for 1 OL (D) before PBS 3 OL (E) 

4 weeks 3 OL (F) 6 weeks 3 OL (G) before PBS 5 OL (H) 4 weeks 5 OL (I) 6 weeks 

5 OL 

There are no substantial conclusions that can be made from the PBS results shown in 

FIG 4.13 at this stage. Although with visual evaluation, it can be seen that there is no 

biodegradation of the fibrous silicon layer for one overlap. However, in the samples 

with 3 overlaps in FIG 4.13(D) to (F), and 5 overlaps in FIG 4.13(G) to (I), it is seen 

that there is a small amount of biodegradation. It is recommended that in future research, 

more testing will be done to confirm the biodegradability of the laser treated areas. 
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In this chapter, it is seen that profiles with higher frequencies show thinner and deeper 

grooves. The pulse energy decreases at higher frequencies enabling a smaller heat 

affected zone, which results in a thinner groove. Fibroblast cells showed a strong 

preference for the higher frequencies due to more generation of SiO2 and amorphous 

hybrid structures. A one-dimensional temperature model was used to find the average 

temperature of the ablated surface, from which the trends validated that energy 

decreases with increasing frequency. No significant amount of biodegradation was 

found on the silicon surfaces after 6 weeks of PBS-submersion allowing for more 

research to be done in the future on the topic of degradation.  
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CHAPTER 5 

5.0  EFFECT OF POWER3 

The laser frequency for this experiment was set to 100 kHz and the scanning speed was 

set to 400 mm/s while the power varied from 7 W, 10 W, and 15 W. Power is an easily 

controllable laser parameter, allowing for a manageable manufacturing technique for 

biomedical devices . 

The first step in this chapter was to observe the shape of the ablated zones at each power 

on the silicon samples. The 3D optical microscope images shown in the top row of FIG 

5.1 illustrate the shape of the groove made by the laser ablation. The scanning electron 

microscope (SEM) images shown in the second row of FIG 5.1 show a clear 2D view of 

the grooves. The groove width and depth increases with power with ranging from 5.9 

µm to 7.7 µm for depth and 19 µm to 20 µm for width. 

                                                
3 These results are in the process of being submitted as a journal paper titled “Mammalian fibroblast cells 
avoid residual stress zone caused by laser pulses”  
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FIG 5.1: TOP: 3D Optical Microscope images of ablation at each power. 

BOTTOM: Scanning Electron Microscope images of the ablation showing that the 

profile depth and width increase with power 

With the use of Eq. 5, the ablated groove can be approximated after one pulse and can 

be seen in FIG 5.2. These results were found using Eq. 5 found using the MATLAB 

code in Appendix A. 
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FIG 5.2: Theoretical ablation depth profile for powers of 7 W, 10 W, 15 W 

The depth is then calculated for varying scanning speeds for each power using equations 

7 and 8, shown in FIG 5.3A: 

 

FIG 5.3: (A) Theoretical ablation depth with varying scanning speed, (B) 

Theoretical ablation depth for a scanning speed of 400 mm/s, and (C) Experimental 

ablation depth for powers of 7 W, 10 W and 15 W 
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The scanning speed of interest is of 400 mm/s, which maximum depth values are 

approximated to be 5.9 µm for 7 W, 7.1 µm for 10 W, and 7.7 µm for 15 W, as shown in 

FIG 3B. The experimental groove profiles were mapped out using 3D optical 

microscopy, as shown in FIG 3C. The experimental groove depths are 8.5 µm for 7 W, 

18.2 µm for 10 W, and 25.7 µm for 15 W. The experimental widths are 20.6 µm for 7 

W, 26.2 µm for 10 W, and 29.9 µm for 15 W. The experimental data was assessed with 

one-way ANOVA and the p-value is less than 0.05 indicating that the null hypothesis is 

incorrect. This affirms that there is no significant difference in the experimental data of 

each power. The interval plot is shown in FIG 5.4. 

 

FIG 5.4: (LEFT) Interval Plots for Height (RIGHT) Interval Plots for Width 

 

The experimental and theoretical values for ablation pit depth and width are shown in 

Table 5.1: 
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Table 5.1: Theoretical and experimental groove values for various powers 

Power 
Theoretical 

Depth 

Theoretical	

Width	

Experimental	

Depth	

Experimental	

Width	

7 W 5.9 μm 24.26 μm	 8.5	μm	 20.6	μm	

10 W 7.1 μm 30.3 μm	 18.2	μm	 26.2	μm	

15 W 7.7 μm 36.8 μm	 25.7	μm	 29.9	μm	

This data confirm that for both experimental and theoretical results, the groove depth 

and width is increasing. However, the experimental results yield deeper grooves. When 

the laser melts the surface, a high-pressure plasma keyhole is formed. The light 

absorption of the liquid silicon increases significantly compared to solidified silicon. 

The heat input suddenly increases above the evaporation temperature and the pressure of 

the vaporized silicon opens a hole around the laser spot. This keyhole traps a high 

percentage of the incident laser energy, which is then converted to heat  [52]. The 

formation of this keyhole with almost 100% laser absorption results in the generation of 

deeper grooves in the experimental results in comparison with the theoretical results 

with constant laser absorption of 0.675. 

Using Eq. 3, the temperature change of a high absorption material under Gaussian laser 

pulse can be found. The term 𝜏 is the laser pulse duration with a value of 69.91 ns, 62.87 

ns, and 48.17 ns for powers of 7 W, 10 W, and 15 W respectively. These temperatures 

are shown for all powers in FIG 5.5. 
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FIG 5.5: (A) Temperature after single pulse at the centre of ablation pit and 

(B) Theoretical temperature at various points on the radius for powers of 7 W, 10 

W, and 15 W 

This research shows a correlation with the temperature and power, as seen in FIG 5.5. 

The absorption coefficient for silicon is high enough that it is assumed that most of the 

pulse energy is absorbed at the surface  [32]. The temperature profile at the surface can 

be seen in FIG 5.6: 

 

FIG 5.6: Temperature for each power with respect to the 2D radius 

These high temperatures are the cause of residual stresses beside the ablated zone. In 

FIG 5.7 there are darkened areas on either side of the groove. The high-energy reactive 

plume created by the laser generates its shockwave, which transfers energy to the 
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surface, intensifying the thermal stress  [53]. This thermal shock results in a residual 

stress zone as seen in FIG 5.7. As the power of the laser is increased, the energy 

transferred to the substrate is intensified, resulting in higher residual stresses. There is 

also a larger stress zone due to the higher power laser pulses creating a greater heat 

affected zone. As the power is increased from FIG 6A to 6C, this heat-affected zone also 

increases in size.  

