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Microfabrication inside transparent materials using
local optical absorption induced by laser

Daijiro TOKUNAGA

Abstract

Laser processing of diamond and glass, which are difficult materials to process, was
studied. A novel slicing method for a large-diameter diamond is necessary to produce a
diamond wafer. The formation of arbitrarily shaped refractive-index-changed regions or
holes in glass is required to develop glass-based devices.

Ultrashort pulsed laser irradiation creates a conductive a-C modified region inside a
diamond. However, the effects of laser irradiation conditions on the shape and
conductivity of the modified region have not been clarified, and there are few examples
of its application.

The continuous wave laser backside irradiation (CW-LBI) method is an internal
processing technique for glass. A metallic foil placed on the backside of glass as a light
absorber is heated by a CW laser to generate a fiber fuse. This method forms microscopic
holes from the sample surface or creates regions with refractive index altered inside the
glass. However, in existing techniques, the starting point of processing is limited to the
metal foil used as an absorber.

In this paper, I studied the problem of the internal processing of these transparent
materials and their application. Two types of slice processing of diamond were attempted,
utilizing the electrical conductivity of the modified region or the cracks generated in the
surrounding area.

For the method using conductivity, I first clarified the effect of laser irradiation
conditions on the shape and conductivity of the modified region. The shape was consistent
with the laser fluence distribution, and the conductivity increased with laser scanning
speed as long as it wasn’ t too fast. When too fast, the disconnected modified region,
which didin’t show conductivity, was fabricated. The mechanism of this effect was
elucidated in relation to the laser fluence distribution. The modified regions with higher
electrical conductivity were better removed by etching.

In the method using cracks, the laser conditions were clarified in which the cracks were



continuous in a plane shape. The laser power of 2.0 pJ and the laser pitch of 20 um was
appropriate. Slicing 300400 um? diamond was succeeded by applying an external force
to the planar cracks.

For glass processing, I proposed a novel method to generate a fiber fuse from the
plasma generated inside the glass by a pulsed laser. Initiating the fiber fuse from an
arbitrary position inside diamond was succeeded by changing the output power and

irradiation position of the pulsed laser.

Key words: laser, diamond, glass, ultrashort pulse laser, fiber fuse, internal processing
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Table 1.1 Material properties and FOMs for various semiconductors,
[16] Umezawa, H. Recent advances in diamond power semiconductor devices.
Materials Science in Semiconductor Processing. 78, 147-156 (2018).

Si 4H-SiC GaN Gay0s3 Diamond

Bandgap [eV] 1.10 3.20 3.45 4.9 5.47
Breakdown field [MV/cm] 0.3 2.8 5 8 1022
Thermal conductivity [W/mK] 150 490 130 23 2200

Diamond

Diamond Laser

Laser absorbed
T S ST M AT D D T
Wire-shaped modified region
100 pm
— rack shape modified region
(@) (b)

Fig. 1.1 Shape of modified region: (a) through light image of wire-shaped modified

region, (b) illustration of cross-section.

Diamond
Modified region
100 um

Fig. 1.2 Micrograph of branched modified region
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Metal foil

Glass

CW laser Plasma

(a)

(b)
o>
Crack

(©)
§\ Modified region
/
7 Hole
d)

(

Fig. 1.3 Illustration of fiber fuse process inside bulk glass: (a) metal foil
absorb laser light and heat surrounding glass, (b) heated glass starts to absorb
laser light and becomes plasma, this plasma heats surrounding glass (c)
plasma starts to move toward laser source, (d) the holes are drilled at the

same time plasma is emitted from the glass surface.
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Front surface Rear surface
Laser Diamond (211) surface ' :

Wire-shaped modified regio_h :

Scan direction 200 um

Fig. 1.4 Micrograph of wire-shaped modified region.

