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ABSTRACT 

Owing to extremely short pulse duration, high pulse repetition rate and high 

fluence, femtosecond (fs) laser has attracted considerable interest of large amount of 

researchers from the fields of aerospace, microelectronics, biomedical engineering. 

Femtosecond laser ablation has been used for material functionalization especially 

surface micromachining of semiconductor materials recently. Femtosecond laser 

processing is considered as an invaluable optimization tool for achieving a particular 

surface morphology. However, the effects of laser-induced surface morphology on 

hard-to-process materials such as SiC and Diamond have not been adequately 

investigated yet. In this study, the authors firstly utilized femtosecond laser as a 

pre-process to induce surface morphology changes on the next generation power 

device materials such as Diamond and SiC called hard-to-polish materials in CMP 

process due to their extremely high chemical stability and high Mohs hardness.  

Then the author carried out varies of experiments for SiC substrate. Firstly, to 

investigate the changes of SiC surface morphology, the author elaborated the 

evolution of surface morphologies on SiC substrate irradiated by femtosecond laser 

at different conditions such as different scanning pitches, different scanning 

velocities, different repetition rates and different fluence. It was found that different 

laser processing parameters formed different surface morphologies on SiC substrate. 

The formation mechanism of laser-induced periodic surface structures (LIPSS) on 

SiC surface was also discussed. Secondly, we carried out CMP process to investigate 
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the polishing behaviors of the areas irradiated at different laser power on Si-face of 

SiC. We found that the oxidized areas could be faster removed in CMP process than 

the non-irradiated areas and the areas irradiated at relatively low laser power which 

could not induce laser ablation. Finally, we utilized this result to polish 

laser-irradiated C-face of SiC substrates. We compared the Material Remove Rate of 

Transverse mode irradiation and Cross-scan mode irradiation. It was found that 

better surface and higher material removal rate (MRR) of laser-irradiated substrate 

than that of non-irradiated substrate were realized in the experiments. The 

mechanism was investigated by XRD and XPS analysis.  

After femtosecond laser irradiation for diamond, quasi-radical site with a 

thickness of about 10nm as well as laser-induced ripples were observed. 

Simultaneously, Raman spectral analysis indicates that the surface of diamond 

substrate was formed to be a structure mixed with amorphous and 

regularly-structured diamond.  

Finally, we implemented internal processing of femtosecond laser for power 

device materials Si, sapphire, and SiC substrate. Different phenomena of internal 

absorption type processing as well as the corresponding reasons were discussed.   
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CHAPTER 1 

1.1 Construction Guidelines 

This dissertation was mainly focused on the researches of femtosecond laser 

surface processing on hard-to-process materials and its applications to CMP process. 

In this study, we firstly introduced the developments and applications of 

hard-to-process materials as well as femtosecond laser, and then proposed the 

present problems of CMP technique. As solutions to these problems, we firstly 

implemented femtosecond laser irradiation for surface micromachining on SiC and 

Diamond substrates. In this part, the effect of processing factors on surface 

morphologies was investigated; the polishing properties of laser-irradiated SiC were 

also studied and discussed after CMP process. Finally, internal processing of 

femtosecond laser for substrates such as Si, Sapphire, and SiC were preliminarily 

carried out to investigate the internal absorption processing phenomena for dicing 

process. The schematic diagram of construction Guidelines of this study was shown 

in Fig.1.1. 
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Fig.1.1 Schematic diagram of construction Guidelines
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1.2 Development of semiconductor materials and the present problems in its 

CMP process 

Since been successfully made in the middle of 19
th

 century, silicon (Si) has been 

studied and applied in lots of fields as an outstanding semiconductor material. In 

1947, physicists John Bardeen, William Shockley and Walter Brattain successfully 

invented the first transistor by using semiconductor material germanium at Bell Labs, 

which was considered as an important invention of 20
th

 century, because transistor 

can be used for demodulation, rectification, amplify, signal modulation, etc. It 

further accelerated the realization of IC (integrated circuits), triggering the Second 

Industrial Revolution. In 1970s, the invention of quartz light guide fiber and GaAs 

laser (either was made from semiconductor material quartz or GaAs) promoted the 

development of fiber communication technique, and finally lead to the Information 

Revolution. Semiconductor Si has been used in several fields, such as economy and 

defense. It is being used in more than 95% of communication semiconductor devices. 

According to the predictions [1] of Semiconductor Industry Association in Japan, 

the semiconductor market of the world will run up to 370,000 million dollars in 

2017. It was also indicated that the biggest proportion ratio was in Asia pacific 

market, which will achieve approximately 230,000 million dollars. Integrated 

circuits (IC) were stated as the main semiconductor product, which takes over the 

most market share among semiconductor devices of Total Discrete, Optoelectronics, 

Sensor and Total IC. 

Owing to the performance limitations of semiconductor Si, it was gradually found 
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that the behaviors of power devices made of Si were difficult to be further improved, 

especially in atmospheres such as intensive radiation and high frequency electric 

field, high-intensity magnetic field, high voltage, and high temperature atmosphere. 

Consequently, new substrate material with better properties should be developed. 

Silicon carbide (SiC) are considered as the next generation semiconductor materials 

due to its outstanding properties such as excellent thermal conductivity, high 

resistance to radiation, high energy-saving efficiency, high breakdown voltage of 

insulation destruction, and larger band gap than other substrate materials. Table 1.1 

shows some main properties of semiconductors materials Si, SiC, GaN and 

dielectric material Diamond. Due to higher manufacturing efficiency and superior 

properties, SiC was considered as the next generation semiconductor material with 

great potential. It has superior properties and vast market potential applications and 

development prospect, as shown in Fig.1.2. In the manufacturing process of 

integrated circuits (IC), high surface planarization and extremely high surface 

roughness of substrates are required. CMP (Chemical Mechanical Polishing) is an 

indispensable and important technique which meets these demands. Nevertheless, it 

is still extremely difficult to polish the hard-to-polish materials such as SiC and 

diamond due to their high chemical stability and high Mohs hardness, as shown in 

Table 1.2. According to its vast potential market share and development prospect of 

these semiconductor materials, new technique regarding how to realize high 

polishing efficiency and high surface precision for these materials in CMP process 

should be developed.  
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 Si 4H-SiC GaN Diamond 

Band gap[eV] 1.12 3.26 3.42 5.47 

Breakdown field of insulation 

[MV/cm] 
0.3 2.8 3 8 

Thermal conductivity 

[W/cmK] 
1.5 4.9 1.3 20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Material Mohs Hardness 

Diamond 10 

SiC 9.15 

GaN 9 

Sapphire 9 

 

 

  

Table 1.1 Main properties of Si，SiC，GaN and Diamond
[2] 

Table 1.2 Mohs Hardness of Diamond, SiC, GaN and Sapphire 

Saturation Electron  

Velocity (× 10-7cm/s) 
Thermal Conductivity 

  (×10W/cm・K) 

Melting Point 

(×1000℃) 

Band Gap 

（eV） 

Breakdown field of  

Insulation (MV/cm) 

Low Loss Power Module  
Power Module for Electric  

And Energy Transmission 

Substrate for Blue LED 

Fig.1.2 Main property comparisons and applications of Si, Diamond, SiC, GaN
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1.3 Developments of laser technology and the applications of femtosecond laser  

The reaction of material and laser has been studied for more than 50 years since 

ruby laser was firstly applied from 1960 [3]. Owing to its four characteristics such as 

high coherence, high luminance, high monochromaticity and high directionality, 

laser was widely applied in many fields, pushing forward human civilization 

afterwards. Laser can be distinguished into three types according their polarizations: 

circular polarization, elliptical polarization and linear polarization, as shown in 

Fig.1.3, where, X, Y and X indicate the electric field vector, magnetic field vector 

and propagation direction electromagnetic wave respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig.1.3 Three types of laser polarization 

 (c) Linear polarization
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Even through it was quite effectively and popular in industry than traditional 

contacting machining or other machining using expensive vacuum equipment, the 

large heat-affected area of successive laser and long pulse laser restricted its 

applications in machining precision. Excimer laser with short pulse duration can be 

used for microscale precision machining, however its applications was also limited 

because it will be absorbed by many transparent materials. After the development of 

mode-locking technique, extremely short pulse duration of 6 fs was realized [4], 

which contributed to the emergence of short pulse femtosecond laser. Femtosecond 

laser firstly come into being in the United States and have large amount of 

applications for ultrafast science, metrology, ophthalmology, medical devices, 

optoelectronics, and chemistry in recent years, owing to its extremely high fluence 

and overwhelmingly short pulse duration. 

Higher precision attributed to considerably smaller heat-affected area can be 

realized by using femtosecond laser in precision machining process, comparing to 

the traditional carbon dioxide laser, neodymium-doped yttrium aluminum garnet 

(Nd: YAG) laser. Femtosecond laser can be used for surface machining as well as 

internal machining for transparent materials. Waveguides and three-dimensional 

optical storage inside transparent materials was successfully realized in 1996 [5, 6]. 

Special application demands such as high accuracy and high performance during 

different environments have attractive more attentions in recent years on 

complicated three-dimensional microstructures, which have potential applications 

for medical apparatus, microelectronics, aerospace, biomedical engineering and 
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microelectromechanical system. In recent years, several typical three-dimensional 

femtosecond laser processing have been realized. Micro-fabrications with high 

precision were successfully realized by using a titanium sapphire laser laser (λ = 780 

nm, τ = 150 fs, 76 MHz) on resins [7]. Two-photon absorption (TPA) played an 

important role in fabricating those three dimension micro structures, a rotatable 

gearwheel, a micro chain and micro bull structures. Fabrication for microfluidic 

device with free movable microplate has been successfully carried out inside 

photosensitive glass by femtosecond laser (λ = 775 nm, τ = 150 fs, 1 kHz) [8].   

Many researchers have studied the reactions of femtosecond laser with different 

materials at different experimental conditions. Non-linear affect is triggered owing 

to its extremely short pulse duration and high peak power during extremely short 

time, further leading to Multi-photon absorption [9] or Coulomb explosion [10-12], 

which have been assumed as the main mechanisms in femtosecond laser machining 

of dielectric materials, accompanying with irradiation patterns of colour center [13, 

14], micro-explosion [15], ablation, refractive index modulation [16-19], 

self-organization structure [20, 21].  

As shown in Fig.1.4, Linear polarization femtosecond laser contains two 

perpendicular vectors, an electric field and a magnetic field, which play important 

roles in laser-material reaction during its propagation. Several studies have been 

considerably carried out for nano/micro structuring formation in vacuum, liquid and 

gaseous environments [22]. Laser induced periodic surface structures (LIPSS) have 

been observed on a multitude of femtosecond laser-ablated material surfaces. Low 
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spatial frequency (LSFL) with a periodicity of 350~600 nm and high spatial 

frequency (HSFL) with a periodicity of 50~200 nm were induced on different 

metallic films surface at different ambient environment [22]. Formation of 

nano/micro patterns induced by femtosecond laser on semiconductors (ZnO [23, 24], 

AlGaInP [25], Si [26-29], InP, etc.) have also been carried out by several means. 

Nanoscale patterns with periodicity of 780nm in the direction perpendicular to laser 

polarization and periodic patterns of 390nm in the direction parallel to laser 

polarization were induced on crystalline silicon by low pulse number femtosecond 

laser (λ =800 nm, τ = 50 fs, 1kHz). According to large amount of literatures, it has 

been revealed that the surface morphology of LIPSS depends on irradiation 

condition [30], laser fluence [31], pulse duration [32], wavelength, incidence angle, 

polarization of incident laser beam [33-35] and material thermal properties [32]. 

Researchers have proposed several different explanations to investigate the 

mechanism of laser ablation. Viewpoints such as self-organization [36, 37], 

interference, melting, second harmonics [38, 39], resolidification, coulomb 

explosion and surface plasma waves [10, 40, 41], have been put forwarded for the 

explanations of LIPSS formation mechanism according to theoretical analysis.  
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The typical femtosecond laser-irradiated surface with uniform periodic structures 

was reported in [42]. In order to control the surface morphology of fs laser-induced 

surface, alternate linearly polarized fs laser ablation with orthogonal polarization 

directions were implemented for fabricating microstructures. It has been reported 

that parallel LIPSS structures of about 270 nm were induced on ZnO surface by fs 

laser beam (λ = 800 nm, τ= 125 fs, 1 kHz, 3 J/cm
2
) with a vertical polarization 

direction. On the contrast, the ripples were fabricated into submicron periodic square 

structures with a spatial periodicity of 290 nm by another incident laser beam with a 

horizontal polarization direction [42]. It was presumed that the latter laser fluence 

was not strong enough to ablate the previously induced ripples structures 

thoroughly.  

In recent years, femtosecond laser induced surface morphologies on crystal SiC 

surface and the corresponding formation mechanism have also been investigated and 

proposed, respectively. Nanoparticles with average period of 80 nm were fabricated 

on the surface of 6H-SiC crystal by circularly polarized 400nm fs laser with pulse 

Fig.1.4 Linear polarization laser with vector diagram 
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energy of 1.1μJ/pulse. Nano scale ripples with periods of 80, 100 and 150 nm were 

induced by linearly polarized laser beams with different wavelength / pulse energy 

combination of 400nm (0.9 μJ/pulse), 510nm (1.0 μJ/pulse), and 800nm (4.0 

μJ/pulse), respectively [43]. High special frequency periodic ripples (HSFL) with 

average width of 200nm perpendicular to laser polarization were fabricated by 

femtosecond laser (λ = 800 nm, τ = 150 fs, 100 Hz) with constant fluence of 0.3 

J/cm
2
 on 4H-SiC crystal surfaces in a vacuum chamber [44]. Incubation effect and 

redistributed electric field were reported responsible for these cross-patterned 

periodic surface structures [28]. However, the surface morphologies formed by fs 

laser on single crystal diamond and 4H-SiC substrate under normal pressure and 

temperature at different process parameters have not yet been reported adequately. 

The physical mechanisms of formation of uniform ripples on single crystal diamond 

and 4H-SiC are still poorly understood. Accordingly, we implemented femtosecond 

laser to irradiated SiC and diamond for the investigation of surface morphology 

change and tried to explain the mechanism.  
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1.4 Solutions to solve the present problems and Research objectives 

    According to the present research status and the development trend as well as 

the present problems in CMP process of the outstanding power device materials SiC 

and diamond, we exploited femtosecond laser as a pre-process technique for surface 

treatment for electric power material SiC and diamond substrates. The effect of laser 

processing parameters on the substrate surface morphologies of SiC and diamond 

were investigated. After fs laser irradiation, as a finish process, we polished the 

irradiated substrates in CMP process, to investigate the application of laser 

irradiation on CMP process. The general manufacturing procedure for 

semiconductor materials and the main research project are shown in Fig.1.5. The 

contents shown in the red frame were mainly paid attentions in this study. 
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⑧ Assembly 

① Crystal growth ② Slicing and lapping 

Effect investigation of laser 

irradiation on hard-to-process 

substrates (Diamond & SiC) 

③ Pre-process 

CMP process for high material removal 

rate, high planarization, and ultra-smooth 

surface without sub-surface damage. 

④ Finish process 

Research project 
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Ion implantation 

Lithography 
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Gate oxide film formation 

⑥ 

Fig.1.5 Manufacturing procedure of electric power substrate and research project 

⑦ Dicing 

Single crystal 

Ingot 



 

14 

 

1.4.1 Femtosecond laser apparatus for this study  

The femtosecond laser equipment t-pulse 200 and its schematic diagram were 

shown in Fig.1.6 and Fig.1.7 respectively. It was produced by Amplitude Systems 

Co. Ltd. Table 1.3 shows the main parameters of this femtosecond laser system. The 

femtosecond laser oscillator consists of new laser materials, including high quality 

doped materials Ytterbium. Ytterbium doped laser materials can be directly 

diode-pumped, thus eliminating the need for an intermediate pump laser used in 

traditional Titanium: Sapphire lasers [45]. High thermal efficiency and femtosecond 

pulses with high average power are the outstanding characters of this laser system. 

This Ytterbium laser system generates extremely short femtosecond pulses with a 

width of 373fs, wavelength of 1030nm and maximum repetition rate of 10 MHz.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



 

15 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig.1.6. Over view of femtosecond laser processing system 

Fig.1.7. Schematic diagram of femtosecond laser experimental equipment 
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t-pulse 200 Made by Amplitude Systems Co. Ltd. 

Average power ≧2W max. 

Peak power ≧500 kW 

Pulse duration < 400 fs 

Pulse energy ≧200 nJ/pulse 

Beam quality  M
2
 ≦1.2 

Spatial mode TEM00 

Warm up time ≦30min 

Repetition rate 1 Hz to 10 MHz 

Wavelength 1030 nm 

Table 1.3 Main parameters of femtosecond laser process system 

 

 

t-pulse 200 Made by Amplitude Systems Co. Ltd. 

Average power ≧2W max. 

Peak power ≧500 kW 

Pulse duration < 400 fs 

Pulse energy ≧200 nJ/pulse 

Beam quality  M
2
 ≦1.2 

Spatial mode TEM00 

Warm up time ≦30min 

Repetition rate 1 Hz to 10 MHz 

Wavelength 1030 nm 

 Table 1.3 Main parameters of femtosecond laser process system 
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The main optical system and XYZ axes system were shown in Fig.1.8. Main 

parameters of femtosecond laser spot and specifications of electric XYZ stage were 

respectively shown in Table 1.4 and Table 1.5. A special scanning control program 

was designed for femtosecond laser machining system. The interface of controlling 

software is shown in Fig.1.9. With the help of this controlling program, sample 

substrates were irradiated by femtosecond laser on the three-dimensional XYZ stage 

with a resolution of 0.1µm. The scanning trajectory of femtosecond laser’s spot was 

designed as a zigzag pattern, and the interval between adjacent trajectories was set at 

suitable pitch to ensure that the whole surface was wholly irradiated by femtosecond 

laser, with high average power, exceptional energy per pulse and excellent 

pulse-to-pulse stability [46]. The substrates were irradiated at a scanning speed of 

100 mm/s by linearly polarized femtosecond laser beam focused with a focal spot of 

3µm in diameter. All the experiments were done in normal air atmosphere.  
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*1) In the case that the pulse energy from oscillator beyond 200 nJ/pulse. 

