
論文 / 著書情報
Article / Book Information

題目(和文) 短パルスレーザ時空間プロファイル変調技術の開発とレーザ微細除去
・積層加工プロセス高度化への応用

Title(English) Development of temporal and spatial laser beam shaper for
applications of advanced laser subtractive/additive processing

著者(和文) キム ビョンギ

Author(English) Byunggi Kim

出典(和文)  学位:博士(工学),
 学位授与機関:東京工業大学,
 報告番号:甲第10464号,
 授与年月日:2017年3月26日,
 学位の種別:課程博士,
 審査員:伏信 一慶,佐藤 勲,花村 克悟,齊藤 卓志,平田 敦

Citation(English)  Degree:Doctor (Engineering),
 Conferring organization: Tokyo Institute of Technology,
 Report number:甲第10464号,
 Conferred date:2017/3/26,
 Degree Type:Course doctor,
 Examiner:,,,,

学位種別(和文)  博士論文

Type(English)  Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)

http://t2r2.star.titech.ac.jp/


=������5BH
����� E/D�G<�
���+CI��@%�&
�	�J)���,;

6�&8!" '.28() ��F4

Tokyo Institute of Technology
Department of Mechanical and Control Engineering

Energy Phenomena Laboratory

0$3� �� �- �31

:&">A? 97�*��
�#2
KIM BYUNGGI



 i 

öÔ 
Ȏ̰ǯT>̝Ĭʻ>ĭʸC8;þJSʅ6NQ0œǊ;SͤŬ)0άƠʅǯɹ>ĭʸC

8;G8J0άG0Ϋŧ̨̇ʻ;HT;úɳ'Q0̰ǯ=ƿŒ>ʗȴ=̦ƦʿǊ;̝͍

)0ά 

�

�

�

  



 ii 

ʗȴ�

ʺ �ʸ� ˖̰�	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 ���

1.1 ��k;MPƴˍĊƊ��pn ................................................................... 2 
�	
 �	
 �� ƴˍĊƊ��pn;9#P��k=Āʅ	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 ���

�	
 �	
 �� ��k��nƓ=ͦǒ	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 ���

1.2 {~ʪ��n��kĊƊ��pn=ɵƵ ..................................................... 4 
�	
 �	
 �� ĊƊ=�`|o�8ĊƊ¥˵=ʐʃ	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 ���

�	
 �	
 �� ���l\Y��=Āʅ	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 �
�

�	
 �	
 �� W���l��ǋɊ=ͦǒ	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 ����

1.3 Ȏʟʲ=ʗʓ .............................................................................................. 10 
1.4 Ơʅǯɹ ..................................................................................................... 12 

 

ʺ �ʸ� ɕÎêŧˌţTʅ60Ǿʳ͹���l\Y���	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 ����

2.1 >*J; ..................................................................................................... 15 
�	
 �	
 �� ɕÎêŧˌţ=ÑĐĞɾ	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 ��	�

2.2 ɕÎêŧˌţ;9#Pˬɯŷɏ=ʐʃ8ĂƲ ............................................ 19 
�	
 �	
 �� ˬɯŷɏ;MP������VY�=ȶH	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 ��
�

�	
 �	
 �� x�W����ˉ;9#PȦ̜	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 ����

2.3 ɕÎêŧˌţ;MP{~ʪ��nl\Y��e ........................................ 34 
�	
 �	
 �� {~ʪ��n��k;MPɕÎ=ƁǑɺŘĕ	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 ��	�

�	
 �	
 �� {~ʪɮɬË˝Ř̯C=ƹʅ	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 ����

2.4 G8J ......................................................................................................... 42 
2.5 Ơʅǯɹ ..................................................................................................... 43 

�

��ʺ � ʸúɳ̰ǯ :  
1.! B. Kim, R. Inoue, H.D. Doan, and K. Fushinobu, “Pulse-shaping of nanosecond pulse laser by 

means of thermal lens effect”, Transactions of the JSME (in Japanese), Vol.80, No.815, 2014. 
2.! B. Kim, H.D. Doan, and K. Fushinobu, “Influence of natural convection on beam propagation in fluidic optical 

device”, International Journal of Heat and Mass Transfer, Vol. 90, 605-612, 2015. 
 

ʺ �ʸ� ��- ́˩={~ʪ��n��knd�Y��e=Ψƚĕ�	
 	
 	
 	
 	
 	
 	
 	
 	
 ����

3.1 >*J; ..................................................................................................... 45 
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1.1! =@����f�K_3>#! 

1.1.1!f�K_3>#!����=@��I� 
��k>ʐǻ'QS�NS,� 50 Ɩʭƚ)�ː͠)S6:6�ΫΨųƚ=ͦǒ'Q

0ɋ͵=êţTΑƒ;Ż':n�uy;ƀǊ�ʜ͹ʓ;ɰŸT�Px�Yn8)SĀʅ

×Þ>Αƒ;Ψ!Ϋ.=ƹʅǍ̇>ĊƊ�̛ɝûͭTªƶ;ƻ͙;ʐƂ)S�0άFigure 

1.1;��k��pn;ͺHPúɳɴǭ=ŘĕTʤH[1.1]ά“��kĊƊ”86̚˼> “�

�k�l|�e(Laser machining)”=ʘ̠T5OΫ��k;MPɢǛ�üǲʻ=ưȓ=�

�kƹʅǍ̇TǖHœĮ�Ś6ά)�)Ϋ%=M7:ȲȣĊƊ=¿Ȇ�NƘ˂Ņ=Ǎ̇

;ͤʅ'QP;4QSΫ��k��pn(laser process)8ʫ'QPM7;:3S�0ά%

=M7;Ϋ��k��pn>��k;MPȏǰĊƊ9M@÷ɾǍ̇=˕ʫ8:3S6Pά  

 

 

 
 

Figure 1.1 The number of worldwide publications per year that mention laser material processing in the 

tile or abstract with relevant developments noted [1.1] 
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ƴˍĊƊ��pn;SĀʅ'QP ˲ʓ:��k=n�uyjYo>ǭ µm�Nǭʒ

µm T5OΫ��o�]ut�eΫ�^y�qe��Xʻ=HT;ǿĢ'Q0ƴˍĊƊ

Ǎ̇;ȾDSĊƊû̘˧ΒT>ċPœĮ�Ś6ά)�)ΫŮɜśɁªTĊƊlnw�=

ȫ˃�ĩ˧TΫȸ9=œĮ�nd8�mny�̒N:60JƝɕ�ż:!ΫĊƊ͙ƚK

æQS6P0JΫŜ΁΍Ʉ�}�ia�nőȖʻΫjYo=ś�6x�Yn=ĊƊCƹ

ʅ'QP%8�Ś6άɵ;ĊƊ͙ƚ>��nɰŸĶɋǭ=ś�6êɟ�͸ʐ'QP;4

QSśƓ;͜Ƃ)S�S9OΫɮɬɖƚ�ɖ60Jj� mm_�s=ɖ6ĊƊ;Kı6

S6PάÔ8?Ϋʱ5#ĊƊ=œĮ>ưȓ=ƴˍĊƊǍ̇;ȾDS 104ÝÀ£8:3S

6P[1.2]ά 

��k��pn>z���eΫ�r�|�eʻ=ͿĠ��pn1#T>:!Ϋ��

k�sY�dy��YwX�e(Laser direct writing) [1.3]ΫȰ˨ʠĕ[1.4-5]Ϋ��n��

ḱ˩Ǉ͵(Pulsed laser deposition)ʻ=ʰƄĊƊCKƹʅĩ˧T5Pά�nd�nĊƊ�

ĩ˧:0JΫˬʇˬŉ:Ƨɷ=Ñ̐�Ďɺʓ;T�PάG0Ϋ�hʪ��\�yʪ��

kʻ=̓ʞ��n��kT̪͂'QPΑ˗Ƨêŧɼ̷Tʅ6P%8T͖ǻȏǰ=ðͩ

CʘǛĊƊTǵH%8Kĩ˧[1.6-7]T5Pά.=0JΫ͒ƖɌʗTɒ@S�S6Ṕ˩

Ŝ΁΍Ʉi��bl��x�YnʻΫ͖ ǻőȖ8ŚƄ=́˩�NȫǇ'QPx�Yn=

ĊƊ;ŷHPƹʅ×Þ�Αƒ;Ψ6άFigure 1.2;ŚƄ́˩x�Yn=Ñ̐;96S�

�k�ƹʅĩ˧:��pnTȪʌʓ;ʤHάőȖ=z���e�`uwX�e�Ń˩

Ǉ͵Ϋ�r�|�eΫ΍ȩ=ÑǇΫW|���eΫͦǒʓnd�Y��e(Selective 

scribing)GTΫEFHDS=��pnT��kTƹʅHP%8�ĩ˧T5P%8�û�

Pά.=0JΫ��bl���x�Yn=ĊƊ;>��kTʅ60Γǳʓ:����y

Z����(Roll to roll)��pnKĩ˧8:P8ˡ8NQPά 
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Figure 1.2 Schematic illustration of laser assisted processes for fabrication of thin film device 

on transparent/flexible substrate [1.3-5,8] 

 

 

 

 

 

 

 

1.1.2!=@�.<!`�«m 
��k��pn;9#Pb�����r>ɋ͵8��nƓT5Pά��k��pn>

êţ8ȏǰ=ʙ³ÑʅT̘ǻ)Ϋ.QTƹʅHPǍ̇T5P0JΫȏǰ=ĴĥɵƼ8ų

Ǜ;ͺØ)S6Pɋ͵8��nƓ=ͦǒ�NšGP8K̚8Pάɋ͵;M3Sȏǰ=ê

ĴĥiêĕŧĤƹ�ʎ:Pά ˲ʓ; UV>ȏǰ=Ĵĥ�ś�60JΫŻ'6��]�

nTKĊƊ�ĩ˧8:PάG0Ϋn�uyƬ>ɋ͵�Ż'6E9Ż'!:P0JΫIR

iĩ̕ê;ȾDSˈų:ĊƊ�ĩ˧8:Pά)�)Ϋêŧɓ͖͵'�Ż'60JΫĊƊ

͙ƚ�ċPʞǊ>5Pά ǴΫĩ̕êi IR >êŧɓ͖ɖ'�ś�!Ϋ��n50O;

ĊƊɖ'�ś�6��uy�5PάG0ΫŚêţĴĥʻ=Ĵĥ�`|o�Tʅ60Ψƚ

:ĊƊ;ƹʅT�P=TΫºƮĀʅ×Þ�Αƒ;Ψ68̚8PάKORUΫɖ6êŧɓ

͖ɖ'>ɱƩΕΚŏ(Heat affected zone; HAZ)ʻTƘ$PĞŃ8:OΫɋ͵�͵6E9�

�o�=ƩΕ�Ν˽;:P[1.9]ľΜKťŉHPά 
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��kê�ɰŸ'QSȏǰ�ĊƊ'QPGT=͠ʭ;46SȪʌʓ;̭ǻHPάG,Ϋ

Έê��k����ĊƊɴ;ɰŸ'QΫĊƊɴ=ɜƚ�£ǺHPάɱƊŧʓ:̖ɬ�N

H08�Ϋȏǰ=ͿĠ��pn>«;��nƓ�{~ʪ_�sÀ£=8�=ɱW���

l��(Thermal ablation)8�hʪ_�sÀ¤=8�=ΑɱW���l��(Cold ablation)

TûΟHP%8�T�Pά%=ûΟ=őɠ8:PǾ͹nf��>êţTʘǛĴĥHPˬ

ʇ΍ţ�NȡţY_�C=̈ʴ˘ĹǾ͹T5Pά̈ʴ˘ĹǾ͹>΍ţ-�^~�`u�

��e����r[1.10]�N̛ˀ'QΫͯ ƃ=œĮǭ�hʪʭƚ[1.11]8Œĵ'QS6Pά

̈ʴ˘ĹǾ͹MOKĖû͵6��nƓTǕ4��kê�ɴ̿;ɰŸ'Q0œĮΫ��n

Ĵĥª΍ţ8ȡţY_�>ƕ̉ɷǃ8̓�#NQΫİ*ɜƚŘĕTʤ)ɱʓW���l

��8:Pά ǴΫ̈ʴ˘ĹǾ͹MOKʞ6��nƓ=��kT>Ϋ΍ţɜƚ�ȡţY

_�ɜƚMOKĖûś�6Αƕ̉ɷǃ(2 ɜƚˉ)TːSΫ��k��n�ˎ¯)S�N

ȡţY_�=Ċɱ�šGPΑɱʓ͠ʭ8:Pά 

Figure 1.3 [1.12];��k��nƓ8���;ŷHPƹʅûͭ=Ȫʌʓ;G8J0Ô

TʤHάȬ4:ĊƊ� 102 J/cm2�N 104 J/cm2=��]�nΚŏT̆SQP%8�û�

Pάȏǰ=��kêĴĥ;MPɱ��n�=ʃǇǾ͹> ˲ʓ;ǭĖ�hʪ8'QS9

OΫ{~ʪ��n��k=œĮ>ɱ��o�=ƩΕ�Ʒɯʓ;ɼQPάŚ!=œĮΫ�

�o�=ʐʃ>̊Β=ͫĕid�ud=ʐʃ;4:�OΫ͕ ĂĐǨŸ>��n]}�c

�Tɔ̼)S)G7:9ƾƩΕTĢFHά�\�yʪ��kʻ=œĮ>ΫΑƒ;ʞ6Ǿ

͹;ê]}�c��Έª'QP=TΫŚêţĴĥʻ=Α˗Ƨêŧɼ̷�͂%OiH6ά

ŚêţĴĥT>ȏǰ=��zc�u�MOŻ'6êţ]}�c�TK��z͹Ĵĥ�

͂%OΫY�w�lwX=ś�6ͩû=H�ƀǊʓ;ĊƊ'QΫ͖ ǻȏǰʻ=ðͩĊƊ

;Kʅ6P%8�ĩ˧8:Pά'N;Ϋ¼±ͺǭMOś�:]}�c�T̊ΒTč͂H

P%8Kĩ˧8:OΫd���ɲʐTʅ6Sh��zW���l��;MPȏǰ=ͿĠ

Kĩ˧8:Pά%=œĮΫ{~ʪ��n��kʻ;MPɱW���l��8>ʎ:P�Ϋ

ȏǰ̊Β=΍Ί;MOW�����o��ƧǇ'QΫ̓ ʞ��nê=Ĵĥ;ƩΕHP%

8�ʝNQS6P[1.13]ά 
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Figure 1.3 Industrial applications of the short and ultra short pulsed lasers based on pulse width and laser 

intensity [1.12] 
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1.2! ),�.<!=@�K_3>#!��g 
%=M7;ΫȾɱĊƊ8Α˗ƧĴĥ�ĩ˧TΫɱƩΕΚŏʻ=Ż'60JĊƊ=̿i

ˈų'ΫƹʅǍ̇=ŚȬƼ=ΒTæQS6P̓ʞ��n��k�ȴ§¿��k��pn

=v��8)SɌʗ'QS6P%8�ɼɷT5PάFigure 1.4;̓ʞ��n��k͸ʐ

=ɉΓTʤHά1960 Ɩ¿Àͽ=ƻ͙:ʞ��nĕǍ̇=ʐƂ;È6Ϋ��nƓ>ǭ�

\�yʪÀ¤GTŻ'!:3S�0ά͒ Ɩ>Wyʪ��k=ƹʅKŒĵ'QS�S6Pά

)�)ΫêɟˬÎ=¥ũūƼihny>ȍ1;.=ʄȨʓ:ǿĢTŠ$P̒Ń8:3S

6Pά͒ƖΫz��'Q0�VY��TʐÚHP�\�yʪ��n��kʻΫǳ0:ê

ɟǍ̇�͸ʐ'QS�S9OΫ̓ʞ��n��k=ʄȨʓ:ǿĢ=0J=Đ��Ɏʐ;:3S

6P�ΫG1êɟ���=ʟʲ͸ʐȻ΃T5OΫ.QTʅ60ś̔Ȯ:ĊƊ>΋)!:3S6

Pά 

 

 

 

 

 

 

Figure 1.4 Development history of short-pulsed/ultrashort-pulsed lasers 
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Figure 1.5 Effects of ns pulses on the materials 
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ultrashort pulses, the absorption depth becomes greater than
the diffusion length leading to the localization of energy
within the depth and, consequently, causes direct vaporiza-
tion resulting in high precision. Thus, ultrashort-pulse laser
micromachining is an evolving technology with advantages
of lower threshold energy, reduced thermal damage to the
substrates, absence of plasma during interaction, high spatial
resolution, and less contamination. However, research has
also shown that it is more difficult to avoid laser-induced
stresses as well as thermal damage when machining with
ultrashort-pulsed lasers at higher pulse energies. Accord-
ingly, it becomes critical to machine the materials near the
threshold for ablation. While a “clean cut” can be achieved at
the threshold, the key for creating nanostructures with
ultrashort-pulsed lasers is the multiphoton absorption !MPA"
effect that leads to smaller absorption volume, enhanced en-
ergy coupling, and well-defined threshold !eliminates the sta-
tistical variations", which in turn generate precise nanoma-
chining in terms of accuracy and repeatability.

The commercially available fs and ps lasers exhibit low
pulse energies, on the order of 1–5 mJ. However, the pulse
repetition rates are 50–100 kHz for ps lasers compared to
1–10 kHz for fs lasers, suggesting the availability of higher
average powers and enhanced material removal rates in ps
lasers. Furthermore, ps lasers are less complex than fs lasers
due to the absence of chirped pulse amplification technology.
The processing time is reduced by several times while
achieving practically the same quality as in fs lasers. When
femtosecond pulses were used, strong deformation of the
material due to their higher intensity levels and nonlinear
interaction with the ambient gas !self-focusing of beam" in
the vicinity of workpiece material were noted. Experimental
investigations have further shown that laser pulses with pulse
durations of about 10 ps provide an optimum parameter
range to minimize thermal effects in metal machining.22

III. SUBDIFFRACTION LIMIT METHODS

The smallest feature resolution in laser-based manufac-
turing, dictated by the diffraction limit, is ! /2, where ! is the
wavelength of the laser. Based upon diffraction of light
through an aperture, the spot size of laser beam is given by

Spot size = M2!4!F/"" , !1"

where M2 is beam-quality factor and the F-number is the
ratio of focal length of lens to the beam diameter. However,
it is difficult to design a high-energy laser with M2=1. Most
of the flashlamp-pumped Nd:YAG lasers exhibit multimode
energy distribution with an M2#3, leading to spot sizes
much higher than 50 $m. Diode-pumping enables an im-
provement in the beam quality to low-order modes with
M2%2. Wavelength strongly affects laser-material interac-
tions through energy coupling, thermal damage, and spot
size; however, harmonic generation in small-wavelength la-
sers reduces the pulse energy to low levels, which makes
them industrially unviable. Finally, there is a limit to which
the solid lens !F-number#1" can be controlled due to
spherical aberration.

When the shortest-wavelength F2 excimer laser
!157 nm" is used, it is possible to achieve features on the
order of 80 nm. However, it is extremely difficult to focus
the multimode excimer beam to the diffraction limit. To fur-
ther reduce the feature size, the expensive extreme UV
!13 nm" and x-ray lithography !4 nm" methods are being
used.23 Alternatively, there has been great excitement about
long-wavelength laser methods to overcome the diffraction
limit for nanoscale device fabrication.

A. Multiphoton absorption methods

There exist several subdiffraction limit !SDL" optical
approaches, which are mostly serial in nature. The first is the
exploitation of multiphoton absorption !MPA" phenomenon

FIG. 2. Effects of ns pulses !left" and fs pulses !right" on the material #Source: Clark-MXR, Inc., MI$.

171J. Laser Appl., Vol. 20, No. 3, August 2008 Ali et al.
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Figure 1.6 Schematic illustration of comparison between Gaussian beam and top-hat beam process 
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̤ǰ>ù��o=ä�THP%8;:PάȦúê8č͂êTİ͋;ɰŸHP%8TΫȦ

úêʳ͹ƤƚûƏ=Ř̯�ĩ˧8:Pά��b�e�xXnr�n=̯Ǯič͂êƤƚ

=Ř̯ʻΫ˄ Ě:ǥÑT̆7%8;MO��uy���iʁɷ���;ʳ͹ƤƚûƏT

Ř̯HP%8�ĩ˧8:Pά%=8�ΫDoanN[2.13]> Durnin [2.15]=ŭΤ;ʛʗ)Ϋ

%=ʁɷ���Tø��oTĥȑ'-S�up����TƧǇ)0ά 

 

 
 

Figure 2.1 Principle of fluidic optical device. Left: without pump laser, right: with pump laser. Local 

density field at the vicinity of optical axis make liquid sample work as defocusing lens. 

 

%%TΫč͂êT��n��k;HP8̤ǰð=ƁǑɺ>Αƒ;Ǿ͹ʓ;Řĕ)Ϋ͠

ɛ��oĎș�Ơ�͂%'QPάĚˋ;ɜƚŘĕ;MP˗˪ƣ=HTˡǄHPœĮΫ�

�n��k=Ĵĥ8È3Sɜƚ�£Ǻ)ΫƁǑɺŘĕK��nǕ˔Ǿ͹8E8U9İǾ

;ʷO£�P%8;:Pά)�)Ϋ{~ʪ��nTʅ6PœĮΫê͋¾͒=ƻ͙:ųƚ

Řĕ;MOųƚɋ�ʐʃHP%8;:OΫ̠ ˪ƣ=H�ųƚŘĕ;ƩΕTĢFHœĮ;

Ⱦ͌)Sƻƈ:ƁǑɺŘĕ�ʃ*P%8;:P[2.8-10]ά˽ˢ8˽ˢ=ʟʲe���T

>Ϋ%=͠ɛʓ:ƁǑɺŘĕ={~ʪ��nǾ͹���VY�Ř̯;ƹʅ)0[2.14]ά 

%=M7;ΫɕÎêŧˌţ>��bl��:���l\Y��8)S=Āʅ×Þ�Α

ƒ;Ψ!Ϋ��kƴˍĊƊC=ƹʅKȋƭ'QS6Pά Ô8)SΫǈ4=ʟʲe��

�T> CW č͂ɕÎêŧˌţTʃǇ'QP{~ʪ��n�up����TŜ΁ê�}

�ʅ TCO ́˩=nd�Y��eĊƊ;ʅ6Ϋ��nyƼ=Ψ6ĊƊˉ=ȫǇ;Ǉĉ)

0[2.16]ά 
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)�)ΫɕÎêŧˌţTʰȩʓ;ɎʅHP0J;>ȍ1;ǭ5P̮Μ�ťŉHPάȎ

ʸT>Ϋ%=M7:˦Ȁ;͆G8SΫɕÎêŧˌţ=č͂ê8)S CW��k8{~ʪ

��n��kTʅ6PɕÎêŧˌţ=͸ʐ;ı#SΫÀ¤=M7:Ȧ̜T̆30ά 

CW ��kč͂ɕÎêŧˌţ=¿̊ʓ:̮Μ8)SǗ$NQP%8�ˬɯŷɏ=ʐ

ʃT5PάFigure 2.2;ˬɯŷɏ=ʐʃ8.=ƩΕTħ#0������VY�= Ô

TʤHάč͂��k=Ĵĥ8ɕÎj���=Ċɱ�ƀǊʓ;̆SQP0JΫś�:ɜƚ

Ĕͪ�ʃ*S)G7ά.=0JΫˬɯŷɏ�ʐʃ)Ϋɜƚœ�ȶUT)G70JȦúê

=������VY�Kê͋ĶO=ŷʫƼTŝ7%8;:Pά%=M7;ˬɯŷɏ>ɕ

Îêŧˌţ;MP���l\Y��e;ͼů̒Ń8:PάAkhmanovN[2.17]�þJSĚ

 ��k���Tʅ6SɕÎT͖͠)0Ʈ=���=ˬƍŘ̯ǗĐ;46SŒĵ)0

ÀȓΫˬ ɯŷɏ=͠ɛʓ:ʐʃ;ͺHPŭΤ�ɾ̰ʓ:Ȧ̜�Ś!=ʟʲˢ;MŎS

QS�0[2.18-20]άȇ͒;>ΫKarimzadeh [2.20];MO��k���=͠ɛʓ:ˬƍË

ʙŘ̯;ͺHPɾ̰ʓ:W���t�ǜȢ'Q0άKarimzadeh >��}�-b���u

�łǑʰûTʅ6SΫĴĥØǭ=Ż'6ɕÎ̤ǰC= CW��k���=ÇǢ8���

���VY�Ř̯T̛ˀ)0ά)�)Ϋ��k���=ÇǢ;46SǭÞ̘ȗTʅ6S

̛ˀ)0ğų:Ȧ̜Ô>ȸ9:6ά%%TȎʟʲT>Ϋ���ÇǢɊTʅ6Sˬɯŷɏ

œC=���=ÇǢTl����l��)Ϋˬ ɯŷɏ�������VY�=Ř̯;Ģ

FHƩΕT̢×)0ά 

G0Ϋ{~ʪ��n��kč͂ɕÎêŧˌţ=œĮ>G1ƴˍĊƊC=ƹʅ;>˭N

,Ϋ.=ƹʅ ;46S'N:PȦ̜�Ʒ̒8:3S6Pά%%TΫȎʟʲT>Ǿ͹�

��VY�TŘ̯)0{~ʪ��n���Tò@ΈêHP%8TΫ{~ʪ_�s;9#

PɮɬĂƲ�ĩ˧T5P%8Tʤ)ΫƴˍĊƊª=��bl��:ɮɬĂƲˌţ8)S

=ƹʅĩ˧Ƽ;46S͓DPά 
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Figure 2.2 Onset of natural convection in fluidic optical device and distortion of the laser beam profile. 