Diamond Diamond wafer

Planer modified region

(a)

Planer modified & crack region

(b)
Fig. 1.5 Diamond slicing method: (a) etching the planer modified region, (b) external

force loading to the planer cracks region fabricated with planer modified region.
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CW& Pulse laser \‘
\

Plasma

Initial plasma position

Fig. 1.6 Novel method to ignite fiber fuse inside a glass.

Second laser

Modified region

mond
\ Scanning

direction

@ | First laser
Extra cracks .

Fig. 1.7 Diamond slicing with extra laser illumination.
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A MWD WG S, HEMEN BRI 5. AR TIE, L—RT A —F &G
BT 22T, FAVEY RHENTAR S D ZEE O EEMESC, 2 5k
PR SN 2 RALZHIET L. BEBEROMGHZENT 5 Z LIXRETH
D, ERFNTEL DIV ozt 2B E LI AEEIROEE A 1= X LR
A CH L. 2O, HEROEWEBEFIBIT LD sp*fEa i mun & AT

F oW T AXEREES D HIEARI E TOMRIAN I L TEA R Z &R b
TBY, KFRFLELTHHEINTWS., 7 ANETOT T A< AR, &
W RDONSVAL =PI Lo TENFRINEZE T HERHD. L—F O+
THRAENREDNEE, WS DHTOEN DR THORIENRE 5. D729,
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Fig. 2.1 Illustration of each band of diamond/graphite/a-C.
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122 (a) IZV—VEEDERZEZRT. BEIZAT— (SGSP26-100, > 7/~
bk (BR)) LRIZFED a-p-0 AT —TVERE L. R (b) ODLIITHATE
v KRB Y TR A ICHE T — 7 TTRE L, o-p-0 AT —II ko TRE
ZIENCR L CATE L. BEIAT =2k, REINECL—VE A2 EE
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FAZHINTEEEHRA~D L —F O L. AFFECIIBH N NA=04 (&
YA 23°) OV XA TL—HFEEN LI, AT —T% L—P kil
WZXF LT 25T 72, X12.2 (¢) 1356 4 mORIEEHE D A 7 TREZBIZET 5
BROBEHEEHFILETH D, 27—V 2Nt U CTIT 5720, 3B E 6
5% 532 nm OBIEDLIR (Sugar CUBE 38000-M03-003,USHIO, America, inc.) 3 XY
MEICT 272D DWW ER ERIEEHE T A Z (Fast CamMC2.1, (Ff) 7+ b &
V) BRETLLENDD. 2T, HEIAT =Y LOBETLTL— b7
NI=ULBOIBEREBLI ORI A R AZHWT, 14T FEEOTIC
HEIA T —UNRTEET, REEZREBECTXHEMATELEIIXAYEL RE
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Double sided tape

Objective
lens

canning
irection |

-

o

Polarization camera

Double sided tape

Aluminum plate

(b) (©)

sample holder for polarization camera observation.
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Polarizer

Light source

Fig. 2.2 Experimental apparatus for diamond: (a) overview (b) sample holder (c)
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222 NEEMEERRICKSMMMEEETAFE

A YT RNV SEIR O & P IAFEIZ IR IZ L 2 NES D300 % . AR5
BRI, WIS S0 eI BT 2 IV 7, EsEysE, Fimis R0 £
IS ZE %, BIEITIZ L AAHZEE LCHMIT A2 FIETH S, X 2.3 IZHEHMED
R 27T EORERITEAR LT 2007 MAASRKICE Y ERTX 5.
@A A7 OBIENIRE L THWAIREEE, () X HIT 2 SDOWEDOAFEN
MaeTNTREETH D, MREEIG D> il EHC Bl S5 &, it %
FEOMEFCIE, IS L0 — Iz 2.1 128 » TERIFIZIBRITEN L L, Wt
DTN AE U D, 2 2 TSIRZE, CIIHMER, IR, o
FFEIENTHD. ZHizk v, (b) ©XHICEEIEMRIE HFEMEBICEL
L, etk Z Bl S ¥ Tt o M ) 25l % 2 & T, fiAHZEZFHRIT S
ZEMTED. REBRTHOWREEERED A Z1%, WHIZ 135 FEE T 45 EF
DENTZEMRFE T2 KB VICAELTEY, W ERIEIE5 2 e B
LRI EBA BT ATRETH 5.