*2) According to shipment data of the femtosecond laser manufacturer. 

*3) Calculated value. 

*4) Measured in atmosphere. 

  

Pulse energy ≧75 nJ/pulse
 *1

 

Pulse width ≦400 fs 
*2

 

Peak power ≧180 kW 
*3

 

Spot diameter ≦φ3 µm 
*3,*4

 

Fluence ≧1.5 J/cm
2 *3,*4

 

Table 1.4 Parameters of femtosecond laser spot  

 

Table 1.4 Parameters of femtosecond laser spot  

Fig.1.8. Detailed image of the main optical system and XYZ axes system  
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Specifications XY stage Z stage 

Maximum displacement 100 mm 4.8 mm 

Minimum displacement 10 nm 60 nm 

Bidirectional reproducibility 80 nm 0.5µm 

Epaxial precision 1.5 µm 3 µm 

Maximum speed 300 mm/s 5 mm/s 

Resolution combinated with XPS controller about 1 nm about 0.1µm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

  

Fig.1.9 Interface overview of software used for controlling XYZ axes system 

 

Table 1.5 Specifications of electric XYZ stage 

 

Table 1.5 Specifications of electric XYZ stage 
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1.4.2 Basic elements of Chemical mechanical polishing (CMP) process  

Chemical mechanical polishing (CMP) has been widely and effectively used 

for producing high-quality surface, especially for improving global surface 

planarization for ultra-LSI devices. It is considered as an effective technique for 

semiconductor devices to improve global surface planarization without surface 

defects, little or no substrate damage, and high material removal rate.  

CMP Process model is shown in Fig.1.10. It contains some main elements of 

polishing pad, slurry, and diamond conditioner, as well as polishing ambient 

condition, mechanical condition, etc. The mechanism of CMP was shown in 

Fig.1.11. During CMP process, the wafer is oxidized by chemical reaction in slurry, 

leading to a chemical reaction layer, which is easier cut down by the mechanical 

action of abrasive grain than non-oxidized wafer. Atomic layer level planarity and 

high planarization can be achieved by CMP process for semiconductor substrates. 

The main polishing parameters of CMP process were listed in Fig.1.12. Large 

quantities of studies have been done for understanding the effect of these parameters 

on how to improve the material remove rate (MRR) and surface accuracy of SiC 

wafer efficiently in CMP process. The research group of Professor Doi has been 

studied CMP for many years, pouring his efforts on this technique with other 

researchers.  
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Fig.1.10 Schematic diagram of CMP Process 
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Fig.1.11 Principle of CMP Process 
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Fig.1.12 Main parameters of CMP process 
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1.4.3 Experimental condition settings of CMP process  

In our study, the experimental conditions of CMP process shown in Table 1.6 

were employed. The apparatus LAPMASTER-15 utilized in polishing experiments 

is shown in Fig.1.13. 

 

 

Work piece Single crystal 4H-SiC chip / Si 

Polishing machine LAPMASTER-15 

Rotational speed [min
-1

] 50 

Polishing pad 
Polyurethane foamed pad 

(IC1000) 

Polishing pressure [kPa] 120 

Slurry Colloidal silica (COMPOL-80) 

 Concentration of slurry [%] 7.5 

Abrasive size [nm] 80 

pH 11 

Flow rate [mL/min] 5 

Processing atmosphere Air 

 

 

 

 

 

 

 

 

 

 

  

Table 1.6 Experimental conditions in polishing process  

 

 

Table 1.6 Experimental conditions in polishing process  

 

Fig.1.13. Exterior of polishing equipment LAPMASTER-15  
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The weight difference before and after CMP process was checked for MRR 

evaluation. The product type of the balance used in our experiments is SHIMADZU 

AUW220D shown in Fig.1.14, which has a weight measurement range of 

1mg~220g, as well as a resolution of 0.01mg. The MRR was calculated by formula 

(1).  

 

Removal rate (nm/min)

=
𝑊𝑒𝑖𝑔ℎ𝑡 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑎𝑛𝑑 𝑎𝑓𝑡𝑒𝑟 𝑝𝑜𝑙𝑖𝑠ℎ𝑖𝑛𝑔 (𝑔)

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔/𝑐𝑚3) ×  𝑊𝑎𝑓𝑒𝑟 𝑎𝑟𝑒𝑎 (𝑐𝑚2) ×  𝑃𝑜𝑙𝑖𝑠ℎ𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 (𝑚𝑖𝑛) ÷ 10−7
 

Where, the density of SiC is 3.21g/cm
3
.                                                      (1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig.1.14. Exterior of weight measurement equipment SHIMADZU AUW220D 
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CHAPTER 2 

 

FEMTOSECOND LASER PROCESSING FOR SIC SUBSTRATE (SI-FACE) 

-Surface morphology evolution after laser irradiation at different conditions- 

2.1 Introduction  

We firstly elaborated the evolution of surface morphologies of semiconductor 

material SiC substrate by fs laser irradiation patterns of single point irradiation, 

single line scanning and plane scanning. We further demonstrated that the ripples 

distribution was irrelevant to laser scanning direction and SiC crystal direction. 

Furthermore, we carried out experiments at series of femtosecond laser processing 

parameters such as different scanning pitches, different scanning velocities, different 

repetition rates, and different fluences to investigate the surface morphology changes 

of SiC substrate. The dependences of Laser Induced Periodic Surface Structures 

(LIPSS) on energy deposition at the overlapped areas of interval laser pulses 

corresponding to different laser processing parameters were investigated. The 

uniformity of the large-area LIPSS structures was also discussed. The horizontal 

LIPSS structures induced in Transverse irradiation mode processing were further 

fabricated during Cross-scan irradiation mode process into new LIPSS structures 

which were still in accordance with laser scanning orientation. It should be noted 

that laser-induced debris after Transverse irradiation mode processing played an 

important role in surface formation of Cross-scan irradiation mode. Femtosecond 

laser irradiation on 4H-SiC substrate at near-threshold fluence was also investigated. 
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We proposed different combinations of scanning speeds and scanning times of 

femtosecond laser irradiation for SiC substrate, and investigated the irradiation 

effects.  

These experimental results will play a paramount role on further research of 

micro/nano patterns fabrication of semiconductor materials 4H-SiC. From 

referential point of view, it is inspiring to understand the formation mechanism of 

nanostructure morphology induced by femtosecond laser on 4H-SiC and has a 

potential for further application. These data were expected to provide important 

prospects for further study related to femtosecond laser processing for wide-bandgap 

semiconductor 4H-SiC substrate.  

2.2 Experiment 

2.2.1 Introduction for experiment  

We carried out laser irradiation experiments on silicon carbide (SiC) surface with 

wavelength of 1030nm, pulse duration of 373fs and different pulse repletion rates. 

The schematic diagram of femtosecond laser experimental equipment is shown in 

Fig.2.1.The symmetric Gaussian distribution laser beam was controlled by a 

metallic shutter after it passed out from Pulse Picker used for adjusting laser 

parameters. This fast rotary solenoid drove metallic shutter was used to control the 

access of laser beam to attenuator consisted neutral density filters. The output power 

of the perpendicularly incident laser beam was controlled by adjusting the intensity 

of input electricity and the combination of variable neutral density filters. The laser 

beam was delivered through an optical mirror system and travelled through a 
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microscope objective (0.42 NA 50x) with a work distance of 17mm. Then the laser 

beam with a spot size of about 3µm was irradiated perpendicularly onto as-polished 

SiC substrate mounted on a computer-controlled XYZ axes system. This 

computer-controlled three-dimensional XYZ transfer stage consists of XY 

orthogonal stage and Z stage. The maximum and minimum displacements of XY 

stage are 100mm and 10nm respectively, with a maximum scan speed of 300mm/s 

and combined resolution of 1nm. The maximum and minimum displacements of Z 

stage are 4.8mm and 60nm respectively, with a maximum scan speed of 5mm/s and 

combined resolution of 0.1µm. A charge coupled device (CCD) camera was 

connected to optical observation system to monitor the real laser processing 

situation. During laser processing a specially designed program was prepared for 

controlling the scanning trajectory of the focused laser beam. As shown in Fig.2.2, 

after each laser processing of horizontal direction, the beam scanning trajectory was 

changed into vertical direction, and then it was controlled for another horizontal 

direction process.  

The interval between adjacent beam scanning trajectories is called Pitch here, as 

shown in Fig.2.2. Single point, single line and plane irradiation experiments were 

carried out at laser fluence of 0.44 J/cm
2 

and a repetition rate of 10MHz. 

Experiments for investigating the dependence of ripples distribution on scanning and 

crystal direction were carried out at a fluence of 1.75 J/cm
2
, a pulse repetition rate of 

500 kHz and scanning speed of 100mm/s.  
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SiC substrates (as-polished Si-face) were irradiated by femtosecond laser at 

different laser processing pitches (4, 3, 3.5, 2.5, 2, 1.5, 1, 0.5, 0.2, 0.1, 0.05, unit: 

µm), different scanning speed scanning velocities (300, 200, 100, 50, 25, 10, 5, 2, 

unit: mm/s), and different pulse repetition frequencies (100 kHz, 500 kHz, 1 MHz) 

for LIPSS structures investigation. After femtosecond laser irradiation, SiC 

substrates were cleaned in deionized water by ultrasonic for 1 hour to remove the 

laser-induced debris for further morphology observation by scanning electron 

microscope (SEM).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig.2.1. Schematic diagram of femtosecond laser experimental equipment 
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2.2.2 Principle of SEM  

The observation equipment of SEM adopted in our experiment is shown in 

Fig.2.3. Its main structure is shown in Fig.2.4. Electron beam from electronic gun is 

firstly converged by electronic lens. Then the direction of the focused electron beam 

is changed by the magnetic field yielded in the scanning coil. The focused beam is 

scanned on the surface of specimen. During this scanning process, secondary 

electrons will be emitted. The generation rate of secondary electrons mainly depends 

on the surface morphology of the specimen. A detector is adopted for collecting and 

signalizing the secondary electrons for final output by monitor.  

 

  

Fig.2.2. Vertical view of XYZ axes stage 
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Fig.2.3 Exterior of SEM  

Electronic gun 
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Electronic lens 

Scanning coil 
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Objective lens 
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Fig.2.4 schematic diagram structure of SEM 
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2.3 Results and discussion 

2.3.1 Femtosecond laser process for single point, single line and plane 

irradiation   

As shown in Fig.2.5, fs laser ablations were carried out at laser fluence of 0.44 

J/cm
2 

and a repetition rate of 10MHz. After single point irradiation shown in Fig.2.5 

(a), a crater was induced by fs laser with ambient fine spattering debris. After 

ultrasonic cleaning in deionized water for 1 hour, the debris was removed, remaining 

large consolidation grains around the crater with a diameter of approximately 6µm. 

During laser irradiation, coulomb explosion, accompanied with ultrafast melting [1] 

and free electron heating took place in femtosecond laser machining [2]. Coulomb 

explosion induced by the absorption of surface defects [3] and multiphoton 

absorption intensely occurred during laser irradiation on SiC surface. Ejection of 

substantial debris accompanying with phase change was attributed to the interaction 

between laser beam and laser-excited intense plasma [2]. The material on SiC 

surface was removed according to ultrafast laser melting, vaporization, 

photomechanical fragmentation and coulomb explosion [3]. As shown in Fig.2.5 (d), 

the ambient SiC crystal lattice was transferred to thermal motion by excited 

electrons during extremely short time expected as many picoseconds [4]. During 

multiphoton ionization and free electron heating, emission of free electron and laser 

energy deposition with no equilibrium resulting from ultrafast energy irradiation 

yielded intense plasma [2]. Agglomerative grains could not be thoroughly removed 

even though it was cleaned by using ultrasonic for 1 hour, indicating that the debris 
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firstly triggered during coulomb explosion resulting in phase explosion and 

collateral thermal damage [3] was further recast and consolidated. Solid-gas-solid 

transformation and re-solidification were assumed to be responsible for this 

phenomenon. Meanwhile, debris was also observed after 100 mm/s laser irradiation 

of one line scanning and surface scanning, as shown in Fig.2.5 (b) and Fig.2.5 (c). A 

groove of about 4µm and LIPSS structures less than 200nm were respectively 

observed after ultrasonic cleaning. As shown in Fig.2.5 (e), LIPSS structures [5, 6] 

induced by high energy density region of Gauss distribution laser beam was also 

observed at the bottom of the groove; meanwhile, irregular coarse side wall of the 

groove was induced due to ambient low energy density region of Gauss distribution 

fs laser beam. 
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(a) 2µm (d) 2µm 

(e) 2µm (b) 2µm 

500nm 

(f) 2µm (c) 2µm 

Fig.2.5 SEM images of Si-face ablated at fs laser fluence of 0.44 J/cm
2
. 

(a) Single point irradiation, (b) one line scanning, and (c) plane scanning indicates uncleaned 

surfaces.(d), (e) and (f) respectively indicate images corresponding to (a), (b) and (c) after 1 hour 

ultrasonic cleaning 
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2.3.2 Investigation for the effects of laser’s scanning direction and crystal 

orientation on ripples structure.  

Fig.2.6 shows the distribution of laser-irradiated marks at different direction in 

surface of single crystal SiC substrate. All of these kinds of marks were irradiated by 

femtosecond laser at a fluence of 1.75 J/cm
2
, a pulse repetition rate of 500 kHz, a 

wave length of 1030nm, a pulse duration of 373 fs and scanning speed of 100mm/s. 

After femtosecond laser irradiation, periodic ripple structures emerged in the 

substrate surface. The width of the laser-induced mark was about 2.5µm, while the 

width of periodic ripples less than 200nm. Even though the same surface was 

irradiated by femtosecond laser at different scanning directions, the arrangement 

direction of ripples are all horizontal. The arrangement direction of ripples is 

independent on scanning direction and crystal direction.  
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Fig.2.6  

Distribution of laser-induced  

ripples after different direction 

laser scanning.  
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2.3.3 Evaluation of surface morphology at different laser process 

parameters.  

2.3.3.1 The effect of different scanning pitches on surface morphology 
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(i) 

0.2µm 

1µm 

Pitted part 

(j) 

0.1µm 

1µm 

0.05µm 

1µm (k) 

Fig.2.7 SEM images of femtosecond laser irradiated areas at different pitches with a fluence 0.44 J/cm
2
. 

 (a) 4µm; (b) 3.5µm; (c) 3µm; (d) 2.5µm; (e) 2µm; (f) 1.5µm; (g) 1µm; (h) 0.5µm; (i) 0.2µm; (j) 0.1µm; 

 (k) 0.05µm. 

(h) 

0.5µm 

500nm 

1µm 1µm (g) 
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Fig.2.7 shows the evolution of periodic nanostructures induced by fs laser at 

different scanning pitches. All of these areas were irradiated by femtosecond laser 

with a pulse repetition frequency of 10 MHz, a fluence of 0.44 J/cm
2
, and a scanning 

speed of 100mm/s in the same scanning direction with different scanning pitches of 

4µm, 3.5µm, 3µm, 2.5µm, 2µm, 1.5µm, 1µm, 0.5µm, 0.2µm, 0.1µm, and 0.05µm, 

Pulse interval 

Overlapped area 

Scanning direction Scanning trajectory 

Pitch 

Fig.2.8. Schematic diagram of the overlapped area between two adjacent laser scanning trajectories 
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Fig.2.9 Dependence of spatial periodicity on scanning pitches for fine ripples on SiC Si-face 
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respectively. Comparing SEM images of Fig.2.7 (b) and Fig.2.7 (c), it is found that 

the surfaces were wholly ablated, becoming much flatter than that of Fig.2.7 (a) 

gradually, in which the surface of SiC was not wholly fabricated, remaining the 

un-ablated parts. It is proposed that smaller scanning pitch led the surfaces to be 

more repeatedly ablated due to larger overlapped area shown in Fig.2.8, in which the 

laser-induced ripples were refabricated. Dependence of spatial periodicity on laser 

scanning speed for the ripples shown in Fig.2.9 indicates that the average 

periodicities of LIPSS structures range from 145nm to 181 nm. Even though the 

laser processes were carried out with different scanning pitches, the periodicity of 

periodic nanostructures didn’t change greatly. Additionally, it should be noted that 

the periodic nanostructures with an average inclined angle of approximately 5°~10° 

were observed. Simultaneously, as shown in Fig.2.7 (i), the periodic nanostructures 

started to become wave-like nonlinear patterns with inclined angle of about 10° after 

fs laser ablation with scanning pitch of 0.2µm. Some parts of the wave-like 

nonlinear nanostructures became discontinuous after fs laser ablation with scanning 

pitch of 0.1µm, accompanying with inclined ripples and the emergence of pitted part 

shown in Fig.2.7 (j). This was presumed that the ablated surface affected the further 

formation of LIPSS structures [7]. During fs laser ablation, the previously 

laser-induced nanoscale ripples of the overlapped area were ablated repeatedly by 

higher laser intensity with smaller scanning pitches, resulting in newly-fabricated 

nanoripples with similar periodicities. The interaction of fs laser with the previously 

induced nanoripples has not been reported yet. It was presumed that harmonic 
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generation [5] would be also changed by the existing nanoripples when yielding new 

nanoripples. Different second harmonic generation and electric field redistribution 

were subsequently triggered by different laser energy distribution during different 

scanning process, which attributed for the wave-like nonlinear nanostructures and 

the emergence of pitted part. This was responsible for the significant distribution of 

surface morphologies during fs laser ablation. As shown in Fig.2.7 (k), large amount 

of agglomeration come into being with no any periodic nanoscale patterns after fs 

laser ablation with scanning pitch of 0.05µm. Solid-gas-solid transformation and 

resolidification were assumed responsible for this phenomenon especially at 

extremely high pulse repetition rate of 10 MHz. During fs laser irradiation, fs laser 

energy was deposited instantly into the SiC surface by a host of pulses.  

