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Fabrication of Millimeter-Scaled Holes by Femtosecond Laser Filamentation
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Abstract By using femtosecond laser filamentation, the drilling of micro-holes in 2 mm thick polymethyl
methacrylate materials in the air environment is carried out. During the experiments, the variations of the
femtosecond laser filament length with average femtosecond laser power are summarized. The surface morphology
and the diameter of the micro-holes are measured by scanning electron microscopy. The hole dimensions, the aspect
ratio (depth to diameter) and the taper as a function of laser average power and processing time are analyzed. The
results show that with the increase of the average laser power, the diameter and the taper of the holes increase
obviously, while the aspect ratio decreases. With the increase of the processing time, the diameter of the holes
increases, the aspect ratio decreases, and the taper of the holes increases first and then decreases and then increases,
however it keeps an increasing trend in overall.

Key words laser technique; femtosecond laser filamentation; deep hole taper; hole dimensions; aspect ratio

OCIS codes 140.7090; 140.3390; 320.2250

1 5l =

B 2 25 WL T TR A ) B S P Tl L R 2 R Lo 5 i L B B g T
BR AL A b RHE B T RO B 0SB 8P TR S R b BT R A O BCPL R D R e )
B T L T B G AR R T VP 25 7R R A 1 D T X R AL TSR L ph T 3 R G T SR 1 4
T D BE AR JEE L MR KRR 7 7 S RO PEBE ™ L MO FTFLBAR A 6 E 5 T 4 5  38 L A 16 L 3 4>

Wi EH.: 2016-11-03; WRMEHTBE: 2017-01-16
EeWmB. FEARBI IS (51275012) b [5 28 (6] £ AW 5T Be 8 3 4 0 H
TEEE . KA (1992—) & L FoE A RN BT E AR T A58 . E-mail: yjzhang92@163.com
SUBE A XU (1957—) , 55 1 b, 2, BN IR W OB OGS 2 e EOR SF J E  AF AR
E-mail: sbliu@bjut.edu.cn
* B{SBK & A . E-mail: hysong@bjut.edu.cn

0402012-1



H = # ot

A 7R AR T T Bl i 4 A OB R SR AR T

20 fh22 90 AU PR K 54 WP HOLAR A IR IE L ROR A UMM HEOETT fRdE A Tk N G, KA EOE R
A e g B4 (L D 3 R Lk o 5 88, A LG A% G BOG BT AR ELAE T IF A9 2 P 2800, R EOE 5 A AR LA
FH R 2 B S 5 Z0 ) AR L R AN, K B AR FH ARk 8] A J A 800 TL 1 T L 220 AN 3 o RS 2 AR L D, TR
WO TR B W HEA T = 4 AR R RO HEAT LI T 3 BB AR A T vk A
A2 i R AR R el o SR I T ARAL LA TR R R P O TR B R e AR P AT T
(9 8L, % O R o 19 SR AR e TR AR AR R o T B Y TR L S R R e IR . R I [
PEIEAT WAL T 32 30 5 LR BE o B AR S B AR /N T 250 pem (RS 25 AL TH L R R AT EE ]
FER AL O TR G A2 A o el AT A Sl R R B DL R T R A N A2 B T
BORMFRE . CEBOCTT AL B AR B Bk BOCTT LA B R 3 BN H AT A WGk E . R EOLTT
FL— M BR T e —SE W = AR B AL . P, TRACEL A9 0 T 07 3 o At A 1 24 A AT L R R A5 itk
f14 It

B PO AR B PE K i AT T i T AN HOE 22 X — F EZ AR L LR 5T,
RSO ZS AP AR R I T R A ] A S R O R S BLE B B AR R L B RS IA L R
MO R A S P L R b & B YT R A AR 21 A S BE RO BT S R T I G X
H T — RN I B A DX, DT B3O A A 2 LA I B TR i ek A R R A S
IF L SGBE O DO 5 R T 3 % X OB, PR, DG BRE PO D™ AR B SR B TR e Tl G X AR R T
VR S TE I — A ZE B IV 325 5 ) DX AT (8 006 TR 7 A A I 4 3o gt S ol T 0 19 468 o T IRl AR o
F T S0 2K T 3R A A0 A0 45 8 1 A B A0 ) N 7 7 e A 5 B 4 i 2 38 31 gl 25 - i RO AT LLAE
2RI R E B9 AR B TR IE . REMBOE R 2 S B O R RS RO E = P AL FR
7 A BB s e o (R ) W RKOBIEDE IR 70 Al . Dl 22 BRIV 7 5 28 U Y RO 2 R 2 88 7 i il . A1
TR I 22 T AL A R M R A A AU H B Y OB RO B E A 1 't 22 808 X B R AT TR AL N T

T L D 0 R PR i (PMIMLAD Sl AR SC I 52 X 2 . PMIMLA. {8 B 7 BLBY B8 s W0 5 7, BT 35 B fk 2
P L 2 0 g 6 AP & TR B AR L RAF R OGE i A LA K HLA R A Y A R R R 208 5 T RE A R
JEIC S N 1k BGE WA B R B 2 AR Z — T T AR AR F A R AT OB R B W E
SFTHCY L R 7E PMMA BPRR L ] £ 22 K B AL X L AR Ol i K R B