6 = Ct(oy — 0y,) (2.1)

Circular polarization

=
N

AN

o

A4
Stressed sample
(a)
Elliptical polarization
W A4+ 0
(b) Polarizing plate

Fig. 2.3 Photoelasticity method: (a) Light source toward sample, (b) light

transmitted through the sample.
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24129 7 ZADANLIZ AW B AL E O 2R~ L—3 2 FEO %
RESAMHEHA L=, 1 B13EE 532 nm, 7V ABE 3~5 ns OF / B/3L A Nd: YAG
L —+ (Surelite SL I1I-10, Continuum, CA, USA) O 2 & TchHb, 77 AN
—ba—XDERERDT VAT U EBRESE LRIV, SR L—
PO —LME M ORIEREIL 1.5 THho72. &9 1HI1E, HE 1064 nm D CW
Nd: YAG L — (AONano 1064-50-CW, Advanced Optowave Corp., NY, USA) T,
TVATHE T UA~OBRFICEY) 77 A RN— b 2a—XERESEDLZ EITHW.
2RO —HFE—LZFEETHRI L, L X (M Plan Apo NIR 5X, NA: 0.14,

BR) 2V ra) ZHOCTENX L. BV AT R LT OOV A L—FREIZE
WC, MEINES CAROSENBIE SN i B E & Lz, K24 1R LTHE
LIE, R &SRO T Z A & OFBECH 5. miEE D A7 (Phantom V7.3
Vision Research, Inc., Wayne, NJ, USA) T L — ¥l C BB 72 J5 10 5 5 1 L4 7
grL7-. 7L —LALb— NIER 20,000 7 L—AT—EE LT

Light

A
4#{ Glass
e—

Pulsed laser

00

Mirror

Objective lens

1
CW laser High-speed

camera

Fig. 2.4 Illustration of experimental apparatus for glass.
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FAYEY Rl E LT, fifmFAoR7e% 2 ffHD HTHP # 4 Y £ K&
fEF L7z, 2.5 IR E2Rd. () X, £mad Q1) mE (111) mEaT
%kt (SUMICRYSTALPDI1140K, (KRK) fEAET) Z7~7. (111) mEHiT~EH
HTHY, (211) mEHIT~ZBIMEIZ® L T 90 T35, (b) IE, T XCToOFEm
28 (100) OB (SUMICRYSTALUP282512, (KR) {EA®ET) TH 5. il
OYIPEIL, B 3.515 glem?, BMVSER 2000 W/(mK), HPHIFR 104 Qem, EEE
HE () 102, EFTFER 241 (A=6563mm)ThHD ®. K2.61TALXT ha A —
%4 (Lambda 900, PerkinElmer, Inc., MA, USA) T&t#ll L7z, ¥mimss (100) oA
AYEY ROFEH « KFAXT MVERT. R 900nm fHLiE, ESNIREZ
TV RZDBEICRETDH /A ATHY, KIER#EETHS. KK 1064 nm 1ZxF L
THEIWR 72%, KHF 14%ThH 5.

T AFELE LT, 20%20%10 mm DA JEAT T AR EFEA Lz, AT T A
X 2.2 g/lem?, BMmiE SR 0.014 Wiem K, #k{ks5 1873 K TH 5 7.

gl Qi (100) _ 1.0 mm
I mm ' _(11i) ‘ (100)
* - (100) - 2.8 mm
‘ > mm g ) 2.5 mm
(a) (211), (111) surface (b) (100) surface

Fig. 2.5 Illustration of HPHT diamond sample.