Local heating by laser lead to onset of natural convection. As liquid with high temperature, which has 

smaller refractive index, flows inverse to gravitational direction, laser beam is refracted to the direction of 

gravitational direction. Therefore, beam intensity of lower semicircle becomes stronger so that axial 

symmetry of the round beam is lost. 
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2.2! }DGY�X������\|���
Je 
a) ɱ��olnw� 

ɱ��oĎșTʅ6PêŧˉT>č͂ê8Ȧúê8)Sʎ:P���Tʅ6Ϋêŧˉ

;ț͉ƼT¦8Ȧúê=ÚĬTś�!HP%8� ˲ʓT5PάCW��kč͂ɱ��

olnw�T>ΫƁǑɺŘĕ>ɜƚœ;Ƥ!ÖťHPά ˲ʓ;ɕÎ≯= dn/dTTǕ

40J[2.8]ΫȦúê>Ƥ6ûǫTːΤHPάFigure 2.3 ;ȎˁTʅ6NQ0ɱ��ol

nw�=ȪʌņTʤHάdn/dT �ś�!ΫȽƼ=:6]r~��TɕÎŢ̿8)Ϋč͂

êɋ͵(488 nm)TĴĥHP˶ˌTɢ̘'-0ɢɕTʅ60ά˶ ˌ> Sunset-Yellow866Ϋ

.=Ĵĥn�dy�T Figure 2.4;ʤHά%=ɢɕTΨ͋Ǵı;ĝ' L=a�nb��

uy;Ɍì)j���8)Sʅ60άͬ ĈǴı;ś�:ɜƚûƏTǕ0-P0J;Ϋ�

��>ŊΒ;ŷ)Sƕ̆;ɰŸ'Q0ά 

 

 
 

Figure 2.3 Schematic illustration of the dual beam thermal lens system: Natural convection in the cuvette 

leads to asymmetry of the transmitted beam profiles. It depends significantly on optical parameters of the 

system. 

 

 

 

Figure 2.4 Absorption spectra of Sunset-yellow. It has strong absorption on wavelength of the pump beam 

488 nm in the present context. 
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b) ˬɯŷɏ=ʐ͡8���=ÇǢ 

- ˬɯŷɏ=ʐ͡ 

CW ��kĴĥ;MPɜƚ£Ǻ>S,�ǭf���T5P0JΫ�l}(Boussinesq)

͒É�Ó8Pά24=a�nŖTŅGQ0̛ˀΚŏT Figure 2.5;ʤHά3ȴçʘ·ƛȭ

ˉTʅ6ΫzǴıTê͋Ǵı;ΫyǴıTͬĈǴı;)0άx-yƕΒ£=̛ˀΚŏ> 5 mm 

× 5 mm=Ł̗Ƨ;)Ϋ��k����.=ªƶT͘PM7;)0(ŭΆ=j���= x-y

ƕΒ£jYoβ24 mm × 30 mm)άa�n=ĝ'> 1.5 mmT5OΫ ̛ˀΚŏ=ê͋Ǵı

=͵'> 4 mmT530άǦͪǴʭƟTÀ¤;G8JPβ 

 

                              (2.1) 

 

                  (2.2) 

 

                       (2.3) 

 

Ɵ(2.1-3)>.Q/Q͛˔=ƟΫ͟ ĐͮÙťĄΫ]}�c�Ùť=ƟT̊)ΫvΫρΫp, ηΫ

βΫT0, g, cp, k>.Q/Qɏ͙�dy�ΫųƚΫňĈΫˇƚΫ˗˪ƣØǭΫþȋɜƚ(Ķ

ŅɁÎɜƚ)ΫͬĈĊ͙ƚΫȾɱΫɱÇźɺTʤHάa[lW�ʳ͹ƤƚûƏTǕ4 CW

��k=Ċɱ;MPĊɱΘ S >����y����(Lambert-Beer)=ɊĄTʅ6SÀ¤

=ƟT̊H%8�T�Pβ 
 

                     (2.4) 

 
%%T α, P0, w0>.Q/QĴĥØǭΫ���=���Ϋ���=ėƬTʤHάŭΆ;

>��k����Έê'QS6P0JΫ���ėƬ8ƤƚûƏ>b��uy=ðͩTŘ

ĕHPά)�)Ϋȴ=M7:ɾʇT%=M7:ê͋Ǵı=Řĕ>ˡǄ):�30ά 

•! ɮɬɖƚ(116 mm);ȾDj���ĝ'�Ż'!(L = 1 mm)Ϋb��uy=ª=�

��ėƬ=Řĕ�ɭ̕T�Pά 

∇⋅ v = 0

ρ(v ⋅∇)v = −∇p+η∇2v− ρβ(T −T0 )g

ρcp (v ⋅∇)T = k∇
2T + S

S =α exp(−αz)×
2P0
πw0

2
exp −2 (x

2 + y2 )
w0
2

#

$
%
%

&

'
(
(
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•! j���=ĴĥØǭ(α = 1.65 cm-1)8č͂ê=���(P0 = 2.0-14.0 mW)�Ż'6

0JΫb��uyðͩ=������VY�Řĕ>ɭ̕T�Pά 

G0ΫɕÎªÀř=ΚŏT>ĴĥØǭ> 08)0ά  

 

� � �  
 

                     (a)                                     (b) 
 

Figure 2.5 Calculation region and boundary conditions: (a) x-y plane: x-y region was selected as 5 mm × 5 

mm size around the beam at the center. Temperature boundary condition was set on cut cross sections. (b) 

y-z plane: Glass walls were considered as no-slip wall. Natural convection boundary condition was 

considered at the interface between the cuvette and ambient air.  

 

� a�nŖ> no-slipŖ8)ΫĶŅɁÎ8=͹;>ɱÇ͡Øǭ 5 W/m2=ˬɯŷɏŔʊT

̞ū)0άG0ΫFigure 2.5(a);ʤHM7;Ϋ����NΊQ0 x8 yǴı͢Ǵ=Ŕʊ>

ĶŅɁÎɜƚ8İȬ:ɜƚŔʊ(T = T0)8̞ū)0ά���Ƭ(380 µm);ŷ)S̛ˀΚŏ

�Ėûś��300JΫɜƚŔʊTʅ6P%8T̛ˀ=��^���n�ı£HPάƟ

(2.1-4)>Ǝ̹= ANSYS 15.0 Fluent Tʅ6S̛ˀ)0ά%%TΫƟ(2.4)=ĊɱΘ> udf

Tʅ6Sū˟)0άɕÎj���=ɴƼ> Table 2.1;ʤH]r~��=ɴƼTʅ60ά 
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Table 2.1 Thermal properties of the ethanol at 300K [2.21] 

Parameter Unit Value 
Refractive index of the ethanol  1.36 
Refractive index change, dn/dT  × 10-4 K-1 3.6 [2.8] 
Density, ρ kg/m3 783.5 
Viscosity, η mPa•s 1.045 
Coefficient of thermal expansion, β mK-1 1.073 
Specific heat, cp kJ/(kg•K) 2.451 
Thermal conductivity, k mW/(m•K) 166 

 

� ��k����ͬĈǴı8ƕ̆:Ǵı;Ϋĝ'=Ż'6b��uy;ɰŸ'QPœĮ

>ΫͬĈǴı=ɜƚĔͪ�Ż'!:OɑĈ=ƩΕ�ɭ̕T�Pά)0�3SΫɜƚûƏ

=̛ˀ;96SΫƟ(2.2)=ī͐=ʺ 2Θ�Ʒ̒:!:PάɏÎ=ɏQˬÎ�ťŉ):6

œĮ>Ɵ(2.3)=]}�c�ÙťĄ=HTɜƚûƏ�ɃJNQP%8;:Pά 

 

- ƁǑɺœ 

ūƒɷǃ;9#PɕÎ=ƁǑɺûƏ>ɜƚûƏ;Ƥ!ÖťHPάɜƚ8ƁǑɺ=ͺØ

T>À¤=˄Ě:Ɵ;MO̊'QPβ 

 

                            
(2.5) 

 

ɜƚœ>Ɵ(2.1-4)T̘!%8;MOƱNQΫdn/dT >ɴƼ8)SɅGP=TƁǑɺûƏ

>˄Ě;ɃJNQPά 

 

- ���ÇǢɊ 

� (1.1)_�s=�x(Padé)͒ÉTʅ60ǭÞʓ:̘ɊTʅ6S΍œ=ÇǢT̘!ά�x

͒ÉTʅ60���ÇǢɊTʅ6P8Ϋ3ȴçʘ·ƛȭˉ;S���=Ƥ6Έȑ8ʐǫ

T̛ˀHP%8�ĩ˧TΫ͒É=_�s�ś�!:PE9.=̬ƌ>Ż'!:P

[2.22-23]ά%=ǭÞ̛ˀ;ʅ6NQPǴʭƟ=źú>ÇǢHP���=΍œ=ŘĕT̊

HÀ¤=�dy�ɋĐǴʭƟ�NšGPβ 

 

                        
(2.6) 

 

 

n = n0 +ΔT
dn
dT

∇2E(x, y,t)− 1
c2
E(x, y,t) = 0
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%%TΫE >΍œΫc>ʚʳT=ê͙T5Pά�dy�œ=ǗĐ�n`��ͮ8)S̊

ɼT�P8ÁūHP8Ϋ΍œTn`��œ8)SÀ¤=M7;̊ɼT�P N[21]β 

 

                  (2.7) 

 

%%TΫ Ϋω>.Q/QĚË�dy�Ϋ̗ ǘĐǭT5PάƕΒɋT5P8ÁūHP8Ϋ

Ûȵ΍œ ε>Ȅ;˄Ě;ȅ!%8�ĩ˧T5Pβ 

 

                     (2.8) 

 

%%TΫj, k0, n0>.Q/Q̃ǭĚËΫʚʳT=ɋǭΫġɰƁǑɺT5PάƟ(2.7)8Ɵ(2.8)

TƟ(2.6);¿ìHP8Ǿ͹;Öť):6n`��ɋĐǴʭƟ�ƱNQPβ 

 

              
(2.9) 

 

%%TΫzǴı=΍œ=Řĕ�ś�!:68HP Slowly varying envelope approximation

Tʅ6ΫzǴı=ή΃ƴûTɭ̕HP8β 

 

  � � � � � �   
(2.10) 

 

8:Pά%=ɋĐǴʭƟT(1.1)_�s=�x͒ÉTǵH8òƑƧƟ;ȅ�ʘ'QPβ 

 

                    
(2.11) 

 

%%T 

 

E(x, y,t) = îε(x, y)exp(− jωt)

î

ε(x, y, z) =Ψ(x, y, z)exp(− jk0n0z)

−
∂2Ψ

∂z2
+ 2 jk0n0

∂Ψ
∂z

=
∂2Ψ

∂x2
+
∂2Ψ

∂y2
+ k0

2[n2 (x, y, z)− n0
2 ]Ψ

−
∂2Ψ

∂z2
+ 2 jk0n0

∂Ψ
∂z

=
∂2Ψ

∂x2
+
∂2Ψ

∂y2
+ k0

2[n2 (x, y, z)− n0
2 ]Ψ

∂Ψ
∂z

= −

jP̂
2k0n0

1+ P̂
4k0

2n0
2

Ψ
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                    (2.12)  

 

T5Pάz͋ǴıTǾ͹͋8H:)Ϋd��d�|h�q�ɊTʅ6SƌûĕT̆78Ϋ

Ɵ(2.10)>À¤=˗Ƨ´̗:ǴʭƟ;ŘƧ'QPά 

 

       δ(−)[Ψ ix−1,iy
iz +Ψ ix+1,iy

iz +Ψ ix ,iy−1
iz +Ψ ix ,iy+1

iz ]+[γδ(−)+ 4k0
2n0
2ΔxΔy]Ψ ix ,iy

iz   

=δ(+)[Ψ ix−1,iy
iz+1 +Ψ ix+1,iy

iz+1 +Ψ ix ,iy−1
iz+1 +Ψ ix ,iy+1

iz+1 ]+[γδ(+)+ 4k0
2n0
2ΔxΔy]Ψ ix ,iy

iz+1          (2.13) 

 

%%T 
 

                          (2.14) 

 

                      (2.15) 

 

T5Pά ˗Ƨ´̗̆ýǴʭƟTʅ6SƟ(2.13)T̘!%8;MO΍œ�ɃJNQPά�

��=Y�w�lwX>΍œ�NÀ¤=ƟMOɃJNQPά 

 

! =
#$%&
'
Ψ'                            (2.16) 

 

c) ŭΤ̌˝Ģ@ǋɊ 

 Figure 2.6;ŭΤˉ=ȪʌņTʤHάa)T͓D0ɱ��olnw�T��n;)0ά%

%T>ΫFigure 2.3Tʤ)0M7;č͂ê8ȦúêTû#,; 4=��k���=ˬ

ƍ���VY�Ř̯T̯D0άɋ͵ 488 nm=W�i�Y_���k8]r~��-˶ˌ

(Sunset-yellow)ɢɕ�ʅ6NQ0άFigure 2.6;ʤHl�e����ŭΤˉT>Ϋ���

=���= ͩ�j���;Ĵĥ'QΫ͖ ͠HP����.=ɱ��oĎșTːΤHP

%8;:Pάø��o=ɮɬɖƚ> 240 mmT5OΫɮɬ;9#P���Ƭ> 190 µm

T530άb��uy=ªƶ8���=ɮɬ� ˮHPM7;̯Ǯ)0άɕÎj���

P̂ = ∂2

∂x2
+
∂2

∂y2
+ k0

2[n2 (x, y, z)− n0
2 ]

#

$
%

&

'
(

δ(∓) =1∓ jk0n0Δz

γ = k0
2ΔxΔy[n2 (x, y, z)− n0

2 ]− 4
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=ðͩT����Έê'QS6P0JΫƻƈ:ɜƚûƏ�ƱNQΫ͖ ͠���=���

VY�> Figure 2.6(b)TʤHM7;a[lW��NW|���;Ř̯'QPάŘ̯'Q

0������VY�T CCD������VY��T̛ɝ)ΫPCTY�w�lwXû

ƏTūͮĕHPάč͂ê=���>ĩŘ ND�X�r�Tʅ6S 2.0 mW�N 14.0 mW

GTŘĕ'-0άɜƚ£Ǻ>S,�ǭf���8Ż'60JΫɇΥi˾ʐ>ˡǄ'Q:

�30άŭΤȒÂT Table 2.2 ;G8JPάHDS=ŭΤ>śɁªŮɜT̆SQΫūƒ

ɷǃ;96S̛ɝT̆30ά 

 

 
(a) 

 

 

(b) 

 
Figure 2.6 Schematic illustration of the single beam thermal lens system. (a) Experimental apparatus, (b) 

Configuration of the single beam fluidic optical device. Thermal self-action of the single cw beam was 

investigated.  
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Table 2.2 Experimental conditions 

Parameter Unit Value 
Wavelength, λe nm 488 
Original beam radius, r0 mm 0.4 
Pump beam power, P0 mW 2.0 ~ 14.0 
Beam quality factor, M2 - < 1.02 
Cuvette thickness, L mm 1 
Absorption coefficient of the liquid sample, α cm-1 1.65 
Focal length of the lens, f mm 240 

 

 

2.2.1!��\|���/@63>1��<�z� 
� Figure 2.7;b��uy�N 70 mmÇǢ)0���= y͋£=Y�w�lwXûƏT

ʤHάˬ ɯŷɏ�ʐʃ)0œĮΫŭΤˑș8l����l��ˑș>˵6 ˮTʤH%

8�û�Pά���>ªƶͩ�ù��oĎșTːΤ)Ϋή4=ś�:��dTǕ4%8

�û�Pά)�)Ϋˬ ɯŷɏ=Ǵı;MOΫͬ ĈǴı=��d�MOś�!:3S9OΫ

�Q6:W|������>ƱNQ:�30ά���=����:Q?:PE9Ϋ%=

M7:���=ȶH>Ν˽;:30ά 

ŭΤ8l����l��=̬ƌ;ͺ)S>ΫÀ¤=M7:ĞŃ�ˡ8NQPά 

I.! ˶ˌɢɕT5P=;ɢŢ=]r~��=ɴƼTʅ60%8 

II.! ɱ��oĎș;MPb��uyðͩ=������VY�Řĕ 

III.! �x͒É=Ì6_�s 

182>j���=˶ˌɪƚ�Αƒ;́6%8�NǚͿT�P8HP8Ϋ3�ȇKś�

:ƩΕTĢF)S6P8ˡ8NQPάMOɪƚ=Ψ6j���Tʅ60OΫ���=�

��TƤ!HPœĮ>Ϋɩ)6ƁǑɺûƏTːΤHP%8;:P=TΫ�x͒É=_�

sTś�!HPƷ̒�5P8ˡ8NQPάG0ΫŭΤ;96S���Ƭ>b��uy=

úĨ;Sn�uyƬMO 3%ʭƚś��30άǭÞ̛ˀT>���Ƭ�Řĕ):68)

00JΫ����Ƥ!:Q?:PE9̬ƌ�ś�!:PĞŃ8:308ˡ8NQPά 
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                      (a)                                   �      (b) 

         

                      (c)                                          (d) 

 
Figure 2.7 Shaped intensity distribution. (a) P0 = 2.0 mW, (b) P0 = 4.7 mW, (c) P0 = 9.3 mW, (d) P0 = 

14.0 mW. Experimental results with natural convection (cross mark), and calculated results with and 

without natural convection (solid line and dotted line, respectively) are indicated in each figure. The 

numerical model well represents modulation and distortion of the beam affected by natural convection. 
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Figure 2.8 Size of the refractive index gradient and the beam intensity in the cuvette: P0 = 14.0 mW. 

Dotted line and dashed line indicate size of the refractive index gradient with and without natural 

convection respectively. Solid line indicates the beam intensity profile. Figure well demonstrates the 

influence of the convective flow in terms of the refractive index field that propagating beam experiences. 
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     (a) 

 

 

   (b) 

 

Figure 2.9 Asymmetry of the beam along propagating direction. (a) variation of I(+)/I(−), (b) variation of 

I(0)/I(+). Dashed, and dotted lines indicate calculation data of P0 = 9.3 mW, and P0 = 14.0 mW 

respectively. Experimental data of the indicated cases are represented as cross mark, and circle. These 

parameters can be used for the evaluation of the annular-like beam shaped by fluidic optical device. 
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Table 2.3 Calculation conditions 

Parameter Unit Value 
Wavelength of probe beam, λp nm 1064 
Original probe beam radius, R0 mm 1.0 
Pump beam power, P0 mW 9.3 
Beam quality factor, M2  1.00 
Focal length of the lens 2, f mm 240 
z position of the lens 2 mm -60, -30, 0, 30, 60 

 

Table 2.4 Variable parameters 

z position of the 
lens 2 [mm] 

Probe beam radius in the 
cuvette [µm] 

Pump radius in the 
cuvette, w0 [µm] 

-60 263 

95 
-30 149 
0 81 

30 149 
60 263 
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Figure 2.10 Shaped intensity distribution: Gray solid line, dashed line, black dashed line, dotted line, and 

solid line indicate the beam profile when z position of the lens 2 is 60 mm, 30 mm, 0 mm, -30 mm, and 

-60 mm respectively. The shaped beam profile depends heavily on radius and phase of the probe beam in 

the cuvette. 
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Table 2.5 Variation of I(+)/I(−) and I(0)/I(+) associated with shift of optical axis 

Shift [µm] I(+)/I(−) I(0)/I(+) 
0 

(Single/pump beam) 0.70 0.79 

0 0.72 0.17 
5 0.77 0.16 

10 0.84 0.16 
15 0.90 0.15 
20 0.97 0.15 
25 1.05 0.15 

 

 

 
     (d) 

 

Figure 2.11 Shaped beam profiles associated with shift of optical axis: (a) ~ (c) show cross sectional 

profile of the beams after 30 mm of the cuvette. (a) Single beam system (pump beam in the dual beam 

experiment), (b) Dual beam system without shift of optical axis, (c) Dual beam system with 20 µm shift 

of optical axis. (d) Intensity distribution of the beams (a) ~ (c) on y axis. Dashed line, dotted line, and 

solid line indicate the intensity distribution of (a) ~ (c) in order. Well-shaped annular beam with symmetry 

can be obtained by adjusting optical axis. 
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Figure 2.12 Schematic illustration of closed-aperture time-resolved measurement setup for nanosecond 

pulse-shaping using fluidic optical device. ns pulse of Nd:YAG laser induce thermal lens effect in fluidic 

optical device. CW argon ion laser is used to measure continuous change of refractive index on axis. 

Temporal profile change of ns pulse of diode laser, which is synchronized with Nd:YAG laser, is detected 

as well. 
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Table 2.6 Calculation conditions 
Parameter Unit Value 

Wavelength of pump beam, λe nm 1064 
Pump beam fluence, Fe J/cm2 12 
Pump beam radius, we µm 5-25 
Pump beam pulse width, τp ns 5 
Sound velocity of liquid, vs 
Absorption coefficient, α 
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b) ƁǑɺŘĕ=Ȭţ 

� Figure 2.13;��nƓ 5 nsΫ���Ƭ 5 µm=8�=ɕÎêŧˌţðͩ=ųƚɋ=ė

ƬǴıÇǢ=̛ˀˑșTʤHά��n=Ĵĥ�ˎ¯HPą;ƁǑɺŘĕ�ʷO£�OΫ

ųƚɋ�ėƬǴı;ÇǢ)S6P%8�û�Pά%=ųƚɋ;MPƁǑɺŘĕ8ɜƚ£

Ǻ;MPųƚŘĕ�ͬ:OΫ{~ʪ_�sTΑƒ;ś�:Ǿ͹ʓ:ƁǑɺŘĕT͂%)

S6P%8�û�Pά 

 

 

 

Figure 2.13 Temporal variation of refractive index on radial direction. The compressional wave 

propagates in radial direction. Wavelength of the compressional wave strongly depends on spot size of 

pump beam. 

 

� Figure 2.14>���Ƭ8ê͋£ƁǑɺŘĕ=ͺØTʤ)S6PάƁǑɺŘĕ=ʷO£

�OǾ;ųƚɋ;MP��d�ʷ4%8�û�Pά���Ƭ�Ż'6E9.=ʷO£�

OǾ͹>ǹ!:P%8�̓NQPάƁǑɺŘĕ=ʷO£�O�ųƚɋ=ÇǢ͙ƚ>Δ͙

T5OΫ���Ƭ;M3SɅGPɜƚûƏ;Öť)S.=ɋ͵�ūGPά.=0JΫ�

��Ƭ�Ż'6E9ǘĐǭ�ś�!:OΫê͋£T=ƁǑɺŘĕ=ʷO£�OK͙!:

Pά ǴΫ��d=ś�'>ɜƚ£Ǻ=ƩΕTħ#0ƁǑɺŘĕ8=ͬ:OTɅGPά

ɜƚ£Ǻ;MPƁǑɺŘĕ=ʷO£�O�ųƚɋ;MPƁǑɺŘĕ=ʷO£�OMO

͞!Ϋ���Ƭ�Ż'6E9ėƬǴı=ɱÇź;MPɜƚÌ¤KΝ˽;:P=TΫ��

�Ƭ�ś�!:P;4QS��d=ś�'>Śżś�!:P8ˡ8NQPά 
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Figure 2.14 Temporal change of axial refractive index with respect to spot size of pump beam. As spot 

size of pump beam gets larger, rising time of refractive index becomes faster. On the other hand, peak size 

becomes larger with increasing pump beam spot size. 