Comparing these experimental results, the scanning pitches during laser 

processing played an important role in fabricating the LIPSS structures during laser 

processing of smaller scanning pitches. As the scanning pitch was set bigger than (or 

similar with) the width of periodic nanostructure 160 nm, nanoscale structures could 

be formatted, as shown in Fig.2.7 (a) Fig.2.7 (b), Fig.2.7 (c), Fig.2.7 (d), Fig.2.7 (e) 

Fig.2.7 (f), Fig.2.7 (g), Fig.2.7 (h), Fig.2.7 (i), Fig.2.7 (j), and Fig.2.7 (k); whereas 

if the scanning pitch was set far shorter  than the width of periodic ripples, like that 

shown in Fig.2.7 (k), nanostructures could not be successfully induced by 

femtosecond laser on SiC substrate surface. It is proposed that smaller scanning 

pitch (P=0.05µm) contributed for facilitating more frequent laser irradiation at 

higher fluence to the overlapped areas, accompanying with material solid-gas-solid 
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transformation, melt, resolidification on account of extremely high temperature and 

strong electric field at the focused laser beam spot. 

Mie scattering from surface defects induced by laser irradiation on N-doped 

4H-SiC (0001) accounted for High Special Frequency Periodic Ripples (HSFL) 

growth, simultaneously decreased the damage fluence in coordination with optical 

absorption [6]. However, in our experiments, the average periodicity of the periodic 

nanostructures induced by fs laser ranges approximately 160nm, which was far 

shorter than the wavelength (1030nm) of incident laser beam. Thus, it was 

conceivable that Mie scattering could not be induced by ripple structures at the over 

lapped areas according to its generation mechanism. According to literature [5], 

evolvement of 6H-SiC surface morphology fabricated by fs laser was elucidated. 

Linearly polarized lasers with different wavelengths such as 400 nm (0.9 μJ/pulse), 

510 nm (1.0 μJ/pulse) and 800 nm (4.0 μJ/pulse) were respectively employed, 

aiming to prove the mechanism of second-harmonic generation during fs laser 

irradiation. LIPSS structures with spatial periodicities of 80, 100 and 150 nm were 

respectively triggered, revealing that the spatial periodicities of nanostructures were 

dependent on fs laser wavelengths. It was suggested that second-harmonic 

generation of the incident laser beam was dominant of periodic nanostructures 

formation on 6H-SiC crystal surface [5]. Moreover, harmonic generation was also 

presented to be able to scale down the size of highly oriented spherical nanoparticles 

induced on 3C-SiC by fs laser [3]. The periodicity (Λ) of parallel nanostructures was 

verified by formula Λ=λ/2n, where λ is the wavelength of incident laser, n is 
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refractive index. In literature [5], the periodicity of fs laser-induced nanoripples was 

about 1/5 of laser wavelength λ. Our serial experimental results especially shown in 

Fig.2.9 indicated that the periodicities of nanoripples remain approximately 160nm, 

which were about 1/7~1/5.6 of the incident laser beam wavelength, suggesting that 

harmonic generation was a dominant factor of the nanoripples formation in these 

experiments. 

2.3.3.2 The effect of different scanning speeds on surface morphology 

As shown in Fig.2.10, different areas of SiC substrate were irradiated by 

femtosecond laser with a pulse repetition frequency of 10 MHz, a fluence of 0.44 

J/cm
2
, a scanning pitch of 2µm, and different scanning velocities ranging from 2 

mm/s to 300 mm/s in the same scanning direction. The overlapped area of adjacent 

scanning trajectories (shown in Fig.2.8) remained the same owing to the same 

scanning pitch (2μm) and laser spot size, whereas the overlapped area between 

adjacent laser spots (shown in Fig.2.11) along each trajectory differed from each 

other on account of different scanning speeds. Even through all areas were fully 

irradiated by femtosecond laser, the surface morphologies differed greatly. As 

shown in Fig.2.10 (a), the interval between adjacent pulses spots of each trajectory 

was 30nm, corresponding to the scanning trajectory of 300mm/s. From Fig.2.10 (b) 

to Fig.2.10 (f), it can also be clearly distinguished that inclined nanoscale ripples 

were induced. It is presumed that this was attributed to the bigger overlapped area of 

adjacent laser spots, which led to more energy deposition on SiC surface. 
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Dependence of spatial periodicity on laser scanning pitch for LIPSS structures 

induced on Si-faces shown in Fig.2.12 indicates that the average periodicities of 

LIPSS structures range from 151nm to 181 nm. The surface morphologies didn’t 

change greatly until the scanning speed decreased to 10mm/s. As can be seen from 

the evolvements revealed in Fig.2.10 (g) and Fig.2.10 (h), the agglomeration parts 

increased gradually with the decrease of scanning speeds which decreased the 

adjacent laser spots interval, suggesting that repeated irradiation during extremely 

short time in the overlapped areas contributed to more deposited energy which was 

responsible for solid-gas-solid transformation and re-solidification. Consequently, 

the surface was thoroughly covered with agglomerate substances during the lowest 

scanning velocity of 2mm/s, as shown in Fig.2.10 (h). 
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Fig.2.10. SEM images of femtosecond Laser irradiated areas at different speeds. (a)300mm/s; 

(b)200mm/s; (c)100mm/s; (d)50mm/s; (e)25mm/s; (f)10mm/s; (g)5mm/s; (h)2mm/s; 

(a) 

Laser beam scanning direction 

1µm 

30nm 

(d) 

5nm 

1µm 

10nm 

(c) 1µm 

(e) 

2.5nm 

1µm (f) 

1nm 

1µm 

(g) 

0.5nm 

1µm (h) 

0.2nm 

1µm 

(b) 1µm 

20nm 
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    From the experimental results shown above, conclusion can be drawn that the 

surface morphology of 4H-SiC substrate surface could be greatly affected by 

different scanning speeds. Alternatively, the interaction of fs laser and materials 

differed greatly form different parameters. Differing from the results above, 

micro/nano scale patterns have been already successfully fabricated by fs laser at 

Fig.2.11. Schematic diagram of the overlapped area between two adjacent laser spots 
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much slower scanning speeds on other material surfaces. According to literature [8], 

low spatial frequency (LSFL) with a periodicity of 350~600 nm and high spatial 

frequency (HSFL) with a periodicity of 50~200 nm were induced on different 

metallic films surface during different ambient environment at scanning speed of 

V=1mm/s. Whereas literature [9] reported that microscale porous netlike structure 

and quasi-ordered holes ranging from 280 to 320 nm were induced on stain steel 

surface by fs laser with a scanning pitch of 2um, a laser fluence of 0.55 J/cm
2
, and 

extremely slower scanning speed of 20μm/s and 320μm/s, respectively. Three basic 

surface topology types: nanoroughness, nanoripples (~500nm) and microspikes 

(1~10µm) were fabricated by a spatially asymmetrical fs laser beam (744 nm) on 

titanium surface at a velocity ranging from12.5 to 62.59 µm/s [10]. Microscale 

structures perpendicular to laser polarization with period more than two times of 

laser wavelength (800 nm) were induced on Si substrate after 0.25mm/s scanning 

[11]. Additionally, Parallel nanostructures induced by fs laser at extremely slow 

scanning speeds ranging from 10~50 μm/s and different fluence ranging from 

0.1~1.86 Jcm
-2

 on 6H-SiC surface [12]. The authors referred that laser fluence 

played a critical role for obtaining the uniform and deep nanostructures. The 

mechanism should be studied further, toward to pulse number, scanning speed, 

material, and laser parameters, etc.  
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2.3.3.3 The effect of different repetition rates on surface morphology 

As shown in Fig.2.13, different areas of SiC substrate Si-face were irradiated by 

fs laser with a scanning pitch of 1µm, different pulse repetition rates of 100 kHz, 

500 kHz and 1 MHz, and a scanning speed of 100mm/s in the same scanning 

direction. From Fig.2.13 (a) and Fig.2.13 (d), it can be seen that nanoscale structures 

with average periodicity of approximately 440 nm were fabricated, mingling with 

small scale nanostructures with average periodicity of about 116 nm at pulse 

repetition rate of 100 kHz (1.69 J/cm
2
). However, after fs laser irradiation of higher 

pulse repetition rate 500 kHz (1.92 J/cm
2
), laser-inclined nanoscale ripples with 

average periodicity of about 196 nm were induced, as shown in Fig.2.13 (b). 

Inclined nanoscale ripples of approximately 187 nm were further induced by fs laser 

after with 1MHz pulse repetition rate. According to Fig.2.13 (a) and Fig.2.13 (d), it 

should be noted that larger LIPSS structures were induced at a repetition rate of 100 

kHz and a fluence of 1.69 J/cm
2
. It was considered that lower fluence and bigger 

interval (shown in Fig.2.11) of adjacent pulses decreased the accumulation of laser 

energy deposition, further leading to weaker interaction between incident laser and 

crystal SiC substrate. Ripples formed by fs laser on ceramic [13], metal [14], 

dielectrics and semiconductors [15] exhibit periodicities following the formula (2.1). 

Λ ≈
λ

𝜑±𝑠𝑖𝑛𝜃
   𝑤𝑖𝑡ℎ  g || E                       (2.1) 

Where λ is the incident laser wavelength, φ = Re[ε/(ε + 1)]1/2 is the real part 

of the effective refractive index for the surface plasmas mode, θ is laser beam 
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incidence angle, ε is the dielectric constant, g is grating vector, and E is the electrical 

field vector in incident laser beam. It is revealed that the period of laser-induced 

ripples rests with laser wavelength, incidence angle and effective refractive index. 

Formation appreciation of different LIPSS induced by fs lasers at different pulse 

numbers and wavelengths on the surfaces of semiconductors Si, InAs, Inp, and GaP 

were elucidated. In literature [16], the effects of fs laser (λ = 515 nm, τ = 250 fs, 100 

kHz) pulse number were also investigated. It is found that fine ripples (roughly 

120~155 nm (λ/4.3 – λ/3.3)) transformed into coarse ripples (about 420–520 nm) 

on 6H-SiC when the increased pulse number was over 10 at a fluence of 1.17 J/cm
2
. 

The spatial periodicity of coarse ripples ranging from 600 to 760nm increased when 

laser pulse numbers decreased, whereas the periodicity was not subject to laser 

fluence. Fine ripples of approximately 140nm were formed on SiC surface with 

small pulse numbers N=25–100 and low fluence of about 0.2 J/cm
2
~0.4 J/cm

2
 by fs 

laser (λ = 800 nm, τ = 37 fs, 10 Hz) [17]. In document [5], periodic nanostructures 

with different periodicities (80, 100 and 150 nm) were induced corresponding to 

different wavelengths (400, 510 and 800 nm) of linearly polarized fs lasers (τ = 130 

fs, 1 kHz) on 6H-SiC, indicating that the periodicity of nanostructures were 

dependent on fs laser wavelengths. A tend was found that the spatial periodicities of 

induced ripples increased with fs laser wavelengths [18].literature [11] reported that 

fs laser (λ = 800 nm, τ = 100 fs) induced microscale structures perpendicular to laser 

polarization as well as structures parallel to laser polarization, accompanying with 

periods more than two times of laser wavelength and periods close to laser 
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wavelength respectively on silicon surface at lower repetition rate 1kHz at fluence of 

148 mJ/cm
2
. The experimental results of our study indicated that the periodicities 

were also affected by fs laser fluence. It was expected to be a useful supplementary 

information to understand the effect of high repetition rates during fs laser 

irradiation on the formation of spatial ripple structures on semiconductor material 

4H-SiC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig.2.13. SEM images of femtosecond laser irradiated areas at different repetition frequency. (a) 100 

kHz, 12mW, Φ=1.69 J/cm
2
; (b) 500 kHz, 68mW, Φ=1.92 J/cm

2
; (c) 1 MHz, 136mW, Φ=1.92 J/cm

2
; 

(d) Dependence of spatial periodicity on laser fluence for LIPSS structures induced on Si-faces 

corresponding to (a), (b) and (c). 
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2.3.4 Surface morphology of Transverse irradiation mode and Cross-scan 

irradiation mode process  

As shown in Fig.2.14 (a), SiC substrate Si-face of SiC substrate was irradiated by 

fs laser with a scanning pitch of 0.5µm, a pulse repetition rate of 10MHz, and a laser 

fluence of 0.44 J/cm
2
. Here we called it transverse irradiation mode process. After 

laser processing, the ablated substrate was cleaned by ultrasonic in deionized water 

for 1 hour to remove the surface debris and was then put on the XYZ axes system 

with an anticlockwise 90°rotation for further laser processing called Cross-scan 

irradiation mode here, as shown in Fig. 2.14 (b). After this processing, the substrate 

was also cleaned for one hour and then rotated clockwisely for 90° to ensure the 

same angle of view with that of Transverse irradiation mode when observed by SEM. 

As can be seen in Fig.2.14 (e), the horizontally oriented LIPSS structures induced 

during Transverse irradiation mode were newly fabricated into vertically oriented 

ripples after Cross-scan irradiation mode process. In addition, the orientation of 

LIPSS structures shown both in Fig.2.14 (a) and Fig.2.14 (e) were consistent with 

the scanning direction of linearly polarized laser beam. The polarization direction of 

incident laser was strictly responsible for the direction of these LIPSS structures [6]. 

Literature [19] has reported that parallel LIPSS structures of about 270 nm were 

induced on ZnO surface by fs laser beam (τ= 125 fs, 1 kHz, 3 J/cm
2
) with a vertical 

polarization direction. Different from our experimental result, the LIPSS structures 

were fabricated into submicron periodic square structures with a spatial periodicity 

of 290 nm by another incident laser beam with a horizontal polarization direction. It 
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was presumed that the latter laser fluence was not strong enough to ablate the 

previously induced ripples structures thoroughly and form new LIPSS structures.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig.2.14 SEM images of SiC Si-face irradiated during (a) transverse irradiation mode and (b) cross-scan 

irradiation mode at laser fluence of 0.44 J/cm
2
. 
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Fig.2.15 shows the images of SiC Si-face irradiated in cross-scan irradiation 

mode at the above experimental conditions. It can be seen that different surface 

pattern was formed by femtosecond laser. However, the surface was continuously 

irradiated by fs laser in vertical direction after horizontal direction irradiation 

without any surface cleaning. As reported in Fig.2.5, large amount of debris was 

induced after laser irradiation. Comparing to Fig.2.14 (e), conclusion can be drawn 

that debris played an important role in surface formation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.5 Femtosecond laser irradiation at near-threshold fluence 

2.3.5.1 SEM observation of laser-irradiated areas at near threshold fluence 

Fig.2.16 indicates the SEM images of SiC Si-face wholly irradiated by fs laser 

at a scanning pitch of 2µm, a pulse repetition rate of 10MHz, and a near-threshold 

Fig.2.15 SEM images of SiC Si-face irradiated after cross-scan irradiation mode at laser fluence  

of 0.44 J/cm
2
. 

1 µm 
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fluence of 0.25 J/cm
2
, which was slightly higher than the ablation threshold. It can 

be clearly seen that small parts of the surface were lightly ablated, leading to the 

formation of LIPSS structures of about 160nm. During the initial stage of fs laser 

process at near threshold fluence, nonlinear effect [20] was excited during strong 

electromagnetic coupling fs laser irradiation, triggering multiphoton absorption 

which led to covalent chemical rupture. Ionization of valence band electrons and 

atomic migration further occurred, destroying SiC crystal structures eventually. 

During coulomb explosion [3, 21], the destroyed crystal lattice materials were 

sputtered instantaneously owing to the overwhelmingly high temperature and high 

pressure caused by strong electromagnetic coupling, forming nanovoids in SiC bulk 

[22-24], which was responsible for incubation effects [6] such as refractive index 

modification [6, 25, 26], collateral thermal damage [27], thermos elastic strain 

[28-30]. Incubation effects play an important role in triggering inhomogeneous 

accumulation of energy deposition which directly induced periodic ripples. 

Simultaneously, it was reported in literature [6] that Mie scattering attributed to 

laser-induced nanocraters was a cause of these special frequency periodic ripples at 

near threshold fluence of 0.4 J/cm
2
 in a vacuum chamber.  
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Comparing with the previous experimental conditions shown in Fig.2.13, the laser 

fluence of this experiment decreased from 1.69 J/cm
2
 (100 kHz) to 0.25 J/cm

2
 

(10MHz), substantially demonstrating that the threshold of laser ablation and surface 

modification depend on the number of laser pulses [31]. The following formula (2) 

consistent with our results clearly explained the relation between fluence and pulse 

numbers. This is a supplement for literature [32], which also summarized that the 

damage thresholds of laser irradiation were dependent on absorption, wavelength, 

beam spot size and pulse length. Additionally, defect formation [33] and defect 

density [34] were also reported as factors affecting surface damage threshold.  