100 | |
90 —Transmittance
80 Reflectance
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20 ——
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Wavelength [nm]

Transmittance * Refrectance [%]

Fig. 2.6 Transmittance and reflectance spectrum of diamond of Fig. 2.5 (b).
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241 RRFOHE

2.7 \ZEEEAMEL, 2.8 1T, R 2.1 ITHEXKFOFRFOLIRERT .
L —HHEIZ Nd: YVOs 2 L 72 LD Jabit [ & L — " (DPSS laser: diode pumped
solid-state laser) % {E# L 7.

FIRASNE I IRERER 57, VA X TGy, T U TRER LT T
HARZTR X AT AaFn Y 2 < — (SESAM: semiconductor saturable absorber mirror)
WD Z ECxET— R EZRAESE, KL X LTy —RtEET2%) %
FIR LTz, 7V AE X TS TIXEEEF% T (AOM 3200-1113, Gooch &
Housego) AW T/ IV AEZMEIK Z &C, #IRLUBEREEZHIELZ. By X
VT ESRNT IV RIET TSy T ND: YVOL IR AL S 7 o AR RIS K 0 B
S, FEEIMNCHT SRS, RABEOEIER 201 I THRikT 5. T T %
DL—HiE, YV RYU ANV XEANEa) A—=Z 2L, L—FTa7y
A VORI 2R L7- . Rt e — 2 A7 Y » & (PBS: polarization beam splitter)
E2DTEEWR 475D 1 FEERREANDZ LT, Ty T x—FBILOT AV
L—HEBER L. T0D, MILEOREEIHFELETHS.

Optical cavity

Pulse picking unit

Amplifier unit

Fig. 2.7 The photograph of the picosecond laser.
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— ,l 2) (1) Optical cavity
( 3). -
S N
i (®) | Pulse picking
10 (0 | IMirror Amplifier
(1) (10) ) | (1 | ‘Lens ‘Cylindrical lens

Fig. 2.8 Illustration of picosecond laser.

Table 2.1 The relationship between number and item in Fig. 2.6.

‘ No. ‘ Item
(D) LD laser
(2) Aspherical lens
3) Laser medium
4) SESAM
®)] Photo detector
(6) Delay generator
(7) AOM (acousto-optical device)
(8) Beam block
9) Half wavelength plate
(10) PBS (polarization beam splitter)
(11) Quarter wavelength plate
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242 FEREE
2421 HIRFZES
29 CHIRAR O Z R T LD L—P & IEEkE L o X2 L > TL— Il
T 52 LT, i IR Lz, o —T s R LT L —
%ﬁ iz ) 7 2T —, SESAM # 71> hI 5 —& LR AR L 7=,
AR TIIRSBOORIRSN D LV — a2 — R R 5. o — RO
ﬁﬁfﬁﬁ%%ﬁﬁ@ﬁb,ﬁ(m)f%ﬁé.

f —m (2.1)

CITEZEZBIT 206, n iMMeEEE O, LITHERETH 5.

ZIT, = oIS, wat/%/&m > CEHT 5 AOM
DILH B REEOIER 7 E Otk Z w7z L, L—H VLR 1 D&y ¥
VI RRERMEICT AMENH D, AOM DL EN VA . LT85, L—F
DE 7NV AEMN L TE X U 7T DI FORERMI-THERD 5.

r=lcy (2.2)
- f r .

TIZ VAR TH L. KU—PTEHHT 25 AOM 5/ H B3 D « S5 A
D IFME tymin = 10ns THDH. LT > TEHZEICBIT 2 EE ¢ = 3.0x103m/s,
ﬁmﬁg(wﬁ)@ﬁﬁﬁén—l&Ltﬁm,tCﬂ)i@,ﬂﬁ SR L >
1.5m Zi - L. SR YR T ERGIC 2T 57D, RL—HF0
ﬁ%%E%L=3MnkL,/~Ft®E%%7¢F7477&_iDNEL
T-REH, T =24ns TH-o7=. — FHHIIX P =400mW TH o 7.

