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Fig. 1 Evaluation on dimension and morphological characteristics of laser ablated micro-hole. (a) Dimension

characteristics; (b) morphological characteristics
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Fig. 2 Laser processed hole cracks. (a) Trend diagram of single hole crack morphology

L2 (¢) trend diagram of group hole crack morphology™ ;

B (b)y single hole cracks on

aluminum oxide ceramics processed by millisecond laser

(d) group hole cracks on aluminum oxide ceramics processed by nanosecond laser™"
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Fig. 3 Millisecond laser processed holes on silicon carbide ceramics

[30]

. (a) Effect of scanning speed on hole circularity;

(b) SEM images of inlet; (¢) SEM images of outlet
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Fig. 4 Millisecond laser processed holes on aluminum oxide ceramics in air and liquid. (a) Inlet/outlet circularity of hole
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for laser processing in air, water and salt solution ; (b) effect of optical length in liquid on inlet/outlet roundness

of hole B ;
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Fig. 5 Inlet images of millisecond laser processed holes on aluminum oxide ceramics. (a) Effect of pulse duration on inlet

(c) effect of repetition rate on
1[34]
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Fig. 6 Millisecond laser processed holes on aluminum oxide ceramics. (a)(b) Effect of peak power on inlet spatters

(c) effect of pulse duration on inlet spatters[%] ;

(e) inlet surface for laser machining with pre-coloring
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Fig. 7 Millisecond laser processed holes on silicon nitride ceramics

(d) inlet surface for laser machining without pre-coloring
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Fig. 9 Diameters and tapers of millisecond laser processed holes on aluminum oxide ceramics. (a) Effect of offset of focus

[40]

spot of CO, laser on hole diameter and taper™" ; (b) effect of auxiliary gas pressure on CQO, laser processed hole

[40]

LoD (o) effect of offset of focus spot of optical fiber laser on hole diameter and taper™ ;

diameter and taper

(d) effect of auxiliary gas pressure on optical fiber laser processed hole diameter and taper™™™ ; (e) effect of

[41]

repetition rate on CO, laser processed hole diameter and taper™ " ; (f) effect of average power on optical fiber laser

[41] [41]

; (g) effect of pulse duration on hole taper

processed hole diameter and taper
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Fig. 10 Holes ablated by millisecond laser processing on silicon carbide . (a) Effect of spot scanning speed on hole

taper; (b) SEM images of hole sidewall
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Sidewall images and surface morphologies of millisecond laser processed holes on aluminum oxide ceramics

[34]

(a) Side profiles of hole; (b) recast layer and crack of hole sidewall; (¢) SEM image of hole sidewall; (d) recast

layer of hole sidewall
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Fig. 13 Millisecond laser or water-jet assisted laser processed holes on aluminum oxide ceramics. (a) Schematic of water-

[32]

jet assisted laser processing™™ ; (b)(c¢) laser processed hole™™ ; (d)(e) water-jet assisted laser processed hole

() effect of water-jet velocity on thickness of recast layer
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(d) (e) heat affected zone™"
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Fig. 15 Nanosecond laser processed holes on silicon nitride ceramics
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Fig. 16 Nanosecond laser processed holes on aluminum nitride ceramics. (al)—(a4)Inlets for ten scanning times;

(bl)—(bd)outlets for ten scanning times; (cl)—(c4) inlets for fifty scanning times; (dl)—(d4)outlets for fifty scanning times
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Fig. 17 Nanosecond laser processed holes on aluminium oxide and aluminum nitride ceramics. (a) SEM image of aluminum

0571,

nitride hole®” ; (b) element content in heat affected zone of aluminum nitride hole®™ ; (¢) element content in heat

affected zone of aluminum oxide hole
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Fig. 18 Inlets of nanosecond laser processed holes on aluminum oxide ceramics™ . (a) SEM image of hole;

(b) partially enlarged hole; (c)(d) cracks of hole
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Fig.19 Nanosecond laser processed holes on aluminum oxide ceramics
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Fig. 20 Nanosecond laser processed holes on silicon carbide and aluminum oxide ceramics. (a) Effect of scanning pitch on

silicon carbide hole taper[%] ; (b)(c¢)(d) effect of trepanning pattern on aluminum oxide hole taper

of scanning speed on aluminum oxide hole tapert!*"
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Fig. 21 Nanosecond laser processed holes on silicon carbide ceramics. (a) Effect of laser fluence on hole taper under

different solutions™”’
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Fig. 22 Nanosecond laser processed holes on aluminum nitride ceramics . (a) Effect of jump direction on morphology

of hole sidewall; (b) effect of scanning mode on morphology of hole sidewall
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Fig. 23 Sidewall images of nanosecond laser processed holes on aluminum oxide ceramics"""' . (a)(b) Recast layer;