 

 

2.3.2!),���C�W¥��h� 
ƴˍĊƊ��pn;S��k��nǕ˔Ǿ͹ªɮɬTĂƲT�P8Ϋ��n50O=

W���l����yTı£T�P8ȋƭ'QPάFigure 2.15;{~ʪY�jYt�
�ɮɬĂƲ=ƹʅĞɾTņ̘ʓ;ʤHά���Tȏǰ=̊Β;ΈêHPœĮ>Ϋ ƚ̊

Β;W���l��T͂%)0ƮΫ'N;ɖ!;ɮɬTˑB%8TW���l����

y=ı£�ȋƭ'QPά{~ʪ��n��kč͂ɕÎêŧˌţ=œĮ>ųƚɋ=ƩΕT

ê͋¾͒=ƁǑɺŘĕ�Ȅ;ś�!:P0JΫȦúê>ś�!Ƙ�P%8;:Pά.=

Ƙ�30���TΈêHPêŧˉTÑǇHP8Ϋɮɬ̈́ΊTǾ͹ʓ;͵!HP%8�ĩ

˧T5Pά)�)Ϋ{~ʪ��n��k;MPW���l��=8� ƚ̊Β;W��

�l�������ʃǇ'QP8���=ÇǢˬÎ�΋)!:P0JΫ%=M7:ɮɬ

Ë˝Ř̯>ƹʅĩ˧Ƽ�Ì68ˡ8NQPά ǴΫFigure 2.15(b)=M7;͖ǻȏǰ=
ĊƊ;96S���T̍̊Β;ΈêHPœĮTǀūHP8Ϋɮɬ̈́Ί�Ǿ͹ʓ;ʞ!:

P8W���l������;ƩΕ'Q,;W���l����y=ŕĊ;̽HP%

8;:Pά 

 
 



 39 

          
                         (a)                                 (b) 

 

Figure 2.15 Nanosecond in-situ focus modification for materials processing. (a) Forward modification, 

(b) backward modification. As ablation plume disturbs propagation of the beam in the nanosecond regime, 

backward modification can be more useful for practical applications on transparent materials.  

 
Figure 2.13;ʤHM7;���=ªƶͩĶO;>ƁǑɺ�͕;ŕĊHPΚŏ�ťŉ

)ΫɕÎêŧˌţT͖͠)���>Ěˋ;Ƙ�P8>ǲūʓ;̚8:6ά4GOΫ��

�=ÇǢTǭÞʓ;ğų;Ȧ̜HP%8T'N:PƹʅǍ̇TǜȢHP%8�ĩ˧T

5Pά%%TΫFigure 2.16;ʤHM7;b��uyTȦúê�Έê'QP͗ª;̞˝

HPêŧˉ;46SȦ̜T̆30άTable 2.7;̛ˀȒÂTʤHά 
�  

 

 

Figure 2.16 Schematic illustration of experimental apparatus. Focal position of the probe beam is shifted 

to propagation direction. 
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Table 2.7 Calculation conditions 
Parameter Unit Value 

Wavelength of pump beam, λe nm 1064 
Pump beam fluence, Fe J/cm2 12 
Pump beam radius, we µm 10 
Pump beam pulse width, τp ns 5 
Wavelength of probe beam, λp 
Probe beam focal radius, wp 
Absorption coefficient, α 
Cuvette thickness, L 
Cuvette z-position 

nm 
µm 
m-1 
µm 
mm 

1064 
20 

1000 
150 

5 

 

Ȧúê=ɮɬT.=��dY�w�lwX�ȇKΨ!:PË˝8ūJ08�ΫɮɬË

˝=ŘĕT Figure 2.17;ʤHάɮɬ̈́Ί>ƁǑɺŘĕ�ʷO£�P88K;Ǿ͹ʓ;ƻ

ƈ;Ż'!:P%8�û�Pά9 ns�N 28 ns=͹; 95 µmKŘĕ)S9OΫ{~ʪ�

�nǕ˔Ǿ͹ª;ȉĎ:ɮɬŘ̯�ĩ˧T5P8ˡ8NQPάFigure 2.18;ɮɬ;9#

Pʳ͹������VY�=Ǿ͹ŘĕTʤHάɕÎêŧˌţ=ƁǑɺŘĕTːΤ)0Ʈ

=������VY�>�up����=Ψȴ��dTǕ4%8�û�Pά4GOΫų

ƚɋ=ʃǇTƁǑɺ�ŕĊ)0ͩû8���ªƶͩ=ƁǑɺ�ɚż)0ͩûT͖͠)

0ɋΒİŗ�Ɣə)Ϋç=ɮɬMOK͒6Ë˝T�up����TʃǇ)Sˑå)S6

P8ˡ8NQPάG0Ϋųƚɋ� rǴı͢ǴCÇǢ)S)G6ΫȦúê;ƩΕ):!:

P8ΫɕÎêŧˌţ=ù��o8)S=ä�;MOɮɬ̈́Ί�͵!:P%8Kû�P�

(49 ns)άȎʟʲT>l����l��;MPȦ̜=HTʤ)S6P�ΫºƮŭΤ;MP

ŭ̡TǵH%8TΫΨ͙ɮɬĂƲˌţ8)S=Ƃ͸�ȋƭ'QPά 

 

 

Figure 2.17 Temporal change of z-position of focus. As Bessel beam is generated by compressional wave, 

fluidic optical device works as convex lens instantly in the early nanosecond regime. 
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Figure 2.18 Temporal change of spatial intensity profile. Bessel-like beam is generated as refractive index 

rises to change. 
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2.4! �
� 
ȎʸT>��bl��:Ǿʳ͹���l\Y��8)Sȋƭ'QS6PɕÎêŧˌ

ţ=ÑĐɵƼ8ƹʅǍ̇;46SŭΤ�ɾ̰ʓ:Ȧ̜T̆30άÀ¤ΫƱNQ0ʝ̓T

G8JPά 

 
•! CW č͂ɕÎêŧˌţ=ĐÑTͼůHPˬɯŷɏ=ʐʃ;46SŭΤ�ɾ̰ʓ:Ȧ

̜T̆30άCFD;MOˬɯŷɏœT̘�Ϋ���ÇǢɊTʅ60l����l�
�Tǵ)0ˑșΫl�e����lnw�Tʅ60ŭΤTM!°ɝT�P%8�ǻ

N�;:30ά%=ɾ̰�x�Tʅ6Sx�W����ˉ;9#Pl����l�

�Tǵ)0ˑșΫč͂ê8Ȧúê=ê͋Ë˝8ɮɬË˝T̯ǮHP%8Tˬɯŷɏ

=ƩΕTǏĂT�P%8�û�30ά 
•! {~ʪ��n��kč͂ɕÎêŧˌţ;9#PƁǑɺŘĕTΫųƚŘĕ=ɋĐǴʭ

Ɵ8)S̊ɼHPɾ̰�x�Tʅ6S̘60ά.=ˑșΫųƚɋ=ǘ˰TǻN�;

HP%8�ĩ˧T530άG0Ϋ%=�x�Tʅ6S{~ʪ_�s;9#PY�j

Yt��ɮɬĂƲˌţ8)S=ƹʅĩ˧Ƽ;46Sʤ)0άºƮΫŭΤʓ;Ȧ̡�

̆SQP8ΫƴˍĊƊ��pnûͭTΑƒ;Āʅ×Þ=Ψ6Ǎ̇8:P8ˡ8NQ

Pά 
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3.1! 
��� 
� rutnd���ΫɕȁxXn��YΫŜ΁΍Ʉ:9=Ȭ4:_�y-]�dy�|

dnǍ̇=ʐƂ8ǿĢ;È6Ϋ͖ ǻź΍́˩(Transparent Conductive Oxide thin film; TCO 

thin film)=Āʅ�ƻŕ)S6PάTCO8)S«;Āʅ'QPȏǰ8)S>Y�m[�ͫ

ĕno(Indium Tin Oxide; ITO)Ϋ�uˌz��no(Fluorine doped Tin Oxide; FTO)Ϋͫĕ

¶Ͱ(Zinc Oxide; ZnO)�Ǘ$NQPάTCÓ˩>Ψ6΍ɁÇźɺTÙ̡HP8İǾ;Ϋ

êŧʶ8)SĀʅ'QP0JΨ6êŧ͖͠ɺTǕ0-:#Q?:N:!Ϋ{~��y�

_�s=ĝ';ĊƊ'QPάTCO ́˩>͒̀řΚŏ�Nĩ̕ΚŏGT=Ƙ6n�dy

�;ɛ3S͖ǻT5P0JΫ ˲ʓ:ĊƊʅ��k=êŧɓ͖͵'MO˩ĝ�́!:P

%8�Ś6ά.=0JΫl�e���nɰŸ;MP˩=ͿĠ� TCO ́˩C=nd�Y

��eĊƊ;ȉĎ;ĀʅT�Pά'N;ΫʄȨʊ;SÌhnyTűǼ;ŭ̌'QPɋ͵

1064 nm/532 nm={~ʪ��k> m/s_�s=ĊƊ͙ƚTǕ40J[3.1-5]ΫŜ΁΍Ʉ�

}�=M7;ś�:x�Yn=nd�Y��eĊƊ;Αƒ;ȉĎ;ʅ6NQPά 

Figure 3.1;́˩ŎW���Vnl�h�Ŝ΁΍Ʉ=ǲΒȫ͚=ȪʌņTʤHάŜ΁

΍Ʉ�}�;nd�Y��eĊƊTǵ)p�Tû#P%8TΫÌ΍ɏ/Ψ΍ňx�Yn

=ŭ̌�ĩ˧8:Pά%=0J; P1, P2, P38630ȇŻ 3ʮΟ=ͦǒʓnd�Y��

e�Ʒ̒8:Pά ǴΫnd�Y�Κŏ>Ŝ΁ê�ɰŸ'QSKʐ΍�T�:6xuz

]�W(Dead area)8:P0JΫnd�Y��eƓ>:PD!Ż'!:N:#Q?6#:

!Ϋ%Q>Ŝ΁΍Ʉ�m���=ŘǝĎɺTɅJPͬ̒:̒ˌ8:PάKORUΫ{~

ʪ��n��k;MPĊƊª;ƧǇ'QPɱƩΕΚŏ�xuz]�W=ƧǇ;ĢFH

ƩΕKˡǄ'Q:#Q?:N:6ά)0�3SΫ́ ˩ͿĠ=�`|o�Tɾ̘HP%8

>xuz]�WTȇŻ;)ΫɱƩΕΚŏ=ƩΕTǏ8P%8;ʘˑHP0JΫȇͤ:p

�=xkY�;96SśŘͬ̒:̮ΜT5P%8;>ʏľ=ÐŊ�:6ά 
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Figure 3.1 Cross-sectional schematic of thin film photovoltaic cell 

 

)�)Ϋ ˲ʓ:Έêa[lW����=œĮłǑ;ʊ;MOǭĖ�Yd���y�

ʭƚ=n�uyjYoTǕ4%8;:OΫŚƄ́˩;MOȫǇ'QPŜ΁ê�}�x�

Yn=œĮxuz]�W=Ɠ> 100�Yd���y�ʭƚ;K:Pά2014ƖΫS. Krause

N[3.6];M3S�\�yʪ��n��kTʅ60Ɠǭ�Yd���y�=nd�Y�

�eŭΤ�Œĵ'Q0ά�\�yʪ��n��kTʅ6P8Αƒ;Ƥƚ=Ψ6��k�

��8ȏǰ̊Β=΍ţ8=ʙ³ÑʅTʅ6Ph��zW���l��Tʅ6P0JΫĊ

Ɗĺ̿8û̘˧=ΒTæQ0ˑș�ƱNQPά)�)Ϋ�\�yʪ��n��k>{~

ʪ��n��k;ȾDSŭ̌hny�Αƒ;ś�!êŧˉ=ȫǇ8��w{�nK̑

ΉT5P%8�êɟ���;96SǿĢ=}ud8:3S6Pά%%Tǈ4=ʟʲe�

��T>������VY�Tªƶ;)0êŧ����rTĂƲHP%8;Ɍʗ)Ϋ{

~ʪ��n��kTʅ60nd�Y��e��pn=ΨƚĕTņ3S�0[3.7-9]ά 

 ˲ʓ;ĴĥØǭ=Ψ6́˩�͖ǻőȖ;Ǉ͵'QS6PœĮ>őȖáɰŸTʅ6

P8́˩/őȖʊΒΫ5P6>ΨĴĥ́˩/ÌĴĥ́˩ʊΒ;ƻɩ:ɜƚûƏTƧǇ)ƹ

ĈǦǟͿĠTǵH%8TĚʐɰŸ;MP˩=ͿĠ�ĩ˧T5P%8�ʝNQS6Pά˩

ͿĠ)06ͩûíÎTɇΥ'-PƷ̒K:60JΫɱƩΕΚŏKÌɚT�PάFigure 3.2

;.=�`|o�=ȪʌņTʤHά%=œĮΫȾ͌ʓŻ'6��]�n;MOʊΒ¾͒

;ɱ˪ƣT͂%H%8;:Pά̱ ʟʲˢ;MO%=ƹĈǦǟW���l��=�`|o

�;ͺHPɾ̰ʓ:Ȧ̜�̆SQS�0ά ÜÎ=ɱ˪ƣ;MP�x�[3.10-12], ʊΒ;

9#PʙŘĕ;MP�Yd�/{~���TˡǄ)0�x�[3.13-14]ΫɰŸͩTñʖ;͒

É)0ɱƥƼ�x�[3.1,13-14]ʻ�¿̊ʓT5PάG0Ϋ��k̪͂ɱ��o�;MP

r�guyȏǰ=��y_�(lift-off)i��|�e;ͺHPŭΤ�ɾ̰ʓȦ̜KƘ!̆

SQS�0[3.15-16]ά%=8�ΫɕÎi͖ǻőȖ;MPȑ˚�ɱ��o�=ǲɱ˪ƣǾ

;����=řáCĊ8NQPňĈTΑƒ;ś�!HPĎș�5P%8�M!ʝNQ

S6P[3.15-21]ά 
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Figure 3.2 Schematic illustration of basic mechanism of thin film removal processing by substrate side 

irradiation. For the thin film with high absorption coefficient, most illuminated laser beam is absorbed at 

the vicinity of the interface. Local thermal ablations such as vaporization and formation of plasma lead to 

stress assisted removal of thin film by a single shot. 

 

)�)ΫTCO ́˩=œĮΫ£͓=M7;êŧɓ͖͵'�˩ĝ;!NDś�60JΫ

˩áɰŸ8őȖáɰŸ;96S˩ĝǴı=ɜƚûƏ�ś�!ʎ:N:!Ϋ́ ˩8͖ǻő

Ȗ=ʊΒ¾͒;ś�:ɜƚĔͪTƧǇHP%8�úȓ:6ά.=0J TCO ́˩=��

kW���l��;96S>ƹĈǦǟW���l���ʅ6NQ:!:Pά̱ ʟʲˢN

;MP8[3.3,22]Ϋ˩áɰŸ=œĮ́˩=ͿĠ;MOś�6��]�n�Ʒ̒8:OΫ

'N;l�e���nɰŸ;MOƧǇ'QPd��r�=ƧɷKɰŸǴı;MOś�

!ʎPάWang N[3.4]>ɱƥƼ�x�Tʅ6S«ƹĈ�ȏǰ=ƤƚT̓8P8˩ĝǴı

=ɜƚûƏ� ūTK TCO ́˩�ͿĠ'QP8ʤ)0ά)�)ΫɰŸǴı=ƩΕ;ͺ

)S>ŭΤʓ;¥ǻ:%8�Ⱥ3S9OΫ˩ áɰŸ=œĮ;l�e���nɰŸ;MP

˩=Ūí:ͿĠ�¥ĩ˧:ɾʇ;46S>'N:PȦ̜�Ʒ̒8'QS60ά 

ȎʸT>ΫTCO ́˩ͿĠ��pn=Ψƚĕ;ĦOˏI0J;Ϋ́˩ͿĠ�`|o�

;46SɰŸǴı=ƩΕ�NŭΤ�ɾ̰ʓ:Ȧ̜T̆30ά.=£Ϋ͋ŷʫƔə�r�

�T5P�up����T TCO ́˩ͿĠĊƊ;ʅ60ά�up����>łǑ;ʊT

̓80Έê�ĩ˧TΑƒ;ɖ6ɮɬɖƚTǕ40JőȖȏǰ=ʱ5#ĊƊC=ƹʅ�

ȋƭ'QS6P������VY�T5Pά%=�up����� TCO ́˩ͿĠĊƊ

=Ψƚĕ;̽HP%8;46SK͓DPά 
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3.2! TCO¡��¯P7�*"6 
� Figure 3.3;ŭΤˉ=ȪʌņTʤHά{~ʪ��n��kTƕø��oTʅ6SΈê

a[lW����;)S TCO ́˩�a�nőȖ;Ǉ͵'QS6Pj���;ɰŸHP

êŧˉTȫǇ)0άTCO ́˩j���8)S>ΫÌƞT5Oĩ̕ê=͖͠Ƽ�æQS

6P0JŜ΁΍ê�}�ʅ TCÓ˩8)SƘ!ʅ6NQP FTÓ˩�q�s�Y�a

�n;Ǉ͵'Q0K=(Asahi type-VU)Tʅ60ά́˩̊Β;> light trappingTǵH0J

;ˆ' 20-30 nm=wbnt�ȫ͚�ƧǇ'QS6P[3.23]άĊƊʅ��k8)S>��

nƓ 5-7 ns= Nd:YAG��k=őȎɋ͵�ʅ6NQ0ά]bn��s�8W��t�T

ʅ6P%8TΫƕø��o(f = 100 mm);ɰŸ'QPą;���=���VY�TñƧ

;Ǯ8ΫƤƚûƏ;͋ŷʫƼTǕ0-0άΈêa[lW����=n�uyƬ> 24 µm

T530ά ƚ TCO ́˩=s��m)�6Þ�û�P8Ϋ��]�nTƯ4;ŕĊ'

-:�N��]�n8ȏǰ̊Β=d��r�Ƨɷ=ͺØ;46S̯D0άºƮΫȎʸT

̝H��]�n>HDSa[lW����=��d��]�nT5Pά 

 

 
Figure 3.3 Schematic illustration of experimental apparatus. Photodiode and energy meter were prepared 

to detect effects of plasma shielding. 

 

ʷO£�OǾ͹<2 ns=�^ysY_�z8]}�c���r>ȏǰĊƊƮ=͖͠�

�n=Ǿ͹���VY�8]}�c�͖͠ɺT̛ɝHP0J;ʅ6NQ0ά%QN=̛

ɝ>{~ʪ��n��k;MO̪͂'QP��o�ͥ̀=ƩΕT̛ɝHP0J;ʅ6

P%8�ĩ˧T5PάK)Ϋ��o�ͥ̀�Ν˽T5P:N?Ϋ��n=ƮǴ���o

�;Ĵĥ'QΫȏǰT͖͠)0Ʈ=��n=͖͠ɺ>śƓ;ɚż)ΫǾ͹���VY�

=ŘĕKś�!ŘĕHP[3.24-27]άɵ;Ǿ͹���VY�;ͺ)S>��n=ƮǴ=H

���o�;Ĵĥ'QP0JΫ͖ ͠���=��nƓ=ɚż�̓NQP%8;:Pά%

QNHDS=ŭΤ>ŮɜśɁªT̆SQ0άŭΤȒÂT Table 3.1;G8JPά 

Sample�
Variable  
ND filter�

Nd:YAG laser 
(1064 nm, 5-7 ns)�

Aperture�Expander� L�

Energy 
meter�

PD�

PC�

Oscilloscope�

CCD�
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Table 1. Experimental parameters 

Parameter Unit Value 
Wavelength, λ nm 1064 
Pulse width, tp ns 5-7 
Focal length, f mm 100 
Beam radius at focus, w0 µm 12 
FTO thickness, h nm 600 - 700 
Substrate thickness mm 1.8 

 

3.2.1!K_���F
K_V¨ 
� Figure 3.4;l�e���nɰŸ;MOĊƊ'Q0́˩̊Β=îɮɬΝƴʹʉå8ǲ

Β���VY�TʤHάd��r�>ɣN�:w��TǕ3S9OΫIR ��k;MP

FTÓ˩ĊƊTʤ)0 CanteliN[3.3]=ˑș8İȬ:ƧɷTʤ)S6PάCanteliN;M

P8ΫIR ��k;MPĊƊ=œĮΫȏǰ�ɢ̅)SòõŇHP%8;MOɞȃ:ǲΒ

TǕ4d��r��ĊƊ'QP%8;:Pάl�e���nɰŸ;MPŪí:ͿĠ�̆

SQ:�30œĮΫd��r�=ƙ;> FTO j���̊Β8İȬ:�r���ɼQS

6Pά%Q>̊Β=wbnt�ȫ͚�˩ĝǴı=ê=Ĵĥ���VY�;ƩΕ)S6P

0JT5P8ˡ8NQPάG0Ϋȏǰ=òõŇ=Ά;%=M7:�r���ƧǇ'QP

ĩ˧ƼKˡ8NQP�ΫȎ̰ǯT>ͿĠ=�`|o�;46S̰*P0JΫ̵ ̰=ŷ̷

ř8)0ά 

%%TΫɰŸǴı;��SN,Ϋ́˩>.=̊Β�NͿĠ'QP%8�S�Pά%Q

>ȏǰ=ɜƚ£ǺΫɢ̅ΫɇΥ�N:PɱW���l���«:ͿĠ��pnT5P8

HP8ΫÀ¤MO̭ǻĩ˧T5Pά 

 

(a)!{~ʪ_�sT>́˩̊Β�NĶŅC=ˬɯŷɏ;MPɱÇ͡>ɭ̕T�PE

9Ż'6%8;ȾDΫ́˩�NőȖC=ɱÇź;MPɱÇ͡>ɭ̕T�:6ά 

(b)!��k=ɰŸǴı;��SN,Ϋ˩ĝǴı;ɉ3Sê=Ĵĥ>EFŋ T5Pά

(a)T͓D0ɾʇT́˩8őȖ=ʊΒ¾͒=ɜƚ�Ì¤HP0JΫ́˩̊Β=ɜ

ƚ�ʙŷʓ;Ψ!:Pά 

(c)!M3SΫ́˩>.=̊Β�NͿĠ'QP%8;:Pά 

 

ɱW���l���̊Β�N͂%P0JΫ��]�n=ŕĊ;MOd��r�=ɖ'

�ś�!:OΫs��m)�6ÞMOl�e���nɰŸ;MṔ˩=ŪíͿĠ)�6

Þ�ś�!:Pά 
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(a) 

 

 
(b) 

 

Figure 3.4 Confocal microscope images and cross-sectional profiles of fabricated craters. Upper row 

(a) and under row (b) show the results by substrate side and film side irradiations respectively. Thin 

film was ablated from the surface regardless of irradiation direction. Substrate side irradiation 

needed only 10.6 J/cm2 to achieve complete film removal, while film side irradiation could not 

achieve complete film removal with 421 J/cm2. 
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ɰŸǴı;ͺSN,Ϋ́˩=s��m)�6Þ> 4.8 J/cm2T530ά ǴΫl�e

���nɰŸ;MṔ˩=ŪíͿĠ)�6Þ>őȖáɰŸ=œĮ 10.6 J/cm2T530%

8;ŷ)Ϋ˩áɰŸ=œĮ>��]�nT 421 J/cm2GTś�!)SKŪíͿĠ>T�

:�30ά%=M7;ΫɱW���l��T5P%8�Ns��m)�6Þ>İȬTKΫ

ɰŸǴı;M3S˩ĝǴı=W���l����y>ɰŸǴı;Ƥ!ÖťHP%8�

û�Pά 

Figure 3.5;��]�n;ŷHPd��r�Ƭ8ɖ'=ŘĕTʤHάd��r�Ƭ>

ɰŸǴı;ͺSN,Ϋ��]�n=ŕĊ88K;ś�!:P%8�û�PάFigure 3.5 (a)

;s��m)�6Þ��]�n;ŅGQPñ=ʘƬTʤHάd��r�Ƭ8s��m)

�6Þ;ŅGQPñ=ʘƬ>M6 ˮTʤ)S9OΫs��m)�6ÞMO��]�n

�ś�6Κŏ=H�ĊƊ'Q0%8�û�Pά%=ˑș>ΫɱÇź=Ż'6{~ʪ_�

s;96Sǐì]}�c�8ɜƚ£Ǻ�ȾÔ)Ϋȏǰ�ɱW���l��;MOͿĠ'

QS6P%8=Ƥ6ȠǓ;:Pά 

őȖáɰŸ=œĮΫd��r�=ɖ'>��]�n=ŕĊ88K;Ư4;ś�!:OΫ

��]�n� 10.6 J/cm2À£=œĮ>a�nőȖGTĊƊ'QS6PάTCÓ˩�N=

ɱÇź;MOʊΒ¾͒=a�n=ɜƚ�a�n͊ʬɬ(Table 3.2ġɰ)MOKś�!:P

0JΫa�nőȖKs��mTħ#S6P8ˡ8NQPά.=0JΫ��n]}�c�

>ɱÇź;MPőȖ=ǡâTͻ"0J;ȇͤĕ'QPƷ̒�5Pά)�)Ϋ˩ áɰŸ=

œĮ> 500-530 nmÀ£ɖ!>ͿĠ'Q:�30ά%=M7:ɰŸǴı=ƩΕ;46S

>ȴˁŢ)!͓DPά 
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(a) 

 

(b) 

 

Figure 3.5 Parameters of the fabricated craters. (a) Width of the craters. (b) Depth of the craters. The 

width of the craters well agreed with that of threshold circles. Ablation depth of the substrate side 

irradiation increased with the fluence to reach and damage the glass substrate. 
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3.2.2!�]qT�\��3:"5ª �d° 
a) ĊƊƮ=��nǾ͹���VY�8͖͠ɺ=Řĕ 

� Figure 3.6;ĊƊƮj���T͖͠)0ʺ ��n=Ǿ͹���VY�=Řĕ8��

nƓ=ŘĕTʤHάFigure 3.6 (a)8(b);>ç=��n=Ǿ͹���VY��Ⱦ͌=0J

;ʤ'QS9OΫHDS.Q/Q=��dY�w�lwXT̔ȡĕ'QS6PάőȖá

ɰŸ(a)8˩áɰŸ(b)=9=œĮTKĊƊƮ=Ǿ͹���VY�;ƻƈ:ʷO¤�O�

̓NQΫ��nƓ=ɚż;4:�3S6P(c)ά%QN=ˑș>Wolff-RottkeN[3.24-25]

8 MaoN[3.27];MOʤ'Q0��o�ͥ̀=Ďș8 ˮ)S6Pά%%TΫ��]�

n�ś�6E9��o�=ʷO£�PrY��e�ǹ!:OΫ��o�ͥ̀=ƩΕTħ

#>*JPrY��eKǹ!:P0J��nƓ�MOŻ'!:PάŭΆ;Ϋêŧˉ=̯

Ǯʅ CCD `��TK 8.84 J/cm2À£=��]�nTɰŸ)0œĮ;ʑ!êPėɽÎ=

��o������ɰŸǴı;ͺØ:!́˩=̊Β;S̖ɝ'Q0ά 

 

� �  

  (a) 

 

                                           (b) 
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  (c) 

 

Figure 3.6 Variation of the laser pulse temporal profile after processing. Normalized pulse temporal 

profiles compared with the original profile with (a) substrate side irradiation and (b) film side irradiation. 