Optical cavity length: L
HR coating Optical path
Optical path (4=1064 nm)
LD \\
Aspherical Laser Convex lenses SESAM
lenses medium

Fig. 2.9 Optical cavity unit.
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ARL—FTIT LAy 1 —& L TEEL TR % AOM ZfEH L7-. 2.10
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(DG: delay generator) & RF K7 A \Z@ L TAOM ZBE) L7z, L2 X% Hn
T AOM HICE—Laz80tL, 0 REFDEIEIE—LT ¥ v X —IZ XK LT,
L REWTEIET > 7T 5ok S D 2 E TRV AE y U T E2ITo 7.
EJEWE (41 MHz) THRIETA/2SLAL—FNE AOMICLE Y LR 1 9%
EfEICE v 2 79 5121, AOM NERD L—HW 2R v MEEBEYREICT D4
iR 5. %@tw WE e — AR d ZEHR L, BV X e®RE L. £
LU ADBREICHTZY AOM OFEERME, Svb BN A2 ZET 5 0LERD
5. AOM | iﬁﬂiiﬁﬁéﬁf : 50 MW/cm?, Acoustic velocity : 4.2 mm/ms, 3.5 E23 Y FF
il : 10ns (7272 L L —VRICL Y EH) THDH.

ZIT, VRO R —EE F, 03 (23) TERED.

P

Fpear = m (2.3)
A d?
4

A@A@@%@ﬁi@I%M<50Mwmﬁ%ﬁk#zgﬁ%5 = RHOH
71 P =400 mW, # Vi UEWKE f =41 MHz, 7V AR ©=113ps & L7=H4,
EVEIR) PR M%Mﬁ T d>4Tum 27T HER D S.

AOM TITHEEW Mol L TW DS L—P Ot B S5, 207D,
AOM DILH 2NV IFH] ¢ 138 BHROIE 1 D5l 28 B — A 2 i) 5 ] 2 7R 3.
AOM DNEH BV e ¢, 230 (2.4) 1TmRT 7275,

d
t, = BV (2.4)

BIIE—LIBR T A =%, VIIEICBIT A EHETHD. BE—LBIR/ST A —
I — LT — FICLAMET, TEMy O%BE B =066 THDH. iz D YL A
DE Y X 7 HIEFIATIICIEN 22) ZWMicTHERHDL. Liedi->T,
(22), 24) XYbE—2BOMEIE d <153 um ZHE-HIERW. =721, ¥
— RO/ SVAEE T =24ns, B —ABRNT A —% B=0.66, WEHIZIITS
i V=42mm/ps & L CHEI L7,

PLEDOFERNS, AOM NI TOE—ALEIT 43 um < d < 153 pm OFiPH A
LTWa. EAEEE 125mm O L XEHWTo— REEEL L, FEETH
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BT A MR 825 um, TEE IO 7T A ME 203 pm O E— 5% AOM (25
N LT SR, MEOMY R UERR T SN AZE y X U 7 TE. 7NV AE Y
XU OB R UEREE f =500kHz, 3> 7NV ADSKME TR § %
BIE L2k, 1 =T18% Th ol fLARFEL D, A AOM THEEIEIFE n=80%
BENMFOND T, SEIOEME LORFROMEMKIZ LY, ik EoRITEh%
9 %'J*%}E@ﬂﬁﬁ)?%%ﬂf: ZhiZkv, IELL LA EPyXorTEREES
25,

1*" order output

Laser pulse Focus lens
Seed laser j\ j\ j\ j\ j\ AOM Beam block
0 order o\utput
Y RE
Trigger Modulation signal

signal signal

Photodetector DG RF driver

Fig. 2.10 Illustration of pulse picking unit.
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Laser medium: Reflecting plane

v\
Pumied area
@)

Laser medium

Reflecting plane Cylindrical lenses

(b)

Fig. 2.11 Amplifier unit: (a) total reflection surface in a direction of LD propagation and

(b) overall view.
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Fig. 2.12 Illustration of laser power control configuration.
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Table 2.2 Characteristics of picosecond laser.