AR SCH TR AR SO 9 B 22 800, XF PMMA B A BEAT RBEAL N T % BB ER OR T R AT Ot
SRR 2 WA O A U B PMIMA R R B2 T8 0 78 2 o, BRI A2 552 P IO FH 5 5K 5 SCRT 45 24 A2 i
Ao I ASCRL 2 mm JBER) PMMA ffE S SE4F 04T T AL N TR SER R R . S s W I 32 3¢ 17 /AL
AR FLAR R/ [ B2 R e 8 i RO 1 42 B 23 A BN T i 8] 8 228 A A S USRI TR0 O 80 22 ) 48 9 22 K IR
FLAE A5 1 21 52 B T A 9K

2 SLEm R

BT R SOE I 22 LA 52 26 B0 e i B 3 399 4 e L 546 B 80 6 0 1 R KR O R 22 4 AR
AR 1 55 10 T A AT FLAE AR L T LK K MR AR AL B0 4 7 L 4R e FL IO 0 T, 1 1 M e 1 R T LB R [
1Ca) TR R BB OG22 FTFLHE AR 1(b) TR 7R P, T P il L6 bt 70 2% 2 T B0 0 63 2% 0, 446 5 0 B8 47
L AR ST 2 3 B 5 T 0O — P B L SR 3 A, DR AL R 1 A
2 PHLBE FE K s KK WA T VR 98 H SR T TCRD O F 22 1 J7 32 00 T L — Y M T 3 9 T 455 0 9 B

I TGP M2 ) 46 5 K R FL A 7 B AR (UM L T G5 0 B8 B 4T 7L B AR FLAT 0 5 10 6 38, T FLAH e T
11 % ToAT S 2 R0 U FE AR 2 AT AL AR T T RO WOR R 22 B A 25 HO A HO AR, TSR S sk 1o
TR O A TR I TR AL DL S A 56 5K T A 2 10 35 0 330 35 I 10 R 17 9 25 — K 4 R it 3
78 s RO R L A B — N AT DL SE RO R R A K I R R R A R S B E T
W PRI T TEAR OB HRGE T/ NFLAR ELVRFE BR AR 2 HOFL 10 W RO P B 22 7T LA 2 2 LA 2 38 FL
) . B O A K B B ) TR RO 1 22 4T FLA AR L T D0 R 6 ST 7L U3 & T AL

0402012-2



1 (G RESTILE A ; (b)) CR O RZIT AL AR

Fig. 1 (a) Conventional focusing drilling technique; (b) femtosecond laser filament beam drilling
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Fig. 2 Experimental setup of millimeter-scale deep-hole fabricated by femtosecond laser filament
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Fig. 3 Variation of the femtosecond laser filament length with average femtosecond laser power
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Fig. 4 Variation of the femtosecond laser filament length with average femtosecond laser power principle
diagram. (a) Femtosecond laser filamentation of different powers; (b) femtosecond laser intensity distribution

of different powers; (¢) femtosecond laser filament length contrasts of different powers
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Fig. 5 (a) Variation of hole dimensions under different average powers; longitudinal cross-section

of the drilling holes at the power of (b) 1.4 W and (¢) 1.8 W
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Fig. 6 Processing time is 9 s, average power of 1.0, 1.4, 1.8 W respectively, the surface of deep pores

SEM morphology (a) (b) (¢) and longitudinal cross-sectional micrographs (d) (e) (f)
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Table 1  Aspect ratio of deep micro-holes under different powers

Power /W Aspect ratio (Time: 5 s) Aspect ratio (Time: 7 s) Aspect ratio (Time: 9 s)
2.6 9.383 10.314 11.217
2.4 11.409 11.488 12.618
2.2 12.247 12.140 11.813
2.0 12.796 12.598 12.845
1.8 13.765 13.012 13.486
1.6 14.020 13.063 13.012
1.4 14.114 14.378 14.942
1.2 17.444 17.543 16.495
1.0 19.075 17.197 19.075
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Fig. 7 (a) Variation of taper under different average powers; longitudinal cross-section of the drilling holes at
the power of (b) 1.4 W (a) and (¢) 1.8 W
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Fig. 8 (a) Variation of hole dimensions under different processing time; longitudinal cross-section

of the drilling holes at (b) 7 s and (c¢) 9 s
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Table 2 Aspect ratio of deep micro-holes under different processing time

Time /s Aspect ratio (Power: 1.0 W) Aspect ratio (Power: 1.4 W)
3 20.953 15.468
) 19.075 14.114
7 17.197 14.378
9 18.083 14.942
11 18.083 14.942
13 17.452 14.875
15 16.097 13.765
17 14.545 13.114
19 14.545 12.862
21 13.652 12.247
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Fig. 10 (a) Variation of taper under different processing time; longitudinal cross-section

of the drilling holes at (b) 7 s and (¢) 9 s
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