 

FIG 5.7: 2D optical microscope images of ablated areas with residual stress areas 

for each power 

The heat-affected zone contains residual stresses caused by a mismatch of crystal 

orientations  [54, 55]. Various crystal orientations were formed during the laser process 

and this is confirmed in the X-Ray Diffraction (XRD) results in FIG 5.8(A). Both <111> 

and <103> orientations were found, confirming a modification in the crystals from the 

initial <100> wafer  [54, 56]. A downward shift of the Raman peak indicates tensile 

stresses due to this crystal distortion  [54, 57]. The Raman shift can be seen in FIG 5.8B. 
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FIG 5.8: (A) X-Ray Diffraction Results and (B) Raman results for powers of 7 W, 

10 W, and 15 W 

The fluorescent microscope images in FIG 5.9 show that the NIH 3T3 Fibroblasts avoid 

the residual stress areas directly beside the grooves for all 3 powers. Cell interactions are 

seen outside of these stress zones in FIG 5.9. Mechanical traction forces are generated 

through cell adhesion, binding and assembling of integrin to the extracellular matrix 

(ECM) ligands, actomyosin cytoskeleton contractions, and cell spreading. These 

processes are used by the cells as a mechanochemical sensory system in order to interact 

chemically and mechanically with the ECM  [58-61]. The results in FIG 5.9 show that 

the residual stress zone can be controlled by altering the power level of the pulses and 

therefore controlling the location of the cells proliferation. It is also seen that there are 

cells found within the groove as expected. However, the chosen focus for the power 

parameter is the outside of the groove and the stress zone. 
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FIG 5.9: Epifluorescent microscope images of NIH 3T3 fibroblasts on (A) 7 W, (B) 

10 W, and (C) 15 W patterns 

 

The residual stress zones contain a negligible amount of cells confirmed by FIG 5.9. The 

count of the cells within a 100-µm2 surface area starting from the edge of the ablated 

line is shown in FIG 5.10. In FIGs 5.9 and 5.10 the residual stress zone size increases 

with power. The residual stress zones measure to be 75 µm, 100 µm, and 150 µm away 

from the edge of the groove for powers of 7 W, 10 W, and 15 W respectively.  
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FIG 5.10: Percentage of area covered by cells at different distances from edge of 

the laser-treated groove for powers of 7 W, 10 W, and 15 W, the R2 values for each 

power are 0.993, 0.995, and 0.998 respectively 

When the cells were looked at more closely, it is seen that cells tended to align near the 

edge of the stress zone. The cells located immediately beside these regions align their 

cytoskeleton to the stress zone border. An example of this can be seen in FIG 5.11. This 

behavior can be beneficial to mimicking the basic structure of ligaments in tissue 

engineering  [62, 63]. 
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FIG 5.11: Confocal microscopy image of 10 W texture of Draq5 (nuclear-stained) 

in blue and phalloidin 546 (actin-stain) showing cell alignment along residual stress 

zone border (dash line). 

 

In this chapter, the trends from the theoretical profiles match the experimental profile 

trends, which allows for a prediction of the outcome of laser treatment on the silicon 

surface. The groove width and depth increases with power, which is seen in the 

experimental and theoretical profiles and SEM images. The temperature from the two-

dimensional model shows that it increases with power, resulting larger residual stress 

zones beside the ablated groove with higher powers. Different crystal orientations were 

found in these zones in the Raman results. Fibroblasts inevitably avoided the stress areas 

and adhered and aligned outside of these zones. 
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CHAPTER 6 

6.0  RESEARCH SUMMARY AND APPLICATIONS 

6.1  Summary 

First in this research, the effects of changing the number of overlaps and laser scanning 

line distance on biocompatibility of silicon were investigated. The results show the 

apatite inducing ability increases with higher number of overlaps. Samples with a 

smaller line spacing of 0.025 mm also revealed to increase bone-like cell growth. A 

higher surface roughness with nanofibres made with minor surface modifications, 

silicon surface can become a biocompatible material. The benefits that can occur by 

using silicon for bionic devices fall into both the simplicity aspect and the affordability 

aspect. Silicon is the second most abundant element on earth next to oxygen, and is 

consequently cost effective. When the processes involved with preparing the implant are 

simple and quick, time efficiency plays a big role in the availability in the final product. 

The biggest advantage of the treatment method used in this study is the controllability of 

the total process. In turn, this reduces the risks of any complications when implanting 

silicon into the human body.  

The laser creates a heat-affected zone one the silicon material that decreases with 

increasing scanning speeds. Increasing the scanning speed allows a shallower groove 

and less molten material. Due to the laser pulses not being as close together, less 

penetration is made on the surface at higher scanning speeds. The SBF-treated samples 

showed that there is a bone-like apatite on the surface.  
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The investigation into the effect of frequency also showed that laser-treated silicon 

surfaces are more biocompatible than untreated surfaces, as assessed by both their 

catalysis of the deposition of apatite from SBF, and, more importantly, the response of 

fibroblast cells to treated vs. untreated areas of silicon substrates.  These experiments do 

not allow to distinguish mechanistically whether the increased cell density observed in 

the textured areas is due to preferential cell adhesion, increased cellular proliferation, or 

decreased apoptosis (or some combination), but it is clear that the cells in the textured 

grooves were behaving more typically of cells in vivo. SiO2 a-Si hybrid structure 

increases with frequency, and this correlates with increased cell density. Thus, it appears 

that the shape, phase, and construction of the groove provided a favourable site for 

fibroblast cells. Given the facility with which modern materials science is able to 

manipulate surfaces using laser ablation, the prospect of using this technology to 

manipulate cellular interactions with silicon structures is considerable. 

Power was the final laser effect investigated. For these experiments, and analytical 

model was used and the ablation depth and pit size after laser exposure was determined 

for crystalline silicon. The trends from this model show close agreement with the 

experimental results and amply predict the outcome of laser treatment on the silicon 

surface. The SEM images clearly show that the groove width and depth increases with 

power. The theoretical model also determines the temperature it was found that it 

increases with increasing power. These high temperatures resulted in the formation of a 

residual stress zone beside the ablated groove. The presence of different crystal 

orientations confirmed that there was crystal distortion, which consequently induced the 
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residual stress zones. The cell culturing experimentation showed that the fibroblasts 

avoided the stress areas and adhered outside of these zones. 

6.2  Applications 

The goal of achieving biocompatibility is to provide an acceptable environment for the 

proliferation of biological organisms. When the enhancement of biocompatibility and 

the ability to control the cell growth path is obtained, the fabrication method used has 

the potential to be beneficial for lab-on-a-chip devices, cell-cell communication, and 

drug delivery applications  [64-66]. 

With this new research, silicon can potentially used for the production of biomedical 

devices such as sensors, bio-MEMS, and nano-biomaterial fabrications. Also, this could 

involve the development of bionic devices for replacing damaged tissues in ear or eye 

which can receive any signal or optical information and covert them to biological 

signals. Nanofibrous silicon is currently being used in a moderate amount of 

applications. However, the methods used to fabricate this material are not reliable. With 

the introduction of the Nd:YAG nano-pulsed laser into biocompatible silicon 

fabrication, there can be significant advancements in the biomedical field. 

Cancer and drug delivery is a prominent field of research which silicon can be useful. 

The porous layer formed by laser processing allows for a high loading degree for drug 

molecules  [51]. For the long-term treatment of diseases, biocompatible laser-treated 

silicon has the potential to be used for controlled release devices for cancer therapies  

[67]. 
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Biosensors are devices used to identify chemicals in biological matter. An example of a 

biosensor is a glucose-monitoring sensor for diabetes patients. Biosensors consist of 

biosensing material and a transducer, located outside the body, that detects biological 

and chemical agents. The laser-treated silicon used in this research can potentially be 

used for the biotransducer component so that the entire biosensor unit can be implanted 

for a prolonged period of time  [68, 69]. 

With the ability to control the number of cells proliferating on the service and also the 

location, these results can be used to further research in cell programming field. 