In (a) and (b), solid line indicates original pulse temporal profile. Dotted line and dashed line indicate 

pulse temporal profile of 8.84 J/cm2 and 28.3 J/cm2 respectively. In both cases, declining part of the 

pulses was steepened by inverse Bremsstrahlung. (c) Pulse duration change after processing. Circle and 

colored triangle indicate results of substrate side irradiation and film side irradiation respectively. As 

plasma rises quickly with large fluence, pulse duration gradually became shorter with increase of fluence. 

 

��o�>́˩=̊ΒTƧǇ'QP0JΫ˩ áɰŸ=œĮ;��o�ͥ̀>��nǕ

˔Ǿ͹ª��k���=ȏǰC=Ĵĥ;ƩΕT¦8P%8;:Pά)�)ΫőȖáɰŸ

=œĮ>��k��n���o�;ā͡HPą;ȏǰ;ā͡HP=TΫĴĥ;>E8U

9ƩΕ'Q:6%8;:Pά)0�3SΫTCO ́˩=M7;��k=ɓ͖ɖ'�˩ĝ

MOś�6œĮ>��k̪͂̍áW���l��(Laser induced backward ablation);M

O��o�ͥ̀;ƩΕ'Q,ȏǰ=ŪíͿĠ�MOűǼ8:Pά 

Figure 3.7>ɰŸ��nǭ;ŷHP͖͠ɺ=ŘĕTʤHάFTÓ˩=W���l��

TƠ�͂%Hȇþ=ǭ��n>.=Ʈ=��n;ȾDŻ':]}�c�͖͠ɺTǕ4

%8�û�Pά%%TΫɰŸǴı;M3Sȇþ=ǭ��n=͖͠ɺ�ś�!ʎ:P%8

�û�PάőȖáɰŸ=œĮΫl�e���nɰŸ;MOŪíͿĠ�ĩ˧:0JΫ]}

�c�͖͠ɺ> 2-3��n=ɰŸTūƒ;͡HPά2��nʗTūƒɷǃ;͡):6%

8>Ϋd��r�;w���5P0Jd��r�=ƙ=Ⱥť)0 FTO ;W���l�

�TƠ�͂%H0JT5P8ˡ8NQPά ǴΫ˩ áɰŸ=œĮ>��]�n;��S
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N,ȇÌ 4��nÀ£ɰŸ)0Ʈ;ūƒɷǃ;͡)Ϋ��o�ͥ̀=ƩΕ;MO˩ͿĠ

=Ďɺ�Ν˽;Ì¤HP%8�û�Pά%%TΫ˩ áɰŸ=œĮ 2��nʗ=͖͠ɺ�

ȇKŻ'6%8�û�Pά%Q> 1 ��nʗ=ɰŸ;MOȺť)0 FTO =êŧɴƼ�

Řĕ)00JT5OΫòõŇ)0 FTO=ĴĥØǭ�ç= FTO=ĴĥØǭMOś�60

JT5P8°ǀ'QPά 

 

 

 

Figure 3.7 Variation of transmissivity of the laser pulse through the sample by means of number of 

illuminated pulses. Solid rectangular, solid circle, solid triangle indicate the substrate side irradiation 

cases of 8.84 J/cm2, 14.1 J/cm2, and 28.3 J/cm2, respectively. Hollow rectangular, solid circle, solid 

triangle indicate the film side irradiation cases of 8.84 J/cm2, 14.1 J/cm2, and 28.3 J/cm2 

respectively. Film side irradiation requires more pulse numbers to steady state than substrate side 

irradiation because film is not completely removed by the first pulse illumination. 

 

b) ĊƊª=ɜƚûƏ=̘ȗ 

-ǦͪǴʭƟ 

3.2.1ˁΫ3.3.2 a)T>ɰŸǴı;ͺØ:!́˩�.=̊Β�NͿĠ'QP%8Tʤ)Ϋ

̊Β;ƧǇ'QP��o�=ͥ̀;MO˩áɰŸ=œĮ>l�e���nɰŸ;MP

ŪíͿĠ�¥ĩ˧T5P%8TŭΤʓ;ʤ)0ά%=˩ͿĠW���l��=͠ʭ;̭

ƱĈTǕ0-P0J;Ϋ2ȴçñʼƛȭˉ;9#PΑūƒɱÇźǴʭƟT̘!%8TĊ

Ɗª=ɜƚûƏT̛ˀ)Ϋd��r�=���VY�8Ⱦ͌Ȧ̜T̆30άǭÞ̛ˀΚ

ŏ=ȪʌņT Figure 3.8;ʤHά 
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Figure 3.8 Schematic illustration of modeling region. Axial symmetry of a laser beam provides the 

implementation of cylindrical coordinates system. 
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%%TΫƟ(3.3)8Ɵ(3.4)>.Q/QőȖáɰŸ8˩áɰŸ=œĮTʤHάG0Ϋα, R, Ep, 

L, h, dZ, Ea>.Q/QĴĥØǭΫĤŸɺΫ��n]}�c�Ϋ̛ˀΚŏ;9#Pa�n

őȖ=ĝ'Ϋ˩ĝΫ˾ʐ)0ĝ'Ϋ��o�����;Ĵĥ'Q0���=��]�n
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-ŔʊȒÂ 

� ºłʅ6NQ0��k=���ųƚ> 109 W/m2T530%8;ŷ)Ϋ{~ʪ_�s

;9#PˬɯŷɏΫA!Ÿ;MPŇÎ̊Β�N=ɱÇ͡=ɱɏȑ> 104-105 W/m2T5P

0Jɭ̕T�Pά.=0J́˩̊Β�N>ɇΥ;MP]}�c�ɏȑ=H�ˡǄ'Q0

[3.31]άG0Ϋñʼ 2 ȴçƛȭˉT>͋ŷʫT5P0Jê͋;ōʘ:Ǵı;>ɱɏȑ�

0T5Pάa�nőȖ8 FTÓ˩=ʊΒ>`u���e'QS6P8)0ά͋ǴıΫė
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ƌûĕ;>ȉ;ƌûɊTʅ6Ϋa[n-kYx�Ɋ;MOǭÞ̛ˀT̆30άTable 3.2

;ȏǰ=ɴƼTG8JPάɜƚÖťƼ�ʝNQ0ɴƼ>ɜƚÖťƼTˡǄ)0[3.32-33]ά

ĴĥØǭ α>͖͠ɺTj���=͖͠ɺT̛ɝ)0£ΫĴĥɺ AbΫ͖͠ɺ τΫĤŸɺ R

=͹=À¤=ͺØTʅ6SɃJ0ά 

 
A=1− (R+τ )                            (3.7) 

 
Table 3.2 Physical properties of materials 

Parameter Unit SnO2 [3.32-33] (Temperature (K)) Glass 
Density kg/m3 6950 2520 

Specific heat, cp J/kg·K 
3520 × 10-4 · T + 200 
7750 × 10-5 · T + 475 

614 

(250 < T < 1000) 
(1000 < T < 1800) 
(1800 < T) 

837 

Latent heat of melting, Lm J/kg 3.17 × 105 - 
Melting temperature, Tm K 1898 722 (softening) 
Latent heat of vaporization, Lv J/kg 2.08 × 106  
Boiling temperature, Tv K 2273  

Thermal conductivity, k W/m·K 
30 

4540/T0.88 

5 

(T = 300) 
(300 < T < 2000) 
(2000 < T) 

1 

Absorption coefficient, α* m-1 1.5 × 105 - 
A*** m-1 1.5 × 106  
B*** m2/J 9.2 × 10-4  
Half range of phase change, Δ K 50 - 
Film thickness, h** nm 650 - 
Refractive index, n - 1.6 [3.4] at 1064 nm 1.51 at 1064 nm 

*Based on measurement in this study 
**Based on sample specification 
***Based on experimental results in this study 
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-̛ˀˑș 

� Figure 3.9;��]�n 10.6 J/cm2=8�=ê͋£ɜƚ=Ǿ͹ŘĕTʤHάɰŸǴı;

��SN,Ϋa�nC=ɱÇź;MOΫ́˩̊Β=¾͒=ɜƚ;ȾDa�ń˩/őȖ

ʊΒ¾͒=ɜƚ� 100KÀ£ΫśƓ;Ì!:3S6P%8�û�Pά%Q>́˩̊Β�

NW���l���šGP%8TʤĽHPάG0őȖáɰŸ=œĮΫ́ ˩̊ΒMOðͩ

=ɜƚ�ś�!:3S6P%8�û�Pά%=0JΫɢ̅>́˩=ðͩ�NšGP8ˡ

8NQP�Ϋ́ ˩ðͩ=ȇΨɜͩ=ɜƚ£Ǻ�ɢ̅ɧɱ;MO͞!:3S!P0JΫ̊

Βɜƚ8=ɜƚƌ�Ư4;Ż'!:OΫW���l��ˬÎ>̊Β�NšGP8°ǀ'

QPά%=ɜƚûƏ;MO Figure 3.48 Figure 3.5(b);ʤHŭΤˑș= ͩ�̭ǻT�

PάFigure 3.4T>Ϋ˩áɰŸ;ȾDőȖáɰŸTĊƊ'Q0d��r�=w���Ż

'6άG0ΫFigure 3.5(b)T>Ϋl�e���nɰŸ;MP˩=ŪíͿĠ)�6Þ (10 

J/cm2) MOŻ'6��]�nTĊƊT̆30œĮΫd��r�=MOɖ6%8�û�Pά

%QN>őȖáɰŸª;́˩ðͩ=ɜƚ�Ψ!:P%8�N͂ŃHP8ˡ8P%8�

T�Pά 

 

 

 

Figure 3.9 Calculation results of transient change of axial temperature at 10.6 J/cm2. Bold lines and 

narrow lines indicate the case of film side irradiation and substrate side irradiation respectively. Dashed, 

dotted, and solid lines indicate the results at 9 ns, 10 ns, 11 ns respectively. Temperature at the vicinity of 

the interface does not increase significantly due to conduction to the substrate. 
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ɱW���l��;MPȏǰͿĠ>˾ʐ8����ʻ�˪ƣHP8�;Ċ8NQP

�hY����ul��(Recoil pressure);MP��y�Ym\dl��(Melt ejection)

T̆SQPά.=0JΫ%%T>ɢ̅)0ͩû�HDSͿĠ'Q08Áū)ΫŇÎ/ɕ

ÎʊΒ=Ë˝8d��r�=���VY�=Ⱦ͌T̆7άFigure 3.10;ȸ9=��n]

}�c��Ĵĥ'QΫ�4ɱÇź;MPɜƚɚż�Ż'6 16.5 ns;9#P 2ȴçɜƚ

ûƏTʤHάƘ6˂Ņ=��]�n;96SΫɢ̅ɖ'8Ɠ>.Q/QŭΤTƱNQ0

d��r�=ɖ'8Ɠ;M6 ˮTʤ)S6PάH:SOΫ%=�x�;MOɜƚûƏ

;MPd��r�=���VY�=°ɝ�ĩ˧T5P%8�û�PάMOȵʡ:d��

r����VY�=°ɝ=0J;>ΫòõŇi��y�Ym\dl��;ͺHPΨƚ:

�x�ĕ�Ʒ̒8:OΫ'N;Ψ��]�n;:P8��yª=�\Ynɲʐ(Phase 

explosion)8��o�=ǗĐ;ŷHPˡǄKƷ̒8:P[3.34]άG0Ϋ̑ǭ=��n;M

OĊƊ�̆SQPœĮ>ȏǰ=êŧɵƼ�ŘĕHP%8KˡǄHPƷ̒�úS!P0

JΫȏǰ;M3S>Αƒ;΋)6�x�ĕ�Ʒ̒8:Pά)�)Ϋl�e���nɰŸ

=ɱW���l��;MṔ˩ͿĠĊƊ=œĮ>Ϋ ��o�=ƩΕT˄ʌĕ)0%=

�x�TK�:Oȵʡ:ͿĠ���VY�=°ɝ�ĩ˧T5Pά 

%QN̛ˀˑș�Nû�PM7;Ϋ{~ʪ��n��k;MPW���l��=œĮΫ

͖ǻőȖ;>ɜƚ�ɱÇź=ƩΕTa�n͊ʬɬTśƓ;̓8Pͩû�ťŉHPά.=

0JΫTCO ́˩=��kͿĠ��pnTxkY�HPœĮ>őȖ=s��m;46S

ĖûˡǄHPƷ̒�5Pά 
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(a) 

 

(b) 

 

(c) 

 

Figure 3.10 Calculation results of 2-dimensional temperature distribution at 16.5 ns in the case of film 

side irradiation. (a) 5.3 J/cm2, (b) 10.6 J/cm2, (c) 28.3 J/cm2. Dotted contour lines indicate melting 

temperature. Arrows indicate experimentally obtained radius and depth of craters. Color bar next to (a) is 

applied for (a)–(c). Most of melting area may be ablated during the process.  
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c) l�e���nɰŸ;MP TCÓ˩ͿĠ=�`|o� 

%%GTΫTCO ́˩ͿĠĊƊT>��o�ͥ̀�ɰŸǴı=ƩΕ=ĞŃT5P%8

TŭΤ�̛ˀ;MOʤ)0άFigure 3.11; TCÓ˩ͿĠĊƊ=��pn;ŷHPɰŸ

Ǵı=ƩΕTȪʌʓ;ʤHά{~ʪ��n��k=l�e���nɰŸ;MP͖ǻ́˩

ͿĠ�`|o�;46SÀ¤=M7;G8JPά 

 

I.! ́˩=êŧɓ͖͵'�˩ĝMOś�60JΫ˩ĝǴı;EFŋ :Ĵĥ>�

�o�T΄ÈHP˩̊Β�N=W���l��;4:�Pά 

II.! őȖáɰŸ=œĮ>��o�;ƩΕ'QPȏǰC=Ĵĥ�˔#NQP�Ϋ˩

áɰŸ=œĮ>��o�����͕ĂĐǨŸ8ĤŸ�N¿̊'QP��o�

ͥ̀;MOȏǰC=Ĵĥ�ͼů'QPά 

III.! M3SΫőȖáɰŸ=œĮΫl�e���nɰŸ;MṔ˩=Ūí:ͿĠ�

˩áɰŸ;ȾDűǼ8:Pά 

 

 
 

Figure 3.11 Mechanism of the TCO thin film removal in laser scribing process. Plasma shielding disturbs 

development of thermal ablation toward substrate in the case of film side irradiation. 
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3.3! 4%#</@6���¡�!�:�/?��²aM 
a)�up����=ƹʅ 

� 3.1 T͓D0M7;Ϋ{~ʪ��n��knd�Y��e>.=ĊƊlnw�=ȫ˃

�űǼTŜ΁΍Ʉ�}�=M7:ś�:x�Yn=ĊƊ;ı6S6P;ŷ)ΫĊƊû̘

˧�ċPľΜ�5Pά%%TΫƔə�r��= ʮT5OΫłǑ;ʊT̓80Έê�ĩ

˧:�up����Tʅ6P%8Tˈų:ĊƊ;ĦOˏU1άG0Ϋ3.2 T>˩áɰŸ

=œĮl�e���nɰŸ;MPŪíͿĠ�¥ĩ˧T5P%8;46SȦ̜T̆30

ˑșΫőȖáɰŸ=œĮĊƊĺ̿>ı£HP%8�S�30ά)�)ΫĊƊlnw�=

ȫ˃;96Ś˩̊Β�nw�m;ǛHP%8;:PľΜ�ʃ*Pά%%TΫ�up�

���=ˬƍòȫ˃(Self-reconstruction)867ÇǢɵƵ;Ɍʗ)0ά 

� Figure 3.12 ;Wblh���o;MP�up����=ʃǇĞɾ8�up����

=ˬƍòȫ˃=Y��mņTʤHάa[lW����MOʃǇ'QP�up����>

ʺ 1ʮ 0ȴ�up�ͺǭT͒É'QPʳ͹ƤƚûƏTǕ4άê͋ĶO;ś�:ìŸ̗T

ǕOΫΑłǑ���T5P0JΫÇǤːͅ;·ůɴ�53SKò@ɋΒİŗ;Ɣə)Į

6�up�����òȫ˃'QPά%%TΫ.=·ůɴ�˩áɰŸª=��o�ͥ̀T

5P8)0NΫ́ ˩=ªT�up�����ˬƍòȫ˃)Ϋ˩ ðͩTò@Ċɱ�̆SQ

P8ˡ80άȎˁT>.=ŭΤ�ɾ̰ʓ:Ȧ̡T̆30ά 

 

 
Figure 3.12 Schematic image of a non-diffracting Bessel beam generated by an axicon illuminated by a 

Gaussian beam. The generated beam has mainly properties of the ideal Bessel beam - radial intensity 

profile is done by the zero-order Bessel function and the width of the central core is constant over the 

whole Bessel beam existence. However, its intensity is influenced by illuminating Gaussian beam (see the 

bottom plot). The top-right part shows the property of self-reconstructing - the ability of non-diffracting 

beams to reconstruct itself after passing an obstacle [3.35]. 
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b) ŭΤ̌˝9M@ǋɊ 

� Figure 3.13;�up����Tʅ60��knd�Y��eêŧˉTʤHά3.2T8İȬ;Ϋ

{~ʪ��n Nd:YAG ��k=őȎɋTʅ6SŭΤT̆30άWblh���o;ɰŸHPą

;:PD!ƕŌ:ɋΒ8ŋ :ƤƚûƏTƱP0J;Ϋ]bn��s�T���Tǔś)W�

�t�;͘)0ά%%TΫWblh���o;ʘǛç=���TɰŸHPœĮΫWblh��

�o=éʹ�Ūʀ;Ž3S6:6%8T�up����=ĺ̿�ƾĕ)S)G7[3.36]ά%=M

7:Wblh�éʹ=ƩΕTȇŻĕHP0J;ΫG0�up����=ƬTŻ'!)ĺ̿Tı

£HP0J;Wblh���o-ø��o-ø��oTȫǇ'QP Demagnifying telescope �ʅ6

NQP%8�5P[3.35-37]άȎʟʲT>Ϋʺ 2ø��oTK7 1Ü=Wblh���o;Ř8S

Wblh���o-ø��o-Wblh���oTȫǇ'QPŘƧ Demagnifying telescope TȫǇ

)0ά%=ǋɊ;MOƧǇ'QP�up����=œĮɋΒ�ŚżȃɺTǕ4%8;:OΫ�

up����= 0 ȴ��d=���Ƭ�ê͋Ǵı£TŚżŘĕHPά1�Ϋ%=ŘƧ

Demagnifying telescope>Αƒ;ɖ6ɮɬɖƚTÙ̡)Ϋ24=ø��o=̑Ή:êŧˉ̯Ǯ�¥

̒8:P��uy�5Pά)0�3SΫêŧˉ=��nyƼı£=0J;Ϋ%=ŘƧ Demagnifying 

telescopeTʅ60ά 

 

 
(a) 

 

Figure 3.13 Nanosecond pulse laser scribing system using high-quality Bessel beam generated by 

modified demagnifying telescope. The Bessel beam generated by the modified demagnifying telescope 

has significantly large focal depth and simplifies optical adjustment. 
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� Figure 3.14 ;ȎŭΤTʃǇ'Q0�up����=ʳ͹ƤƚûƏ8ê͋£=��d

ƤƚŘĕTʤHάŭΆ=�up����>.= 0ȴ��d8 1ȴ��d�Ūʀ;ûΊ'

QS6:6=TΫ1/e2���ƬTɃJP%8�΋)60JΫ%%T>ʳ͹ƤƚûƏ;ŷ

)SKėÞƓ(Full Width at Half Maximum: FWHM)Tʅ6P%8;HPάʃǇ'Q0�u

p����=ėÞƓ> 1.3-2.0 µmT5OΫ ˲ʓ:a[lW����=ǭĖ µm=��

�ƬMOśŘŻ'!:3S6P%8�û�PάG0ΫȇKś�:��d��]�nTǕ

4 zË˝Tɮɬ8)Ϋ��dƤƚ�.=ėû;:P˂ŅTɮɬɖƚ8HP8Ϋ11.5 mm

=ɮɬɖƚTǕ4%8�û�Pά ˲ʓ:a[lW����=œĮΫǭĖ-j� mm _

�s=ɮɬɖƚTȉHP%8;ŷ)SΑƒ;ɖ6ɮɬɖƚTȉHP%8�û�PάȎʟ

ʲTʅ6NQ0a[lW����=���Ƭ8ɮɬɖƚ�.Q/Q 24 µm8 1 mmT5

30ά 

 

    �  

                     (a)                                  (b) 

 

Figure 3.14 Spatial profiles of the Bessel beam in the present context. (a) Bessel beam profile at focal 

point, (b) Bessel waist and peak fluence along optical axis. The spatial FWHM and focal depth of the 

beam were measured as 1.3-2.0 µm and 11.5 mm respectively. 