(¢)(d) microcracks; (e)(f) microcracks spreading along grain boundaries
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Fig. 24 Femtosecond laser processed holes on aluminum oxide ceramics. (a) Schematic of hole processing with fixed

(2] |

starting point and variable starting point™ ; (b) hole processed with fixed starting point”™ ;

[72] |

with variable starting point""™'; (d) effect of interpolation error on hole circularity

(c¢) hole processed
[24]
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Fig. 25 Holes ablated by femtosecond laser processing on aluminum oxide ceramics
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Fig. 26 Femtosecond laser ablated holes on ceramics
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. (a) Aluminum oxide ceramics; (b) aluminium nitride ceramics
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Holes ablated with percussion and trepanning drilling by femtosecond laser processing on aluminum oxide

. (a) Effect of laser fluence on spattering range of hole surface debris; (b) effect of scanning speed on

spattering range of hole surface debris; (¢) SEM image of percussion drilled hole; (d) SEM image of trepanning

processed hole
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Fig. 28 Inlet and outlet of femtosecond laser processed holes on aluminum oxide ceramics
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5.2 FLMMERFRFIERETIZEE

PR PO B U TR e A T L B HE S B S O
TR 7 B AL A 29 ) IR L AT RUE
T B TN IE 25 45 A 8 7% 2 B 05 £ A7 B A o A o
[ 29 o AT 2= 76 T, FLA I B ARS8 W sl /N 2
fEid oy —0.3 mm B fLA FE AR B R/ 05 L B
& TR B 7 2 TG , FL A T BLAR 0 s i AL
N EAEEANE R —0. 4 mm WK, WFREE &
PR B R D BT AL/ AR 2 h] E 2E

FoALMHEAEERE N —0.3 mm Al—0. 4 mm A
KB/, AW TAAHERIE R TS A
LA HLTE /N 0 L AR o 52 3 s 7 R g IR 1
filh, PR, 5 S B — 0. 3 mm &b Sk fe £l T A
B A, Wang S5 BEST 0 & B 6 A R TT U oy
S WIZH I A W 2H 2 [) 5 G (8] B I 8] BE 9% AR08/
FURYHERE . S ERUI N TTAH L, BO6 3R 8 T A B W
(] B Ak A S B FL I B T v g 25 1 MR E AN T BB 6% 3R A
TN BE A9 FL . 0 Hsa 2650 SR T B3 in T [ 3R

7

a 4
@ 20 25 mm focal lens

Hole Diameter (um)
8
1

. s e v
-05 04 03 0.2 0.1 0.0 0.1
Focus Position (mm)

(b) ‘
1% Laser beam
45 E"
g
- a4 &
k
43
2
0.2

Pl 29 TCRDHOY P e FL N T T LA B R T . (o) AR AN B R ORB O B TSR A e e L AR R LA E A S
(b) BB e g A2

Fig. 29 Control method of hole taper by femtosecond laser processing on ceramics. (a) Effect of focus position on

femtosecond laser processed hole diameter and taper on aluminum oxide ceramics™ ; (b) helical laser path™"
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Fig. 30 Ultrafast laser processed holes on aluminum oxide ceramics. (a) Schematic of laser machining mechanism of

[82] |

hole™ ; (b) schematic of semi-submerged assisted laser machining mechanism of hole™™ ; (c¢) holes ablated in air

[83-84 |

with different single pulse energies ; (d) holes ablated under water with different single pulse energies™*; (e) holes

ablated in air with different repetition ratest™ ;

(f) holes ablated under water with different repetition rates

[85]
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Fig. 31 Ultrafast laser processed holes on ceramics. (a) Effect of auxiliary gas pressure on hole taper™ " ; (b) effect

of lens focal length on hole taper
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Fig. 32 SEM images of ultrafast laser processed holes on aluminum oxide ceramics. (a)(b) Percussion drilled holes

(78]

(c)(d) trepanning processed holes"™ ; (e)(f) holes processed in air ; (2) (h) holes processed under water