Selective treatment of a material could be used to create pre-programmed surfaces with 

growth-positive and growth-negative zones for cells. This type of cell proliferation 

control can provide opportunities for surface treatments for biological testing equipment 

[70]. Also, the residual stress growth-negative zones formed by the laser-ablated area 

could be useful as an anti-cancer substrate  [71].  
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% TempCalcs2D_Power.m   Single/Multi-Pulse 2-Dimensional Surface Temperature 

%                       of Nanosecond Laser with respect to power 

% Created by:           Candace Colpitts 

% Created on:           August 10th, 2016 

% Last Edit:            February 6th, 2017 

 

 

clear 

clc 

close all 

 

INPUTS 

Tb = 3265-293;              % Boiling Temperature of Si [K] 

l = 1064e-9;                % Nd:YAG laser wavelength [m] 

M = 1.9; 

df = 63.5e-3;               % Focal distance [m] 

d = 8e-3;                   % Initial spot size [m] 

k = 0.88e-4;                % Si Diffusivity [m^2/s] >>> (heat 

conductivity)/(density)*(specific heat) 

K = 155;                    % Si Conductivity [W/mK] 

R = 0.325;                  % Reflective Coefficient 

gamma = 1 - R;              % Fraction of pulse energy absorbed by irradiated material 

Beta = 0.5;                 % Correction Factor - Experimentally determined 

 

colors = {'r','b','g','m'}; % Used for plotting purposes (consistent line colour) 

 

% Determining Field Radius 'W' [m] 

D = 4*df*(M^2)*l/(pi*d); 

W = D/2; 

a = pi*(W^2);               % Spot Area 

 

 

% Measurements from experiment 

power_measured = [6.93 9.9 15.1];                % Measured Powers [Watts] 
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target_power = [7 10 15];                        % Target Powers [Watts] 

v_scan = [100 200 500 800 1000];                 % Scanning speeds [mm/s] 

S = v_scan./100000000;                           % S = v_scan*(1/f) [m/sHz] 

 

% Pulse width (tau) in [sec] 

tau = (17.79533-

45.03793.*exp(0.03734245.*power_measured)+(39.79847+4.205581.*exp(0.1149102.*power_measu

red)).*exp((0.008945417 - 0.00002711159.*power_measured - 

0.00001362856.*power_measured.^2).*100)).*10^-9; 

 

% Average power calcs P_avg = P/(f*tau) 

P_avg = 0.9.*power_measured./((100e3).*tau);     % Average Power [Watts] - 10% of energy 

lost in laser system 

 

 

% Max Intensity [W/m^2] 

for i = 1:length(P_avg) 

    Imax(i) = P_avg(i)/a; 

end 

 

SECTION A - Temperature Calculations for 2D Plots 

z_A = 0:1e-8:D;      % Used for plotting purposes 

r_A = 0:1e-8:D;      % Used for plotting purposes 

 

for i = 1:length(power_measured) 

dt(i)=tau(i)/100; 

t=dt; 

 

A{i} = Imax(i)*gamma*sqrt(k) ./ (sqrt(pi)*K); 

 

T_z{i} = dt(i)*A{i}.*(1 / ( (sqrt(t(i))) .* ( 1 + (8*k*(t(i))/(W^2)) ) )).*exp(-( 

(z_A.^2) ./ (4*k.*t(i)) )); 

 

T_r{i} = dt(i)*A{i}.*(1 / ( (sqrt(t(i))) .* ( 1 + (8*k*(t(i))/(W^2)) ) )).*exp(- ( 

(r_A.^2) ./ (4*k.*t(i) + 0.5*(W^2)) )); 

end 

 

for j=1:100 

for i = 1:length(power_measured) 

    dt(i)=tau(i)/100; 

    t(i)=j*dt(i); 

 

    A{i} = Imax(i)*gamma*sqrt(k) ./ (sqrt(pi)*K); 

 

    T_z{i} = T_z{i}+dt(i)*A{i}.*(1 / ( (sqrt(t(i))) .* ( 1 + (8*k*(t(i))/(W^2)) ) 

)).*exp(-( (z_A.^2) ./ (4*k.*t(i)) )); 

 

    T_r{i} = T_r{i}+dt(i)*A{i}.*(1 / ( (sqrt(t(i))) .* ( 1 + (8*k*(t(i))/(W^2)) ) 

)).*exp(- ( (r_A.^2) ./ (4*k.*t(i) + 0.5*(W^2)) )); 
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end 

end 

 

 

z_A = z_A*1e6;            % changing to micrometers 

 

% Plotting Temperature WRT Depth 

figure('Name','Temperature Depth'); 

axes; 

hold on; 

grid on; 

legendtext = cell (1,length(power_measured)); 

for i = 1:length(power_measured) 

    plot(z_A,T_z{i},'color',colors{i}); 

    legendtext{1,i} = [num2str(target_power(i)),'W']; 

    title('Temperature at centre of ablation'); 

    ylabel('Temperature (K)'); 

    xlabel('Depth (\mum)'); 

end 

hline = refline([0 Tb]); 

xlim([0 10]); 

legend(legendtext, 'T_b'); 

set(gca,'FontSize',30,'fontWeight','bold') 

set(findall(gcf,'type','text'),'FontSize',30,'fontWeight','bold') 

 

r_A = r_A*1e6;  % changing to micrometers 

 

% Plotting Temperature WRT Radius 

figure('Name','Temperature Radius'); 

axes; 

% grid minor; 

hold on; 

grid on; 

colors = {'r','b','g','m'}; 

% legendtext = cell (1,length(power_measured)); 

for i = 1:length(power_measured) 

    plot(r_A,T_r{i},'color',colors{i}); 

    legendtext{1,i} = [num2str(target_power(i)),'W']; 

    title('Temperature at surface'); 

    ylabel('Temperature (K)'); 

    xlabel('Radius (\mum)'); 

end 

hline = refline([0 Tb]); 

legend(legendtext, 'T_b'); 

set(gca,'FontSize',30,'fontWeight','bold') 

set(findall(gcf,'type','text'),'FontSize',30,'fontWeight','bold') 
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SECTION B - Temperature Calculations for 3D Plots 

x_lim = 0.7e-4;   % used for plotting purposes 

 

[X,Y] = meshgrid(-x_lim:0.4e-5:x_lim,-x_lim:0.4e-5:x_lim); 

R = sqrt(X.^2+Y.^2); 

T = zeros(size(R)); 

for j = 1:length(power_measured); 

    figure; 

 

    for i = 1:numel(R) 

        for kk=1:10 

            dt(j)=tau(j)/10; 

            t(j)=j*dt(j); 

            T(i) = T(i)+dt(j)*(( ( Imax(j)*gamma*sqrt(k) ) / ( (sqrt(pi))*K ) ) * ( 1 / 

( (sqrt(t(j)))*(1+((8*k*t(j))/(W^2))) )) * (exp(-( ((R(i)^2)/((4*k*t(j))+(0.5*(W^2)))) 

)) )); 

        end 

    end 

    surf(X,Y,T) 

    title(['Temperature Gradient for ',num2str(target_power(j)),'W']); 

    zlabel('Temperature (K)'); 

    xlabel('Radius (m)'); 

    xlim([-0.7e-4 0.7e-4]); 

    ylim([-0.7e-4 0.7e-4]); 

    zlim([0 0.5e5]); 

    colorbar; 

    hold on; 

    set(gca,'FontSize',30,'fontWeight','bold') 

    set(findall(gcf,'type','text'),'FontSize',30,'fontWeight','bold') 

end 
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   77 

 
 