 

� FTÓ˩;l�e���nɰŸTnb�|�eHP%8TɡĊƊT̆30ά%=8�Ϋ

l�e���nɰŸ͹=�utT����r8)0άG0Ϋê͋£=j���= zË˝

TŘĕ'-:�NΫĊƊ'Q0ɡ=΍ɁÇźƚTɝū)Ϋê͋£=ȉĎWorking distance

T̯D0ά́ȝŎ΍ţΝƴʹ(Scanning electron microscopy; SEM)8îɮɬêŧΝƴʹT

ʅ6SĊƊ'Q0ɡ=ȵƒ8���VY�T̯D0άHDS=ŭΤ>śɁªŮɜT̆S

Q0άŭΤȒÂT Table 3.3;ʤHά 
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Table 3.3 Experimental parameters 

Parameter Unit Value 
Wavelength, λ nm 1064 
Pulse width, tp ns 5-7 
Focal length, f mm 100 
Beam radius at focus, w0 µm 12 
FTO thickness, h nm 600 - 700 
Substrate thickness mm 1.8 

 

3.3.1!K_H£�
>-!'i�²aM 
� Figure 3.15;��]�n 9.0 J/cm2, 12.0 J/cm2, 15.0 J/cm2=�up����=őȖáɰ

ŸTĊƊ'Q0ɡ= SEM ņ8ǲΒ���VY�TʤHά.Q/Q=��]�n;ŷ)

Sl�e���n=ɰŸ�ut> 0.5 µm, 1.0 µm, 1.0 µmT530 (9.0 J/cm2=œĮ>l

�e���n;MOͿĠ'QPΒʰ�Ż'!S 1.0 µm =�utTnd�Y��e'Q

0ɡ=œĮ>ź͘)S)G300J)ά.Q/Q=ɡ£=Ãǁ= 10ʿǊTɝū)0ɡƓ

=ƕŋ> 2.3 µm, 3.3 µm, 3.0 µmT530ά ˲ʓ:a[lW����;MOĊƊ'QP

ɡ=Ɠ�ǭĖ µmT5P%8;ŷ)Ϋ�up����Tʅ6P%8TΑƒ;Ż'6Ɠ=

ɡ�ƱNQ0ά��]�nTŻ'!HP%8TɡƓTŻ'!)Ϋa�nőȖ�ĊƊ'Q

P%8Tͻ"%8>ĩ˧T5P�Ϋ˓ ˙ƼTʡÙHP0J;l�����n=ɰŸ�u

tKŻ'!):#Q?:N:6%8�û�Pά 

 

 
             (a)                       (b)                        (c) 

 

Figure 3.15 SEM images and crosssectional profile of grooves fabricated by Bessel beam with substrate 

side irradiation. (a) 9.0 J/cm2, (b) 12.0 J/cm2, (c) 15.0 J/cm2. Considerably narrow scribing with 2.3 - 3.3 

µm width was achieved. 
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��]�n=ŕĊ=È6Ϋɡ=˙T�up����=jYz���=Ċɱ;MPnw

u�ȫ͚�Ν˽;ɼQPάŭΆ;ΫƴˍĊƊûͭ;96S�up����=ȇś=Ƣɬ

>jYz���;MPĊɱT5OΫǿĢTŠ$P̒ˌ8:3S6Pά.=ŷʾ8)SΫ

24=W|������=ƔəTʅ6S�up����TʃǇ)ΫjYz���=Y�

w�lwXTǏĂHPǋɊ�ȥ[3.38];MOǜȢ'QS6Pά 

� Figure 3.14(b);ʤ)0M7;ΫȎʟʲTʃǇ'Q0�up����=œĮ 11.5 mm8

67Αƒ;ɖ6ɮɬɖƚTǕ4άê͋£j���=Ë˝ɅJ=��nyƼT̯DP0J

;ΫFigure 3.15;ʤ)0ĊƊȒÂ;96Sj���= zË˝TŘ8:�NÑNQ0ɡ=

˓˙ƼT̯D0άFigure 3.16>ĭɰŸȒÂ;96Sj���= zË˝;ŷHPɡ=˓˙

ƼTʤH�u��eT5PάȒÂ;M3Sʎ:P�Ϋ΍Ɂʓ;˓˙ƼTǕ4ɡ�ê͋Ǵ

ı 6-11 mm˂ŅTƱNQ0%8�û�Pά£͓=M7;Ϋ ˲ʓ:a[lW����>

ǭĖ µm�Nj� mm=ɮɬɖƚTǕ40JΫĊƊĩ˧Κŏ�ɮɬ¾͒=ǭĖ~ǭʒ µm

=˂Ņ;;NQS)G7ά)0�3SΫ�up����Tʅ6P%8Tê͋£=j��

�Ë˝ɅJ=��nyƼ�śƓ;ǧĿ'QP8ˡ8NQPά 

 

 

 

Figure 3.16 Mapping of electrical isolation with respect to z position of the sample. Fluence/irradiation 

pitch of the indicated cases is 9.0 J/cm2/0.5 µm, 12.0 J/cm2/1.0 µm, and 15.0 J/cm2/1.0 µm respectively. 

Electrical isolation was confirmed in 6 ~ 11 mm range of axial direction. 
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3.3.2!4%#</@6����2=@ 9?=@'�TA 
a) ���=ÇǢTˡǄ)0ɜƚûƏ̘ȗǋɊ 

� �up����=ˬƍòȫ˃� TCO ́˩=ͿĠĊƊ;ĢFHƩΕTǻN�;HP0

J;Ϋ3.2 Tʅ60��o�ͥ̀TˡǄ)0�x�;���ÇǢ=ˡǄTĊ8S

Opto-thermal�x��eT̆30ά Figure 3.17;���ÇǢTˡǄ)0̛ˀΚŏTʤHά

��o�ͥ̀=Ʈ=���=ƤƚûƏT̛ˀHP%8TMOȵʡ:ɜƚûƏ�ɃJN

QM7;)0άa[lW����8�up����Tʅ6S˩áɰŸ;9#P����

��VY�=ƩΕT̯DP%8�ʗʓT5300JΫȏǰͿĠ=�`|o��˄Ě;˾

ʐ8��y�Ym\dl��8Ǘ$NQP˩áɰŸ=œĮ=H;46SǭÞ̘ȗT̆3

0ά 

 

 

 

Figure 3.17 Schematic illustration of region of opto-thermal modeling. Beam propagation behind plasma 

shielding can be taken into account for precise prediction of temperature distribution. 

 

 

- ɜƚûƏ=ǦͪǴʭƟ�ŔʊȒÂ 

őȎʓ;> 3.2.2 b)ˁT͓DNQ0̛ˀΚŏΫǦͪǴʭƟΫŔʊȒÂTʅ60ά˩á

ɰŸ;9#PĊɱΘT̊HƟ(3.4)>ȏǰ̊Β;ā͡HP��k���=Y�w�lw

XT I8HP8À¤=M7;ȅ�ʘH%8�T�Pά 
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' 7$'
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%%TY�w�lwX I> 
 

! 1, 0 = !B ∙ exp −C ∙ DE − F ∙ GH                       (3.9) 
 
T5Pά%%TΫI0>ç=������VY�TʤHά%=���Y�w�lwX IT 

���ÇǢɊTʅ6S̛ˀHPά̧ˍ:̛ˀǋɊ;46S>ȴ=Żˁ;S͓DPά 

 

-� ��kW���l��ª=���=ÇǢ 

΍œ=ÇǢ̛ˀ;���]êŧ(Fourier optics);9#Pˬʇʳ͹C=ÇǢ�x��ʅ

6NQ0. %%TΫFigure 3.13;ʤH�up����l\Y��>ƕΒɋ=ìŸ̗ θ = 

17°8HP 4=ʨȷȠ��o8)SÁū)0άWblh���o=éʹ= z Ë˝T-Z

8HP8Ϋþȋ΍œ>À¤=ƟT̊H%8�T�Pβ 

 

G 1, −E = GB exp −
IJ

K&
J ∙ exp −LM1 sin Q                 (3.10) 

 

%%TΫw08 k>.Q/QWblh�;ɰŸ'QPą=���ėƬ8ɋǭTʤHά2ȴ

çñʼƛȭˉ;Sê͋łO=ŷʫƼTǕ40JΫ2ȴç���]Řǝ> 0ȴ��f�Ř

ǝ(Hankel transform);˄ʌĕT�Pά΍œ=��f�Řǝ>À¤=ƧT̊'QPβ 

 
)R
@S = M G 1T, −E 1T∆1TVB(MℛR1T)

X
TYZ                 (3.11) 

 

)R
[ = )R

@S exp LM3 1 − ℛR
'                     (3.12) 

 

%%TΫΔrj = rj+1 – rj>ėƬǴı jʍʗ8 j+1ʍʗ=ȡţɬ͹=̈́ΊTΫℛ>̔ȡĕ'Q0ɋĐ

�dy�= rƛȭC=ǐƩTʤH(ℛ = 1/1]H^)άS=£¾�ǯŤ8¤¾�ǯŤ>.Q/Q zƛȭ

8ėƬǴıC=nwu�ʍĬTʤHά΍œ>%=Ɵ(3.12)T͕��f�ŘǝHP%8;MOɃJ

NQP: 

 

GR
[ = M ℛT∆ℛT)T

[VB(MℛT1R)
X
TYZ                    (3.13) 

 

%%TΫ∆ℛT = ℛT_Z − ℛTT5Pά��o�ͥ̀;MPɚ̋Θ=exp −C ∙ DE(1) − F ∙

GH(1) /2 =ƕǴȠ�́˩̊Β z = 0TƟ(3.13);­*NQPάȇƮ;Ϋ���=Y�w�
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lwX>΍œTʅ6SÀ¤=M7;ɃJNQPβ 

 

! =
#$%&
'
G'                           (3.14) 

 

%%TΫc, n, `B>.Q/Qˬʇʳ͹T=ê͙ΫƁǑɺΫʚʳ=̪΍ɺTʤHάƟ(3.14)

TƟ(3.8);¿ìHP%8;MOΫ́ ˩̊ΒT��o�ͥ̀=ƩΕTħ#0���=ÇǢ

�ĊɱΘ;ˡǄ'QP%8;:Pά 

� 3.28İȬ;Ϋƌûĕ;>ȉ;ƌûɊTʅ6Ϋa[n-kYx�Ɋ;MOɱÇźǴʭƟ

=ǭÞ̛ˀT̆30ά���ÇǢɊ>ȼǾ͹nwu�C8;Ȅǳ)Ϋ΁̘ʓ;ĊɱΘ;

¿ì)0άȼǾ͹nwu�;9#P̛ˀ=W�i�o�T Figure 3.18;ʤHά 

 

                     

 

Figure 3.18 Numerical algorithm for calculation of source term of each time step considering beam 

propagation in the direction of optical axis. The attenuation factor of the plasma shielding is multiplied to 

decrease magnitude of electric field at the film surface. 
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b) �up����=òȫ˃�́˩ͿĠɖ';ĢFHƩΕ 

� 3.2 T͓D0M7;Ϋ˩áɰŸ=œĮ��o�ͥ̀=0J��]�nTΑƒ;Ƥ!)

SKͿĠ'QPɖ'>ŕĊ):!:PάFigure 3.19;a[lW����8�up���

�=l�e���nɰŸ;MOĊƊ'QPd��r�=ɖ'TʤHά̛ ˀˑș>Ϋȸ9

=��k����Ĵĥ'QɱÇź;MPɜƚÌ¤�G1Ż'6Ǿă t = τp=K=Tʅ6

S6PάņªƩ=ͩû>j���¼Ȭ£= FTÓ˩/a�nőȖ=͹=ʊΒ=Ë˝Tʤ

)S6Pά������VY�;��SN,ΫőȖáɰŸ=œĮ��]�n� 10.6 J/cm2

À£=8� FTO ́˩�Ūí;ͿĠ'Q0ά)�)Ϋ˩áɰŸ=œĮΫ������V

Y�C=ÖťƼ�ǻN�;̓NQPάa[lW����ɰŸ=œĮ>��]�nT 354 

J/cm2GTś�!)SKɖ' 530 nmÀ£>ĊƊ'Q:�30ά ǴΫ�up����T

ʅ6PœĮ>��]�n 16.0 J/cm2À£T5P8l�e���nɰŸ;MÓ˩�Ūí

;ͿĠ'Q0άƟ(3.9)=��o�=ĴĥØǭ A 8 B �a[lW����=ŭΤˑșM

O�XuwX�e'Q0;K��SN,Ϋ�up����=̛ˀˑșKŭΤˑș;˵6

 ˮTʤ)0άőʖȏǰ=W���l��>ˡǄ):�300J̛ˀˑș;9#Pȇś

ɖ'>˩ĝÀ£;:N:�30άG0Ϋ%=�x�>��y�Ym\dl��8d��

r�Ƨɷ;ͺHPğų:̘ȗ>̆3S6:6ά.=0JΫɵ;Ì��]�nΚŏ;Sŭ

Τˑș8̛ˀˑș=̬ƌ�ʃ*S6P%8�̓NQPάÌ��]�nΚŏT>����

=˪ƣ;MP��y�Ym\dl���Ν˽T>:60JΫ��y8ŇÎ=ʊΒ=Ë˝

8)SūJ0d��r�=ɖ'�̛ˀˑșTMOɖ!̢×'QS6P8ˡ8NQPά 

 

�      

� � � � � � � � � �  (a)                                      (b) 

 

Figure 3.19 Crater depth obtained by single shot irradiation and calculated melting depth. (a) Gaussian 

beam irradiation, (b) Bessel beam irradiation. Film side irradiation of Bessel beam leads to complete 

removal of the film by single shot. The numerical model in which plasma shielding and beam propagation 

are coupled well predicted crater depth in terms of melting depth. 
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Figure 3.20 Axial intensity of Gaussian beam and Bessel beam inside the film with fluence of 16.0 J/cm2 

at t = 0. Intensity of the Bessel beam is reconstructed behind the film surface while that of the Gaussian 

beam decreased critically. 

 

%=�x�;M3S�up����=œĮTKŭΤˑș�̟űĩ˧:̬ƌ˂ŅT°

ɝ'Q0%8�NΫ�up����=ˬƍòȫ˃�˩áɰŸ;96Sl�e���n;

MP˩ͿĠ;Ǧͪʓ:ƪćTș0)S6P8ˡ8P%8�T�PάFigure 3.20;��n

=Ǿ͹��d(t = 0);9#PΨ͋Ǵı=���Y�w�lwXûƏTʤHάa[lW�

���=œĮΫ˩ ̊Β;9#P��o�ͥ̀;MOƤƚ�ƻɩ;˻O0ƮΫ̊ ΒY�w

�lwX= 10-5Ýʭƚ8ΫE8U9òȫ˃'Q:6%8�û�Pά)�)Ϋ�up��

��=œĮ>˩=Şá=Y�w�lwX>̊ΒY�w�lwX= 10-1À£;łƳ'QΫ

́˩ðͩT˔#SĊɱ)S6P%8�û�Pά 

Figure 3.21;��]�n 16.0 J/cm2, t = 0;9#Pa[lW����8�up����

= FTO ́˩ðͩƤƚûƏTʤHά.Q/Q=`���u�>��o�ͥ̀TːΤHP

ʘą=��dY�w�lwXT̔ȡĕ'QS6Pά ˲ʓ;ΫWblh�;MOʃǇ'

QP�up����>͸Ĩǭ=ȩJSś�6ŷɴ��oTΈê'QPa[lW���

�Àř=E8U9Έêa[lW����MOś�:ìǋΖ̗TǕ4ά'N;Ϋa[lW

����=œĮΫê͋¾͒=ê˗>E8U9ê͋;ƕ̆;ÇǢHPά)0�3SΫ�u

p����=Ǵ�·ůɴ�N=ÇǢ̈́Ί�͵!:!SKȩJSƤ!ˬƍòȫ˃HP%

8;:PάFigure 3.22;��o�ͥ̀=ƮǴ;9#PɋΒ=Ɣə;MPˬƍòȫ˃=Y

��mņTʤHά́ ˩ͿĠ;ĀʅHPœĮ>ȩJŚ6˩ĝðͩT=ˬƍòȫ˃�Ʒ̒

8:P0JΫĚˋ;ƗÏêŧʓ:ˬƍòȫ˃T>:!Ϋ��o�=ƮǴ;łO͑IłǑ
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;MPY�w�lwX=łƳ�ͬ̒:ƪćTș0Hά%Q> Figure 3.21(b)=ī¤;KM

!ʤ'QS6Pά 

� Ƿ;͓D0M7;ΫőȖáɰŸ>́˩�nw�m;Ǜ̙):6M7;HPƷ̒�5P

0JΫ.=ƊȨʓ:ŭ̌>Αƒ;΋)6άőȖ=˙=HTǦ8Pnw�mTʅ6P%8

:9�ŷʾ8)Sˡ8NQP�Ϋ͒ Ɩ��bl��őȖȏǰ8Ɍʗ'QS6P����

=œĮ%=ǋɊ�ʅ6NQ:6ά'N;ΫőȖáɰŸ>őʖȏǰ=Ĵĥn�dy�;K

ǩǂT5PάȎʟʲ;MOưȓőȖ=z���eĊƊûͭ=H;SɌʗ'QS60�u

p����=ƹʅTΫ͖ǻ́˩=Ďɺʓ:ͿĠĊƊ;ǔƣ)08̚8PT5R7ά 

 

     

                    (a)                                   (b) 

 

Figure 3.21 Intensity distribution of (a) Gaussian beam and (b) Bessel beam inside the film with fluence 

of 16.0 J/cm2 at t = 0. Significant intensity was obtained by self-reconstruction followed by diffraction of 

the Bessel beam (right bottom of the (b)) becomes significant just behind the obstacle of which size is 

smaller than area of 0th order lobe. 
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Figure 3.22 Schematic illustration of self-reconstruction of Bessel beam inside the transparent thin film 

by interference of the wavefronts followed by diffraction behind the plasma. Diffraction of the edge of the 

wavefronts leads to self-reconstruction at critically short distance behind the plasma. 
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3.4! �
� 
ȎʸT>͒Ɩ_�y�]�dy�|dn�x�Yn;Ɏʐ;Āʅ'QS6P TCO ́

˩=��knd�Y��eĊƊ=�`|o�T̘ǻ)Ϋ�up����;MPĊƊˉ=

Ψƚĕ;46SŭΤ�ɾ̰ʓ:Ȧ̜T̆30άÀ¤ΫƱNQ0ʝ̓TG8JPά 

 

•! ɰŸǴı;M3SĊƊˑș�ʎ:P%8;ʛʗ)0άTCÓ˩=œĮêŧʓ;͖ǻ

:0JΫ��k=Ĵĥ�˩ĝǴı;EFŋ T5OɰŸǴı;��SN,́˩̊Β

�NW���l��'QP%8�û�30ά.=Ά̊Β;ʃǇ'QPɱ��o�=

ƩΕT˩áɰŸ=œĮ>l�e���nɰŸT>˩=Ūí:ͿĠ�¥ĩ˧T5P

%8�û�30ά 

•! �up����Tʅ6Snd�Y��eĊƊTǵ)0ˑșΫTCÓ˩;΍Ɂʓ:˓

˙ƼTÙ̡):�NƓ 2.3-3.3 µm=ȩJSˍ6P1nd�Y�TÑ̐HP%8;Ǉĉ

)0ά%Q>�\�yʪ;MPĊƊÔ=Œĵ;KȾ˥'QPˑșT5PάG0Ϋȩ

JS͵6ɮɬɖƚTȉHP%8�NΫj���=ê͋£=Ë˝ɅJ��nyƼ�ś

Ɠ;ǧĿHP%8TŭΤʓ;ʤ)0ά 

•! ���ÇǢɊ8ɱÇźǴʭƟT`u���e)0 Opto-thermal modelingT̆6Ϋ{

~ʪ��n��kW���l��ª=���=ÇǢ�ĊƊ���VY�;ĢFH

ƩΕ;46SȦ̜)0ά%=�x�;MO�up����=ˬƍòȫ˃;MO��

o�ͥ̀Ʈ;K˩=ðͩ�Ċɱ'QΫ˩áɰŸTKl�e���nɰŸ;MPŪí

:˩=ͿĠ�ĩ˧T5P%8�ʤ'Q0ά 
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4.1! 
��� 
�Yd�]�dy�|dnx�Yn=Ǉĉ> MEMS (Micro-electro-mechanical 

systems) ûͭ=Π͇:Ǉ͵TɶƠ)0ά«ƪ8)SɎ͇)S�S6Pȏǰ>l�h�T

5P�Ϋl�h�=ɴƼ=;ʊT̓8P͠ɩ:ʁŔTÑĐĩ˧:x�YnC=Ύ̒�Ψ

G3S�S6P=�ɼɷT5Pά%=M7:˦Ȁ;͆G8SΫæQ0ɴƼTǕ4 SiCΫ

GaNʻC=ȋƭ�ΨG3S�S6PάSiC8 GaN=��zc�u�> Si=.Q;ȾD

ˊ 3ÝT5OΫΨΣĹz��y͙ƚΫΨɱÇźɺΫÌǔǫɺʻ=æQ0ɴƼTǕ40JΫ

���ėźÎx�Ynʅ8)SɌʗ'QS6Pά%=M7:ś�:��zc�u�>ĩ

̕êΚŏ;9#Pêŧ͖͠ƼKÙ̡HP%8;:Pάɵ; SiC>ΫΑƒ;ś�:ʠƚT

ǕOΫĕŧʓ;Kũū)S6P0JΫ͠ ɩ:͊͟ȒÂTKɎ͇T�PȏǰT5PάFigure 

4.1; 2014Ɩ;9#P SiCƎœ̔Ȯ=°ɝTʤHά�Y��uy�΍ɁˬĐ͈Ϋ˴˳Ϋ

˱ʳȲΫ]�m�Ϋr���ʻ=���x�YnΫ_Y�z���eʻ;9#P SiCx

�Yn=ŭ̌�ȋƭ'QS6Pûͭ>Ś6[4.1]ά 

 

 

Figure 4.1 Long-term market forecast for SiC devices in various power applications 
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%=M7:ėźÎx�Yn=ŭ̌8xkY�ͺ͛ûͭTΫ͒ ƖɎʐ;ʟʲ�͸ʐ�͜

JNQS6PǍ̇� IC tu�TőȖ�NōʘǴı;ʰH£$P 3D �uf�m�eT

5Pά.=̒ˌǍ̇8)SėźÎ[]�;z���eTǵH TSV (Through silicon via, 

Through substrate via)�͒ƖɌʗTɒ@S�S6P[4.2-3]άFigure 4.2;ʤHM7;Ϋ3ȴ

çŭ̌; TSV Tʅ6P%8TΫ��xX�e��Y���¥̒8:OΫx�Yn=Ż

Ŏĕ�ĩ˧8:PάG0Ϋ��xX�e��Y��TÓS:!:P%8Tx�Yn=ɱ�

Ȳȣʓ:ˣ¬ƼKı£HPάTSV>΍ɁÇźʅ͗Àř;KΫ3D-ICnrud;�Yd�

t��}�TÑ̐HP%8;MPóĜƼ˧=ı£;KM!ƹʅ'QS6P[4.4-7]ά 

 

 

Figure 4.2 Wire-bonding vs. TSV on 3D-IC stack. The use of TSV leads to saving excessive space and 

improvement of thermal/mechanical durability of the package.  