 Φ𝑚𝑜𝑑(𝑁) = Φ𝑚𝑜𝑑(1) ∙ 𝑁𝜀−1                    (2) 

Φmod(N) indicates the modification threshold fluence of femtosecond laser; N 

denotes the pulse numbers, and ε(0 < ε < 1) is a coefficient related to material [35]. 

Fig.2.16 SEM images of Si-face wholly irradiated by fs laser at near-threshold fluence 0.25 J/cm
2
.  

500nm 

10 µm 
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Nevertheless, the surface morphology of 4H-SiC irradiated by fs laser at 

near-threshold fluence in ambient atmosphere has been rarely reported. Its 

mechanism is still a matter of debate. More experimentally and theoretically study 

should be carried out in future.  

2.3.5.2 Evaluation of surface morphology at near-threshold fluence 

In order to further investigate laser ablation at near-threshold fluence, repeated 

irradiations were carried out at different combinations of scanning speeds and 

scanning times. As shown in Fig.2.17 (a), Fig.2.17 (b) and Fig.2.17 (c), different 

parts of SiC substrate were irradiated by femtosecond laser at different combinations 

of scanning speeds and scanning times of respectively 10mm/s with 1 scan; 15mm/s 

with 1 scan; and 15mm/s with 5 scans. Comparing the irradiated morphologies 

shown in Fig.2.17 (a) and Fig.2.17 (b), it was observed that discontinuous ablated 

parts were induced by femtosecond laser. Whereas the discontinuous ablated areas 

(shown in Fig.2.17 (a)) of 10mm/s laser irradiation was more than that of 15mm/s 

laser irradiation shown in Fig.2.17 (b). Additionally, the amplified images of areas 

A, B, and C of Fig.2.17 are respectively shown in Fig.2.18. The ablated area shown 

in Fig.2.18 (a) _A was also bigger than that of Fig.2.18 (a) _B, accompanying with 

parallel periodic nanoscale structures of approximately 150nm width, 1/6 of fs laser 

wavelength. As shown in Fig.2.17 (a), the interval between adjacent laser pulses was 

0.2µm in the case of scanning speed of 10mm/s, smaller than that (0.3µm) of 

Fig.2.17 (b) corresponding with the scanning speed of 15mm/s.  
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Fig.2.17 SEM images of femtosecond laser irradiated SiC surface at different scan speed and scanning 

times (a) 10mm/s, 1 scan; (b) 15mm/s, 1 scan; (c) 15mm/s, 5 scans. 
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Fig.2.18 Amplified images of the marked-areas A, B, and C shown in Fig.2.17. 
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It was found that smaller interval of adjacent laser pulses led more areas to be 

ablated during laser irradiation. Furthermore, it was still puzzling and intriguing that 

no ablated ripples were observed in the areas marked A’, B’ and C’ between the 

adjacent ablated areas, even though these surfaces were irradiated by femtosecond 

laser at the same conditions. Inhomogeneous accumulation of energy deposition 

effect of near-threshold fs laser was also supposed to be responsible for this 

phenomenon. It was presumed that an inhomogeneous laser beam profile, scratches, 

crystal defects, dust [31] and crystal lattice deformation [36] accounted for 

enhancing inhomogeneous energy deposition effect resulting in these discontinuous 

laser-ablated areas shown in Fig.2.17. It was known that smaller laser pulse interval 

and repeated irradiation led to stronger energy accumulation deposition effect, 

resulting in more and larger ablated spots, as shown in Fig.2.17 (a), Fig.2.17 (b), 

and Fig.2.17 (c).  

Owing to the extremely short pulse duration and high fluence of fs laser, 

nonlinear optical effect [20] was excited by strong electromagnetic coupling. 

Valence band electrons were ionized when absorbing photons during multiphoton 

ionization [37], accompanying with the release of surface electron, which led to the 

intensive change of electron density and electrostatic field of fs laser-irradiated areas. 

The covalent chemical bond of SiC crystal eventually fractured, attributing to the 

overwhelmingly high temperature and high pressure triggered by fs laser within an 

exceeding small spatial volume during coulomb explosion [3, 21]. Consequently, the 

destroyed crystal lattice material sputtered around instantaneously owing to high 
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temperature and high density expanding plasma concluding atomized and ionized 

particles, forming nanovoids in SiC bulk. Intensive shock and rarefaction waves 

generated by high pressure plasma further led to inhomogeneous electron density 

around these nanovoids [22, 23, 24]. Even through a host of physically microscopic 

phenomena of incubation effects such as refractive index modification [6, 25, 26, 

38], collateral thermal damage [27], thermoelastic strain [28, 29, 30], 

microexplosion and void formation [23] formed by fs laser have been reported, but 

actual result of these phenomena during fs laser process have rarely been reported 

for 4H-SiC. The accumulation of incubation effect during fs laser irradiation can be 

seen more macroscopically and intuitively from the experimentally evolutions of 

surface morphologies formed by fs laser at near threshold fluence in Fig.2.17. As 

can be seen from the comparison of Fig.2.17 (b) and Fig.2.17 (c), larger 

laser-ablated areas with periodic structures of approximately 150nm were observed 

with the increase of scanning times. Stronger energy deposition accumulation effects 

caused by incubation effect led more areas to be ablated during repeated laser 

irradiation.  

 It was elucidated that high special frequency periodic ripples were fabricated 

during laser irradiation as a result of Mie scattering being attributed to laser-induced 

nanocraters which decreased threshold fluence by incubation effect [6]. This is 

illuminating and constructive for explaining the formation of ripples during the 

primary stage of fs laser processing. During further irradiation, the energy of fs laser 

was absorbed by plasma, causing plasma wave [39]. These laser-induced surface 
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defects such as color center reduced laser ablation threshold fluence [25]. 

Nevertheless, second harmonic generation was more rewarding for understanding 

the relationship between ripple periodicities and fs laser wavelengths as well as 

refractive index during subsequent stage during laser process, according to the 

experimental data and the formula Λ=λ/2n in literature [5], where λ is the 

wavelength of incident laser, n is refractive index. Further study should be done to 

investigate the mechanism of this phenomenon.  
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2.3.5.3 AFM observation of laser-irradiated areas at near threshold fluence 

In order to investigate the laser-irradiated surface where no ablation was induced, 

AFM was adopted. Fig.2.19 shows the appearance of AFM measurement apparatus 

VECCO Dimension Icon. Its schematic diagram is shown in Fig.2.20. The surface 

morphology of specimen is recorded when using this measurement apparatus. The 

main principle of AFM is utilizing Van Der Waals Force between the atoms of the 

probe and specimen surface. The probe is firstly attached onto a fixed cantilever, and 

then it is gently pressed down onto the surface of specimen. During the scanning of 

Piezo-scanner, the probe moves upward and downward according to the asperity of 

specimen surface. The variation of cantilever is detected by optical lever type 

inclination detecting apparatus. The position aberration of cantilever in up-down 

direction is detected according to the intensity difference of laser reflected by 

cantilever to photo detector. The electric signal is sent to computer for further 

visualization after series of complicated signal processing. 
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  Fig.2.20 Schematic diagram of VEECO Dimension Icon 
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Fig.2.19 Appearance of measurement apparatus VEECO Dimension Icon 
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Fig.2.21 Confocal laser scanning microscopy image of SiC surface irradiated by fs laser at 

near-threshold fluence of 1.1 J/cm
2
 and scanning speed of 15mm/s laser with different scanning 

times. 

A 
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Fig.2.22 Si-face ablated by fs laser at a scan times of 5, a scan speed of 100mm/s and 
a fluence of 1.1 J/cm

2
. 
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Fig.2.24 Relations of laser-ablated area width and scanning speed at scanning times of 5 and a fluence of 1.1 

J/cm
2
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Fig.2.23 Relation between laser-ablated area width and scanning times at a scanning speed of 15mm/s and a fluence 

of 1.1 J/cm
2
.  
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Fig.2.21 shows the confocal laser scanning microscopy image of SiC surface 

irradiated by near-threshold fluence laser irradiation with different scanning times. 

Four parts of SiC substrate Si face were repeatedly irradiated by fs laser at a 

repetition rate of 50 kHz, near-threshold fluence 1.1 J/cm
2 

and the same scanning 

speed of 15mm/s in the same scanning direction. As shown in Fig.2.21, the scanning 

times were respectively 5, 10, 15, and 20. After laser ablation, discontinuous 

irradiated areas were fabricated. More continuous fabricated areas were observed 

with the increase of fs laser scanning times, inferring that stronger accumulation of 

energy deposition effect caused by incubation effect played an important role for the 

increasing ablated areas. As presumed previously, this was attributed to enhanced 

absorption due to mechanical stress (scratch, crystal defect) [31] etc, yielding 

inhomogeneous energy deposition accumulation on SiC surface during fs laser 

scanning. As shown in Fig.2.22, the areas with scratches on Si-face were ablated in 

advance of its ambient parts, demonstrating that the scratches enhanced the 

absorption of laser energy. Incubation effect of surface morphology changes were 

gradually induced during repeated laser irradiation on SiC surface, accounting for 

the increase of fs laser-irradiated areas. As are shown in Fig.2.23 and Fig.2.24, the 

widths (shown in Fig.2.18 (a) _A) of laser-ablated areas changed at different 

scanning times and scanning speeds, indicating that more energy deposition would 

be accumulated with more scanning times and slower scanning speeds. For further 

understanding of the surface morphology change where no laser-ablated areas were 

observed between adjacent ablated areas, Atomic Force Microscope (AFM) 
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measurement was employed for detailed surface observations. As shown in Fig.2.21, 

areas A, B, C, and D marked by red dashed frame were measured by AFM. The 

corresponding results were shown in Fig.2.25, respectively. As can be seen in 

Fig.2.25 A, Fig.2.25 B, Fig.2.25 C, and Fig.2.25 D, no obvious differences were 

found between the ablated irradiated area and the un-irradiated area, revealing that 

no surface morphology changes were yielded by femtosecond laser in spite of 

increasing laser scanning times. Consequently, these results suggested that the 

surface morphology ablation was firstly from the inside of SiC substrate, deeper 

insight of incubation effect induced by fs laser in internal change of SiC sub-surface 

should be taken into account. To investigate the effect of near-threshold fluence 

femtosecond laser irradiation on SiC substrate systematically, we carried out CMP 

polishing in chapter 3. 
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Fig.2.25 AFM images of SiC surfaces between adjacent ablated areas irradiated by fs laser at 
near-threshold fluence with different scanning times corresponding to Fig.2.21.  

A 

Irradiated area 

5 scans 

Un-irradiated area 

B 

Irradiated area 

10 scans 

C 15 scans 

Irradiated area 

D 20 scans 

Irradiated area 
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2.4 Summary  

In this study, the effect of fs laser processing on SiC surface morphology was 

investigated. Si-faces of as-polished silicon carbide (SiC) substrate were irradiated 

by femtosecond laser at different laser scanning pitches, different scanning speeds, 

and different pulse repetition rates at near-threshold fluence or higher fluence. The 

evolutions of surface morphologies were reviewed for detailed surface morphology 

investigation. It was found that femtosecond laser-irradiated morphologies on SiC 

substrate surface changed dramatically with different laser processing parameters. 

At higher laser repetition rate (500 kHz, 1 MHz, 10 MHz), ripples with average 

spatial periodicities of 145~196nm were induced. Whereas for lower repetition rate 

(100 kHz), coarse ripples (roughly 440nm) and fine ripples (about 117nm) were 

simultaneously formed at fluence of 1.69 J/cm
2 

by fs laser, It was considered that 

lower fluence and bigger interval of adjacent pulses decreased the accumulation of 

laser energy deposition, further leading to weaker interaction between incident laser 

and crystal SiC substrate. Approximately 5°~10° inclined ripples were fabricated 

during laser ablation. Meanwhile, large amount of laser-induced agglomeration was 

fabricated during laser process with scanning pitch of 0.05µm and scanning speed ≤ 

5mm/s. Decrease of scanning velocity also gradually contributed to the increase of 

agglomeration parts. After near-threshold fluence of 0.25 J/cm
2
, LIPSS structures 

were partly induced. The accumulation of energy deposition was presumed to be 

responsible for these surface morphology changes. LIPSS structures induced in 

Transverse irradiation mode process were further ablated during Cross-scan 
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irradiation mode process, newly fabricating similar LIPSS structures of about 

160nm parallel with the scanning direction of laser beam. Laser-induced debris 

played an important role on ripples formation. More theoretical analysis and 

experimental work needed to be done to investigate the formation mechanism of 

periodic inclined ripples. It is expected that the interaction between femtosecond 

laser and semiconductor materials 4H-SiC could be further understood.  

The effect of fs laser irradiation at near-threshold fluence on 4H-SiC surface 

morphology was also investigated. Different laser scanning speeds and scanning 

times resulted in discontinuous laser-ablated areas at near-threshold fluence of 1.1 

J/cm
2
. Decreasing laser scanning speed and increasing scanning times as well as 

surface scratches increased the ablated areas. It was considered that enhanced 

absorption due to incubation effect caused by fs laser-induced defects in the 

subsurface of SiC crystal yielded inhomogeneous energy deposition. Spatial ripple 

structures with periodicities substantially shorter than the incident laser wavelength 

have been observed. Similar ripples were formed by repetitious laser irradiation. 
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 CHATER 3 

POLISHINIG PROPERTIES INVESTIGATION FOR FEMTOSECOND 

LASER-IRRADIATED SIC SUBSTRATES 

3.1 Introduction 

As an extremely important process in the manufacture of semiconductor devices, 

CMP (Chemical Mechanical Polishing) plays a decisive role. Its principle can be 

described as: the wafer surface is firstly oxidized by the additions in slurry, resulting 

in an oxidation film. After the polishing of mechanical action, the oxidation film 

was removed, exposing new surface. By the repeated cycle of these steps, high 

material removal rate (MRR), high planarization, and ultra-smooth surface without 

sub-surface damage can be obtained at adaptable conditions. However, the effect of 

CMP process is greatly affected by the physical properties of polishing pad [1, 2], 

slurry [2-6], polishing environment [7-10], and mechanical condition, etc. The 

research team of Toshiro Doi has studied CMP technique for many years. Detailed 

contents of polishing technique are systemically introduced in their monographs [11, 

12]. In recent years, they developed new polishing apparatus [13-16] for CMP 

process. Polishing of hard-to-process materials, such as GaN [17-20], SiC [18, 

21-23], Diamond [24], Sapphire [18], has been studied in varies of experimental 

conditions. However, the material remove rate still should be further improved to 

meet industrial needs. New technique should be studied, aiming for higher MRR and 

better surface.  

In recent years, some new methods for improving the MRR of SiC wafer were 

proposed. A novel plasma-assisted polishing technique, combined with the 
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irradiation of atmospheric pressure water vapor plasma and polishing using soft 

abrasives, has been proposed [25]. By using this polishing technique, an atomically 

flat surface was obtained. It was inferred that the MRR of this process must be much 

higher than 2.7nm/min. Si-face of as-polished SiC wafer was polished by using 

slurry with extremely strong oxidant KMnO4 [26]. The MRR was reported as 

1695nm/h (=28nm/min). However, large amount of slurry will be consumed in 

as-lapped SiC substrate polishing. In addition, potential environment pollution will 

also be probably caused by the discharged slurry which was added with strong 

oxidant KMnO4. Nevertheless, few studies of how to improve C-face MRR of SiC 

have been reported, especially the MRR of as-lapped SiC C-face has been rarely 

reported. Lapping as well as polishing technique is quite indispensable in 

semiconductor process. The so called as-lapped SiC substrate means that the SiC 

substrate was machined in lapping process by microscale abrasives and eventually 

achieved a rough surface with many tiny cracks. It is time-consuming and costly to 

polish as-lapped SiC wafer by CMP process directly to obtain as-polished surface 

with high level surface roughness and high material removal rate on account of its 

high chemical instability and high hardness. So it is significant to take femtosecond 

laser into account for SiC surface micromachining before CMP process, aiming for 

laser-fabricated surface which contributes for CMP process. In this study, 

femtosecond laser was considered as a novel pre-process without any pollution for 

SiC substrate before CMP process. 

In chapter 2, we investigated the evolution of surface morphologies induced by 
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femtosecond laser at near threshold ablation fluence on 4H-SiC surface. 

Discontinuous laser-ablated areas were found on SiC surface. It was put forward that 

incubation effect occurred in ablated SiC subsurface triggered inhomogeneous 

energy absorption which was responsible for the discontinuous ablated areas. It was 

revealed that laser-induced seed defects induced by multiphoton absorption 

attributed to nanocraters in the early stage of laser irradiation and finally resulted in 

LIPSS structures on SiC surface [27, 28]. Literature [29] has revealed that 

nano-voids were induced by shock and rarefaction waves at fs laser pulse power 

lower than threshold of self-focusing in the bulk of silica. Residual strain induced 

during fs laser micromachining of semiconductors has also been studied in [30]. It 

was stated that the sign of the stress could sensitively depend on laser processing 

conditions. It was also suggested that the initial strain wave dynamics depended 

crucially on the lattice heating time [31] of semiconductor material. Laser-induced 

strain field was also presented to trigger the localized change of the index of 

refraction of glass bulk by simulation [32]. However, polishing behaviors have 

rarely reported for SiC (Si-face) surface after inhomogeneous energy absorption.  