SECTION C - Depth Calculations h(r) 

% Terms used for plotting purposes 

WC = 4*W; 

r_C = -WC:1e-8:WC; 

 

% h(r) 

for i = 1:(length(target_power)) 

    A = Beta*k*tau(i); 

    B = (Beta*K*Tb)/(gamma*Imax(i)); 

    C = pi/(k*Beta*tau(i)); 

    D = (8*Beta*k*tau(i))/(W^2); 

    E = (r_C.^2)./(1+((W^2)/(8*Beta*k*tau(i)))); 

    F = -4*A*log(B*((sqrt(C))*(1+D))); 

    h{i} = (-1)*(sqrt(F-E)).*1e6; 

end 

 

r_C = r_C*1e6; % micrometers 

 

% Plotting h(r) 

colors = {'r','b','g','m'}; 

legendtext = cell (1,length(power_measured)); 

for i = 1:length(power_measured) 

    figure('Name','Ablation Depth'); 
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    axes; 

    hold on; 

    grid on; 

    plot(r_C,h{i},'color',colors{i}); 

    % legendtext{1,i} = [num2str(target_power(i)),'W']; 

    title(['Ablation Depth for ', num2str(target_power(i)), 'W']); 

    ylabel('Depth (\mum)'); 

    xlabel('Radius (\mum)'); 

    xlim([-30 30]); 

    set(gca,'FontSize',30,'fontWeight','bold') 

    set(findall(gcf,'type','text'),'FontSize',30,'fontWeight','bold') 

end 

 

% legend(legendtext); 

% legend(legendtext, 'Location', 'southeast'); 
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SECTION D - Ablation Depth for varying scanning speed and 
power 

scanning_speed = 1:2000; 

for i = 1:length(power_measured); 

    L = Beta*k*tau(i); 

    M = (Beta*K*Tb)/(gamma*Imax(i)); 

    N = pi/(k*Beta*tau(i)); 

    O = (8*Beta*k*tau(i))/(W^2); 

    P = ((scanning_speed./ 100000000).^2)./(1+((W^2)/(8*Beta*k*tau(i)))); 

    Q = -4*L*log(M*((sqrt(N))*(1+O))); 

    h_scan{i} = sqrt(Q) + sqrt(Q-P); 

    h_scan2{i} = (-1)*h_scan{i}; 

end 

 

 

% Plotting h_scan 

figure('Name','Ablation Depth with Varying Scanning Speed'); 

axes; 

hold on; 

grid on; 

colors = {'r','b','g','m','c'}; 

legendtext = cell (1,length(target_power)); 

for j = 1:length(target_power) 

    plot(scanning_speed,h_scan2{j},'color',colors{j}); 
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    legendtext{1,j} = [num2str(target_power(j)),'W']; 

    title('Ablation Depth'); 

    ylabel('Depth (m)'); 

    xlabel('Scanning Speed (mm/s)'); 

end 

xlim([0 1000]); 

legend(legendtext, 'Location', 'northwest'); 

set(gca,'FontSize',30,'fontWeight','bold') 

set(findall(gcf,'type','text'),'FontSize',30,'fontWeight','bold') 

 

SECTION E - Ablation Depth for 400mm/s 

% figure('Name','Ablation Depth with Varying Scanning Speed'); 

 

scanning_speed = 400;         %mm/s 

 

for i = 1:length(power_measured); 

    L = Beta*k*tau(i); 

    M = (Beta*K*Tb)/(gamma*Imax(i)); 

    N = pi/(k*Beta*tau(i)); 

    O = (8*Beta*k*tau(i))/(W^2); 

    P1 = (0^2)./(1+((W^2)/(8*Beta*k*tau(i)))); 

    P2 = ((scanning_speed./ 100000000).^2)./(1+((W^2)/(8*Beta*k*tau(i)))); 

    Q = -4*L*log(M*((sqrt(N))*(1+O))); 
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    h_400{i} = sqrt(Q-P1) + sqrt(Q-P2); 

    h_400_2{i} = h_400{i}.*1e6; 

end 

 

 

% Plotting h_scan 

figure('Name','Ablation Depth at 400mm/s'); 

axes; 

hold on; 

grid on; 

colors = {'r','b','g','m','c'}; 

legendtext = cell (1,length(target_power)); 

for j = 1:length(target_power) 

    plot(target_power(j),h_400_2{j}, 'o', 'color',colors{j}); 

    legendtext{1,j} = [num2str(target_power(j)),'W']; 

    title('Ablation Depth at 400 mm/s'); 

    ylabel('Depth (\mum)'); 

    xlabel('Power (W)'); 

end 

legend(legendtext, 'Location', 'southeast'); 

set(gca,'FontSize',30,'fontWeight','bold') 

set(findall(gcf,'type','text'),'FontSize',30,'fontWeight','bold') 
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APPENDIX B – MATLAB Code for 2D Temperature and 

Ablation Depth/Radius with Respect to Scanning Speed 

Inputs	...............................................................................................................................................	83	
SECTION	A	-	Theoretical	Profile	Calculations	h(r)	............................................................	84	
SECTION	B	-	Ablation	Depth	for	varying	scanning	speed	................................................	85	

 

% TempCalcs2D_ScanningSpeed.m 

%                               Single/Multi-Pulse 2-Dimensional Ablation Depth 

%                               of Nanosecond Laser with respect to Scanning Speed 

 

% Created by:                   Candace Colpitts 

% Created on:                   December 10th, 2016 

% Last Edit:                    February 7th, 2017 

 

Inputs 

Tb = 2972;                          % Boiling Temperature of Si [K] 

l = 1064e-9;                        % Nd:YAG laser wavelength [m] 

M = 1.9; 

df = 63.5e-3;                       % Focal distance [m] 

d = 8e-3;                           % Initial spot size [m] 

k = 0.907e-4;                       % Si Diffusivity [m^2/s] >>> (heat 

conductivity)/(density)*(specific heat) 

K = 155;                            % Si Conductivity [W/mK] 

R = 0.325;                          % Reflective Coefficient 

gamma = 1 - R;                      % Fraction of pulse energy absorbed by irradiated 

material 

Beta = 0.5;                         % Correction Factor - Experimentally determined 

v_scan = [100 200 500 800 1000];    % Scanning Speeds [mm/s] 

 

colors = {'r','b','g','m'}; 

 

% Determining Field Radius 'W' [m] 

D = 4*df*(M^2)*l/(pi*d); 

W = D/2; 

A = pi*(W^2);                                 % Spot Area 

 

 

tau = 46e-9;                                  % Pulse Duration in seconds 

% Average power calcs P/(f*tau) 

 

power = 15; % Watts 

f = 100;    % kHz 

P_avg = 0.9.*power/((f*1e3).*tau);  % Average Power [Watts] - 10% of energy lost in 
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laser system 

Imax = P_avg/A; 

 

SECTION A - Theoretical Profile Calculations h(r) 

% Terms used for plotting purposes 

W4 = 4*W; 

r = -W4:1e-8:W4; 

 

% h(r) 

for i = 1:(length(v_scan)) 

    A = Beta*k*tau; 