 

 ǴΫSiC =æQ0ũūƼ>ƴˍĊƊ8 MEMS ƹʅûͭ;S}ud8:3S6Pά

æQ0ĕŧʓũūƼTǕ40JΫưȓ=z�Y�[\uy]ut�e=ĊƊ͙ƚ>Αƒ

;͞6άF2-i Cl2 őʖ��o�]ut�e= ˲ʓ:]ut�e��y> 0.2 µm/min

�N 1.3 µm/minT5P[4.8-11]ά%QN;ȾDΫSiC=��kW���l��;MP]u

t�e͙ƚ>ȩJSǹ!Ϋ��pnnwu�T˄Ě;HP%8�ĩ˧T5PάTable 4.1

; SiC=��kW���l����y=ŒĵÔTG8JP[4.1]άŚ!=ʟʲˢ;MO�

\�yʪ�N{~ʪGT=��n��k=Ȭ4:ɋ͵Tʅ60 SiC =z���eĊƊ

Ô�Œĵ'QS�S6Pά��kz���e>êɟ=��nʐǘĶɋǭ;M3S]ut

�e��y�śƓ;ŘĕHP�Ϋ ˲ʓ;ǭʒ µm/min=ĊƊ͙ƚTʤH%8�û�Pά 

  

 

 



 81 

Table 4.1 Laser ablation rates for silicon carbide [4.1] 

 

 

ʄȨʓ;ŭ̌�űǼ:{~ʪ��n��k=œĮΫĊƊû̘˧Ϋȳ΀Ϋz���eɖ

'=ı£�̮Μ8:3S6PάĊƊȳ΀=Ś!>͠ĊɱΫ��o�=ʐʃΫ ȏǰ=ͫ

ĕ�ĞŃT5P0JΫŚ!=ʟʲˢ;M3SɕÎǦǟ��pn=ƹʅ�̤'QS�0

[4.13,25,27-28]ά%QN=ʟʲ;M3SΫɕÎǦǟ��pnTʅ6P%8T HAZΫ�Y

d�d�udΫȏǰ=ò¾ʛΫw��ʻ�ǧĿT�P%8�Œĵ'QS�0ά ǴΫĊ

Ɗ'Q0ʱðͩ=ŚͬĤŸ8��k=ɕÎª=ˬƍʐǫ=ƩΕTΫɕÎǦǟ��pn=

Ǵ�ɖ6ʱ>ƱNQ:�30[4.28]άG0Ϋa[lW����Tʅ6S6PÀ£ΫʱƬ

TŻ'!HP%8>Αƒ;΋)6̮Μ8:3S6Pά 

ʺίʸT͓D0M7;Ϋ�up����>n�uyƬ�Ż'!ɮɬɖƚ�ȩJS͵6

0J TSV =M7:őȖz���eĊƊC=ƹʅ�ȋƭ'QS6P[4.29-31]άȕƆN

[4.30]>nw��nͲ=z���e;{~ʪ��n��k=�up����Tʅ6Ϋɰ

Ÿłǭ�ś�!:PE9�up����=ɋΒ�őȖ=˝!GTÇǢ):!:OΫƔə

T�:!:P0Jɖ6z���e�ń΋T5P%8Tʤ)0ά%%TΫĚˑȁ SiC>ś

�:��zc�u�TȉHP%8�NΫĩ̕êΫ͒ ̀řê;ŷ)SM6͖͠ƼTǕ40

JΫ�up����ɋΒ=ĊƊʱĶO�N=͖͠Ƽ�Ψ!Ϋɖ6z���e�ĩ˧T5

R78ˡ80ά 

� ȎʸT>Ϋ½=Ěˑȁ SiC;ȾDSś�6b��WʬĐƚTǕ40J�Yd�]�d

y�|dnC=ƹʅ�ȋƭ'QS6P 4H-SiCTȏǰ8)ΫTSV;96S������

VY�TĳJ0êŧ����rΫĊƊȒÂʻ�ĢFHƩΕ;46S̯D0ά4H-SiC ;

ŷ)Sś�:͖͠ƼTȉHP Nd:YAG ��k=őȎɋ(1064 nm)8ʺήΨ̯ɋ(532 nm)

Tʅ6ΫĭĊƊ����r8ȏǰ=ƹʽ8=ʙͺͺØ;46SȦ̜HP%8Tʗʓ8)

0ά 
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4.2! Z±¢�Q�k{ 
{~ʪ��n Nd:YAG��k(��nƓβ5.5 nsΫʐǘĶɋǭβ10 Hz)=őȎɋ(1064 nm)

8ʺήΨ̯ɋ(532 nm)Tʅ6Ϋĝ' 330 µm= 4H-SiCőȖ;̺͘ĊƊ;9#P����

y�ud:Ȧ̜T̆7άŭΤ����rTÀ¤;G8JPά 

 

�ɋ͵β1064 nm, 532 nm 

�������VY�βa[lW�Ϋ�up� 

�ĶŅΌŅɁβŮɜśɁΫŮɜɂ 

 

Figure 4.3;�up����ŭΤˉ=ȪʌņTʤHάWblh���oTʅ6S Figure 

4.3(b);ʤH������VY�TǕ4ʳ͹FWHM1.5 µm=�up����TʃǇ)0ά

G0Ϋa[lW����>ø��o;MOΈê)0ά.=ʳ͹ FWHM> 32 µmT5OΫ

ɮɬɖƚ> 1064 nm=œĮ 1 mmΫ532 nm=œĮ 2 mmÀ¤T530άɂªĊƊ>a�

np�Tʅ6S̆6Ϋ̤ǰ=ą=ɂ=ĝH> 1.5 mm8)0άɂ8a�np�;MP�

��=ûǫ>ɰŸą;ˡǄ)Sê͋£=̤ǰË˝T̯Ǯ)0ά4H-SiC >ʵˌĞţT n

z��'QS9OΫ²ȴY_�̿ͮûȗɊTʅ6Sz���eɪƚT̯D0ˑșΫɻ ˌ

Ğţ=ɪƚ> 1.3 × 1019 cm-3T530ά���> 4H-SiC= c͋;ƕ̆;ɰŸ)0άŭΤ

ȒÂT Table 4.2;G8JPάG0Ϋ4H-SiC=ɴƼT Table 4.3;G8JPά 

 

      

                       (a)                                          (b) 

 

Figure 4.3 Schematic illustration of experimental apparatus. (a) Bessel beam irradiation setup, (b) Bessel 

beam spatial profile. 
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Table 4.2 Experimental conditions 

Parameter Unit Value 
Wavelength, λ nm 1064, 532 
Pulse width, tp ns 5.5 
Bessel beam width µm 1.5 
Gaussian beam width µm 32 
4H-SiC thickness µm 330 
Water thickness µm 1.5 

 

Table 4.3 Physical properties of 4H-SiC [4.32-35] 
Property Unit Value 

Density, ρ kg/m2 3211 
Specific heat, cp J/kgδK 690 
Thermal conductivity, k W/mδK 116000/T 
Melting temperature, Tm K 2973 
Latent heat of melting, Lm J/kg 1.55 × 106 
Vaporization temperature, Tv K 3538 
Latent heat of vaporization, Lv J/kg 9.55 × 106 
Band gap, Eg eV 3.23 (at 300K) 
Effective electron mass parallel with c axis, meff  (m0)* 0.19 
Effective density of states masses, mefs (m0) 1 
Doping concentration, Nd cm-3 1.3 × 1019 
Refractive index, n - 2.6 

     * m0 : electron mass 
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4.3! �vQ��[ 
{~ʪ_�sT>ɱÇź�Ν˽T>:60JΫͿĠ'Q0Βʰ>���=)�6ÞT

̓8Pͩû8M! ˮHPά)0�3SΫȏǰ=ˋ˅:W���l��)�6Þ>ΫG

1ȏǰ;ʩŧĤƹiɱ÷ɾ�'QS6:6ɷǃTȇþ=��n=ɰŸ;MOͿĠ'Q

0Βʰ�NɃJP%8�ĩ˧T5Pά)�6Þ��]�n Fth> 1064 nm ;ŷ)S 30 

J/cm2Ϋ532 nm;ŷ)S 6 J/cm28ɃJNQ0άÀ¤ΫG, 4H-SiC=��kĴĥȲȫ;

46S͓D0£Ϋ̑ ǭ=��nTɰŸ)08�=ʱ=Ƨɷ8Ƽɷ;ŷHP̱êŧ���

�r=ƩΕ;46S̰*Pά 

 

4.3.1!4H-SiC�GUR7�*"6 
�  2ʮΟ=ɋ͵8K;Ϋ.=êţ]}�c�(1.17 eV for 1064 nm, 2.33 eV for 532 nm)>

Ůɜ;9#P 4H-SiC=��z��u�(3.23 eV)MOŻ'6ά.=0JΫ«:Ĵĥ=�

`|o�>ˬʇb��W(ˬʇ΍ţ);MPĴĥ8ˡ8P%8�T�PάɜƚÖťˬʇb

��WĴĥØǭ>À¤=M7;ȅ!%8�ĩ˧T5P[4.36-38]β 

 

* =
$a;bc;dJ

e:J;]aff
J;g;$;h;#&c

                         (4.1) 

 

%%TΫe, λ, meff, ε, n, c0>.Q/Q΍ɁˌͮΫɋ͵ΫȉĎ΍ţ̿ͮΫʚʳ=̪΍ɺΫƁ

ǑɺΫʚʳª=ê͙TʤHάɜƚÖťˬʇb��Wųƚ ne>À¤=M7;̊'QPβ 

 

>b =
$i
'
+

$i
'

'
+ >R'                        (4.2) 

 

%%T nd8 ni>.Q/QY_�ĕ'Q0¥ˋɴɪƚΫɱč͂b��WųƚT5PάÀ

¤=ǴʭƟ=MO nd8 niT̛ˀHP%8�T�Pβ 

 

>k = lk
@Z_ Z_emn

oi
on
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qr
st
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qr
st

                         (4.3) 

 

l# = 2.513×10Zy×
z

{BB

Z.|
×

]af}

]a

Z.|
                 (4.3-1) 
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>R = 2×
]aff;~z

':ℏ

Z.|
×e@

qÄ
Jst.                       (4.4) 

 

Gm = Gm Å = 300Ç − É×
zJ

Ñ_z
.                    (4.4-1) 

 

%%T Nd, gc, Ed, k, ħ>.Q/Qz���eɪƚΫ˛͔ƚΫY_�ĕ]}�c�Ϋ��

v��ūǭΫxX�udūǭTʤHάɜƚÖťɷǃųƚ Nc>Ɵ(4.3-1)T¦8NQPάG

0ΫɜƚÖť��zc�u�>ːΤƟ(4.4-1);MO̊'QΫ4H-SiC=œĮ�XuwX�

e����r=Þ> a = 6.5 × 10-4 eV/KΫb = 1300KT5P[4.32]άz{�=ʵˌ> 50 meV

= hexagonal siteɠË8 80 meV = cubic siteɠË;İ*ɪƚTz���e'QS6P8

Áū)0[4.37,39]ά 

ɜƚÖťʬĐƚ µ>�XuwX�e����r γ = 0.76 [4.40]Tʅ6SÀ¤=ƟT̛

ˀHP%8�T�Pβ 
 

Ö = Ö]R$ +
hÜáà@hÜâä

Z_
oi
oãaf

å                          (4.5) 

 

Ö]H^ = 950×
z

{BB

@'.e
                       (4.5-1) 

 

Ö]R$ = 40×
z

{BB

@B.|
                       (4.5-2) 

 

lIbé = 2×10Zè×
z

{BB
                       (4.5-3) 

 

01)Ϋµmax >ˋ˅ėźÎ=ȡţǫ®=H�ťŉHP8�=ʬĐƚΫµmin >z���e

ɪƚ�Ψ!¥ˋɴǫ®�ś�68�¤;ʬĐƚT5PάNref >ʬĐƚ� µmax8 µmin=ª

͹ÞT5P8�=z���eɪƚT5Pά 

Figure 4.4;ɋ͵ 1064 nm=ɜƚÖťˬʇb��WĴĥØǭTʤHάɜƚ£Ǻ8È6Ϋ

ĴĥØǭ�śƓ;ŕĊ)S6P%8�û�P. 2300 KʭƚGT>z{�=ɱč͂;MP
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Y_�ĕTĴĥØǭ�ŕĊ)S6Pά 2300 K�N>×΍ţƐ=΍ţ�č͂'QΫÇź

Ɛ=ˬʇ΍ţɪƚ�ƻ;ŕĊHP0JΫĴĥØǭKƻƈ:ŕĊTʤHά)0�3SΫ�

�k���TĴĥHPE9ȏǰ=ɜƚ>Ψ!:P8ˡ8P%8�T�Pά 

 

 
 

Figure 4.4 Temperature-dependent free carrier absorption coefficient of n-doped 4H-SiC for 1064 nm. 

The absorption coefficient increases with rising temperature. Under 2300 K, ionization of dopand leads to 

increase of free carrier concentration. Over 2300 K, thermal activation of electron from valence band 

drives drastic increase of free carrier concentration. 

 

Figure 4.5;ɱÇźTɭ̕)0œĮ=ɜƚ£Ǻ;Ʒ̒:��]�n=ɜƚÖťƼTʤ

HάdF/dTT 300 K�N 3100 KGTʰû)SƱNQ0 1064 nm=)�6Þ��]�n

> 28 J/cm2T5OΫŭΤÞ8M! ˮ)S60ά%=%8MO 1064 nm=œĮˬʇb�

�WĴĥ;MOȏǰ�Ċɱ'QS6P8ʡ̩'Q0άȏǰ�Ψɜ;:PE9Ϋɜƚ£Ǻ

;Ʒ̒:��]�n>Ż'!:Pά4GOΫΨɜΚŏT>Ż'6]}�c�TKƻ;ɜ

ƚ£ǺHP0JΫ��kêɟ=ʐǘ]}�c�=ǠQ�ĊƊΚŏ=ś�';ʂś:ƩΕ

TĢFH%8;:PάFigure 4.6; F = 40 J/cm2=8�=��nǭ;ŷHPʱƬ=ŘĕT

ʤHά��nǭ�ż:6E9ΫĊƊͩś�'=̬ƌ�Ν˽T5P%8�û�Pά)�)Ϋ

��nǭ�Ś!:PE9ĊƊͩś�'=ǠQ>Ż'!:Pάɦ 5#ĊƊ=œĮ> 4=

n�uy;ŷHP��nǭ�Ś!:P0JΫĊƊͩ=ś�'=̬ƌ>ś�!:N:68

ˡ8NQPά ǴΫˬ ʇb��WĴĥ;Ǧͪ'QPɋ͵=��kTʅ6Snd�Y��

eĊƊʻTǵHœĮ>ΫĊƊ=ũūƼ�śƓ;Ì¤HP%8;:P8ˡ8NQPά  
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Figure 4.5 Fluence needed to rise temperature. As materials temperature increases, energy needed to 

increase materials temperature gets smaller. 

 

 
 

Figure 4.6 Variation of crater width with respect to pulse number. In the case of free carrier absorption, 

size of fabricated spot fluctuates significantly at first several pulses. 
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%%TΫ532 nm =ĴĥȲȫ;ͺ)S>Ϋ��zc�u�=ɜƚÖťƼ;ɌʗHPƷ

̒�5Pάɋ͵ 1064 nmΫ532 nm=êţ8ɜƚÖť��zc�u�(Ɵ(4.4-1))8=ͺØ

T Figure 4.7;ʤHάɜƚ£Ǻ;4QΫ��zc�u�> 2300 K50OT 532 nm=ê

ţ]}�c�MOŻ'!:P%8�û�PάH:SOΫɋ͵ 532 nm=êţ=Ĵĥ�`

|o�� 2300 KMOÌɜTˬʇb��WĴĥ�N��z͹Ĵĥ(Inter-band absorption);

ŘSPΚŏ�5OΫ4H-SiC= 532 nm;ŷHPĴĥØǭ�ƻɩ;ŕĊHP%8;:Pά

.=0JΫ532 nm =ɜƚÖťĴĥØǭ> 24=Ĵĥ�`|o�T`u���e)0'

N;̑Ή:�x��e�Ʒ̒8:Pά%Q� 532 nm=ĊƊ)�6Þ(6 J/cm2)� 1064 nm

=.Q(30 J/cm2)MOśƓ;Ż'!:PĞŃT5Pά 

 

 
 

Figure 4.7 Temperature dependence of the band-gap of 4H-SiC and photon energy of 1064 nm and 532 

nm. As band-gap of 4H-SiC decreases with increasing temperature, photon energy of 532 nm becomes 

larger than the band-gap, while photon energy of 1064 nm remains smaller. 

 

4.3.2!��c� 
a) ʱƬ=ǔś 

� Figure 4.8; 1064 nm=��]�n 60 J/cm2;MOĊƊ'Q0ʱ= SEMåTʤHάɂ

ªĊƊT>ʳɁªĊƊ;ȾDSΫx���Ϋ�b�nyʻ=ɱȳ΀8ȺΧ�Ν˽;ż:

!:3S6P%8�û�Pά)�)Ϋɂª=a[lW����;MPĊƊ=œĮΫd�

ud=ʐʃ�ɩ)!:3S6P%8�û�Pάd�ud=ʐʃȲȫ;46S>ȴˁT͓

DPά�up����=œĮΫd�ud=ʐʃ>ɩ)!:�30ά)�)Ϋʱ=ś�'
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��ǻN�;ɼQS6P%8�û�Pά%%TΫjYz���=��]�n> 4H-SiC

=W���l��)�6ÞMO>P�;Ż'�30=;K��SN,Ϋ%=ͩû>ɢ̅

)0���^�m�Tʤ)S6P%8�û�Pά 

 

 

Figure 4.8 SEM images of top view of drilled craters with F = 60 J/cm2 of 1064 nm irradiance. In the case 

of Bessel beam irradiation, entrance of the hole enlarged with increasing pulse numbers affected by side 

lobes heating. Gaussian irradiation under water environment led to formation of cracks. 

 

Ȭ4:ŭΤȒÂ;ŷHP��nǭ8ʱƬ=ͺØT Figure 4.9;ʤHάɋ͵ 1064 nm=

a[lW����;MPɂªĊƊ=œĮ>d�ud=ʐʃ�Ν˽T5300JȾ͌ŷ

̷ř8)0άɋ͵8ĶŅΌŅɁ;ͺØ:!Ϋ�up����=��nǭ�ŕĊHP;4

QSΫ���ƬT̔ȡĕ'Q0ʱƬ=ŕĊ�Ν˽T5P%8�û�Pά.=0JΫ�u

p����Tʅ6P%8Tȋƭ)S60ΨWn�dyȾ=ʱTƱP%8�úȓ:�3

0ά%%TΫ��nT̑ǭłɰŸHPœĮΫą=��n=jYz���=ɰŸ�Ϋȴ=

��n=ĴĥiW���l��;ƩΕ)S6P8°ɝHP%8�T�PάSiC=̅ɬ>

3100 K 8Αƒ;Ψ!Ϋɵ;��kĊɱ=œĮ>̅ɬ;͡HPą;̊ΒT¥Įİ:Ǻ˺

�͂%P[4.36,41-50]άSalamaN[4.41]> Nd:YAG��k=őȎɋ8ʺ 2Ψ̯ɋ;MPĊ

ɱT SiC ̊Β; C �utƄ�ÑNQP%8Tʤ)0άƫN;MP8%QNɋ͵>Ż'

6êţ]}�c�TǕ40J Si =Ǻ˺ʻ=ɱʓĎș�Ơ�͂%'QPάAdelmann 8

Hellmann [4.36]> SiC=̊Βɫĕ� 1350KʭƚTšGOΫĴĥØǭ�ƻŕHP%8Tŭ

Τʓ;ʤ)0άjYz���=��]�n> SiC ȡţ=ɢ̅)�6ÞMOŻ'!SKΫ 

Ψɜ=��yʻ�N=ɱÇź;MOjYz���ɰŸͩ=ɜƚK£Ǻ)Ϋɫĕ)iH!

:Pάºłʅ60ɋ͵;ŷ)Ϋe��VYyΫsYW��z��Yd�`���
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(Diamond-like carbon; DLC)Ϋe��\�ʻΫɫĕ;MOƧǇ'QPɫˌȗúɴ> SiC;

ȾDSĴĥØǭ�ś�6ά)0�3SΫ��nǭ�ŕ8P;4QSĊƊʱĶO=ɫĕ�

͜HΫĴĥØǭ�ś�!:OΫjYz���TKĊƊ'QP%8;:P8ˡ8NQPά

G0ΫɂªĊƊTK%=M7:ɫĕ=ƩΕTǏ8P%8>T�:�30%8�û�Pά 

 

� � �  
                       (a)                                    (b) 

 

Figure 4.9 Variation of the ratio of hole diameter over beam width. (a) 1064 nm with 60 J/cm2, (b) 532 

nm with 16 J/cm2. Bessel beam irradiation indicated critical ablation of side lobes, especially for 1064 

nm. 

 

%%TΫɫĕ=ƩΕTʡ�JP0J;ΫĊƊ̊Β=���ûêûȗT̆30άFigure 

4.10; SiC̊Β8 1064 nmTĊƊ)0ʱĶO=������VY�TʤHάĊƊʱ=˙

=H"řá=ĊƊ'QS6:6ͩû;ɋ͵ 532 nm=��kTɰŸ)Ϋ������V

Y�TƱ0άa[lW����TĊƊ'Q0œĮ>d���: 4H-SiC ̊Β8E8U9

İȬ:������VY��ƱNQ0ά ǴΫ�up����TĊƊ'Q0œĮ> C-C

ˑĮ= D��z(1350 cm-1)8 G��z(1580 cm-1)=��d�̓NQPάɵ;%=���

n�dy�> DLC =.Q8ˡ8NQΫȡţĊƊ)�6ÞMOŻ'6��]�nTǕ4

ɋ͵ 1064 nm=ɰŸ;MO̊Β; DLCƄTƧǇHPW|���eC=ƹʅKĩ˧T5

P8ˡ8NQPά 
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Figure 4.10 Raman profile at the surface of SiC irradiated with 60 J/cm2 of 1064 nm under air 

environment. Red line: clean surface of 4H-SiC, green line: outer border of crater made by Gaussian 

beam, blue line: outer border of crater made by Bessel beam. Raman peaks indicating C-C bond of 

graphite exist in the case of Bessel beam. 

 

b) d�ud=ʐʃ 

� Figure 4.8T>ɋ͵ 1064 nma[lW����;MPɂªĊƊ=œĮΫñĶǴı;d

�ud�ʐʃ)S6P%8�ʡ̩'Q0άɵ;Ϋd�ud>ȻƌTǕ4ȫ͚T)S6P

%8�S�Pά%=M7:d�ud>Ϋĭ��n=ɰŸTʃǇ'Q0ɱ��o��ɂT

ȑ˚'QΫ����=ǲɱ˪ƣ=8�ʱ=ƬǴı;ś�:ňĈTĊ8P%8�NƧǇ'

QS6P8ˡ8NQP[4.54-61]ά532 nm=œĮ>ΫĊƊΌŅɁ;��SN,ΫĊƊ)�

6Þ 6 J/cm2MOͣ�;ś�:��]�nT5P 40 J/cm2À¤=��]�nT>d�u

d�ʐʃ):�30ά 

� Figure 4.11 ;a[lW����=ʳɁªɰŸ;MPd�ud=ʐʃÔ=êŧΝƴʹ

ņTʤHάr ɁªɰŸ=œĮKñĶǴı;d�ud�ʐʃHPœĮ�5P�ΫɂªĊƊ

=œĮ8>ʎ:PɵƵTǕ4άɂªĊƊ=œĮ>d�ud=ðá�E8U9Πǫ)S6

P%8;ŷ)ΫʳɁª=œĮ>��8)SȺ3S6P%8�û�Pά 
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                      (a)                                      (b) 

 

Figure 4.11 Crack formation in the case of 1064 nm Gaussian irradiation with fluence of 60 J/cm2 in air 

environment. (a) 1 pulse irradiation, (b) 10 pulses irradiation. Re-solidified melt fixes the hot and 

expanded surface of SiC during ns ablation. Therefore, the circumferential crack is formed by strong 

residual tensile stress along radial direction. 

 

� SiC=��kW���l��ª;>ΫɕÎ Si���y8)SȺʋ)Ϋɫˌ�ȗúHP

%8�Œĵ'QS6P[4.34,51-53]άFigure 4.11�NKʱ;òõŇɴ�ŇG3S6P%8

�û�P�Ϋ%Q;ŷ)S���ûȗT̆30άFigure 4.12 ;ʱ=ªƶͩ8�Q6:

SiC ̊Β=���n�dy�TʤHάʱ=ªƶͩ;>ΫFigure 4.10 TK̓NQ0 DLC

=��d;Ċ8Ϋ'N; 510 cm-1;Ƥ6��d�ɼQP%8�û�Pά%Q> Si-Siˑ

Į=ťŉT̡ǻ)S9OΫòõŇɴ>l�h�8 DLCTȫǇ'QS6P8ˡ8NQPά

G0Ϋ770 cm-1¾͒= SiC=��d�Αƒ;Ƣ!:3S6P%8�û�Pά%=%8�

NΫ��yĝ6òõŇƄ�ƧǇ'QS6P8ˡ8P%8�T�Pά%%TΫ��y=ò

õŇɴ8ʳɁªɰŸ=œĮ=d�udʐʃ8=ͺØ;46SÀ¤=M7;ˡ80ά 

 

I.! ��kĴĥªΫΨɜ;:30 SiC >ɱ˪ƣHPά%%TΫȎʟʲTʅ6NQ0

��kɋ͵> SiC ;ŷ)Sêŧɓ͖͵'�ɖ!Ϋɢ̅Ƅ�ś�!:O��y�

śͮʃǇ'QPά 

II.! ��y>ɢ̅):�30ĶO= SiC =ɱ˪ƣ;MOʕO£�Pά��k=Ĵĥ

�ˎSP8ó8šJΫH";òõŇHPά%=òõŇƄ�Αƒ;ĝ60JΫɢ

̅):�30ĶO= SiCTǛʛHP%8;:Pά 

III.! .7HP8Ϋɱ˪ƣ)0ŇÎ SiC >óĜǾ;˛ŻT�:!:OΫȺʋƹĈ�ʐ

ʃ)Ϋd�ud�ʐʃHPά 
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� %=�`|o�=ȪʌņT Figure 4.13;G8JPάUVĊƊ=œĮ>ê=ɓ͖͵'�

Ż'!Ϋ��y=ͮ�ż:60Jd�ud�ʐʃ):�308ˡ8NQPά)0�3SΫ

êŧɓ͖͵'�ś�68d�ud=ʐʃ;ŷHP��y=ƩΕ�Ν˽;:P8°ɝH

P%8�T�PάΨɜΚŏTĴĥØǭ�Αƒ;ś�!:P 532 nm=œĮΫ1064 nm;

ȾDS��y=ĝ'�Ż'!:P0JΫd�ud�ʐʃ);!!:308ˡ8NQPά 

 

 

Figure 4.12 Raman profile at the center of the crater. Re-solidified region has strong Raman peak at 510 

cm-1, which demonstrates existence of Si-Si bond. Furthermore, peaks of D band and G band of C-C bond 

are also seen. 