In the first part, we firstly carried out CMP process to investigate the polishing 

behaviors of femtosecond laser-irradiated SiC (Si-face) surface at different output 

powers as well as the effect of accumulation effect of energy deposition at 

near-threshold fluence on CMP process. After fs laser irradiation, some areas were 

thoroughly ablated, triggering an ablation depth of 0.4μm as well as the edges of 

some areas were oxidized. After CMP polishing, the oxidized parts showed higher 
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MRR than the non-irradiated areas and the areas irradiated at relatively low laser 

power which could not induce laser ablation.  

In the second part, we introduced the irradiation results of femtosecond laser on 

C-face of SiC in different modes as well as the effects on CMP process. As-lapped 

C-face of SiC substrate was treated by the femtosecond laser in Transverse 

irradiation mode and Cross-scan irradiation mode. The surface morphology changes 

were analyzed before and after laser ablation by scanning electron microscope 

(SEM). The effects of surface morphology changes before and after each CMP 

process were also reviewed to evaluate the surface planarization and the MRR. A 

white-light interferometer was used to measure three-dimensional surface roughness 

of non-irradiated and irradiated SiC substrates polished during each CMP process. 

An electronic balance with a resolution of 0.01mg was used to weigh substrate’s 

weight change before and after CMP process for MRR evaluation. We found that 

lower surface roughness and higher MRR were realized after laser-assisted CMP 

process. Finally, X-ray diffraction analysis and X-ray photoelectron spectroscopy 

were carried out to explain the mechanism of laser-assisted CMP process.  
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3.2. The effect of laser irradiation at different laser output powers on CMP 

process 

3.2.1 Experimental conditions 

In this part of our experiments, we carried out CMP process to investigate the 

polishing behaviors of each area irradiated at different femtosecond laser output 

powers as well as effect of accumulation effect of energy deposition on CMP 

process. The linearly polarized laser beam was delivered through an optical mirror 

system and finally travelled through a 0.42 NA (50x) microscope objective lens with 

a working distance of 17mm. Then the focused stationary laser beam with a 

calculated spot size of about 3µm in ambient air was irradiated perpendicularly onto 

as-polished SiC Si-face mounted on a computer-controlled stage. Firstly, The SiC 

wafer was irradiated by femtosecond laser at scanning speed of 10mm/s, a repetition 

rate of 10MHz and scanning pitch of 0.5μm. The output powers of femtosecond 

laser were respectively set as 154mW, 144 mW, 130 mW, 120 mW, 108 mW, and 

95 mW, containing higher fluence and near-threshold fluence. Each area was 

designed as a 3mm×3mm square. Considering the impact of XYZ stage inclination 

during its operation, we designed a symmetrical distribution of irradiating areas and 

the output power. For example, area A1 and area A1’ were irradiated at symmetrical 

position but with the same conditions, the rest was done in the same manner, as 

shown in Fig.3.1. Zigzag scanning pattern shown in Fig.3.2 ensured that the 

designed areas were irradiated respectively and thoroughly by utilizing a special 

program by which the focused laser spot was irradiated on SiC surface with a 
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scanning pitch of 0.5µm during laser irradiation.   

After femtosecond laser irradiation, SiC substrates were rinsed in an ultrasonic 

cleaner with deionized water for 1 hour. Debris induced by fs laser was removed 

from the substrate surface to ambient water during ultrasonic cleaning process. The 

polishing conditions are shown in Table 3.1. A contacting surface roughness meter 

SE-30K (Kosaka Laboratory Ltd.) and a non-contacting optical interference surface 

roughness measurement apparatus Wyko NT3300 (Veeco Inc.) were utilized for 

surface morphology investigations.  

 

 

 

 

 

 

 

 

 

  

Work piece 
Single crystal 4H-SiC wafer Si-face 

Ф50.8mm 

Polishing machine LAPMASTER-15 

Rotational speed [min
-1

] 50 

Polishing pad Polyurethane foamed pad (IC1000) 

Polishing pressure [kPa] 24.5 

Slurry Colloidal silica (COMPOL-80) 

 Concentration of slurry [%] 8 

Abrasive size [nm] 70 

pH 11 

Flow rate [mL/min] 5 

Processing atmosphere Air 

Processing time [s] 60s, 60s, 60s, 60s 

Table 3.1 Experimental conditions of CMP process  
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Power unit: mW 
Distance unit: mm 
Wafer diameter: Φ 50.8mm 

Fig.3.1 Design of femtosecond laser irradiation at different power on SiC (Si-face) 
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Fig.3.2 Zigzag scanning pattern of femtosecond laser focused spot 
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3.2.2 Distribution of femtosecond laser irradiation 

After femtosecond laser irradiation, the SiC wafer surface was cleaned in 

deionized water by ultrasonic. As is seen in Fig.3.3, area A1, area A2 and their 

symmetrical areas A1’ A2’ were thoroughly ablated by higher output powers. 

Whereas areas A3, A4, A3’ and A4’ just were partly ablated by femtosecond laser, 

attributing to the lower output powers. Areas A5, A6, A5’ and A6’ were almost not 

ablated by femtosecond laser at lower powers.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig.3.3 Femtosecond laser-irradiated SiC wafer (Si-face)  
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3.2.3 Investigation for laser-irradiated wafer by AY-41  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Magnification 

Longitudinal direction Lateral direction 

50～100,000 1～1000 

Stable 150（W）×150（D）mm 

contacting stylus R5µm 90° Diamond 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig.3.5 Appearance of contacting stylus 

Fig.3.4 Appearance of SE-30K produced by Kosaka Laboratory Ltd. 

Contacting stylus 

Table 3.2 Main specification of SE-30K  
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In order to measure the cross section of laser-irradiated areas for profile 

investigation, a contacting surface roughness meter (produced by Kosaka Laboratory 

Ltd) was utilized. Its appearance is shown in Fig.3.4. The main specification is 

shown in Table 3.2. In this measurement apparatus system, a contacting stylus (as is 

shown in Fig.3.5) with a radius of 5μm was adopted onto a detector. The contacting 

head was controlled to scan each irradiated area from their center line O-O’ (as 

shown in Fig.3.2) at a feeding rate of 0.5 mm/s, a horizontal magnification of 40, 

and a vertical magnification of 5000. Fig.3.6 shows the cross section profiles of 

areas A1’, A2’ and A3’. Fig.3.6 (a) and Fig.3.6 (b) shows that areas A1’and area A2’ 

were ablated with depths of 0.4μm and 0.3μm respectively by femtosecond laser at 

high power. Whereas almost no ablated part was found from the center section 

profile of area A3’ except for the both ends, as is shown in Fig. 3.6 (c).   
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Fig.3.6 Cross section profiles of laser-irradiated areas at different output power 
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3.2.4 Investigation for laser-irradiated wafer by VEECO NT 3300  

As the apparatus AY-41 is mainly used to evaluate the change of surface 

morphology by two dimensional measurements, it is not satisfactory for three 

dimensional surface morphology evaluations in this part. Subsequently, we carried 

out non-contacting optical interference surface roughness measurement apparatus 

Wyko NT3300 (Veeco Inc.) shown in Fig.3.7 for the evaluation of three-dimensional 

surface morphology change before and after CMP process. Its schematic diagram is 

shown in Fig.3.8. The main principle of this apparatus is utilizing the interference of 

the light reflected from specimen surface and reference mirror for surface 

morphology measurement, as shown in Fig.3.9. The light path length difference of 

these two white light beams can sensitively lead to the movement of interference 

fringe, which is used for surface measurement of specimen. By Optical interference 

modes containing Phase Shift Interferometry (PSI) and Vertical Scan Interferometry 

(VSI), high resolution of respectively 1 Å and 1nm can be obtained, as is shown in 

Table 3.3. PSI mode is usually used to measure smooth surface at high roughness, 

while VSI mode is usually used to measure the surface of comparative roughness.  

For CMP process, the experimental conditions are set as Table 3.1. It was carried 

out in air atmosphere. Especially, it should be noted that the polishing time during 

CMP process was set as 60s. After each polishing process, the wafer was cleaned in 

deionized water by ultrasonic for measurement and next polishing.  
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Fig.3.7 Appearance of measurement apparatus VEECO NT 3300 

Specimen monitor  

Tip/tilt button  
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High-speed buttons 

Fig.3.8 Schematic diagram of VEECO NT 3300 
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Optical interference mode 

PSI VSI 

Resolution 1 Å 1nm 

Measurement range 1 Å-160nm 1nm-1mm 

 

 

 

 

 

 

 

 

 

Table 3.3 Measurement mode of VEECO NT 3300 

VEECO NT 3300 
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Reference mirror  

Light 
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Fig.3.9 Phase shifting interferometry 



 

95 

 

As is shown in Fig.3.10 (a), the top left corner of area A3’ was observed and 

amplified by confocal laser scanning microscopy (CLSM) at a magnification of 20× 

before CMP process. The areas A and B marked with red frame in Fig.3.10 (a) were 

further amplified at a magnification of 100× and shown in Fig.3.10 (b) and Fig.3.10 

(c) respectively. In Fig.3.10 (b), the area marked with red-dotted frame indicates the 

formation of large amount of oxide agglomeration induced by laser irradiation. The 

area on the right side of this red-dotted frame is laser-ablated zone, in which Laser 

Induced Periodic Surface Structures (LIPSS) were formed by fs laser. Nevertheless, 

even though the whole area shown in Fig.3.10 (c) was horizontally irradiated by 

femtosecond laser beam spot with a scanning pitch of 0.5μm, the black oxidized 

parts were not fully distributed, which was quite a confusing experimental 

phenomenon. We call this laser-irradiated shape as dendritic pattern here. More 

experimental efforts and theoretical analysis will be done for its formation 

mechanism.  

 

 

 

  



 

96 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

  

    

Area A3’ 

(a) CLSM image of area A3’ (20 x) 

A 
B 

Fig.3.10 Top left corner of laser-irradiated area A3’, Before CMP process 

 

(b) Amplified image (100x) of area A 

Oxidized-area Non-irradiated-area 
Ablated-area 

(c) Amplified image (100x) of area B 

Irradiated-area 

Dendritic pattern 
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Fig.3.11 and Fig.3.12 show the effect of CMP process on femtosecond 

laser-irradiated areas corresponding to Fig.3.10 (a) and Fig.3.10 (b), respectively. As 

shown in Fig.3.11 (b) and Fig.3.12 (b), the oxidized area and dendritic-pattern area 

were partly removed after 120s CMP process. The surfaces further changed more 

drastically after 240s CMP polishing. However, it is dramatic that no change was 

observed at the non-irradiated area shown in Fig.3.11 (a) and the irradiated area 

shown in Fig.3.12 (a) after 240s CMP process, even though they were 

simultaneously polished at the same conditions. In the final, we demonstrated the 

profile changes of the section marked as A-A’ in Fig.3.13 (a). From Fig.3.13 (b) we 

found that the relative difference in height is approximately 0.6μm. As is shown in 

Fig.3.14 (a), the lower left corner of laser-irradiated area A3’ was also investigated 

before and after CMP process. A relative difference in height ranging from 0.18μm 

to 0.72μm at cross section B-B emerged after 240s CMP polishing, demonstrating 

that the oxidized areas were quite easier to be polished. It should be noted that the 

oxidized areas were fast removed in CMP process, which is illuminating for our 

further study.  

 

 

  



 

98 

 

 

 

 

 

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) Before CMP polishing 

 (b) After 120s CMP polishing  

(c) After 240s CMP polishing 

Fig.3.11 Effect of CMP polishing on area A Fig.3.12 Effect of CMP polishing on area B 

(a) Before CMP polishing 

 (b) After 120s CMP polishing  

(c) After 240s CMP polishing 

Ablated zone 

Non-irradiated-area 

Oxidized-area 
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(b) Before CMP process 

(c) After 240s CMP process 
(a) Measuring section position B-B  
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Fig.3.14 Effect of CMP process on lower left corner of area A3’ 
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(b) Section profiles of A-A after CMP process 

Fig.3.13 Effect of CMP process on top left area A 
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After 240s CMP processing, the oxidized area shown in Fig.3.15 (b) was 

thoroughly removed from SiC surface. However, no change was observed at the 

irradiated area shown in Fig.3.15 (d) after CMP process. 

During laser ablation, its peak intensity can reach extremely high power (10
12 

W~10
15 

W), due to the short pulse duration (10
-15

s). Electrons will be directly 

emitted from atom or molecule of the surface [33], accompanying with material melt 

[34], coulomb explosion [35, 36], etc. According to literature [37], low-laser-fluence 

was considered as an important condition for laser coulomb explosion; under 

near-threshold laser irradiation, lattice of SiC crystal was heated by laser irradiation, 

subsequently leading to so called “cold ablation” coulomb explosion and lattice 

vibration which was responsible for final lattice reconfiguration. Simultaneously, 

atomic bonds were partly ionized during coulomb explosion, leading to lattice 

disorder of SiC lattice [37]. Lattice reconfiguration and defects due to lattice 

disorder were activated during laser irradiation, seed defects were induced by fs 

laser irradiation in 4H-SiC at near-threshold fluence [27]. Sub-surface micro 

cracking and defect accumulation [38] of SiC crystal in the subsurface are regarded 

as dominating ablation mechanisms of these experimental incubation effects which 

induced inhomogeneous energy deposition. This was considered as the main reason 

of the emergence of the irregular dendritic pattern area shown in Fig.3.10 (c). In 

addition, it was demonstrated that laser-induced sub-surface micro cracks and 

defects could not lead to obvious surface material remove during CMP process, as 

shown in Fig.3.15. This was attributed to the intensely high Mohs hardness and 
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chemical stability as well as compact atomic structure of SiC substrate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

  

  

 

    

A3’ 

15μm 

(a) Lower left corner of laser-irradiated area A3’, 

 CLSM image (100x), Before CMP process 

Oxidized area 

Irradiated area 

(c) After 120s CMP polishing 

(d) After 240s CMP polishing 

(b) Before CMP polishing 

Irradiated area 

Fig.3.15 Three dimentional effect of CMP process on lower left corner of area A3’ 
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3.3 Polishing properties of laser-irradiated SiC (C-face)  

3.3.1 Experimental conditions  

In this part, C-face of SiC substrates were irradiated by femtosecond laser at a 

width of 373fs, a wavelength of 1030nm, a repetition rate of 10MHz and a fluence of 

0.44 J/cm
2
. A special zigzag pattern controlling program was designed for 

femtosecond laser scanning, ensuring that every interval between adjacent 

trajectories was 0.5µm. With the help of this control program, C-face of single crystal 

4H-SiC (0001) substrate with a thickness of about 430µm was wholly irradiated on 

the three-dimensional XYZ stage. Transverse model irradiation and Cross-scan 

model irradiation were carried out on SiC substrates to investigate the surface 

morphologies and their effects on CMP process. The SiC substrates were irradiated at 

a scanning speed of 100mm/s by linearly polarized femtosecond laser beam with a 

focused spot of 3µm in diameter. All the experiments were done in normal air 

atmosphere. After femtosecond laser irradiation, the SiC substrates were cleaned by 

ultrasonic for 1 hour by using deionized water.  

After femtosecond laser irradiation, the irradiated SiC substrates and the 

non-irradiated SiC substrate were fixed by a thin plate shown in Fig.3.16 and polished 

simultaneously CMP process in CMP process. The experiment conditions of CMP 

process are set as: colloidal silica slurry (COMPOL-80, from Fujimi Incorporated), a 

polishing pressure of 120 kPa, and rotational speed of 50min
-1

 in air atmosphere. The 

average size of abrasive grains was 80nm; the slurry flow rate was 5mL/min, the 

concentration and pH of slurry was 7.5% and 11 respectively. During CMP process, 
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each polishing time interval was set to 60s, except that the last two polishing time 

intervals were set as 300s to confirm the effect of CMP process finally. A white-light 

interferometer and a scanning electron microscope (SEM) were used to investigate 

the surface morphologies of laser-irradiated and non-irradiated SiC substrates before 

and after each CMP process. High resolution (0.01mg) electric balance was used to 

weigh the change of the substrate’s weight before and after CMP process for the 

evaluation of MRR. Finally, X-ray diffraction analysis and X-ray photoelectron 

spectroscopy were carried out to explain the mechanism of laser-assisted CMP 

process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig.3.16 Fixing plate used in CMP process 

15mm 

15mm 



 

104 

 

3.3.2 Results and discussion 

Fig.3.17 (a) indicates non-irradiated as-lapped C-face of SiC substrate before CMP 

process. The rough surface with irregular tiny cracks and indentations can be seen 

clearly in Fig.3.17 (a). Comparing Fig.3.17 (a) with Fig.3.17 (a), it is found that the 

irregular as-lapped surface morphology was fabricated into periodic rippled 

morphology with spatial periodicity of approximately 150nm induced by laser 

irradiation. Fig.3.18 (a) and Fig.3.19 (a) respectively show transversely-irradiated 

substrate (Fig.3.20 (a)) and cross-scan irradiated substrate (Fig.3.20 (b)) with 

periodic patterns fabricated by femtosecond laser with a fluence of 0.44J/cm
2
. 

Fig.3.20 (a) shows the schematic diagram of transverse laser scanning model. In this 

model, after each X direction horizontal scan, laser beam was fed with a 0.5μm pitch 

in vertical (Y) direction for another horizontal scan carried out in the opposite 

horizontal (X) direction. This process was continuously cycled until the substrate 

surface was fully irradiated. Fig.3.20 (b) shows another type of laser process model. 