    B = (Beta*K*Tb)/(gamma*Imax); 

    C = pi/(k*Beta*tau); 

    D = (8*Beta*k*tau)/(W^2); 

    E = (r.^2)./(1+((W^2)/(8*Beta*k*tau))); 

    F = -4*A*log(B*((sqrt(C))*(1+D))); 

    h{i} = sqrt(F-E); 

    h2{i} = (-1)*h{i}; 

    h3{i} = (h2{i}).*10^6; 

end 

 

r_ = r*10^6; 

% Plotting h(r) 

figure('Name','Ablation Profile'); 

axes; 

hold on; 

grid on; 

colors = {'r','b','g','m'}; 

% legendtext = cell (1,length(v_scan)); 

for i = 1:length(v_scan) 

    plot(r_,h3{i}); 

%     legendtext{1,i} = [num2str(v_scan(i)),'mm/s']; 

    title('Ablation Profile for 1 Pulse at 15W & 100kHz'); 

    ylabel('Depth (\mum)'); 

    xlabel('Radius (\mum)'); 

end 

xlim([-30 30]); 

% legend(legendtext); 

% legend(legendtext, 'Location', 'north'); 

set(gca,'FontSize',20,'fontWeight','bold') 

set(findall(gcf,'type','text'),'FontSize',20,'fontWeight','bold') 
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SECTION B - Ablation Depth for varying scanning speed 

scanning_speed = 1:1100; 

 

    L = Beta*k*tau; 

    M = (Beta*K*Tb)/(gamma*Imax); 

    N = pi/(k*Beta*tau); 

    O = (8*Beta*k*tau)/(W^2); 

    P = ((scanning_speed./ 100000000).^2)./(1+((W^2)/(8*Beta*k*tau))); 

    Q = -4*L*log(M*((sqrt(N))*(1+O))); 

    h_scan = sqrt(Q) + sqrt(Q-P); 

    h_scan2 = (-1)*h_scan*1e6; 

 

% Plotting h_scan 

figure('Name','Ablation Depth with Varying Scanning Speed'); 

axes; 

hold on; 

grid on; 

colors = {'r','b','g','m','c'}; 

% legendtext = cell (1,length(target_power)); 

    plot(scanning_speed,h_scan2); 

%     legendtext{1,j} = [num2str(target_power(j)),'W']; 

    title('Ablation Depth for 15W, 100kHz'); 

    ylabel('Depth (\mum)'); 
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    xlabel('Scanning Speed (mm/s)'); 

    xlim ([0 1000]) 

% legend(legendtext, 'Location', 'southeast'); 

 

set(gca,'FontSize',30,'fontWeight','bold') 

 

set(findall(gcf,'type','text'),'FontSize',30,'fontWeight','bold') 
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APPENDIX C – MATLAB Code for 2D Temperature and 

Ablation Depth/Radius with Respect to Frequency 

INPUTS	.............................................................................................................................................	87	
Section	A	-	2D	Temp	plots	..........................................................................................................	88	
Section	B	-	Ablation	Depth	plot	-	Single	Pulse	....................................................................	91	
Section	C	-	Ablation	Depth	plot	-	Multiple	Pulses	..............................................................	92	

 

% TempCalcs2D_Frequency.m 

%                           Single/Multi-Pulse 2-Dimensional Surface Temperature 

%                           of Nanosecond Laser with respect to Frequency 

 

% Created by:               Candace Colpitts 

% Created on:               December 6th, 2016 

% Last Edit:                February 7th, 2017 

 

 

clear 

close all 

clc 

 

INPUTS 

%Material Properties 

properties.Tb = 2972;                         % Boiling Temperature of Si [K] 

properties.kappa = 0.907e-4;                  % Si Diffusivity [m^2/s] 

properties.K = 155;                           % Si Conductivity [W/mK] 

R = 0.325;                                    % Reflective Coefficient 

properties.gamma = 1 - R;                     % Fraction of pulse energy absorbed by 

irradiated material 

 

 

% Laser Parameters 

l = 1064e-9;                       % Nd:YAG laser wavelength [m] 

M = 1.9; 

df = 63.5e-3;                      % Focal distance [m] 

d = 8e-3;                          % Initial spot size [m] 

Beta = 0.5;                        % Correction Factor - Experimentally determined 

f = [25 70 100];                   % Frequencies [kHz] 

 

 

% Measurements from experiment 

power_measured = 15;               % Measured Powers [Watts] 

target_power = 15;                 % Target Powers [Watts] 

scanning_speed = 0:1000;           % Scanning Speed [mm/s] range for plotting 



   88 

scanning_speed_constant = 100;     % Scanning speed [mm/s] for frequency experiment 

tau = [13.5 31 46]*1e-9;           % Pulse Duration [ns] wrt to frequencies 

 

 

% Determining Field Radius 'W' [m] 

D = 4*df*(M^2)*l/(pi*d); 

W = D/2; 

Area = pi*(W^2);                   % Spot Area 

 

colors = {'r','b','g','m'};        % For Plotting Purposes 

 

% Average power calcs P/(f*tau) 

 

P_avg = 0.9.*power_measured./((f.*(1e3)).*tau); 

% Average Power [Watts] --- 10% of energy lost in laser system 

 

 

% Max Intensity [W/m^2] 

for i = 1:length(f) 

    Imax(i) = P_avg(i)/Area; 

end 

 

Section A - 2D Temp plots 

for i = 1:length(f) 

    paramsA.Imax = Imax(i); 

    paramsA.tau = tau(i); 

    paramsA.f = f(i); 

    paramsA.Beta = Beta; 

    paramsA.W = W; 

 

    r_depth = 0; 

    z_depth = 0:1e-8:30e-6; 

    r_radius = 0:1e-8:D; 

    z_radius = 0; 

 

    % temp vs depth --- calculated at centre of ablation (r = 0) 

    paramsA.r = r_depth; 

    paramsA.z = z_depth; 

    Tz{i} = ablationTempCalc(properties,paramsA); 

 

    % temp vs radius --- calculated at surface (z = 0) 

    paramsA.r = r_radius; 

    paramsA.z = z_radius; 

    Tr{i} = ablationTempCalc(properties,paramsA); 

end 

 

 

% Plotting 
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% WRT Depth 

figure('Name','Temperature Depth'); 

axes; 

% grid minor; 

hold on; 

 

legendtext = cell (1,length(f)); 

for i = 1:length(f) 

    plot(z_depth*1e6,Tz{i},'color',colors{i}); 

    legendtext{1,i} = [num2str(f(i)),'kHz']; 

    title('Temperature at centre of ablation'); 

    ylabel('Temperature (K)'); 

    xlabel('Depth (\mum)'); 

end 

% hline = refline([0 Tb]); 

legend(legendtext); 

 

xlim([0 10]); 

 

set(gca,'FontSize',30,'fontWeight','bold') 

 

set(findall(gcf,'type','text'),'FontSize',30,'fontWeight','bold') 

 

 

% WRT Radius 

figure('Name','Temperature Radius'); 

axes; 

% grid minor; 

hold on; 

colors = {'r','b','g','m'}; 

legendtext = cell (1,length(f)); 

for i = 1:length(f) 

    plot(r_radius*1e6,Tr{i},'color',colors{i}); 

    legendtext{1,i} = [num2str(f(i)),'kHz']; 

    title('Temperature at surface'); 

    ylabel('Temperature (K)'); 

    xlabel('Radius (\mum)'); 

end 

% hline = refline([0 Tb]); 

legend(legendtext); 