 

 

Figure 4.13 Mechanism of crack formation due to re-solidification of melt. 
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4.3.3!(;;?�~� 
� Figure 4.14;ĊƊȒÂ8ʱɖ'=ͺØTʤHά%%TΫɋ͵ 1064 nm=a[lW��

��ɰŸ=œĮ>d�ud=ʐʃ�Ν˽T5300JΫȾ͌ŷ̷ř8)0άɋ͵;��

SN,Ϋ�up����MOa[lW����Tʅ60œĮΫɖ6z���e�ĩ˧T

5P%8�û�Pάɵ;Ϋ532 nmTʅ60œĮΫ��]�n 6 J/cm2À£T> 10000�

�nɰŸT̺͘)S6P%8�û�Pά4.3.2 Tʤ)0ʱìĨ=ǔśKĳJΫ�up�

���Tʅ6P%8Tȋƭ)S60Wn�dyȾ=Ψ6 TSV ĊƊ>T�:�30άÀ

¤Ϋʱ=ɖ';ŷHP��k����r=ƩΕ8.=ĊƊ�`|o�;46S͓DPά 

 

     
                   (a)                                       (b) 

 

Figure 4.14 Crater depth vs. fluence. (a) 532 nm, (b) 1064 nm. Crater drilled by 1064 nm Gaussian beam 

under water condition was not of interest as generation of crack was critical. 

 

a) ������VY�=ƩΕ 

� Figure 4.15 ;a[lW����8�up����=ɋΒ=ʱŞC=ÇǢ=Y��m

ņTʤHάa[lW����=œĮΫɋΒ>Ƿ;ĊƊ'Q0ʱ=£�NÇǢ)ΫʱƙΒ

GTā͡HP%8;:Pά ǴΫ�up����;MPʱ5#ĊƊ=œĮ>Ϋ��k�

��=ɋΒ�ʱ=£�NT>:!Ϋɦ ĶO=ȏǰ�NÇǢ)Ϋɦ ƙΒ;Ɣə�r��T

ˑB%8;:Pά%QT͆G8SȏǰC=͖͠Ƽ=Ψ6ɋ͵Tͦǒ)S6P�Ϋ4.3.1

Tʤ)0M7;ȏǰT͖͠):�NĊɱHPE9ĴĥØǭ�Ψ!:OΫMRÇǢ);!

!:P0JΫʱ=Ş;:PE9Ɣə�r��=Ƥƚ>ƻɩ;Ì¤HP%8;:Pά G

0Ϋ4.3.2 Tʤ)0ʱƬ=ǔśKś�:ƩΕTʤ)S6P8ˡ8NQPάjYz���
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;MOĊƊ'Q0ͩû;>��y�ƧǇ'QΫɫˌ�ȗúHP0JΫɋΒ=͖͠ɺ�Ì

¤HPάH:SOΫɫĕ;MPʱìĨ=ǔś�ʱ=ɖ';KƩΕHP%8;:Pάɵ;Ϋ

śͮ=��y�ʃǇ'QΫɫĕ;MPìĨ=ǔś� 532 nmMOΝ˽: 1064 nm>{~

ʪ��n�up����;MP SiC= TSV;>¥ı�T5P8ˡ8NQPά 

 

 

                        (a)                                   (b)  

 

Figure 4.15 Schematic illustration of wave propagation into the crater. (a) Gaussian beam, (b) Bessel 

beam. Gaussian beam can reach to bottom of the crater directly. On the other hand, Bessel beam 

propagates through the area affected by side lobe heating. Therefore, intensity and profile of the Bessel 

beam breaks at the bottom of the crater. 

 

- a[lW�-�up����=s����n;MP TSVĊƊ=ΨƚĕC=ǜȢ 

�up����;MPʱ5#ĊƊ>Ϋ%=M7:jYz���=ƩΕ;MOƘ!ǿĢ

'Q:6=�ɼɷT5PάHe N[4.62]>�\�yʪ��k�up����Tʅ60 Si

= TSV ĊƊ;96S͖͠Ƽ=Ψ6͒̀řɋ͵Tʅ60�ΫȏǰT=Α˗ƧĴĥ;MO

ɖ6ʱ�ƱNQ:6%8Tʤ)0άHe N>.=̘Ʌʾ8)SŚͬñʁn�uyT5P

Śͬ�\Yn���y(Binary phase plates; BPPs)T͸ʐ)Ϋ�up����=jYz�

��TǏĂ):�NΫʱƬ 10 µmÀ¤Ϋɖ' 100 nm= TSVTǵ)S6Pά 

%%TΫȎ̰ǯT> 532 nm=a[lW�−�up����=s����nɰŸ;MP

ǳ0:ĊƊǋɊTǜȢHPάȎ̰ǯT=̯ȝ;MP8Ϋ�up����>jYz���

;MPĊƊͩ8ɜƚ£Ǻ)0ȏǰC=͖͠Ƽ�ƾ60J TSV �΋)68ˡ8P%8�

T�Pά)�):�N 532 nm=œĮΫʱƬ> 20 µmÀ¤;Ǐ8P%8�ĩ˧TΫa[

lW����Tʅ6P8˄Ě;̺͘ʱ>ƧǇ'QPά%%TΫ532 nm =ĴĥØǭ=ɜ

ƚÖťƼ�Αƒ;ś�!%8;ʛʗ)0άFigure 4.16;.=ŭΤˉ=Y��mņTʤHά
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14J=�up����TɰŸn�uyTĊɱHP8ΫĴĥØǭ�ƻƈ;ŕĊHP8°

ɝT�Pά.%TΫɜƚ�Ì¤HPą;ɫĕ)�6ÞMO��]�n=Ż'6 24J=

a[lW������nTɰŸHP8ΫΨɜ�4ĴĥØǭ=Ψ6ɰŸͩ>ƀǊʓ;ĊƊ

'QPάʱ=ɖ'�ɖ!:3SKΫ��]�n�Ż'60J͖͠Ƽ�M!Ϋ14J=�

�n>ʱ=ƙΒ¾͒1#ĊɱHPƪćTș0)˔#Ϋ24J=��n>ĴĥØǭ=Ψ6

ͩû=HTͿĠHP%8;:P8ˡ8NQPά 1064 nm;ȾDSɫĕKΝ˽T>:!Ϋ

��]�nKŻ'60JΨWn�dyȾTǕ4�up�z���e�ĩ˧T5P8°

ǀ'QPά%=8�Ϋ14J=��nTĊɱ'Q0n�uy�N=ɱÇź> 24J=�

�n=͖͠ɺTÌ¤'-P̒Ń8:P0JΫ24=��n=ɰŸ͹΅>{~ʪ_�s;

HPƷ̒�5P8ˡ8NQPά 

 

 

 

Figure 4.16 Schematic illustration of experimental setup for Bessel-Gaussian beams double pulse 

drilling of SiC in conjunction with absorption coefficient modulation. 

 

b) 1064 nm;9#PÌ��]�n̺͘ĊƊ 

� Figure 4.13(b)�NΫ1064 nm=a[lW����TĊƊ'QPœĮ��]�n�ś�

!:PE9ʱ=ɖ'�Ż'!:Pãı�̓NQ0ά��]�n=˂ŅTMOƘ!)Ϋɦ

=ɖ'=̛ɝT̆30ˑșT Figure 4.17;ʤHά1000��nGT>��]�n�ś�

!:PE9ʱ=ɖ'Kɖ!:P%8�û�Pά)�)Ϋ10000 ��nɰŸ=œĮ> SiC

=ɢ̅)�6Þ��]�nMOKŻ'6 12 J/cm2 TȇKɖ6ʱ�ƱNQ0%8�û�

Pά%Q>Ϋ��]�n�ś�!:PE9��y8òõŇƄ=ĝ'�ś�!:P0JT

5P8ˡ8NQPάɫĕɴ�ȗú)0l�h�òõŇƄ>͖ǻ: SiC;ȾDSĴĥØǭ
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�Αƒ;Ψ!Ϋ.=¤= SiCC=ê=͖͠TͼůHPͥ̀ĎșTș0H%8;:Pάl

�h�Ƅ=ĝ'>��nǭ�ŕ8PE9ś�!:P=TΫ10000��nT>��]�n

=ŕĊ;4QSĊƊɖ'�ɚżHPãıTʤH%8;:Pά 

�  ǴΫSiC=ɢ̅)�6ÞMOKŻ'6��]�nΚŏT>Ϋɫĕ)0̊ΒTĊɱ)

S SiC=ɜƚT£Ǻ'-P%8;:PάŭΆ;Ϋ��]�n� 10 J/cm2=8�Ϋȇþ=

100-1000 ��nɰŸGT> SiC =̊ΒTɱ��o�=n��d�̖Ŵ'Q:�30(þ

JSɱ��o��̓NQP��nǭ;ǠQ�5P=>ɫĕ�¥Įİ;͂%P0JT5

P8ˡ8NQP[4.1])ά.=0JΫ1000 ��nGT>��]�n�ś�6œĮ;ȾDĊ

Ɗ͙ƚ�Ż'!Ϋʱ=ɖ'�Ż'!:3S6P�Ϋ10000��nT>òõŇƄ=ͥ̀�

Ż'60JMOɖ6ʱ�ƱNQ08ˡ8NQP. ��]�n� 10 J/cm2=œĮΫ15000

��n=ɰŸT̺͘)0ʱT Figure 4.18;ʤHάìĨ¾͒T>őȖªƶͩMOw���

ğ)!:3S9OΫɖ' 100 µmÀ¤�N>Ƭ 20 µγÀ¤=̺͘ʱ�ƧǇ'QS6P%

8�û�Pά%=M7;ΫɫĕWlny;MPÌ��]�nʱ5#ĊƊTʅ6P8Ϋͤ

ü:ʟʢTǵH%8TΫìĨƬ 20 µmÀ¤ΫúĨƬ 7 µmΫWn�dyȾ 15ʭƚ= TSV

�ĩ˧T5P8ˡ8NQPά 

 

 

 

Figure 4.17 Crater depth vs. fluence with 1064 nm-wavelength Gaussian beam. The deepest crater 

depth was obtained with fluence under the ablation thresohold of 1064 nm, 30 J/cm2. 
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Figure 4.18 Cross-sectional profile of TSV hole fabricated by 1064 nm Gaussian beam with fluence of 10 

J/cm2. Under 100 µm under upper surface, TSV with small taper was obtained with entrance width of <20 

µm and aspect ratio over 10. If upper surface is grinded as a post process, carbonization assisted drilling 

can lead to TSV with significantly high aspect ratio. 

 

4.3.4!¬¡�on!�:�/?�K_ 
ą͓=M7;ėźÎ=ˬʇb��WĴĥ=œĮΫƒɜ=8�;ȾDΫΨɜ8�;>Ż

'6��k]}�c�TKɜƚ£Ǻ)iH!:Pά.=0JΫ�up����=Ż'6

���ƬTɎʅHP0J;>ΫSiC̊ΒTΨɜ;'N'QPn�uyjYoTĂƲHP
Ʒ̒�5Pά%%TΫ4H-SiCMOś�:ĴĥØǭTȉHPͯ́˩T˾ʛ)ΫŻ'6�
�]�nTͯ́˩TĊɱHPǋɊTˡȢ)0άFigure 4.19;ͯ́˩Ǧǟ 4H-SiC��

k]ut�e��pn=Y��mņTʤHά 4H-SiC =ĊƊ)�6ÞMOŻ'6��
]�nTǕ4ȇþ=��nTͯƃ́˩TĊɱHP8ΫĊɱ'Q0ͯƃ́˩ʘ¤=

4H-SiC=ɜƚ�ɱÇźʻ;MO£Ǻ)ΫW���l��'QPά ˲ʓ;ˬʇb��

WĴĥėźÎ;ȾDSͯƃ=��kW���l���ũūʓT5P0JΫ4H-SiC=W
���l��Kũūʓ;͂%P%8;:PάG0Ϋή��nʗÀͽ=ɰŸTKΫέ��

nʗ=ɰŸTɫĕ(W|���e)'QP0JΫW���l���ʃ*P%8;:Pά%

=8�ΫjYz���=��]�n>ɫĕT͂%HE9ś�!:60JΫɰŸͩ>��

nǭ�Ś!:3SKǔś):!:PάG0ΫÌ��]�nT5P0Jd�udKʃ*:

!:PάȎʟʲT>Ϋ]r~��ʻ=ȉȲɢŢT˄Ě;ͿĠT�P0JΫͯTʅ60ά 
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Figure 4.19 Schematic illustration of Bessel beam etching on SiC with au thin film deposited. 

Temperature of 4H-SiC is increased by heat transfer from au film illuminated by Bessel 

beam with low fluence. Subsequent pulse does not enlarge entrance of the crater as fluence 

is critically low. 

 
Figure 4.20;.=nd�Y��eĊƊÔ= SEMņTʤHάɰŸ��]�n> 2 J/cm2

T5OΫͯ́˩>ͿĠ'Q0Ʈ=ʉåT5PάƓ 1 µmʭƚ=Αƒ;ˍ6nd�Y��

eĊƊ�ĩ˧T530άG0Ϋ%=ǋɊTʅ6PœĮΫnd�Y��eƓK ūT5OΫ

{~ʪ��n��k;MPėźÎ�r�|�eˑș8)S>Αƒ;ˈųT5PάȎʟʲ

T>Ϋ̤ΤȻ΃8)SĴĥØǭ=Ψ6ͯ́˩Tʅ6S9OΫ1��nʗ=ɰŸͩĶO=

Ⱥť)0ͯ� 2��nʗÀͽ=ɋΒ=ɖ6ÇǢTͼůHP̒Ń8:300JΫɖ6z�

��eĊƊ;>ƹʅT�:�30ά1�Ϋͤü:́˩ȏǰTͦū)0OΫ1��nʗɰ

ŸƮ́˩TͿĠHPʻ='N:PĊƊ��pnxkY�Tǵ)0OHP%8TΫ́ ˩W

lny��kW���l��TΨƚĕHP%8�ĩ˧T5P8ˡ8NQPά.=%8;

MOΫnd�Y��e(�r�|�e)ĊƊ1#T>:!ΫőȖɖ'Ǵı=ĊƊ;K'N

:PƂ͸�ȋƭ'QPά 
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                  (a)                                   (b) 

 

Figure 4.20 Au thin film assisted Bessel beam scribing on 4H-SiC surface. (a) Top view, (b) slanted view. 

Significantly narrow scribing with constant width was demonstrated. 
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4.4! �
� 
ȎʸT>ȴ§¿ėźÎőȖȏǰ8)SɌʗTɒ@S6PĚˑȁ 4H-SiC =��kͿĠ

ĊƊ=�`|o�T̘ǻ)Ϋ������VY�TĳJ0Ȭ4:êŧ����r=ƩΕ

;46S͓D0άÀ¤ΫƱNQ0ʝ̓TG8JPά 

 

•! �up����Tʅ6PœĮΫjYz���=ɰŸ;MP̊Β=ɫĕW|���e

;MOĴĥØǭ�½:!:OΫĊƊʱìĨ�ǔśHP%8�ʡ̩'Q0άɵ;%=

ãı> 1064 nm=œĮ 532 nm=8�MOΝ˽T530ά 

•! êŧɓ͖͵'�ś�6ɋ͵=œĮɱW���l��;M3Sśͮ=��y�ʃǇ

'QPά%=��y>l�h�T5OΫ.=̊Β; DLC �ȗúHPά.=òõŇ

ɴ>ɱ˪ƣ)0 SiC;ś�:ɱƹĈT¦8P±;:OΫd�ud�ʐʃHPĞŃ8

:PάG0ΫɂªĊƊ=œĮ>ȑ˚��o�=ś�:ňĈ;M3SKd�ud�ʐ

ʃ)ΫΠǫHP%8;:Pά 

•! ̊Β;ƧǇ'QP��y=òõŇɴ> SiC;ȾDSΑƒ;ś�:ĴĥØǭTǕ40

JΫ�up����=ɋΒ�ȏǰ=ŞGTÇǢúȓ:!:Pά.=0JΫa[lW

����;ȾDSɖ6z���e�¥ĩ˧T5Pά.%TȎʟʲT> 532 nm =s

����nĊƊTǜȢHPά 

•! 1064 nm=œĮ>êŧɓ͖͵'�ś�!ΫòõŇɴ=ĝ'Kś�68ˡ8NQPά

.=0JΫ��]�n�ś�!:PE9z���eɖ'�Ż'!:Pά%%TΫ

4H-SiC=ˋ˅:ɢ̅)�6ÞMOŻ':��]�nTĊƊ)08�Ϋ̊ ΒɫĕWl

nyĊƊ�̆SQȇKz���eɖ'�ś�!:Pά%=ɫĕWlnyĊƊ=œĮ

̊Β¾͒=H;ś�:w���4!0JΫͤü;ʟʢTǵH%8TìĨƬ 20 µmÀ

¤ΫWn�dyȾ 15ʭƚ= TSV�ĩ˧8:Pά 

•! 4H-SiC̊Β;ͯ́˩T˾ʛ)Ϋͯ ́˩=Ƥ6ĴĥTʅ6Ś˩ʘ¤= SiC=ͿĠH

Pͯ́˩Wlnyn�up����d�Y��eĊƊTʤ)0ά.=ˑșΫƓ 1 µm

=ŋ :nd�Y��e�ĩ˧T5P%8�ʡ̩'Q0ά 
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5.1! 
��� 
ê�ΨƁǑɺá�NÌƁǑɺáC˫ʊ̗MOś�:ìŸ̗TɰŸ'QΫíĤŸ'QP

8�ΫÌƁǑɺá;ȚHúHê�ťŉHPά%=ê=Ƥƚ>Ɵ(5.1)T̊'QPȚHú)

ĝHT 1/e;ɚ̋)[5.1]ΫÌƁǑɺáT>ÇǢ):6ά%=ê=%8T]�}up�y
ê8ĸBά 

 
Λ =

Z

~ë
äí
äë

J
ìîï ñJ @Z

                         (5.1) 

 
%%TΫk, n, θ>.Q/QɋǭΫƁǑɺ8ìŸ̗Tʤ)Ϋ¤¾�ǯŤ= h8 l>ΨƁǑ

ɺá8ÌƁǑɺáTǖHά%=ȚHú)ĝH>ɋ͵_�sT5OΫíĤŸʊΒ=ÌƁǑ

ɺáTƀǊʓ;)�̖ŴT�:6ά%=Ƽ̿Tʅ60ĀʅÔ8)SíĤŸ̄êΝƴʹΫ

Ɗïéʹ=ΨˈƚË˝p�l�e[5.2]ΫSub-µm _�s=ʰƄ͚Ƨ[5.3]ΫėźÎƴˍł

ͅ£=ʎɴȦȝ[5.4]ΫTPVʐ΍=Ďɺı£[5.5]ʻ�Ǘ$NQPάFigure 5.1;ʤHM7

;Ϋ��k���T]�}up�yêTʐʃHPǋɊ;>ś�!û#S“��o�ǴƟ”

8“ŷɴ��oǴƟ”= 2ʮΟ�5Pά]�}up�yêT̛ɝ;ʅ6PœĮΫ��o�

ǴƟT>]�}up�yê;MP̄êʻT̛ɝHP0J;ÿ=̖ŴˌţTƷ̒8:P

%8;ȾDΫŷɴ��oǴƟT>ŷɴ��o 4T]�}up�yê=ʐʃ8̛ɝ�İ

Ǿ;T�PĀɬ�5Pά.=0JΫɼŉ>ŷɴ��oǴƟ�«ɏ8:3S6Pά 

 

 
 

Figure 5.1 Schematic illustration of evanescent light generating devices. Example for total internal 

reflection fluorescence microscopy. Left: total internal reflection prism, Right: object lens. Object lens 

can be used for measurement of fluorescence as well. 
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%%TΫɵ;]�}up�yê=ʳ͹ƤƚûƏ��up�ͺǭT͒ÉT�P8�Ϋ]

�}up�y�up�ê8ĸBά]�}up�yê=ȚHú)ĝH8�up����Ƭ

8K;ɋ͵_�sT5P0JΫ]�}up�y�up�ê>ėƬǴıΫ͋ Ǵı8K;Α

ƒ;Ż'6n�uyjYoTǕ4ά%=]�}up�y�up�ê>͸Ĩǭ=ś�6ŷ

ɴ��o;ñʁɷ=���TɰŸHP%8TÑNQPœĮ�Ś6ά%%TΫ�up��

��Tͯƃ́˩;ɰŸ)S̊Β��o��T̪͂HPǋɊ[5.6-7]8Ϋ��k���Tʘ

Ǜ]�}up�yê;HPǋɊ;û#P%8�ĩ˧T5PάƮˢ=œĮ>íĤŸ̄êΝ

ƴʹ;M!ÓSQPǋɊTΫŷɴ��o=͸Ĩǭ> 1 À£T5PƷ̒�5OΫ'N;

nl�ś�!:PE9͸ĨǭKś�!HPƷ̒�5Pά%%Tɕɓŷɴ��oʻ�Ƙ!ʅ

6NQP�Ϋ.=źìhny�Αƒ;Ψ6=�ɼɷT5Pά 

ȎʸT>Ϋ̑ ǭ=Wblh���oTƧǇ'QPŷɴ��o���:]�}up�y

�up�êʐʃˌţTǜȢHPά%=ˌţ=̱ɵƵ;46SŭΤ�ɾ̰ʓ:Ȧ̜T̆6Ϋ

Sub-µm 3DʰƄ͚ƧC=ƹʅĩ˧Ƽ;46S̯D0ˑșTʤHά  
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5.2! GY�X�xj 
� Figure 5.2 ;ȎʟʲTˡȢ)0Wblh���oTʅ6P]�}up�y�up�
êʐʃˌţ=Y��mņTʤHά��k���>ʺ 1Wblh���o8ʺ 2Wblh

���o;MOƕ̆;̆͜HPW|������;:Pά%=W|������Tñͳ

Ī��o;ɰŸ)Ϋ.=ǱΒ8ĪΒT 2łíĤŸ'-Pά.7HP8ΫĪΒ;S]�}
up�y�up�ê�ʃǇ'QPά%%TΫŭΆ=Wblh���o=éʹ>Ūʀ;>

Ž3S6:6=TΫê͋¾͒TɤQê�ʐʃHPά%=ɤQê>ñͳĪGTÇǢHP8

ĪΒ;ʘǛìŸ'QP%8;:OΫíĤŸ):!:Pά.=0JΫʺ 2Wblh�8ñ
ͳĪ=͹;ªƶͩͥê�X�r�T˝�ΫɤQêTͥ̀HPά 

 

 

 

Figure 5.2 Evanescent Bessel light shaper using axicons and a circular truncated cone lens. Center filter is 

used to shield the light leaking through the round tip of the axicon 1. 

 
a) ΨƁǑɺ̤ǰC=ŷƹƼ 
ñͳĪ��o>Wblh���o=éʹTüǲ)0ȫ͚T)S9OΫ.=Ζ̗T θapex

8HP8ΫƗÏŧʓ;W|������=ìŸ̗K θapex8:Pά%=ìŸ̗>ñͳĪ=

Ƨɷ1#;Öť)Ϋɋ͵;ƩΕ'Q:60JΫêŧˉ=̛̞�űǼ;:PάñͳĪ=Ī

Β£;ɕÎ̤ǰʻT˝!œĮTˡ8P8ΫñͳĪ=ƁǑɺ>ś�!HPƷ̒�5PάȎ

ʟʲT> θapex = 68°Ϋn = 1.78=ñͳĪ��oTĂÑ)0ά%=œĮΫn}�=ɊĄ�N

n = 1.65=ΨƁǑɺ̤ǰGTíĤŸĩ˧8:Pά�
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b) êŧˉ=��nyƼ 