In this model, SiC substrate irradiated by fs laser in transverse irradiation model 

(Fig.3.20 (a)) was cleaned by ultrasonic in deionized water and further mounted on 

the XYZ stage with a rotation angle of 90° for further fs laser irradiation at the same 

laser conditions. This trajectory-crossed laser process is called as cross-scan 

irradiation model here (Fig.3.20 (b)). After femtosecond laser irradiation, the 

irradiated substrates (Fig.3.18 (a) and Fig.3.19 (a)) were cleaned by ultrasonic for 1 

hour using deionized water and were observed by SEM. The cross-scan irradiated 

substrate was observed at the same observation perspective with that of the 
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transversely irradiated one, as shown in Fig.3.18 (a) and Fig.3.19 (a). In transverse 

irradiation model, nanoscale parallel periodic patterns were induced from the 

irregular rough as-lapped C-face during fs laser irradiation. These laser-induced 

periodic patterns were further fabricated into compactly distributed periodic 

nanostructures shown in cross-scan irradiation model (Fig.3.19 (a) and Fig.3.20 (b)) 

during trajectory-crossed laser process.  

Many studies have been carried out to understand the formation mechanism of 

those kinds of ripples. It is found that the nanostructures depend strongly on 

wavelength, laser polarization and laser beam incidence angle [39, 40]. Some 

researchers reminded that interference of incident laser light and scatter waves [41], 

the generation of second-harmonic [42], self-organization [43] and surface plasmon 

polarizations are responsible for the formation of periodic ripples. Other researchers 

also investigated laser-induced periodic surface structures on ceramic material 

Si3N4/TiC. They found that the femtosecond laser-induced ripples depended strongly 

on the pulse energy, scanning speed and number of repeated scans [44]. In recent 

years, laser-induced ripples on SiC substrate were also widely studied. In reference 

[45], morphology formation evolution induced by femtosecond laser (515nm, 250fs, 

100 kHz) on SiC targets was investigated by increasing femtosecond laser pulses 

with fluence of 1.17J/cm
2
. The authors pointed out that the single-pulse ablation 

threshold of the low surface roughness (<20nm) SiC sample was 1.07J/cm
2
. Fine 

and coarse ripples were fabricated by femtosecond laser on SiC substrate, and it is 

found that initial surface roughness plays a remarkable effect for the formation of 
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fine ripples [46]. This was attributed to that the roughened surface reduced threshold 

fluence. In literature reference [27], it is elucidated that Mie scattering from the 

surface defect was a cause of high special frequency periodic ripples (HSFL) 

induced by fs laser in SiC surface; in addition, the number of HSFL was enhanced 

with increasing pulse numbers. In our study, the laser with fluence of 0.44 J/cm
2
 was 

irradiated onto as-lapped rough SiC surface with lots of cracks. Regardless of that 

the fluence was far below than that of [45], regular periodical ripples were induced 

on SiC surface. This is assumed that the thermalization of electrons and lattice 

defects existing in rough and irregular surface cracks was extremely fast during 

laser irradiation, contributing to laser-induced ripples formation on as-lapped SiC 

C-face. Fig.3.17 (b), Fig.3.18 (b) and Fig.3.19 (b) respectively denote the polished 

surface morphologies of Fig.3.17 (a), Fig.3.18 (a) and Fig.3.19 (a). After 1560s 

CMP polishing, both the irregular morphology and the periodic ripples were 

removed mostly. Nevertheless, in comparison with Fig.3.19 (b), residual 

indentations and ripples were still respectively observed on the surface of 

non-irradiated substrate and transversely-irradiated substrate, as shown in Fig.3.17 

(b) and Fig.3.18 (b). Conclusion can be drawn that different laser processes with 

different surface morphologies may lead to improvements for surface quality during 

CMP process by comparing the polished surface morphology shown in Fig.3.17 (b), 

Fig.3.18 (b) and Fig.3.19 (b); in addition, cross-scan irradiation model contributes 

to better surface after CMP process. To confirm this conclusion, white light 

interferometer measurement was carried out.   
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Fig.3.17 (a) Non-irradiated substrate (0s) before CMP 

Indentation 

Fig.3.17 (b) Non-irradiated substrate (1560s) after CMP 

Fig.3.18 (b) Transversely-irradiated substrate (1560s) after CMP 

Ripples 

Fig.3.18 (a) Transversely-irradiated substrate (0s) before CMP 

F=0.44J/cm2 

1μm 

Fig.3.19 (a) Cross-scan irradiated substrate (0s) before CMP Fig.3.19 (b) Cross-scan irradiated substrate (1560s) after CMP 

F=0.44J/cm2 

1µm 1µm 

1µm 1µm 

1µm 1µm 
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Fig.3.20 (a) Transverse irradiation model 

90° rotation 

Laser-irradiated area 

Scanning direction 

Femtosecond laser 

XY Stage 

SiC chip A B 

X 

Y 

Fig.3.20 (b) Cross-scan irradiation model 

Scanning direction 

A 
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X 

Y 

Fig.3.22 Image of SiC C-face after 1560s CMP process Fig.3.21 Image of SiC C-face after fs laser irradiation 
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The authors have previously carried out femtosecond laser irradiation experiment 

for a diamond substrate regarded as the hardest material on the earth. The subsequent 

cross section of diamond captured by TEM observation displayed that a thin 

amorphous layer with depth of approximately 10nm was induced by femtosecond 

laser [24]. Diamond and SiC are both considered as hard-to-process semiconductor 

materials. A continuous amorphous layer of about 10~50nm thick was fabricated by fs 

laser on a 4H-SiC single-crystal surface [47]. It is conceivable that amorphous layer 

was induced on C-face of SiC substrate by fs laser. Fig.3.21 and Fig.3.22 

respectively show the images of SiC substrate irradiated in Transverse Irradiation 

Model before and after CMP process. After 1560s CMP process, the substrate seems 

to be transparent as initial before laser irradiation. It is assumed that femtosecond 

laser-affected layer was mostly removed from SiC substrate surface.  

Fig.3.23 (a), Fig.3.24 (a), Fig.3.25 (a) and Fig.3.26 (a) show the birds-eye 

images and surface roughness of non-irradiated as-lapped SiC substrate center zone 

before and after CMP process. Fig.3.23 (b), Fig.3.24 (b), Fig.3.25 (b) and Fig.3.26 

(b) show the birds-eye images of that in transverse irradiation model substrate 

(Fig.3.20 (a)). Fig.3.23 (c), Fig.3.24 (c), Fig.3.25 (c) and Fig.3.26 (c) show the 

birds-eye images of that in cross-scan irradiation model substrate (Fig.3.20 (b)). The 

numbers in every bracket attached to those images show polishing times of each 

CMP process. Fig.3.23 (a) and Fig.3.23 (b) was juxtaposed with Fig.3.23 (c) to 

show the difference of surface morphology among non-irradiated substrate, 

transverse irradiation model substrate and cross-scan irradiation model substrate 
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before CMP polishing. The rest can be deduced by analogy. Ra being used as the 

most common type of average surface roughness is defined as arithmetic mean of 

the roughness profile. Rq is root mean square roughness. Rt is defined as the 

maximum height of profile. Surface features were described by those roughness 

parameters for the substrate center positions. From the comparison of the birds-eye 

images of Fig.3.23 (a), Fig.3.23 (b) and Fig.3.23 (c), it is found that Ra and Rq of 

non-irradiated substrate (Fig.3.23 (a)) were approximately the same with that of 

laser-irradiated substrate (Fig.3.23 (b)), but Rt became larger than that of 

non-irradiated substrate after laser irradiation. This is supposed to be attributed to 

that larger indentations among periodic ripples were induced by fs laser (shown in 

Fig.3.18 (a)), giving rise to rougher surface after laser ablation. However, it was 

difficult to compare and evaluate the surface roughness for cross-scan irradiation 

substrate (shown in Fig.3.23 (c)) due to the unsatisfactory measurement of white 

light interferometer. It is supposed that substantial oxidation fabricated by laser in 

the cross-scan irradiation substrate blocked the formation of interference patterns in 

white light interferometer detector. According to comparison of surface roughness 

after CMP process, it is found that surface quality improved well with each CMP 

process; surface of cross-scan irradiation model substrate is considerably flat 

comparing to non-irradiated substrate and transverse irradiation model substrate. 

Very smooth surface was realized in cross-scan irradiation model substrate after 

1560s CMP process, as shown in Fig.3.26 (c). Roughness decrease trends were 

found by comparison of Fig.3.24 (a), Fig.3.25 (a), Fig.3.26 (a) and Fig.3.24 (c), 
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Fig.3.25 (c), Fig.3.26 (c); whereas the surface roughness was found with a slight 

decrease by comparing Fig.3.24 (b) and Fig.3.25 (b), differing from the slight 

surface roughness increase shown from Fig.3.25 (b) to Fig.3.26 (b). As shown in 

Fig.3.17 (a) and Fig.3.17 (b), large asperities on the non-irradiated surface were 

polished, remaining a matrix surface with tiny indentations and cracks after 1560s 

polishing process. This is considered responsible for the roughness reduction 

tendency of the non-irradiated surface with CMP process. While the trend shown in 

Fig.3.24 (b), Fig.3.25 (b) and Fig.3.26 (b) is assumed that after the nanoscale 

patterns on the surface were removed during CMP process, an amorphous layer 

started to be polished, giving birth to lower roughness surface (Fig.3.25 (b)); 

eventually SiC matrix with tiny cracks appeared (as shown in Fig.3.18 (b)), resulting 

in a rougher surface shown in Fig.3.26 (b). After repeated laser ablation in cross-scan 

irradiation (Fig.3.20 (b)), the surface with tiny indentations and cracks) were further 

ablated by fs laser, inducing compactly distributed periodic patterns. With CMP 

process, a smooth surface with lower roughness surface was gradually obtained, 

resulting in the roughness decrease trend shown in Fig.3.24 (c), Fig.3.25 (c) and 

Fig.3.26 (c). 
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Fig.3.23 (a) Non-irradiated chip (0s)  

Ra=187nm, Rq=237nm, Rt=2430nm 

Fig.3.23 (c) Cross-scan irradiated chip (0s) 

(partly range over) 

Fig.3.23 (b) Transversely-irradiated chip (0s)  

Ra=184nm, Rq=233nm, Rt=3560nm 

Fig.3.24 (a) Non-irradiated chip (420s) 

Ra=87nm, Rq=119nm, Rt=1620nm 

Fig.3.24 (b) Transversely-irradiated chip (420s) 

Ra=41nm, Rq=61nm, Rt=1130nm 

Fig.3.24 (c) Cross-scan irradiated chip (420s) 

Ra=30nm, Rq=48nm, Rt=930nm 
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Fig.3.25 (a) Non-irradiated chip (960s) 

Ra=58nm, Rq=90nm, Rt=1060nm 

Fig.3.25 (b) Transversely-irradiated chip (960s) 

Ra=38nm, Rq=52nm, Rt=695nm 

Fig.3.25 (c) Cross-scan irradiated chip (960s) 

Ra=13nm, Rq=17nm, Rt=339nm 

Fig.3.26 (a) Non-irradiated chip (1560s) 

Ra=51nm, Rq=78nm, Rt=1110nm 

Fig.3.26 (b) Transversely-irradiated chip (1560s) 

Ra=45nm, Rq=67nm, Rt=819nm 

Fig.3.26 (c) Cross-scan irradiated chip (1560s) 

Ra=17nm, Rq=22nm, Rt=267nm 
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Fig.3.27 Relation between Ra and polishing time 

Ra1,non-irradiated C-face chip 
Ra2,Transversely-irradiated C-face chip 
Ra3,cross-scan irradiated C-face chip 
Ra4, non-irradiated Si-face chip 

0 600 1200

0

100

200

C
en

te
r 

S
u

rf
ac

e 
R

o
u
g

h
n

es
s 

R
q

 n
m

 

Polishing Time s 

Fig.3.28 Relation between Rq and polishing time 

Rq1,non-irradiated C-face chip 
Rq2,Transversely-irradiated C-face chip 
Rq3,cross-scan irradiated C-face chip 
Rq4, non-irradiated Si-face chip 
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Fig.3.29 Relation between Rt and polishing time 

Rt1,non-irradiated C-face chip 
Rt2,Transversely-irradiated C-face chip 
Rt3, cross-scan irradiated C-face chip 
Rt4, non-irradiated Si-face chip 

A: non-irradiated chip, B: transversely-irradiated chip, C: cross-scan irradiated chip 

Fig.3.30 Comparison of MRR of femtosecond laser-irradiated chip and non-irradiated chip 
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7.5 wt% colloidal silica, Abrasive size: 80nm, pH11 



 

116 

 

The roughness measured by white light interferometer of each substrate before and 

after each CMP process was plotted in accordance with the polishing time, as shown 

in Fig.3.27, Fig.3.28 and Fig.3.29. Surface roughness of non-irradiated substrate, 

transverse irradiation model substrate and cross-scan irradiation model substrate was 

obviously decreased with CMP process. Ra1, Rq1, and Rt1 mean the surface roughness 

of non-irradiated substrate, Ra2, Rq2, and Rt2 mean the surface roughness of 

transverse irradiation model substrate, and Ra3, Rq3, and Rt3 mean the surface 

roughness of cross-scan irradiation model substrate respectively. 

Before femtosecond laser ablation, the original surface roughness Ra1, Rq1 and Rt1 

of non-irradiated SiC substrate were respectively 187nm, 237nm and 2430nm 

(Fig.3.26 (a)). After transverse irradiation model process and cross-scan irradiation 

model process, Ra and Rq changed slightly. The coherent and homogenously 

distributed nanoscale parallel periodic patterns (Fig.3.18 (a) and Fig.3.19 (a)) 

induced by femtosecond laser on SiC substrate were supposed to give rise to similar 

Ra and Rq (Fig.3.27 and Fig.3.28) to that of the non-irradiated substrate. However, as 

shown in Fig.3.29, Rt increased substantially after transverse irradiation, comparing 

with the slight change of Rt after cross-scan irradiation. As shown in Fig.3.18 (a), 

substantial indentations among periodic patterns were observed, this is assumed as the 

reason of the remarkable increase of Rt shown in Fig.3.19. The periodic patterns 

induced in transverse irradiation process were repeatedly irradiated by fs laser during 

the cross-scan irradiation process, leading to compactly distributed periodic patterns 

without large indentations (Fig.3.19 (a)). As shown in Fig.3.27, Fig.3.28 and Fig.3.29, 
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during polishing time interval of 0~240s, the periodic patterns fabricated by laser 

were gradually polished during CMP process, bringing about a prompt decreasing 

tendency of surface roughness; during polishing time interval of 240s~960s, surface 

roughness decreased relatively slowly, revealing that laser-induced amorphous layer 

was partly and gradually removed during CMP process after the elimination of 

periodic ripples; the curve between polishing time interval of 960s~1560s shows that 

the surface roughness changed hardly regardless of increasing polishing time. It is 

supposed that the emerged matix of SiC preventing further polishing after long time 

polishing. The final roughness after CMP process of cross-scan irradiation model 

substrate was Ra3=17nm, Rq3=22nm, and Rt3=267nm. Comparing the images of 

Fig.3.26 (a), Fig.3.26 (b) and Fig.3.26 (c), it is clearly found that quite small surface 

roughness was realized after CMP process of cross-scan irradiation model 

laser-fabricated substrate. As-polished Si-face of SiC substrate was also polished 

during CMP process at the same conditions simultaneously. However, according to 

the roughness tendencies shown in Fig.3.27, Fig.3.28 and Fig.3.29, it was found that 

the roughness of as-polished Si-face hardly changed during present CMP process. The 

results shown in Fig.3.27, Fig.3.28 and Fig.3.29 indicate that the slurry abrasive SiO2 

at present conditions could polish laser-induced layer but couldn’t polish as-polished 

Si-face or the original matrix of C-face further. Fig.3.30 shows MRR of the polished 

SiC substrates. It reveals that the MRR of the transverse irradiation model substrate is 

about 3 times higher than that of cross-scan irradiation model substrate; meanwhile, 

the MRR of cross-scan irradiation model substrate is about 1.8 times higher than that 
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of non-irradiated substrate. It is concluded that periodic ripples and amorphous layer 

(schematically shown in Fig.3.18, and Fig.3.19) were also induced by repeated 

femtosecond laser machining process of SiC substrate. The polishing of periodical 

nanoscale parallel patterns and amorphous layer led to better surface roughness and 

higher MRR than the substrate which was not irradiated by fs laser. 

Owning to the fact that few studies with regard to as-lapped SiC C-face irradiated 

by femtosecond laser have been done, more studies should be further implemented 

to understand the formation mechanism of the ripples induced in SiC C-face 

substrate. In further, reasonable experimental conditions related to femtosecond laser, 

such as laser fluence, wavelength, polarization, scan speed, laser beam trajectory 

interval, surface roughness and the number of repeated scans, must be thoroughly 

investigated to understand the effect of fs laser on as-lapped SiC C-face. TEM 

observation should also be carried out to investigate the amorphous layer fabricated 

in transverse irradiation model and cross-scan irradiation model. Appropriate 

experimental parameters will be arranged for satisfactory surface morphology which 

can bring high efficiency and high planarization for CMP process. 
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According to the experimental results shown in SEM and white light 

interferometer images above, a schematic diagram of conventional CMP and fs 

laser-assisted CMP process was proposed in Fig.3.31 for detailed explanation. 

Fig.3.31 (a) corresponding to Fig.3.17 (a) shows the schematic section of as-lapped 

SiC substrate accompanying with a rough surface with many indentations and tiny 

cracks after lapping process. As shown in Fig.3.31 (b), although it was polished in 

CMP process for 1560s, indentations shown in Fig.3.17 (b) was still found remained 

in the polished SiC surface. Fig.3.31 (c) and Fig.3.31 (e) show the schematic cross 

sections perpendicular to ripples distribution direction of transverse irradiation 

model substrate (Fig.3.18 (a) and Fig.3.20 (a)) and cross-scan irradiation model 

substrate (Fig.3.19 (a) and Fig.3.20 (b)) respectively. It is assumed that amorphous 

layer was induced below the periodic structures in the subsurface of SiC substrate. 