 

 

set(gca,'FontSize',30,'fontWeight','bold') 

 

set(findall(gcf,'type','text'),'FontSize',30,'fontWeight','bold') 
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Section B - Ablation Depth plot - Single Pulse 

% depth vs radius 

rB = -0.000030:1e-8:0.000030; 

for i = 1:length(f) 

    paramsB.Imax = Imax(i); 

    paramsB.tau = tau(i); 

    paramsB.f = f(i); 

    paramsB.Beta = Beta; 

    paramsB.scanning_speed = scanning_speed; 

    paramsB.W = W; 

 

    hB{i} = ablationDepthCalc(properties,paramsB,rB); 

end 

 

 

% Plotting 

 

% Plotting h(r) 

legendtext = cell (1,length(f)); 

for i = 1:length(f) 

    figure('Name','Ablation Depth'); 

    axes; 

    hold on; 

    plot(rB*1e6,(-hB{i})*1e6,'color',colors{i}); 

%     legendtext{1,i} = [num2str(f(i)),'kHz']; 

    title(['Ablation Depth for ', num2str(f(i)), 'kHz']); 

    ylabel('Depth (\mum)'); 

    xlabel('Radius (\mum)'); 

    set(gca,'FontSize',30,'fontWeight','bold') 

    set(findall(gcf,'type','text'),'FontSize',30,'fontWeight','bold') 

end 

% legend(legendtext); 
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Section C - Ablation Depth plot - Multiple Pulses 
depth vs scanning speed 
 

% set params 

scanning_speed = 0:1000; 

rC = 0; 

 

for i = 1:length(f) 

 

    paramsC.Imax = Imax(i); 

    paramsC.tau = tau(i); 

    paramsC.f = f(i); 

    paramsC.Beta = Beta; 

    paramsC.scanning_speed = scanning_speed; 

    paramsC.W = W; 

    S = scanning_speed/(f(i)*1e-6); 

 

    h_scan{i} = ablationDepthCalc(properties,paramsC,rC) + 

ablationDepthCalc(properties,paramsC,S-rC); 

end 

 

 

% Plotting 
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% Plotting h_scan 

figure('Name','Ablation Depth with Varying Scanning Speed'); 

axes; 

hold on; 

legendtext = cell (1,length(f)); 

for j = 1:length(f) 

    plot(scanning_speed,(h_scan{j})*1e6,'color',colors{j}); 

    legendtext{1,j} = [num2str(f(j)),'kHz']; 

    title('Ablation Depth'); 

    ylabel('Depth (\mum)'); 

    xlabel('Scanning Speed (mm/s)'); 

end 

legend(legendtext, 'Location', 'northeast'); 

 

set(gca,'FontSize',30,'fontWeight','bold') 

 

set(findall(gcf,'type','text'),'FontSize',30,'fontWeight','bold') 

 

% Plotting depth values of h_scan at 100mm/s only 

figure('Name','Ablation Depth at 100mm/s'); 

axes; 

hold on; 

legendtext = cell (1,length(f)); 

for j = 1:length(f) 

    plot(f(j),(h_scan{j}(100))*1e6, 'o', 'color',colors{j}); 

    % 100th element of vector corresponds to 100mm/s 

    % Display value in micrometers 

    legendtext{1,j} = [num2str(f(j)),'kHz']; 

    title('Ablation Depth at 100 mm/s'); 

    ylabel('Depth (\mum)'); 

    xlabel('Frequency (kHz)'); 

end 

legend(legendtext, 'Location', 'southeast'); 

 

set(gca,'FontSize',30,'fontWeight','bold') 

 

set(findall(gcf,'type','text'),'FontSize',30,'fontWeight','bold') 
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APPENDIX D – Detailed One-Dimensional Temperature 

Model 

One-Dimensional Average Temperature Trends 

Using heat conduction for one-dimensional average temperature mathematical 

model 

The surface happenings must be modeled with the heat diffusion equation (Eq.1) since it 

is assumed that the incident laser energy is absorbed within a layer much thinner than 

the depth of penetration of the heat wave  [1]. It can then be simplified into Eq. 2 

 𝜕
𝜕𝑥 𝜅

𝜕𝑇
𝜕𝑥 +

𝜕
𝜕𝑦 𝜅

𝜕𝑇
𝜕𝑦 +

𝜕
𝜕𝑧 𝜅

𝜕𝑇
𝜕𝑧 + 𝑞 = 𝜌𝑐!

𝜕𝑇
𝜕𝑡  

(12) 

  𝜕!𝑇
𝜕𝑥! +

𝜕!𝑇
𝜕𝑦! +

𝜕!𝑇
𝜕𝑧! +

𝑞
𝜅 =

𝜕𝑇
𝜕𝑡  

(13) 

Where 𝜅 is the heat conduction coefficient, 𝜌 is the material density [kg/ m3], 𝑐! is the 

specific heat [J/kgK], 𝑎 = 𝜅 𝜌𝑐!, which is the thermal diffusivity [m2/s], and 𝑞 is the 

rate at which energy is generated per unit volume of the medium [W/m3]  [2]. Since 

there is nothing within the silicon that acts as an energy source, Eq. 2 can be simplified 

into one-dimensional form, found in Eq. 3: 

 𝜕𝑇
𝜕𝑡 = 𝑎

𝜕!𝑇
𝜕𝑥! 

(14) 

For simplicity, the laser pulse profile is assumed to be rectangular. Another assumed 

boundary condition is that the pulse has a step-like rise and fall giving 𝐼 = 𝐼!(0 ≤ 𝑡 ≤
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𝑡!)  [1]. Where 𝑡! is the laser pulse duration and 𝐼! is the absorbed laser intensity. These 

boundary conditions include the initial temperature being room temperature, pulse the 

intensity is at its maximum during the pulse (𝑡 < 𝑡!), and the intensity is zero between 

pulses (𝑡 > 𝑡!), and the temperature change is zero at 𝑥 = ∞. With these boundary 

conditions, Eq. 1 can then be simplified into Eq. 4 with the use of Laplace transforms: 

 
𝑇 𝑥, 𝑡 =  

𝑎! !

𝜅𝜋! !
𝐼!(𝜏)
𝑡 − 𝜏 ! !

!!

!
𝑒𝑥𝑝 −

𝑥!

2𝑎 𝑡 − 𝜏 𝑑𝜏 
(15) 

If the temperature of the target area is averaged over space to the end of the laser pulse, 

and integrate over time, Eq. 5 can be obtained. By solving the integral, the value of the 

average temperature as a function of the laser and target parameters can be obtained 

with Eq. 6  [1]: 

 
𝑇 =

1
(𝑎𝑡)! ! 𝑇 𝑥, 𝑡! 𝑑𝑥

!

!
 

(16) 

𝑇 =
2
𝜋

! ! 𝐼!(𝑎𝑡!)! !

𝜅 =
1
2! ! 𝑇 0, 𝑡!  

(17) 

Since the maximum temperature occurs at 𝑇!"# = 𝑇 0, 𝑡! , the time dependence of the 

surface temperature during the laser pulse 𝑡 < 𝑡!  can be found using Eq. 7  [1]: 

 
𝑇 𝑡 = 𝑇!