ñͳĪ=ǱΒT=íĤŸ>Wblh���o;MPê͋ŷ̷ƁǑ8İȬ:ÑʅTH

Pάa[lW����TWblh���o;ɰŸ)SʃǇ'QP�up����=Ƥƚ

ûƏ I>À¤=M7:ɾ̰ƟT̊H%8�T�P[5.8-9]β�

�

! 1, 3 =
eó~ ìîïò

K&

[

[Üáà
VB
' M1 sin α exp −

'[J

[Üáà
J               (5.2) 

�

%%TΫP, α, w0, J0, zmax>.Q/Q������ΫƁǑƮ=���=ìŸ̗Ϋa[lW

����=ėƬΫƗÏŧʓ;�up�����ʃǇ'QP z͋£=͵'(zmax = w0/tan(α))

TʤHάą͓=M7;Ϋ%=êŧˉ=œĮ α = θapex8:Pά]�}up�yê�ʃǇ'

QPĪΒ=Ë˝>Ňū'QS9OΫ̋ 1Wblh�8ʺ 2Wblh�=̈́ΊTŘ8P%

8T]�}up�yê=��dƤƚ>ŘĕHP%8;:PάėƬ 50 µm, ɋ͵ 488 nm=

a[lW����TɰŸ)08�Ϋ24=Wblh���o͹=̈́Ί8]�}up�y

ê=ƤƚûƏ8=ͺØT Figure 5.3;ʤHά���Ƭ 200 nm=�up����VY�

�ƱNQΫWblh���o͹=̈́ΊT mm_�sTŘĕ'-SK���VY�;>Ř

ĕ�:!Ϋ��dY�w�lwX=ŘĕKŻ'6%8�û�Pάưȓ=ŷɴ��oǴƟ

=œĮ>ğ)!Έê'Q0êTʅ6P0JΫ.=ɮɬ̈́Ί�ǭĖ µm 8Αƒ;Ż'6ά

ȎʟʲT͸ʐ'Q0êŧˌţTʅ6P%8TΫa)T͓D0M7;ɋ͵ÖťƼ�:6%8

KĳJΫêŧˉȫǇ=��nyƼ�śƓ;ı£)0%8�û�PάG0Ϋʺ 2Wblh

���o8ñͳĪ��o=͹>6!NTK͵!̈́Ί8P%8�ĩ˧T5OΫW|���

���>ƕΒɋ;:3S6P0JΫsYd�Yud���ʻT̞˝)SKW|����

��=Ëʙ=o�>ʃ*:6ά)0�3SΫ��t���Tʅ6P:9ΫȬ4:êŧˉ

=ȫǇKĩ˧8:P8ˡ8NQPά 
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   �   

             �       (a)                                        (b) 

 

Figure 5.3 Effect of distance between the axicons on intensity profile of evanescent Bessel light at upper 

surface of the circular truncated cone lens. (a) spatial profile, (b) axial profile. Intensity profile and peak 

intensity have great robustness on the distance between two axicons. 
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5.3! Sub-µm�@$�y��MK_��h� 
� ȎʟʲTǜȢ'Q0]�}up�y�up�êʐʃˌţ>ȩJSŻ':���Ƭ8

ȚHú)ĝHTǕ40JΫȩJSŻ'6n�uy;ɰŸ)Ϋêč͂ĤƹT͂%H%8�

ĩ˧T5Pά%%T>.=ƹʅÔ8)SȰ˨ʠĕĊƊC=ƹʅĩ˧Ƽ;46SȦ̜T̆

30άFigure 5.4;ñͳĪΒ;9#PȰ˨ʠĕŭΤˉTʤHάñͳĪΒ;ñͳĪ8İȬ
:ƁǑɺTȉHPΨƁǑɕ8ΨƁǑɺ`��a�nT˝�Ϋ̀ ��a�n£=êʠĕƼ

Ȱ˨T]�}up�y�up�êTʠĕ'-PŭΤT̆30άɋ͵ 488 nm=W�i�
Y_���k8Ϋɋ͵ 565 nmÀ¤=ĩ̕ê;ĤƹHPʠĕȰ˨Tʅ60άȰ˨=ƁǑ
ɺ> 1.51 T5OΫ`��a�n8Ȱ˨=ʊΒT>ƒ;íĤŸHP%8;:PάŭΤȒ

ÂT Table 5.1;G8JPά 

 

 

 

Figure 5.4 Schematic illustration of experimental setup for resin curing. High index glass was connected 

with the upper surface of the CTC lens by using high index oil which has same refractive index with CTC 

lens and high index glass. 

 
Table 5.1 Experimental conditions 

Parameter Unit Value 
Wavelength, λ nm 488 
Beam power, P mW 0.05 
Exposure time sec 15 
Refractive index of high index glass and oil µm 1.78 
Refractive index of photosensitive resin (cured) µm 1.51 
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� Figure 5.5;`��a�n£Tʠĕ'Q0Ȱ˨=êŧΝƴʹņ8ǲΒ���VY�T

ʤHάƴˍ:ΚŏTȧñƧ=ʠĕɴ�ƱNQΫʠĕĝH8íĤŸΒǴıś�'>.Q/

Q 310 nmΫ3.0 µm × 3.5 µmT530ά]�}up�yê=Ż'6ȚHú)ĝH�NΫ

ʠĕɴ=ĝHKΑƒ;Ż'!:3S6P%8�û�Pά)�)ΫƟ(5.1)8(5.2)Tʅ6S

̛ˀ'QPɾ̰£=Ώêͩ=ś�'>ĝ' 70 nm, ʘƬ 200 nmT5300JΫʠĕɴ=

ś�'>.QMOś��30άºłʅ6NQ0Ȱ˨>êɧŉƼͬĮ͸šĆTĳU1]�

blˉȰ˨T5Pάê͸šĆ���kêTĴĥHP8�m`�;:O�~��İŗ=�

���}uy��d=ƧǇ;4:�Pά����}uy��d=ƧǇ> 3ȴçǴı;Ƙ

�PƼ̿TǕ4άɵ;Ϋê`t_�͸šĆİŗT]�blzȰ˨=ͬĮ;ʅ6PœĮ>Ϋ

͸šĆİŗ;KĤƹ):!ΫȰ˨ð;ɗĮ)S6Pͫˌûţ8KĤƹ):60JΫ��

kê�ͥê'Q0Ʈ;KȰ˨ʠĕT͜JP%8;:P(Dark polymerization) [5.10]άºł

ʅ60Ȱ˨=ê͸šĆ;ͺHPƿŒ>ȳ#S6P�Ϋ�m`�;:30͸šĆ=ǔǫ9

M@����}uy��d=ǔƣ=0JΫΏêͩûMOś�:ʠĕn�uyjYo�Ʊ

NQ08ˡ8NQPάG0Ϋ̀ ��a�n̊Β;>]�}up�yêTɰŸ'Q0ͩû

Àř;K��s�TŻ':ʠĕɴ�ťŉHP%8�û�Pά%QN>a�nðͩiΨƁ

Ǒɺɕ=ǫ®;ƩΕ'Q08ˡ8NQPά  

 

� � �  

                      (a)                                      (b) 

 

Figure 5.5 Example of cured resin illuminated by evanescent Bessel light. (a) Top view of confocal 

optical microscopy, (b) cross-sectional profile. Size of the cured resin is larger than theoretical illumiation 

area of the evanescent Bessel light. 
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5.4! �
� 
ȎʸT>Ϋɸˬ=]�}up�y�up�ê���l\Y��TÑǇ)Ϋêŧˉ=ɵ

Ƽ8Ȱ˨ʠĕC=ƹʅĩ˧Ƽ;46S̯ȝT̆30ά.=ˑșΫͤ ü:ȏǰͦǒT̆7

%8TΫΨˈƚ 3D ���r�ʅˌţ8)S=ƹʅ×Þ�5P%8�ʤ'Q0άÀ¤Ϋ
ƱNQ0ʝ̓TG8JPά 
•! Wblh�-Wblh�-ΨƁǑɺñͳĪ��oTƧǇ'QPŷɴ��o���:]

�}up�y�up�êʐʃˌţTǜȢ)0άñͳĪΒ;ʃǇ'QP]�}up�

y�up�ê=ƤƚûƏ=ɾ̰ƟTʅ6SΫêŧˉȫǇ=��nyƼ8ˬʇƚ�Α

ƒ;Ψ6%8Tʤ)0ά 

•! %=êŧˌţTʅ6ΫêʠĕƼȰ˨=ͬĮĊƊT̆30ά]�}up�y�up�

ê=n�uyjYo> sub-µγT5OΫĝHǴı; 310 nmΫƬǴı; 3.0-3.5 µγ=

ʠĕɴTƱP%8�T�0ά 

•! n�uyjYoMOś�:Ďșɴ�ƱNQ0ĞŃ8)S>Ϋê͸šĆ��m`�;

:3S�~��İŗ=����}uy��dTƧǇ)ΫͬĮΚŏ� 3ȴç;Ƙ�P

0JT5P8ˡ8NQPά 
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6.1! S���
� 
ȎʟʲT>��kƴˍĊƊ��pn=Ψƚĕ;ı#SΫêŧˌţ=͸ʐ8��kW�

��l��ɼ̷=̘ǻ867ή4=̖ɬ�NW���t)Ϋ̑ ǭ=ʟʲ̮ΜT̆͝)0ά

«;ʄȨʓ;Ƙ!ʅ6NQS6P{~ʪ��n��k��pnTʟʲŷ̷;)0�Ϋ͒

Ɩ˽)6Ǉ͵Tʤ)S6PʰƄ͚Ƨ;9#PƹʅǍ̇Kǌ30άĭʸ;96SƱNQ0

ˑș8ʝ̓TÀ¤=M7;G8JPά 

 

ʺήʸ ɕÎêŧˌţTʅ60Ǿʳ͹���l\Y�� 

� CW��kč͂ɕÎêŧˌţ=ÑĐͼů̒ŃT5Pˬɯŷɏ=ʐ͡;46SŭΤ�̘

ȗ;MOȦ̜)0άCFD 8���ÇǢɊT`u���e)0ǭÞ�x�;MPl��

��l��ˑș>l�e����ˉ;9#PŭΤˑș8M! ˮ)S9OΫɕÎêŧˌ

ţ=ĐÑ;ŷHPˬɯŷɏ=ƩΕTȦ̜HP;503SȉĎ:ǋɊT5P%8�ǻN

�;:30άǭÞ�x�Tʅ6Sx�W����ˉ;9#Pˬɯŷɏ=ƩΕTȦ̜)0

ˑșΫč͂ê8Ȧúê=ɮɬË˝8ê͋Ë˝Tͤü;̯ǮHP%8;M3Sˬɯŷɏ=

ƩΕTȇŻĕ)44Ψƚ:W|�������ʃǇT�P%8�ʤ'Q0ά 

� {~ʪ��n��kč͂ɕÎêŧˌţ>Ƿť=ǈ4=ʟʲ;MO{~ʪ��nň˛

Ǎ̇8)Sƹʅĩ˧T5P%8�ǻN�;:3S60άȎʟʲT>ųƚɋ=ǗĐTʤH

ǭÞ�x�Tʅ6SɕÎêŧˌţ;9#PΑūƒƁǑɺŘĕ;46SȦ̜T̆30άų

ƚɋ=ǗĐTʰȩʓ;Āʅ)0êŧˉTǜȢ)Ϋ{~ʪ_�s;SY�jYt��:ɮ

ɬĂƲ�ĩ˧T5P%8TǭÞʓ;ʤ)0ά͖ ǻȏǰ=ͿĠĊƊ;96SΫΑƒ;ƹʅ

×Þ=Ψ6Ǎ̇T5P8ˡ8NQPάºƮΫŭΤ;MPȦ̡�ȋƭ'QPά 

 

ʺίʸ TCÓ˩={~ʪ��n��knd�Y��e=Ψƚĕ 

{~ʪ��n��kTʅ60ƴˍĊƊ��pn=¿̊Ô= 4T5PŜ΁ê�}�

nd�Y��e= ʮT5P TCO ́˩=ͿĠ�`|o�TŭΤʓ;̘ǻ)Ϋɾ̰�x

�Tʅ6SȦ̡T̆30άTCO ́˩=M7;êŧɓ͖͵'�˩ĝMOś�6œĮ>Ϋ

ɱW���l��;MO˩=ͿĠ�̆SQP%8�û�OΫĊƊˑș;ŷHP��kɰ

ŸǴı=ƩΕ>̊ΒT=��o�ͥ̀�N͂ŃHP%8�ǻN�;:30ά 

%=ʝ̓Tʅ6S�up����Tʅ60ĊƊlnw�TǜȢ)0ά�up����

>łǑ;ʊT̓80Έê�ĩ˧T5P0JƓ 2.3 µm 8Αƒ;ˈų:nd�Y��e�

ĩ˧T530άG0ΫȩJS͵6ɮɬɖƚTǕ40Jj���Ë˝ɅJ=��nyƼ=

ı£;K̽HP%8TŭΤʓ;ʤ)0ά'N;Ϋ�up����=ˬƍòȫ˃Tʅ6S

��o�ͥ̀=ƩΕTǏ8:�NĚ��n;MP TCO ́˩=ŪíͿĠ�ĩ˧T5P%
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8TŭΤ9M@ǭÞ�x�Tʅ6SǻN�;)0ά̊ Β=��o�ͥ̀TˡǄ)0ɾ̰

�x�=ĊɱΘ;Ϋ���]êŧ=���ÇǢɊT`u���e)ΫMOğų;{~ʪ

��n��kW���l��=l����l���ĩ˧T5P%8�ʤ'Q0ά 

 

ʺΰʸ Ěˑȁ 4H-SiC=��kͿĠĊƊ�`|o�=̘ǻ 

ȴ§¿ėźÎőȖȏǰ8)SɌʗTɒ@S6PĚˑȁ SiC =̺͘ʱĊƊ=ΨƚĕT

ʗǖ)Ϋ����y�ud:̯ȝT̆30άɋ͵�������VY��ĊƊΌŅɁʻ

=ƩΕT̯D0ˑșΫŚǭ=��nTɰŸHPœĮ SiC=̊Β; DLCƄ�ƧǇ'QΫ

)�6ÞMOKŻ'6��]�nTĊƊ'QP%8�û�30ά.=0JΫ�up��

��=Ψȴ���TKĊƊ'QS)G6Ϋƴˍ�4Wn�dyȾ=Ψ6ĊƊ;>˜�N

:�30άG0Ϋêŧɓ͖͵'=ś�6ɋ͵T>l�h���y=òõŇ;MOd�u

d=ʐʃ�Ν˽8:OΫȴ=��n=Ĵĥ�Š$NQP%8�ʤ'Q0ά 

ɋ͵ 532 nm>ĴĥȲȫ�ɜƚ£Ǻ;È6ˬʇ΍ţĴĥ�N��z͹Ĵĥ;Řǝ'Q

P0JΫĴĥØǭ�ɜƚ£Ǻ;M3SΑƒ;ś�!:P%8�û�30ά�up���

�>ɋΒ�ʱìĨ=ĶO�NÇǢHP=TΫ ˲ʓ;%=M7:Ƥ6ɜƚÖťƼ>ĊƊ

TͼůHP̒Ń8:Pά%%TΫ)�6Þ��]�nMOŻ'6��]�n=s���

�nTɰŸHPĊƊǋɊTǜȢHPά%=œĮΫɋΒ�ȏǰªTÇǢHP8�=]}�

c�ǡŝ�Ż'!:OΫ1��nʗ>n�uy=H=ĴĥØǭTΨ!) 2��nʗ>.

=n�uyTĴĥ'QW���l��TƠ�͂%H%8;:Pά 

 ǴΫ1064 nm=œĮ)�6ÞMOÌ6��]�nTĊƊHP8ΫDLCƄ=ƧǇTʰ

ȩʓ;ʅ6:�NòõŇl�h�ƄTŻ'!HP%8�ĩ˧TΫś�:��]�nTʅ

6PœĮ;ȾDSƴˍ�4ɖ6z���e�ĩ˧T5P%8�û�30ά%=œĮ̊Β

¾͒=w���őȖðͩ=w��MOś�60JΫͤ ƚ̊ΒʟʢTǵH%8TWn�d

yȾ 15ʭƚ=̺͘ʱ�ƱNQP8ˡ8NQPά 

 

ʺαʸ ]�}up�y�up�êʐʃˌţ=͸ʐ 

̑ǭ=Wblh���oTʅ6Sɸˬ=]�}up�y�up�êʐʃˌţT͸ʐ

)0άŷɴ��o�Ʒ̒:!ΫWblh���oTʅ6PíĤŸêŧˉT5P0JΑƒ

;ƞ×T��nyƼ=Ψ6êŧˌţT5P%8Tʤ)0ά.=ƹʅ=̤H8)SʰƄ͚

Ƨ;ı#0Ȱ˨ʠĕŭΤTǵ)0ά.=ˑșΫĝHǴı; 310 nmΫƓ 3 µm=Αƒ;ƴ

ˍ:ʠĕɴTÑǇHP%8;Ǉĉ)0άɾ̰£=]�}up�y�up�ê=n�uy

jYoMOś�:ʠĕɴ�ƱNQ0%8>Ϋê͸šĆ�����}uy��dTƧǇH

P�NT5P8ˡ8NQP0JT5P8ˡ8NQPά 
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À£MOΫȬ4:��k��pn=Ψƚĕ;ͺHPɖ6ʝ̓�ƱNQ0άȏǰ=ɵƼ

Tɾ̘)Ϋ��k���=ÇǢɵƼTʰȩʓ;ɎʅHP%8TΫĊƊĺ̿TśƓ;ı£

'-��kĊƊlnw�ˬÎ=Ψƚĕ;K4:$P%8�ĩ˧T530άȎ̰ǯT͓D

NQ0M7;Ϋ��kW���l��;9#Pɴɾɼ̷=ɾ̘Ϋȏǰ=ɵƼ=Ȧ̜Ϋ�

�k����rŘ̯Tʰȩʓ;ɎʅHP%8TΓǳʓ:��k��pn=ǜÕ�ĩ˧

8:PάºƮ�hʪ9M@�\�yʪ��n��k��pn=Ƃ͸;96SKΫƦɯ%

=M7:˕Įʓ:W���t>ȉĎT5P8ˡ8NQPά 
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§© 

͵N! 5Ɩ͹ÅÚʟʲŮ;Ǌƃ)SȎʟʲT͜JP;50O, 9§̥;:30ʔȬ;ǂ

̳=ǁT̊)GH.  

 

� Ȏ̰ǯTÑǇHP;50O, ǖźǪĻ=ÅÚ ǅôǪǙ�NśŘ¡ŵ�4ɱƶ:C

ǖźT̾OG)0. %%;ǂ̳=ǁT̊)GH. ̫;5O�87C(6G)0άʟʲÀ

řTKΫʟʲˢ8)S¼±=ĦOˏHǴ;46SKΑƒ;̻ͬ:CǖźT̾OG)0ά

ºƮ8Kʧ�ʟʲˢ8)SɎ͇HP;50OΫ9³6ʐƂʓ:·ɏT)S6�068ť

*GHά97/MR)!9Ξ6ʈ)£$GHά 

� Ȏʟʲ=ŶȝĻTđJS60160ΫÍ̂ēéʃΫ˸ȐëƽéʃΫƕʆǬéʃΫΪ̂

ęƸéʃ;ǂ̳=ǁT̊)GHά̫;5O�87C(6G)0ά 

ʩʟ̼=Ő̆iŧÆúƣ=ǋ˔�:9;96S9§̥;:30įʆG9�̏ÍĻΫƮ

Ã=Í̂ʚ˞̏ÍĻ;ǂ̳=ǁT̊)GHά̫ ;5O�87C(6G)0ά9�$'G

Tʟʲ;ΈªHP%8�úȓG)0ά 

ǸȎŧ̇ǘ˯ÆɵÿʟʲĻ8)SǊū=ʃɎ̼8ʩʟ̼(15J10556)Tħ˒)ΫΑƒ;

ˬʇƚ=Ψ6ʟʲ�T�G)0ά%%;ǂ̳=ǁT̊)GHά 

śƆƅûȗͩͶ=Śʆśɀ;>ĕŧûȗ=˦Ȁʝ̴=́6ʧ;ŷ)SΫőʣ�Nƹʅ

GTΑƒ;¡ŵ;Cǖź601�G)0ά%%;ǂ̳=ǁT̊)GHά̫ ;5O�87

C(6G)0ά 

ȟƟÆʥ{udY��mwd~�m�=Í4Ȍ̎Ɯɀ, ȕȐļɀ, ȜɨƜƕɀ;>, 

ĩ̕ĕŭΤT9§̥;:OG)0άʟʲ=ðűTɖJP88K;Ϋȇéʹ=Ǎ̇;̙Q

PśŘ̻ͬ:ȲÆT5OG)0ά%%;ǂ̳=ǁT̊)GHά̫ ;5O�87C(6G

)0.  

��kɻ=zd'UΫʆȐ'UΫ΢ʆĲΫɛͧĲΫɘƉĲ;>ʟʲT ˖;̆͝HP

;50OΫśŘ9§̥;:OG)0άzd'U>64Kǳ)6WYxXWTú)S!1

'6Ϋʟʲˑș=ˡŴʻ;46SKΑƒ;̻ͬ:Cǁ̓T̾OG)0άʆȐ'U>ʟʲ

;ͺHPxXn`ul��TM!)S!1'6ΫΑƒ;ďƤ;:OG)0ά΢ʆĲ8>

ɵ; ˖;̆30ŭΤ�Ś!ΫŭΤˑș;46SΛTĮS-SˡŴ)0̝ǆ�ɆƅȺ3

S9OGHά΢ʆĲ=ȠƼ5PČĈ�530�N%.Ś!=ǁķɖ6ʟʲǇș�ƱNQ

08ƺ6GHάʥÆ¹;:3S�NKΙƣ3S!1'6άɛͧĲ;>zd'U8ʧ�Ē

ǋ;ƺ6ú)0êŧˌţTʅ6SȬ4:ŭΤ;ĦOˏUTΖ�G)0άʟʲ;ŷHP˧

Đʓ:ǃƚ;>ǂͱTħ#S�G)0άºƮΫ45#SΙƣ3S!1'6άɘƉĲ>G
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1ŧͩ 4ƖʃT5P;K��SN,Ϋʟʲ;ŷHPɱǁ�ß!SΦ6S9OGHάºƮ

=ʐƂTƶ=ɖ68%RMOȋƭ)S9OGHά 

ʟʲûͭ>ʎ:OGH�ΫǸΗ ˖;ʟʲŮTʃɎ)0t�ud'UΫˠȿʆĲΫÄ

̂ĲΫȌȐĲΫ��XĲΫªͭ'UΫwYĲΫµΩĲΫ�wXWnΫ��ĲΫj���

'U8>˶4:Æ̥T)0OΫΡ±T ˖;)0OúȓG)0άɵ;Ä̂ĲΫµΩĲΫ

wYĲ8> ˖;n��vTHP%8�Ś!Ϋƺ6ú�0!'UT�G)0άʔȬºƮ

ŧȨT45#P;)SKžˤHP;)SKƶMOƹǟ)S9OGHά̝ #SΙƣ3S!

1'6ά 

é;ĘȨ'Q0é͎ΫİȋΫƮ͎Ϋʟʲʃ=ʔȬ;Kǂ̳=ǁT̊)GHά̫;5O

�87C(6G)0ά 

CŰǶ=ʔȬ>64KŘSN<Ȭ4:ΒTʧTȂ�!̓Ũ3S601�G)0ά%%

;ǂ̳=ǁT̊)GHά̫ ;5O�87C(6G)0άºƮ8KMR)!9Ξ660)

GHά 

ȇƮ;ΫȎʟʲ8ʧ=ʃɎTǦ8S¤'30ģ¹͡ΫȔ¸ƊȨśŧ=ˤĻȬ͡TĳJ

HDS=ʁŔ;ǂ̳=ǁT̊)GHά.=Ʋ˿Tʧ>͵ȋ͹ˬû=iO06ʟʲT͜J

P%8�úȓG)0ά̫;5O�87C(6G)0ά 
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