Beam characteristics

Wavelength [nm] 1064
Pulse width [ps] 11.4
Repetition rate [Hz] 1 ~500 kHz
Power [W] ~1.3
Pulse energy [J] ~25
Spatial mode TEMyo
Beam quality M2<1.5
Beam diameter ~6 mm
Polarization Circular
Power stability [%rms] +0.13
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Fig. 3.3 Micrographs of short modified regions.
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Fig. 3.4 Radius distribution of short modified regions as a function of defocus
position.

Table 3.1 Relationship between pulse energy and dax, Zinre

Pulse energy E [uJ] | Max diameter dyq [pm] Fabrication stom point zs. [um]
0.5 6 57
1.0 10 87
1.5 12 104
2.0 14 117
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Fig. 3.5 Diameter distribution of beam fluence and short modified region.
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wire-shaped modified region under several focus scanning rate.
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Fig. 3.8 Micrographs of typical wire-shaped modified regions fabricated by
different V (a) 0.16 um/pulse, (b) 4.84 um/pulse and (c) 19.36 um/pulse.
(d) and (e) are enlarged view of (b) and (c), respectively.
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Fig. 3.10 Schematic illustrations of fabrication process of a wire-shaped modified

region fabricated at each area shown in Fig. 3.9.
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Fig. 3.11 Modified line: (a) original and (b) after image processing.
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Fig. 3.12 Histogram of the original image and diamond area.
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Fig. 3.13 (a) Modified lines under various brightness and (b) histograms under various

brightness.
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100 pm

Fig. 3.14 Short modified region for reference.
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351 ZEBAE

ViZ 0.0151~1.94 pm/pulse TEAL &5 Z & T, fix IRdER g & /ER
L7, &5&fr2EK32I1-T. ZOMOERSHFITFE 4B ERFIC L. ERIL
ToRRBHIRT U C, PEEHINR AW Ty F o VK L. ZOBOML
FIRITEERIRR AN RFTOMB O FIEIZEY, T=—V T TREEATK
WML D=y F 7 Thsn. EROBEBLEEZHNT, =y F 72X 56k

FHR A L7z
Table 3.2 fabrication condition
Focus scanning rate | Stage scanning rate | Rep rate
Sample No- | = | im/pulse] Y [pm/s] 1 [kHZ]
A 0.0151 625 100
B 0.0303 1250 100
C 0.0605 2500 100
D 0.121 5000 100
E 0.242 10000 100
F 0.484 20000 100
G 0.968 40000 100
H 1.94 80000 100
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(a) 6=120.7 S/m (&) 6=711.0 S/m
P st
(b) ¢=134.7S/m (f) 6=529.8 S/m
(¢) ¢=230.6S/m (g) ¢=1014.1 S/m
(d) 0=481.4S/m (h) ¢=1951.3 S/m

200 um

Fig. 3.15 Wire-shaped modified regions before and after etching:(A)~(H)
fabricated with condition of Table 3.2.
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Fig. 3.16 Pixel value of gray scaled modified region by V; = 1.94 um/pulse.
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Fig. 3.17 Relationship of wire-shape modified region’s diameter
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Fig. 3.18 Relationship of wire-shape modified region’s conductivity

and removed percentage.
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(b) 20 um

Fig. 4.1 Micrograph of wire-shape modified region observed with: (a) blight field,
(b) dark field.
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Wire-shaped modified region

Front Rear

Interference
Pitch

Light axis

Sample scanning
direction

Focus movement

(111 — "

(a)

150 pm

(b) (©)