𝑡
𝑡!

! !

 
(18) 

Cooling of target area at the end of the laser pulse 
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In order to determine the average surface temperature at the target area after a different 

number of laser pulses, theoretical methods were used from the relation between a laser 

pulse duration and absorbed intensity. Using Eq. 6, Eq. 8 is written to determine the 

surface temperature after the end of a laser pulse: 

 
𝑇 0, 𝑡 = 𝑇 0, 𝑡!

𝑡!
𝑡

!
!
=

2
𝜋  
𝐼!(𝑎𝑡!)!/!

𝜅
𝑡!
𝑡

!/!
 

(19) 

Where, 𝑡! is the pulse duration in seconds, 𝐼! is the laser light intensity. The heat 

conduction coefficient and thermal diffusion coefficient in the case for silicon is 155 

W/mK and 8.5x10-5 m2/s, respectively. 

Heating of target area in the repetitive pulse regime 

Directly before the laser comes in contact with the surface, the surface temperature is at 

its minimum. When the laser hits the surface, the target area begins to absorb the energy 

for the duration of the pulse. At the end of the duration, the temperature of the surface is 

at its maximum, which can be written as 𝑇!"# or 𝑇! = 𝑇 0, 𝑡! . The subsequent laser 

pulse, for all pulses at a fixed repetition rate, is multiplied by the constant ratio for the 

previous maximum and the following minimum temperatures, 𝛼, as seen in Eq. 9:  

 
𝛼 =  

𝑡!
𝑡!!

= 𝑡!𝑓 
(20) 

Where 𝑡! is the pulse duration in seconds, 𝑡!! is the pulse interval in seconds, which is 

equal to 1 𝑓, and 𝑓 is the pulse frequency in Hz. 



   99 

Before and after each pulse, the maximum and minimum temperatures can be calculated 

as follows: 

1st pulse: (𝑇!"#)! = 𝑇!;    (𝑇!"#)! = 𝛼𝑇! 

2nd pulse: (𝑇!"#)! = (𝑇!"#)! + 𝑇!;   (𝑇!"#)! = 𝛼(1+ 𝛼)𝑇! 

  (𝑇!"#)! = (1+ 𝛼)𝑇!; 

3rd pulse: (𝑇!"#)! = (𝑇!"#)! + 𝑇!;   (𝑇!"#)! = 𝛼(1+ 𝛼 + 𝛼!)𝑇! 

  (𝑇!"#)! = (1+ 𝛼 + 𝛼!)𝑇! 

nth pulse: (𝑇!"#)! = 1+ 𝛼 + 𝛼! + 𝛼! +⋯+ 𝛼!!! 𝑇!;       (𝑇!"#)! = 𝛼(𝑇!"#)! 

  (𝑇!"#)! =
!!!!
!!!

𝑇!;        

  (𝑇!"#)! ≈ (1− 𝛼)!!𝑇!;        

By using the absorbed laser light intensity 𝐼!, the surface temperature at the end of a 

pulse (Eq. 8) can be simplified into Eq. 11, which is the maximum temperature. 

 𝐼! = (1− 𝑅)
4𝑃

𝜋𝑑!𝑡!𝑓
 

(21) 

𝑇! = 𝑇 0, 𝑡! =  
2𝑎
𝜋!𝑡!

4(1− 𝑅)𝑃
𝜅𝑓𝑑!  

(22) 

Where, 𝑅 is the Fresnel energy reflectivity (0.325 for Si), 𝑃 is the power in Watts, and 𝑑 

is the laser spot diameter in meters. 
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Eq. 7 and Eq. 8 combine to create an interval equation to find the surface temperature at 

the ith laser pulse is as follows: 

 

𝑇! =
1

𝑡! + 𝑡!!
𝑇!,! 0, 𝑡 𝑑𝑡 = 2𝛼𝑇!,!

1− 23𝛼
1+ 𝛼!

!!

!
 

(23) 

The average surface temperature after n pulses is integrated into Eq. 13: 

 

𝑇! = 2𝛼
1− 23𝛼
1+ 𝛼!

𝑇!
1− 𝛼 1+

𝛼! − 𝛼
𝑛(1− 𝛼)  

(24) 

The average surface temperature is calculated with the use of a MATLAB code, which 

is found in Appendix A. 
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APPENDIX E – MATLAB Code for 1D Average Surface 

Temperature Calculations 

Inputs	............................................................................................................................................	101	
Maximum	Tempurature	and	Nth	Tempurature	.............................................................	103	
Plotting	the	Surface	Temperatures	.....................................................................................	104	

% TempCalcs1D.m 

 

% Candace Colpitts - Average Surface Temperature Calculations 

% December 3rd 2015 

 

% Edited by Dr. Kiani 

% December 6th, 2015 

 

% Edited by Candace Colpitts 

% December 11th, 2015 

 

close all 

 

% Defined Variables: 

 

a = 0.000085;                               %[m^2/s] (const for Si) 

k = 155;                                    %[W/mK] (cons for Si) 

K = 1;                                      % Residual energy coefficient (const for Si) 

d = (20*(10^(-6)));                         %[m] (constant for Nd:YAG laser) 

 

filename = 'light spec.xlsx'; 

 

wavelength = xlsread(filename, 'B:B'); 

OL1 = xlsread(filename, 'C:C'); 

OL2 = xlsread(filename, 'D:D'); 

OL3 = xlsread(filename, 'E:E'); 

 

OL_array = [OL1 OL2 OL3]; 

Error using xlsread (line 129) 

XLSREAD unable to open file 'light spec.xlsx'. 

File 'C:\Users\j4y1x\Google Drive\Candace_Colpitts\Thesis\Appendices\Codes\light 

spec.xlsx' not found. 

 

Error in TempCalcs1D (line 23) 

wavelength = xlsread(filename, 'B:B'); 

Inputs 

% Wavelength Number 

 

WL = input('What is the wavelength of your laser?: '); 
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% Pulse Number 

 

n = input('Pulse Number Max (#): '); 

n_ = 2:n; 

 

% Choose a Variable 

 

choice = menu('What is the variable in your experiment?','Scanning Speed','Overlap 

Number','Power', 'Frequency'); 

 

if choice == 1;         % SCANNING SPEED [mm/s] 

    n_V = input('How many times does it vary? (#): '); 

    for Nv = 1:n_V; 

        v(Nv) = input(['Scanning Speed ' num2str(Nv) ' (mm/s): ']);        %[mm/s] 

    end 

    OL = input('Overlap Number (#): '); 

    p = input('Average Power (W): '); 

    f = input('Pulse Frequency (kHz): '); 

    f = f*1000; 

    tp = input('Pulse Duration/Width (s): '); 

 

    % Reflection Constant 

    [c index] = min(abs(wavelength - WL)); 

    i = wavelength(index); 

    int_1 = OL1(index); 

    int_n = OL_array(index, OL); 

    R1 = 0.325; 

    Rn = (R1/int_1)*int_n; 

 

elseif choice == 2;     % OVERLAP NUMBER [/] 

    n_OL = input('How many times does it vary? (must be <= 3): '); 

    for NOL = 1:n_OL; 

        OL(NOL) = input(['Overlap Number ' num2str(NOL) ' (#): ']);        %[mm/s] 

    end 

 

    v = input('Scanning Speed (mm/s): '); 

    p = input('Average Power (W): '); 

    f = input('Pulse Frequency (kHz): '); 

    f = f*1000; 

    tp = input('Pulse Duration/Width (s): '); 