As shown in Fig.3.31 (c), a layer with residual cracks was not fully ablated in spite 

of laser irradiation, resulting to a relatively rough surface shown in Fig.3.18 (b) and 

Fig.3.26 (b) corresponding to Fig.3.31 (d) after CMP process. As the 

laser-irradiated surface of transverse model was mounted on XYZ stage again with 

a 90° rotation and further fabricated by fs laser, compactly distributed periodic 

structures with amorphous layer were induced by fs laser (Fig.3.19 (a) and 

(Fig.3.31 (e)). Because the residual indentations and cracks were hardly found on 

the polished surface after CMP process in Fig.3.19 (b) and Fig.3.26 (c) 

corresponding to Fig.3.31 (f), it is notably assumed that the layer with residual 

cracks could be mostly removed from SiC surface by repeated laser ablation. In 
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addition, in literature [48], oxygen concentration detected by energy dispersive 

X-ray spectroscopy increased with laser pulse energy, revealing that some 

interaction between fs laser and SiC material was triggered. Chemical reaction 

between slurry and laser-irradiated SiC surface and physical characteristics were 

inspected in the following, aiming for further detailed understanding of the 

mechanism of femtosecond laser-assisted CMP process.  

3.3.3 Investigation according to X-ray diffraction analysis  

To understand the effect of laser irradiation of CMP process, X-ray diffraction 

analysis (XRD) was implemented. XRD measurement is considered as an effective 

method for investigating crystalline material and some amorphous structures. As 

shown in Fig.3.32 (a), the crystal material is made up of parallel equidistant atomic 

planes A, B, C, etc. After X-rays were irradiated to the crystal surface, the incident 

X-ray beams will be reflected by atoms present in the atomic plans. Some of these 

reflected beams will reinforce into each other if they are in phase, leading to the 

maximum intensity of the reflected beam. While some of them are out of phase, 

the intensity of reflected beams will be weakened, result in the minimum intensity. 

Especially, if the following Bragg equation is met, maximum intensity of reflected 

beam will be obtained. Phase analysis, containing qualitative analysis and 

quantitative analysis, is the main analysis of X-ray diffraction. According to XRD 

measurement, crystal orientation analysis, crystallite size, micro crystal stress, 

material macro stress, lattice parameters as well as crystallinity can be obtained by 
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XRD analysis. In this experiment, “2-theta (θ)” measurement mode was utilized for 

the laser-irradiated SiC substrate. As shown in Fig.3.31 (b), the X-ray tube was 

fixed. The incident angle ω is between the X-ray beam and the sample. It is always 

1/2 of the detector angle 2θ. During measurement, the sample was rotated slowly 

as well as that the reflected X-ray beams were detected by a removable detector. 

As the measurable depth is approximately 1nm~1μm, “2-theta (θ)” measurement 

mode is mainly used for thin film.  

 

 

 

 

 

 

 

 

Bragg's equation: 

2dsinθ=nλ 

n: integer revealing the order of the diffraction peak. 

λ: wavelength of the x-ray 

d: inter-plane distance of (i.e atoms, ions, molecules)  

θ: scattering angle 

  

Fig.3.32 (a) X-rays diffraction 
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Fig.3.32 (b) Schematic diagram “2θ” mearsurement 
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3.3.3.1 Results of X-ray diffraction analysis  

Fig.3.33 shows the results of X-ray diffraction for non-irradiated SiC 

substrate (a) and laser-irradiated substrate (b). From Fig.3.33 (a), with the increase 

of incidence angle, the peaks become stronger at the same angle position, revealing 

that the crystallinity of as-lapped SiC surface was slightly weaker than the 

subsurface. It was considered that the lapping process of semiconductor material 

affected the crystallinity. In comparison, as shown in Fig.3.33 (b), no obvious peaks 

were found at curves of incident angles 0.5°, 1°, and 1.5°, demonstrating that the 

surface of laser-induced ripple structures shown in Fig.3.18 (a) was of poor 

crystallinity. It is assumed that the hardness also decreased after laser irradiation. 

This physical performance change is important for understanding why the irradiated 

surface was easier to be polished with higher material remove rate.  
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Fig.3.33 (b) X-ray diffraction for laser-irradiated SiC surface 
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Fig.3.33 (a) X-ray diffraction for non-irradiated SiC surface 
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3.3.4 Investigation according to XPS analysis  

To understand the chemical characteristic of femtosecond laser-irradiated SiC 

substrate and the effect on CMP process, we carried out XPS (X-ray photoelectron 

spectroscopy) analysis. The principle of x-ray photoelectron spectroscopy is based 

on a single photon in/electron out process, as shown in Fig.3.34. When the photon 

of X-rays is absorbed by an atom in a molecule, ionization and the ejection of 

electrons are triggered. It is utilized for identifying component element in 

qualitative analysis and judging the element valence state as well as relative 

concentration in quantitative analysis, by detecting the Binding energy of ejected 

characteristic electrons. In addition, functional group structure of chemical 

compounds is also be identified by XPS analysis. For XPS analysis, the 

experimentally detected energies of the ejected photoelectrons are given by: Ek = 

hv-Eb-Φ. Where, Ek is the kinetic energy of emitted photoelectrons; Eb is binding 

energy; the monochromatic X-ray energy sources E=hv are often set as Al Kalpha 

(1486.6eV) or Mg Kalpha (1253.6eV); Φ is the work function of the spectrometer. 

Table 3.4 shows the detailed experimental conditions of this XPS analysis for SiC 

substrate.  
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Table 3.4 XPS measurement conditions 

Measurement apparatus ESCA-3400 

X-ray resource Mg (Emission:10 mA，Accel HT:10 kV) 

Etching Emission: 10 mA，Accel HT:2.0 kV 

Etching time(s) 0，5，10，30，30，60，60，60，120，120，120 

Sweep times 5 

Measured elements C 1s，O 1s,  Si 2p，Si 2s 

Substrate surface C-face (SiC) 
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Fig.3.34 Schematic diagram of XPS 
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3.3.4.1 Results of XPS analysis 

Fig.3.35 shows the results of depth direction XPS analysis carried out for 

non-irradiated SiC substrate and laser-irradiated SiC substrate, both of which were 

dipped in the alkaline slurry for 5mins and 60s respectively before analysis. It can be 

clearly seen from the comparison that the intensities of ejected photoelectrons from 

O 1s differed greatly, inferring that femtosecond laser irradiation played an 

important role for increasing the concentration of element O in the slurry. The 

reason was considered as: (1) the surface materials of laser-irradiated SiC substrate 

were assumed to react with the chemical substance of the slurry in alkaline 

atmosphere more easily. (2) laser-induced ripple structures led to a larger ratio 

surface which helped the chemical reaction in the slurry. In brief, the product of 

chemical reaction in the dipped surface promoted the polishing of CMP process. 
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Fig.3.35 XPS analysis in depth direction after dipping in slurry  

(a) Non-irradiated substrate and (b) Laser-irradiated substrate  
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3.4 Summery  

Changes of femtosecond laser-induced surface morphologies were investigated 

on the surface of as-lapped SiC C-face by scanning electron microscope (SEM). 

Periodical nanoscale parallel patterns were observed after femtosecond laser 

ablation. The formation mechanism of periodical ripples on femtosecond 

laser-induced SiC surface was reviewed. Secondly, CMP process was carried out 

for non-irradiated substrate, transversely irradiated substrate and the substrate of 

cross-scan irradiation model. The final surface morphology was measured by 

white-light interferometer and SEM. We found that better surface and higher 

material removal rate (MRR) of laser-irradiated substrate than that of 

non-irradiated substrate were realized in the experiment. The MRR of transverse 

irradiation model is 27 nm/min, which is about 3 times higher than that of 

non-irradiated substrate. The MRR of cross-scan irradiation model is 16nm/min, 

smaller than that of transverse irradiation model but have much better surface 

roughness. Reasonable combination of femtosecond laser parameters will be 

clearly found for higher polishing efficiency and higher surface planarization in the 

future studies. X-ray diffraction (XRD) and X-ray Photoelectron Spectroscopy 

(XPS) was further employed for illuminating the mechanism of femtosecond laser 

process of SiC. The poor crystallinity and being easily oxidized in colloidal SiO2 

slurry of the laser-induced ripple structures as well amorphous layer were 

considered to improved CMP process for SiC substrate.  
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CHAPTER 4 

FEMTOSECOND LASER PROCESSING FOR DIAMOND: FORMATION 

AND EVALUATION OF QUASI-RADICAL SITE 

4.1 Introduction  

Diamond, regarded as new substrate material for next generation power device 

substrate, is the hardest material on the earth. For the sake of energy conservation, 

studies and developments of power devices are being promoted actively. Studies 

relevant to crystal of single-crystal diamond growth, crystal defect evaluation, have 

already been carried out in several fields and perspectives. Due to the high Mohs 

hardness and chemical stability, the ultra-precision machining technique of how to 

polish the surface of substrate material diamond to gain mirror-like precision 

efficiently should be established as rapidly as possible. However, studies on 

ultra-precision machining of hard-to-polish materials are still untouched. 

Consequently, the study of how to polish semiconductor diamond to gain mirror-like 

precision efficiently is significant.  

Due to its outstanding characteristics, such as ultra-short pulse duration, high 

pulse repetition rate and high fluence, femtosecond laser is being used for various 

fields. In this experiment, as a pre-process, fs laser was utilized to irradiate the 

surface of single crystal diamond substrate, aiming to investigate the surface 

change for further CMP process.  

In pre-process, quasi-radical site was formed after using femtosecond laser 

irradiation on the surface of single-crystal diamond substrate. Quasi-radical site 

collectively defined as the change of nanostructure, formation of fine defects and 
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amorphous was expected to improve the CMP removal rate of diamond substrate. 

Raman spectral analysis and TEM (Transmission electron microscopy) observation 

were carried out to investigate laser-induced ultra-micro-defect on diamond single 

crystal substrate.  

4.2 Principle of Raman spectral analysis and TEM  

Phenomena such as reflection, refraction, absorption as well as scattering will be 

triggered when substance is illuminated by light, on account of the reaction of 

material and light. Scattered light which has the same frequency rate (νo ) with 

incident light is called Rayleigh scattering. The light with different frequency rate 

(νo ±ν) with the incident light by molecular vibration is called Raman scattering, as 

shown in Fig.4.1. Raman spectrum is usually detected by passing the scattered 

light in a spectroscope in which high monochromaticity laser is used as an 

excitation light source. Raman spectrum analysis is mainly applied in organic 

chemistry for qualitative and quantitative analysis, analyzing molecular structure, 

functional group and its content.  
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Incident laser hνo  

Raman scattering 

(Stokes) νo-νi 

Rayleigh scattering νo 

Raman scattering 

(Anti-Stokes)νo+νi 

Fig.4.1. Raman scattering and Rayleigh scattering  

Electron gun 

 Condenser lens 

 Condenser aperture 

Objective lens 

Objective aperture 

Select area aperture 

Intermediate lens 

Projector lens 

Screen 

Fig.4.2 Main constitutions of electronic optical system in TEM  
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Transmission Electron Microscope (TEM) is widely used for 

ultra-micro-structure observation at high resolution (0.1～ 0.2nm) by partly 

amplifying objective image at tens of thousands times ~ one million times. It 

usually consists of highly stabilized power supply system, vacuum pumping 

system, cooling water system, controlling system and operation system. The main 

constitutions of electronic optical system in TEM are shown in Fig.4.2. The 

focused electron beam was accelerated in electromagnetic lens system and 

projected onto extremely thin specimen. After the collision of electron with atom, 

the direction of electron will be changed, giving rise to stereo angle scattering 

which is related to the density and thickness of specimen. The transmitted electron 

beam will be finally focused and projected onto fluorescent screen, formatting an 

amplified image of an extraordinary tiny structure in the specimen. Crystallization 

defect of semiconductor structure, surface and distribution of micro grains of 

material science and biology science can be effectively observed and investigated 

by TEM.  
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4.3 Experiments 

The pulse duration of femtosecond (10
-15

s) laser is extremely short, less than 1 

picosecond. By focusing extremely short pulse beams, its peak intensity can reach 

from terawatt (10
12

) to petawatt (10
15

). Electron will be directly torn off from atom 

or molecule of the surface irradiated by the result of the electric field of extremely 

high intensity laser. The irradiation will be finished within extremely short time 

without thermal diffusion to the surround. To form quasi-radical site on the surface 

layer of diamond substrate is the pre-process of this study. TEM cross-section 

observation was carried out to verify whether crystal structure changes or not at 

lower output power than that can cause laser ablation in preliminary experiment. 

The output power was set as 1/5 of that can cause laser ablation. Diamond single 

crystal substrate (100) was irradiated by fs laser whose wave length is 1045nm. 

Raman spectral analysis was carried out to investigate the change of crystal.  

As shown in Fig.4.3, the reverse side of diamond substrate was firstly 

irradiated by femtosecond laser in air atmosphere, aiming to format four marks in 

four different areas respectively. These marks were used for easily distinguishing 

the laser-irradiated areas in the obverse side of diamond substrate, which was 

partly irradiated by femtosecond laser at output power of 747mW, 594mW, 

472mW, 375mW and 206mW, as shown in Fig.4.4. During laser scanning process, 

interval between adjacent trajectories called pitch here was set as 2 μm in the 

zigzag pattern shown in Fig.4.5.   
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b)  594mW a) 747mW 

c)  472mW d)  375mW 

Fig.4.4 Femtosecond laser-irradiated areas of the obverse side on Diamond  

substrate at different laser power 

Reversal 

Front side Back side 

Fig.4.3 Femtosecond laser-irradiated mark on the reverse side of Diamond substrate 
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4.4 Experimental results investigation  

The irradiated diamond substrate and its amplified images (×5) by confocal 

laser scanning microscopy are shown in Fig.4.6; four parts of its surface were 

respectively irradiated by fs laser at different output power of 747mW, 594mW, 

472mW, 375mW; the scanning speed was 10mm/s; the pulse duration was 10MHz. 

The surfaces irradiated at the output power 747mW and 594mW became wholly 

black, while the surfaces irradiated at the output power 472mW and 375mW are still 

transparent. The lower the output power was, the more tempered the surface was.  

 

 

 

  

Fig.4.5 Scanning pattern of femtosecond laser process and pitch width 

Pitch=2 μm 
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Fig.4.6. Diamond substrate irradiated by fs laser at different output power and the amplified images (×5) 

(a) (b) 

(c) (d) 
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4.4.1 SEM observation 

 

 

 

 

 

 

Fig.4.7 shows the diamond surface irradiated by femtosecond laser in one-line 

scanning at a repetition rate of 10MHz, output power of 359mW, and a scanning 

speed of 100mm/s. Nanoscale ripples as well as debris were found in the diamond 

surface after laser irradiation. Ripple structures induced by femtosecond laser in the 

surfaces of semiconductor materials ZnO, AlGaInP, Si, and InP. This kind of 

structures were attributed to laser fluence [1], pulse duration [2], wavelength, 

incidence angle, polarization of incident laser beam [3-5] and material thermal 

properties [2]. The sputtering debris was attributed to the micro-explosion induced 

by the instantaneous high temperature and high pressure during laser irradiation. 

From the different color showed in Fig.4.6, it is believed that higher output power 

of femtosecond laser can form more debris. 

4.4.2 Raman spectral analysis 

Laser Raman Spectral Analysis regarded as non-destructive inspection was 

1µm 

Fig.4.7 Laser-irradiated diamond substrate observed by SEM  
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carried out to analyze the substrate irradiated by fs laser. The detection depth of 

Raman spectrum detector is about 1μm; comparatively detailed information of 

substrate’s surface can be achieved. The analyzed result is shown in Fig.4.8. Raman 

shift 1332cm
-1

 is the inherent shift of diamond; it is usually used to confirm diamond 

structure. Raman shift 1580cm
-1

 indicates that the structure of amorphous was partly 

formed on the surface of diamond substrate. The yellow curve (375mW) and the 

green curve (472mW) indicate that the mixture of diamond and amorphous exits on 

the surface of diamond substrate. While the blue curve (594mW) and the black 

curve (747mW) show that the single crystal diamond was totally ablated as 

amorphous on the surface of diamond substrate. The weaker the output power was, 

the bigger the peak become.  

 

 

 

 

 

 

 

 

 

 

  
Fig.4.8 Raman spectrum of diamond substrate irradiated by femtosecond laser 
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4.4.3 TEM cross-section observation  

Transmission Electron Microscope (TEM) which can produce high-resolution 

and two-dimensional images is used in semiconductor analysis at a maximum 

resolution of 1nm. To evaluate the surface irradiated by fs laser, TEM survey was 

used to observe the cross-section of diamond substrate. Fig.4.9 shows the substrate 

irradiated in preliminary experiment. The blue line was marked by fs laser at 5 times 

as large as the output power of surrounding irradiated area, while other parts were 

irradiated at the output power which cannot cause laser abrasion. The cross-section 

of the marking line was observed by TEM, as shown in Fig.4.10.  