Fig. 4.2 Illustrations of laser scanning methods: (a) scanning sample parallel to
the light axis, (b) scanning at an angle to the light axis, (c) observed from (111)

plane.
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Scan direction

Unnecessary modified region

(c)

(d) 100 pm

Ablation mark
Wire-shaped modified region

Defect of cleavage

(e)

Fig. 4.3 Wire-shaped modified region with various laser power: (a)~(d) laser

power 22, 4,2, 0.5 ul, respectively, (¢) micrograph of surface, (f) cross-section.
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Fig. 4.4 Effect of laser interfered by pre-made wire-shaped modified region.

65



E5HE ZTEEAEHR
451 EvFCENEEEmIER

4 4.5 12V —FRIHE v F % 5~30 um TIERL L 72 NV O Y6 BEMEEIC &
HEZEG (anFimets, bREREHR) 2R"7. B 100kHz, A5 20000
um/s, 7135w &L, L—HEEEZSEITSZ. K45 (a-1°) 1Z (a-1) DL
K Z2RT. L—PERE 5EIT- 72720, 5 KOYOEERMNEERSIND 1T T
5. LLEYyFA 10um LT TIEFAEK (a-1), (a-2) (R T XI5 KDE
BB INT, 2001 (a-1’) ORKAITRT LI 1 ROBEHRNL &
v FH BN O D BB EIR AN ZEBILE STz, 2, BRICE W2 RE P O
BALES L LT, BETA-OTHS. BEBERIT I L ZANEN L —
SABETCAER SIS, LL, AU L —FRRBR S -84, REFKICH
RTBENWTNLNZ L ATHEET A B, 2010, L—FEANSEENST 7 +—
T ANLE F T, JROEE CEEERAER SN D, L—VEE TN BB R
BRI 72 D DL, INLRIE 2R 2 5 L—Y O#iH T, 82Uk L CARBANCAEE
S, —EEEIND L, ZTORAEEFIRICLY L—FRELNL D THS.
WO L —FRRETIE, ARk S 7z Wrigt i 28 E I I L — 3 s b 7=
W, By FHAIGRINMICEE SND. 2Ly, EvTF NS WgEAIE, &
T CISE LB ER A ERTE T, BRAEEICERSE L 2 LIIRETH
5.

X 4.5 (a-3), (a-4) ("9 XD, v F 2 20um L EDEAIE, 5 ADOEE
BROMINT L7272 5. ZHUC XD, BEMREZERTHREIEENSEE LA
ERAMMERICX D42 R Lz, K45 (b-3), (b-4) XV, ¥vF 20 um &
30um D EL B, BAOOEERIETLOMICRAZNT L 52EELDESAHERTE 5. X
4.5 (b-3’) 12 (b-3) OEAFTR LIALEDOILRX AR, 30 um OFEHE, i
HICRANEG L TWRWNWZ ERNbnd. 20, BREHW-=4 A4 YT R
DATAAILIZTIE 20 um FEE D E > F 238 LT D LI L7z,

4.5 (b-4) IZBWT, L—VFREEMSECIIRAPERINDIZELNDG
T, HE CARENMER I TWLARY. 2T, BEIREMTIC R TEE AT
BEROKR I B um BEH N =D THDH. ZOKRIOENNEULFEREE LT,
REHFNO XA TEL RHRIZAR LZBEORBITIZ L 0 4L U DI OB TR
RIAAFUTIZHAT, ERfHITRELS 2D, ARy MEBRRELS RS TWNH T
FrEZOND. £, BEAMATTIE, | RKOZERE BRI X5 REHED
FEALBETE VD, BEHEAT T, ZEREEZHED 51T EREBRN
EREINTND., ZOZ D, | KOEEREFICAKRINIBHESILD b
By TFRREWVEETYH, BEREERQZBICEERE CRANERT L Z L
T, BAEMNERT L EBZOND.