78] |

[83-84] | [83-84]
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Abstract

Significance Ceramics substrates, Al,O, and AIN, are commonly used as electronic packaging substrate materials,
have many advantages such as small dielectric coefficient, small thermal expansion coefficient, high thermal
conductivity, good insulation performance, and good corrosion resistance. In short, ceramics substrates can meet all
the performance requirements of microelectronic device packaging and are widely used in the fields of aerospace and
military engineering. However, due to the hard and brittle characteristics of ceramics materials, the traditional
machining method is easy to cause damage to this kind of materials. Laser processing is an advanced processing
technology with no contact processing, no tool wear, high precision, and high flexibility. It is the preferred method
for hard and brittle materials processing. At present, there are many researches on the effect of characteristic
dimension of laser ablated holes, but the study on the characteristic morphology of laser drilled holes is often
ignored. Moreover, when a high energy laser is focused on the material, the strong thermal effect cannot be
avoided, which leads to the recast layers, micro-cracks, and heat affected zones on the surface of the ceramics
substrate, influencing the morphology of the holes and subsequently influencing the performance of the ceramics
substrate. It must be pointed out that the thermal effect has a high correlation with the laser pulse duration.
Specifically, the thermal effect of the long pulse laser represented by the millisecond laser is the most serious, and
the holes ablated by them have serious spatters, recast layers and micro-cracks. The thermal effect of a short pulse
laser represented by the nanosecond laser is relatively small, and the morphological quality of holes is improved
greatly. The ultrafast laser (generally referred to the pulse duration <X 12 ps) has the characteristics of “cold
ablating”, which can limit the influence of the thermal effect to the maximum, and thus can be used to process the
holes with a high morphological quality. In this paper, the morphological characteristics of holes in the electronic
ceramics substrate ablated by a millisecond long pulse, a nanosecond short pulse, and an ultrafast laser pulse are
reviewed.

Progress As for the hole circularity, it becomes worse when the scanning speed increases during the millisecond
laser processing. During the nanosecond laser processing, the higher the repetition rate, the better the hole
circularity. During the ultrafast laser processing, the circularity and machining efficiency can be ensured by selecting
appropriate interpolation errors. For the spatters on the holes surfaces, the higher the laser energy, the higher the
repetition rate, the wider the spattering range. During the millisecond laser processing, the larger the pulse
duration, the more the surface spatters, the wider the spatters range. During the ultrafast laser processing, the
faster the scanning speed, the wider the spattering range. The surface cracks of holes induced by laser ablating on
the ceramics substrate are mainly caused by the surface stress concentration coming from the thermal effect. The
radial cracks are generally induced by the tangential stress, and the ring cracks are by the radial stress. The cracks
propagate to form the propagation path of the group hole cracks, which maybe cause the sample to fracture finally.
The laser compound machining assisted by water and other liquids, the spatters and cracks on hole surfaces can be
reduced and the surface morphologies of holes can be improved.

The laser processed hole taper on ceramics substrate is related to laser energy, repetition rate, pulse duration,
focus position, air pressure, and processing environment. The faster the scanning speed, the larger the hole taper.
During the nanosecond laser processing, the wider the scanning filling circle’s interval, the larger the hole taper.
For different hole diameters and depths, a smaller hole taper can be obtained by choosing the appropriate processing
filling style. For the recast layer on the hole sidewall, even using an ultrafast laser with the “cold working”
characteristics, it cannot be completely avoided. The hole recast layer processed by the millisecond laser is thicker.
Under the optimized parameters, the thicknesses of the recast layer processed by the nanosecond and ultrafast lasers
are almost the same. Furthermore, the thicknesses of the recast layer can be reduced effectively by the water jet
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assisted machining and the water environment assisted machining, and it can be completely removed by a post-
treatment such as solution corrosion. It should also be pointed out that a large number of microcracks extending along
the grain direction are generally distributed on the surface of the recast layer, especially for the millisecond laser

processing.

Conclusion and Prospect High quality holes have been required on the surface of a hard-brittle electronic ceramic
substrate processed by a laser in order to achieve high quality and high density interconnection of electronic devices.
Morphological features of holes drilled by a long pulse duration millisecond laser, a short pulse duration nanosecond
laser and an ultrafast laser are reviewed, mainly including the hole surface morphological characteristics such as hole
circularity, spatters, micro-cracks, and heat affected zones on the hole surfaces, and the hole side-wall
morphological characteristics such as hole taper, recast layers and micro-cracks on the side-wall surface.

Key words laser technique; electronic ceramic substrate; morphological features of hole; millisecond laser;

nanosecond laser; ultrafast laser
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