 

 

 

 

 

 

 

  

Fig.4.9 Femtosecond laser irradiation condition on diamond substrate 
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Fig.4.10 TEM cross-section of diamond substrate irradiated by fs laser 

Marking spot 

C deposition 

Diamond substrate 

Os coating 

A  B 

Fig.4.11 Enlarged part of A and B 

Os coating 

A  

Os coating 

B  

C 

(a) Around marking  

(b)  At marking  
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    Fig.4.10 shows the TEM cross-section images of diamond substrate. The black 

contrast layer on the surface is osmium layer, which was used for conductivity and 

protecting the surface. Fig.4.11（a）shows the TEM cross-section of area A irradiated 

at the output power which couldn’t cause laser abrasion. Fig.4.11 (b) shows the 

TEM cross-section of marking spot B. The while layer was the quasi-radical site 

formed by fs laser, while the thickness of which was about 10nm. 

Fig.4.13 High magnification TEM cross-section images of Area 1 and Area 2. 

Fig.4.12 Enlarged part of area C 

C 

(a) (b) 
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Fig.4.12 is the enlarged image of area C. Fig.4.13 (a) shows that amorphous 

state was formed on the surface of diamond (Area1), while Fig.4.13 (b) shows the 

regularly-structured atom array of the diamond substrate subsurface (Area2). That is 

to say, the layer under the surface was still not be affected by fs laser. From the 

difference of these two images, it can be concluded that quasi-radical site was 

formed only on the shallow surface by fs laser. Its thickness is about 10nm. 

 

 

 

 

  

(a)Near marking  
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4.5 Summary  

Single crystal diamond substrate was irradiated by femtosecond laser. 

Ultra-micro defects (quasi-radical site) were formed on the surface of diamond 

substrate. TEM and Raman spectral analysis were carried out to investigate the 

formation of quasi-radical site. According to TEM cross-section observation, the 

thickness of quasi-radical site is about 10nm. As diamond is the hardest material in 

the earth, it was quite difficult to process by high fluence femtosecond laser. 

However, since SiC substrate has hardness relatively lower than diamond, it was 

assumed that the quasi-radical site in SiC substrate was thicker than diamond after 

femtosecond laser irradiation, which is useful to explain why better surface was 

obtained on laser-irradiated SiC substrate after CMP process.  

Raman spectral analysis indicates that the crystal diamond structure was 

changed to be structure mixed (as shown in Fig.4.14) with amorphous and 

regularly-structured diamond after laser irradiation. Simultaneously, as the output 

power of fs laser increased, the peak indicating diamond crystal disappeared, 

inferring that no crystal component remained in the surface.  
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Femtosecond Laser 

Diamond substrate 

Fig.4.14 Model of femtosecond laser irradiation on diamond substrate surface 
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CHATER 5 

THE EFFECT OF FEMTOSECOND LASER INTERNAL PROCESSING ON 

SUBSTRATE MATERIALS 

5.1 Introduction 

In the previous chapters, we mainly introduced the surface processing of 

femtosecond laser on hard-to-process materials SiC and diamond as well as the 

effect of laser irradiation on CMP process. In this chapter, internal processing of 

femtosecond laser of power device substrate materials Si, sapphire, and SiC were 

introduced to investigating the defects of their cross sections.   

As a laser-based technique, the so-called stealth dicing process plays an 

important role during the manufacture process of semiconductor devices. In recent 

years, inner-absorption process was put forward. Comparing to the traditional 

blade-dicing and laser-ablation dicing, no surface damage as well as no necessity 

for cleaning are excellent advantages of stealth dicing. Additionally, high precision 

can be realized without heat affected zone by femtosecond laser. It makes a great 

significance to develop new dicing technique for hard-to-process materials. In this 

chapter, we mainly investigated the processing of stealth dicing for substrate 

materials Si, sapphire, and SiC.  
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5.2 Experimental  

5.2.1 Experimental methods  

①  Chips cut out from semiconductor wafers were put on the stage of 

femtosecond laser equipment, as shown in Fig.5.1 (a).  

② Focus the beam spot on substrate surface, as shown in Fig.5.1 (a). 

③ Move the XYZ stage upward; ensure that the beam spot was focused internal 

the substrate and was moved along the designed focus path shown in Fig.5.1 (b) to 

process the section of Fig.5.1 (a).  

④  Cut the substrate along the section and observed the section by CLSM 

(Confocal Laser Scanning Microscopy). 

⑤ Repeat the above steps ①～③ for another section processing.  
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(a) 加工面の選択 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

XYZ stage 

SiC wafer 

Focused laser beam 

Fig 5.1 (b) Internal processing for SiC substrate 

Laser focus path 

Laser beam 

Laser focus 

Objective lens 

Fig 5.1 (a) Internal processing for SiC substrate 
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5.2.2 Experimental conditions  

In this experiment, hard-to-process semiconductor material SiC was processed 

according the following conditions shown in Table 5.1. The beam spot was 

focused inner the substrate with a distance of respectively 200 µm, 225 µm, and 

250 µm. Other parameters are shown in Table 5.1.   

 

Table 5.1 Experimental conditions 

 A B C 

Wafer SiC 

Focus position  

before process 
200 µm 225 µm 250 µm 

Focus displacement 

for each path  
5 µm 

Total displacement 200 µm 

Scanning speed 100 mm/s 

Pulse energy 23 nJ/pulse 

Repetition rate 10 MHz 
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5.2.2.1 Experimental results  

Fig 5.2 shows the surface and cross section of SiC substrate after laser 

processing at the same experimental condition A. From Fig 5.2 (a), it can be seen 

that the inner rather than the surface of transparent SiC substrate was processed by 

fs laser. However, on the right side, the surface of the substrate was scorched black. 

It is considered that the inclination of the substrate on XYZ stage led to this 

phenomenon. Especially, it should be noted that an inner defect layer with a length 

of about 100µm was induced in the SiC substrate, as shown in Fig 5.2 (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) SiC surface (×20) 

SiC cross section (b) (×20) and (b) (×100) 

Fig 5.2 SiC wafer after laser process at condition A (CLSM) 

80 µm 

(b)  

(c)  
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Fig 5.3 shows the surface and cross section of SiC substrate after laser 

processing at the same experimental condition B. It can be seen that the surface 

was not scorched, but the inner of SiC substrate was processed. From Fig 5.3 (b), a 

defect layer with a length of about 30~65µm was fabricated by femtosecond laser.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) SiC surface (×20) 

 

80 µm 

SiC cross section (b) (×20) and (c) (×100) 

Fig 5.3 SiC wafer after laser process at condition B (CLSM) 

 

(b)  

 

(c)  
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Fig 5.4 shows the surface and cross section of SiC substrate after laser 

processing at the same experimental condition C. It can be seen that both the 

surface and the internal of SiC substrate were not processed by femtosecond laser.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) SiC surface (×20) 

 

(b) SiC cross section (×20) 

Fig 5.4 SiC wafer after laser process at condition C (CLSM) 
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5.2.2.2 Discussion   

Comparing Fig 5.2 (a) with Fig 5.3 (a), it is known that the inner defect induced 

by femtosecond of SiC is independent on the surface process. The defect was 

attributed to the focused laser beam spot in the substrate. Multiphoton absorption 

is responsible for this process phenomenon. During multiphoton absorption [1], 

many photons were absorbed simultaneously around focused beam spot, at which 

the photon density was extremely high. The laser-induced defect layer was 

observed with a length shorter than 100µm under the surface at the laser process 

conditions A, B, and C. As the transmissivity of laser reduced at an exponential 

relationship with the path length in the longitudinal direction, the attenuated laser 

energy can no induce more multiphoton absorption in longer path more than 

100µm.   
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5.2.3 Comparison of inner laser process for Si, Sapphire, and SiC 

5.2.3.1 Introduction  

In this part, the comparison of femtosecond laser internal processing for 

substrate materials Si, Sapphire, and SiC were implemented. The effect of laser 

pulse energy on laser-induced defect of SiC substrate was also investigated. The 

experimental conditions are shown in Table 5.2.   

 

Table 5.2 Experimental conditions 

 A B C D 

Wafer Si Sapphire SiC 

Focus position  

before laser process 
200 µm 200 µm 200 µm 250 µm 

Focus displacement 

for each path 
5 µm 

Total displacement 200 µm 

Scanning speed 100 mm/s 

Pulse energy 90 nJ/pulse 

Repetition rate 10 MHz 
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5.2.3.2 Experimental results  

Fig 5.5 shows the wafer surface and cross section of Si wafer after laser 

processing at condition A. Grooves in the substrate surface were fabricated, 

however no inner defect was observed in Si cross section.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) Si wafer surface (×100) 

 

(b) Si cross section (×100) 

Fig 5.5 Si wafer processed by laser at condition A (CLSM) 
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Fig 5.6 shows the surface and cross section of Sapphire substrate after laser 

processing at condition B. Both surface grooves and inner defects like that shown 

in Fig 5.6 were not fabricated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) Sapphire surface (×100) 

(b) Sapphire cross section (×100) 

Fig 5.6 Sapphire substrate processed by laser at condition B (CLSM) 
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Fig 5.7 shows the wafer surface and cross section of SiC substrate after laser 

processing at condition C. Grooves as well as inner defect were observed after 

laser process. Meanwhile, cracks along the depth direction of wafer were also 

fabricated with a longest depth of about 200µm, which was the same with the 

focus position below the surface shown in Table 5.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) SiC wafer surface (×100) 

(b) SiC cross section (×100) 
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(c) SiC cross section (×20) 

Fig 5.7 SiC wafer after laser processing at condition C (CLSM) 
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Fig 5.8 shows the wafer surface and cross section of SiC substrate after laser 

processing at condition D. Surface grooves were not fabricated by femtosecond 

laser. In contrast, inner defects were induced with a biggest depth of about 230µm.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) SiC wafer surface (×100) 

 

(b) SiC cross section (×100) 

Fig 5.8 SiC wafer processed by laser at condition D (CLSM) 
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5.2.3.3 Discussion   

From above results of Fig 5.5, it is known that the laser energy was absorbed by 

Si surface, leading to that no laser propagation inner the Si substrate.  

From the results comparison of Fig 5.7 and Fig 5.8, it is known that deeper 

defects were formed by laser at higher pulse energy. Cracks along depth direction 

were also observed. Additionally, it should be noted that inner processing was 

realized without any surface ablation in SiC substrate.  

The different processing results of femtosecond laser on Si, SiC, and Sapphire 

substrates reveal different types of inner absorption. This phenomenon is attributed 

to the different bandgaps of these materials. Bandgap wavelength (λb) 

corresponding to laser wavelength is widely used in semiconductor science. It 

plays an important role for laser propagation in semiconductor materials. The laser 

with a wavelength shorter than the bandgap wavelength is absorbed, leading to 

rare penetration into the semiconductor material. The following formula 5.1 [2] 

shows the relation between bandgap E [eV] and the wavelength λb. In the case of 

Si (E=1.12 eV), the bandgap wavelength (λb) is 1110nm, which is longer than the 

wavelength of this experimental laser beam (λ=1030nm). Consequently, the laser 

was absorbed by Si surface, resulting in no penetration into the inner.  

𝜆𝑏 =
1240

𝐸
                             (5.1) 

For SiC and Sapphire, the bandgaps are respectively 3.26 eV and 8 eV. The 

corresponding λb are 380nm and 155nm. Both of them are shorter than the laser 
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wavelength utilized in this experiment system, leading to the results that the laser 

was penetrated into the internal of substrates Sapphire and SiC. However, because 

the threshold of semiconductor sapphire was higher than the output energy of the 

laser in this experiment, multiphoton absorption was not induced in sapphire 

substrate.  
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5.2.4 Investigation of laser process-Slicing  

5.2.4.1 Introduction  

In this part, laser process for slicing was investigated for Si and SiC. The 

experimental conditions of laser processing are shown in Table 5.3. After laser 

processing, the substrates of Si and SiC were cut off by the same method for 

section observation.  

 

    Table 5.3 Experimental conditions 

 A B 

Wafer Si SiC 

Focus position 

before laser process 
200 µm 200 µm 

Focus displacement 

for each path 
5 µm 

Total displacement 200 µm 

Scanning speed 100 mm/s 

Pulse energy 80 nJ 

Repetition rate 10 MHz 
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5.2.4.2 Experimental results   

Fig 5.9 shows the surface and cross section of Si substrate after laser processing 

at experimental condition A. Laser-scorched black area can be clearly seen from 

the section shown in Fig 5.9 (b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) Si surface (×5) 

(b) Si cross section (×100) 

Fig 5.9 Si wafer after laser slicing process at condition A (CLSM) 
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Fig 5.10 shows the surface and cross section of SiC substrate after laser 

processing at experimental condition B. Laser-scorched black area can be clearly 

seen from the section shown in Fig 5.10 (b) and Fig 5.10 (c). Additionally, around 

the laser- scorched area, lots of defects were observed along the depth direction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) SiC surface (×5) 

(b) SiC surface (×20) 
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5.2.4.2 Discussions    

The observed black areas in the section were due to laser ablation. During laser 

ablation, the semiconductor materials SiC reacted with oxygen in the air. The 

material of the irradiated section was oxidized, leading to occurrence of SiO and C 

[3]. The wedge-like areas shown in Fig 5.10 (c) were attributed to the inner 

absorption of laser process. Around the focused laser beam spot, the material was 

evaporated due to multiphoton absorption, leading to extremely strong internal 

pressure which further destroyed the inner crystal of SiC substrate. Meanwhile, the 

cracked mentioned in Fig 5.6 were considered to be related to with the wedge-like 

areas. Moreover, it should be noted that the color of the wedge-like areas was 

different from the black oxidized area. This was attributed to that no oxidation 

occurred during laser ablation of this area.  

  

(c) SiC cross section (×100) 

Fig 5.10 SiC wafer after laser slicing process at condition A (CLSM) 
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5.3 Summery  

Internal absorption of femtosecond laser processing for different power device 

substrate materials was carried out. (1) The surface of Si substrate was ablated, 

with no laser-induced inner defect was observed. This was attributed to that the 

laser was absorbed by Si wafer which had a relative low bandgap of 1.12eV. (2) 

For SiC substrate, the surface was ablated at suitable experimental conditions; 

laser-induced inner defect was observed in the depth direction; wedge-like areas 

were observed along the diced section. Multiphoton absorption induced by 

femtosecond laser was responsible for these phenomena. (3) For sapphire substrate, 

both ablated surfaced and inner defect were not observed. The reason was 

considered that the present laser intensity was lower that the threshold of sapphire 

substrate.  
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CHAPTER 6 

CONCLUSION AND FUTURE WORKS 

 

6.1 Introduction  

This chapter summarizes the main highlights of this study focusing on 

femtosecond laser irradiation on hard-to-process materials diamond and SiC, and 

discussing the effect of laser irradiation on CMP process. 

 

6.2 Conclusion 

The evolution of surface morphology changes induced on SiC substrates by 

femtosecond laser according to different process parameters was elaborated. We 

discussed the formation mechanism of Laser induced periodic surface structures 

(LIPSS). The energy accumulation of different overlapped areas led to different 

surface morphologies. The polishing behaviors of laser-irradiated SiC (Si-face) 

surfaces were investigated. The oxidized areas were removed much faster in CMP 

process than non-irradiated areas and the areas irradiated but without oxidized 

parts. At near-threshold laser fluence, discontinuous laser-irradiated areas of SiC 

substrate were formed by inhomogeneous energy absorption due to incubation 

effect.  

By utilizing the results above, we carried out CMP process to investigate the 

effect of high fluence laser irradiation on SiC C-face. After polishing the substrates 

of Transverse model irradiation and Cross-scan model irradiation, we found that 
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the material remove rate (MRR) of transverse irradiation model was 27nm/min 

which was about 3 times higher than that of non-irradiated substrate. The MRR of 

cross-scan irradiation model is 16nm/min, smaller than that of transverse 

irradiation model but have much better surface roughness.  

Quasi-radical site with a thickness of approximately 10nm as well as 

laser-induced ripples were observed on diamond substrate after femtosecond laser 

irradiation. A structure mixed with amorphous and regularly-structured diamond 

was demonstrated by Raman spectral analysis.  

Finally, the author introduced the internal process of femtosecond laser for 

materials Si, sapphire substrate, and SiC. Different phenomena of internal 

absorption type process as well as the reasons were discussed.  

 

6.3 Future works 

◆  In future, the evolution of surface morphology changes induced by 

femtosecond laser on Diamond substrate will be investigated.  

◆ In chapter 2, the author elaborated the evolution of surface morphology 

changes induced by femtosecond laser on SiC substrates at series of laser 

processing parameters such as different scanning pitches, different scanning 

velocities and repetition rates as well as different fluences. In future, CMP process 

for the irradiated SiC substrates mentioned above will be carried out to investigate 

their polishing behaviors. 
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◆  Transmission Electron Microscope (TEM) observation will be 

implemented to investigate the cross section of the areas A’, B’ and C’ shown in 

chapter 2 Fig.2.17 in which no laser-ablated areas were observed.  

◆ As shown in Fig.6.1 of chapter 3 [Fig.3.10 (c)], oxidized areas of dendritic 

pattern were induced after femtosecond laser irradiation. The formation 

mechanism will be further studied in our future study. 

 

 

 

 

 

 

 

 

 

 

 

 

◆ The surface hardness of laser-irradiated hard-to-process materials Diamond, 

SiC, and sapphire will be investigated. The chemical reaction between 

laser-induced ripples in colloidal SiO2 slurry will be further studied.  

◆ The effect of laser processing parameters, such as pulse energy, repetition rate, 

scanning speed of focused beam spot as well the focus position, will be 

investigated for internal processing of hard-to-process materials Diamond, SiC, 

and Sapphire.  

  

Fig.6.1 Area B of laser-irradiated area A3’, Amplified image (×100), Before CMP process 

Irradiated zone 

Dendritic pattern 
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