66



ﬁcan direction
'— (a-1)
Light :

axis Pitch (a-2)

(a-3)

(a-4)

200 pm

Modified region growing to
pitch direction

50 pm

Cracks No crack

(b-3°)
Fig. 4.5 Micrographs of planer modified regions: (a-1)—(a-4) 5, 10, 20, 30 um
observed with bright field, (a-1") enlarged view of (a-1), (b-1)—(b-4) observed with
dark field, (b-3") enlarged view of (b-3).
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Fabricated by ion milling

: (111)
Sample surface | Modified regi
o
e
4
Crack : Modified region '
(a)
(b) ()
40 pm 40 pm

15 um

Crack

Wire-shaped modified region

(d)

Fig. 4.6 Cross-section micrograph of planer modified region: (a) illustration of

planar modified region, (b) cross-section image at line a, (c) cross-section image
at line f, (d) illustration of (b).
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. Surface

(b)

20 um

(d)

Fig. 4.7 Wire-shaped modified region: (a) observed in blight field, (b) dark field,

(c) polarization camera, (d) enlarged view of (¢).
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Scan, direction

[G—

Laser.--~

I:ight
ax18  Pitch

(b-1) (b-2)

Fig. 4.8 Wire-shaped modified regions fabricated at pitch 40 um: (a) observed in dark
field, (b-1) firstly and (b-2) secondly fabricated modified region observed with

polarization camera.
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(a-3) (b)

Crack height Crack height
t=]

(c-1) (c-2)
Fig. 4.9 Planer modified region: (a) snap shots of each wire-shape modified region
observed with polarization camera, (b) in dark field, (c-1)/(c-2) enlarged view of

gray frame shown in (b).
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Scan direction

Stable modified region

Unstable modified region

100 pm

Irregular crack

(b)
Fig. 4.10 Planer modified region include unstable modified region: (a) observed
with bright field, (b) dark field.
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Fig. 4.11 Planer modified region: (a) observed in dark field, enlarged vie of red frame

shown in (a), (¢) micrograph of (111) plane.
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Fig. 4.12 Illustration of diamond sample removed around with planer crack by ns laser.
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Fig. 4.13 Micrographs of sliced sample: (a) sliced sample, (b) base diamond.
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Fig. 5.1 Illustration of the method to trigger the fiber fuse,
(a) existing (b) novel method.
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Fig. 5.2 Snapshots of high-speed camera observations. (a) Only pulsed laser
illumination. (b) Both pulsed and CW laser illumination. The pulse energy of
pulsed laser was 1.8 mJ (Laser fluence at the beam spot was 13 kJ/mm?). The
length between the focal position and the glass surface of the light source
side, L, was 1000 pum.
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Fig. 5.3 Micrographs of a processed silica glass substrate with a pulse energy of 1.8
mJ (Laser fluence at the beam spot was 13 kJ/mm?): (a) only pulsed laser
illumination, (b) both pulsed and CW laser illumination, (c) hole entrance.
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Fig. 5.4 Dependence on the pulse energy. (a-1)—(a-7) pulse energy was 4.7 mJ (Laser
fluence at the beam spot was 33 J/mm?), (b-1)—(b-7) pulse energy was 1.2 mJ (Laser
fluence was 8.3 kJ/mm?), (c-1)—(c-3) pulse energy was 0.9 mJ (Laser fluence was
6.3 kJ/mm?) snapshots of high-speed camera observations. (a-8), (b-8), (c-4)
micrographs of both pulsed and CW laser irradiation. (a-9), (b-9) only pulsed laser
irradiation.
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Fig. 5.5 Dependence on focal position. The length between the focal position
and the glass surface of the light source side, L, was (a), (b) 500 um and (c),
(d) 3000 um. (a), (c) Snapshots of high-speed camera observations. (b), (d)
Micrographs. Pulse energy was 1.8 mJ.
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