 

    % Reflection Constant 

    [c index] = min(abs(wavelength - WL)); 

    i = wavelength(index); 

    int_1 = OL1(index); 

    int_2 = OL2(index); 

    int_3 = OL3(index); 

    R1 = 0.325; 

    R2 = (R1/int_1)*int_2; 

    R3 = (R1/int_1)*int_3; 

    Rn = [R1 R2 R3]; 
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elseif choice == 3;     % POWER [W] 

    n_P = input('How many times does it vary? (#): '); 

    for Np = 1:n_P; 

        p(Np) = input(['Avg Power ' num2str(Np) ' (W): ']);                %[W] 

    end 

    f = input('Pulse Frequency (kHz): '); 

    f = f*1000; 

    for Np = 1:n_P; 

        tp(Np) = input(['Pulse Duration/Width ' num2str(Np) ' (s): ']);    %[s] 

    end 

    v = input('Scanning Speed (mm/s): '); 

    OL = input('Overlap Number (#): '); 

 

    % Reflection Constant 

    [c index] = min(abs(wavelength - WL)); 

    i = wavelength(index); 

    int_1 = OL1(index); 

    int_n = OL_array(index, OL); 

    R1 = 0.325; 

    Rn = (R1/int_1)*int_n; 

 

elseif choice == 4;     % FREQUENCY [kHz] 

    n_F = input('How many times does it vary? (#): '); 

    for Nf = 1:n_F; 

        f(Nf) = input(['Pulse Frequency ' num2str(Nf) ' (kHz): ']);        %[kHz] 

    end 

    f = f*1000; 

    p = input('Average Power (W): '); 

    for Nf = 1:n_F; 

        tp(Nf) = input(['Pulse Duration/Width ' num2str(Nf) ' (s): ']);    %[s] 

    end 

    v = input('Scanning Speed (mm/s): '); 

    OL = input('Overlap Number (#): '); 

 

    % Reflection Constant 

    [c index] = min(abs(wavelength - WL)); 

    i = wavelength(index); 

    int_1 = OL1(index); 

    int_n = OL_array(index, OL); 

    R1 = 0.325; 

    Rn = (R1/int_1)*int_n; 

 

end 

Maximum Tempurature and Nth Tempurature 

Tm = sqrt(2*a./(pi^3.*tp))*4*K.*(1-Rn).*p./(k*f*d^2);  % Equation 8 in Thesis 

 

alpha = sqrt(tp.*f);    % Equation 9 in Thesis 

 

    for ii = 1:(n-1); 
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        % Eq. 13 in Thesis: 

        Tn_tmp = 2*alpha .* (1-2/3*alpha) ./ (1+alpha.^2) .* Tm ./ (1-alpha) .* ( 1 + 

(alpha.^n_(ii) - alpha)./(n_(ii)*(1-alpha))); 

        Tn(ii,:) = Tn_tmp(:); 

    end 

Plotting the Surface Temperatures 

% Comparison Figure 

 

if  choice == 4; % VARYING FREQUENCY 

    figure; 

    legendtext = cell (1,length(f)); 

 

    for jj = 1:length(f) 

        plot(n_,Tn(:,jj), 'color', rand(1,3), 'LineWidth', 1); 

        legendtext{1,jj} = ['Frequency = ', num2str(f(jj)/1000), ' kHz']; 

        title('Average Temperature for Varying Frequency'); 

        ylabel('Avg Temp (K)'); 

        xlabel('Pulse Number'); 

        hold on 

        set(gca,'FontSize',15,'fontWeight','bold') 

        set(findall(gcf,'type','text'),'FontSize',15,'fontWeight','bold') 

    end 

    legend(legendtext); 

 

elseif choice == 3 ; % VARYING POWER 

 

    figure; 

    legendtext = cell (1,length(p)); 

 

    for jj = 1:length(p) 

        plot(n_,Tn(:,jj), 'color', rand(1,3), 'LineWidth', 1); 

        legendtext{1,jj} = ['Power = ', num2str(p(jj)), ' W']; 

        title('Average Temperature for Varying Power'); 

        ylabel('Avg Temp (K)'); 

        xlabel('Pulse Number'); 

        hold on 

        set(gca,'FontSize',15,'fontWeight','bold') 

        set(findall(gcf,'type','text'),'FontSize',15,'fontWeight','bold') 

    end 

    legend(legendtext); 

 

elseif choice == 2; % VARYING O.L. 

    figure; 

    legendtext = cell (1, length(tp)); 

 

    for uu = 1:length(OL) 

        plot(n_,Tn(:,uu),'color', rand(1,3),'LineWidth',1); 

        legendtext{1,uu} = ['Overlap Number = ', num2str(OL(uu))]; 

        title('Average Temperature for Varying Overlap Numbers'); 

        ylabel('Avg Temp (K)'); 
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        xlabel('Pulse Number'); 

        hold on 

        set(gca,'FontSize',15,'fontWeight','bold') 

        set(findall(gcf,'type','text'),'FontSize',15,'fontWeight','bold') 

    end 

    legend(legendtext); 

 

else choice == 1; % VARYING SCANNING SPEED 

    figure; 

    plot(n_,Tn) 

    title(['Average Temperature for Varying Scanning Speeds of ', num2str(v)]); 

    ylabel('Avg Temp (K)'); 

    xlabel('Pulse Number'); 

    set(gca,'FontSize',15,'fontWeight','bold') 

    set(findall(gcf,'type','text'),'FontSize',15,'fontWeight','bold') 

end 

 

 

% Individual Plots 

 

if  choice == 4; % VARYING FREQUENCY 

    figure; 

    for kk = 1:length(tp) 

        subplot(length(tp), 1, kk) 

        plot(n_,Tn(:,kk)); 

        title(['Average Temperature for Frequency = ', num2str(f(kk)/1000), 'kHz']); 

        ylabel('Avg Temp (K)'); 

        xlabel('Pulse Number'); 

        set(gca,'FontSize',15,'fontWeight','bold') 

        set(findall(gcf,'type','text'),'FontSize',15,'fontWeight','bold') 

    end 

 

elseif choice == 3; % VARYING POWER 

   figure; 

    for kk = 1:length(tp) 

        subplot(length(tp), 1, kk) 

        plot(n_,Tn(:,kk)); 

        title(['Average Temperature for Power = ', num2str(p(kk)), 'W']); 

        ylabel('Avg Temp (K)'); 

        xlabel('Pulse Number'); 

        set(gca,'FontSize',15,'fontWeight','bold') 

        set(findall(gcf,'type','text'),'FontSize',15,'fontWeight','bold') 

    end 

 

elseif choice == 2; % VARYING O.L. 

    figure; 

    for uu = 1:length(OL) 

        subplot(length(OL), 1, uu) 

        plot(n_,Tn(:,uu)); 

        title(['Average Temperature for Overlap Number = ', num2str(OL(uu))]); 

        ylabel('Avg Temp (K)'); 

        xlabel('Pulse Number'); 

        set(gca,'FontSize',15,'fontWeight','bold') 
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        set(findall(gcf,'type','text'),'FontSize',15,'fontWeight','bold') 

    end 

 

end 

 

% END 

Published with MATLAB® R2013a 
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