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Laser drilling of blind holes in materials often results in tapering and 
pointed bottom due to inappropriate beam intensity distribution, beam 
geometry, beam focal position and material flow erosions. In this work 
the effect of polarization states on taper angle at different focal plane 
position was analysed. A new approach of using a spatial filter shaped 
Gaussian laser beam from a Ti:Sapphire femtosecond laser was intro-
duced to control the taper in the laser drilling of blind holes in Al2O3 
ceramic sheets. Low taper angles and flat bottom blind holes were dem-
onstrated drilled with the femtosecond laser and the holes were free 
from microcracks, recast layer, debris and without obvious heat affected 
zone (HAZ).

Keywords: Ti:Sapphire femtosecond laser, alumina ceramic, Al2O3, laser drilling, 
blind hole, trepanning, taper angle, microcracks, recast layer, debris, spatter heat 
affected zone (HAZ)

1 INTRODUCTION

Al2O3 alumina ceramic is a polycrystalline material with high hardness of 15 
to 19 GPa, high electrical resistance of volume resistivity 1014 to 1015 Ωcm, 
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high dielectric strength in the region of 10 kV/mm, high corrosion and wear 
resistance, moderate thermal conductivity of 20 to 30 W/mK, very good 
chemical stability, low density of 3.75 to 3.95 g/cm3, excellent mechanical 
strength of 300 to 630 MPa and high compressive strength of 2 to 4 GPa 
[1-6]. Al2O3 ceramic is widely applied in the microelectronics industry where 
scribing [7], via hole drilling [8] are required for the production of high tem-
perature circuits, high power radio frequency electronic circuits, multichip 
modules and micro-electromechanical systems (MEMS) [9].

Mechanical methods for drilling Al2O3 include punching [6], stamping 
[10], broaching [11] and laser assisted machining (LAM) [12]. An advantage 
of these methods is that holes with large diameters can be drilled with low 
equipment cost. The disadvantages are extensive tool wear, surface and sub-
surface microcracks generation, residual stress generation and low efficiency 
[13]. Additionally, for drilling diameters smaller than a few hundred microm-
eters it becomes very difficult for mechanical drilling, often resulting in tool 
breakages. For ceramic materials with a high degree of brittleness or hardness 
the cutting forces would induce vibrations and may lead to material subsur-
face damages [6]. 

Several advanced drilling methods have been developed recently to over-
come the challenges in mechanical drilling. Electrical discharge machining 
(EDM) [14] can achieve large depth drilling with a zero taper, and the equip-
ment cost is low; however, the processing rate is very low, and it is also 
mainly suitable to machining of electrically conductive materials, although 
drilling non-conductive materials is possible [15]. With electrochemical 
machining (ECM) [16], excellent surfaces can be obtained, but the precision 
and efficiency [17] are difficult to be guaranteed for small holes. Also, it is 
not suitable for generating sharp corners due to the corrosive of electrolyte 
[18]. Photoetching [19], abrasive water jet cutting [20] and ultrasonic machin-
ing (USM) [21] have also been demonstrated for ceramic drilling and machin-
ing. Photo-etching is very slow, suitable for shallow holes only. Water jet 
cutting and ultrasonic drilling are not suitable for drilling precision microme-
tre-scale holes.

As a non-contact machining technology, laser beam machining (LBM) has 
been widely applied in industry [13, 22, 23]. For ceramic material machining 
photon energy is converted to thermal energy to raise the material tempera-
ture above the melting and/or vaporization temperatures. Since the reacting 
mechanical force is very low, material clamping is often not unnecessary. By 
processing in air or liquid [24, 25], high processing rate, high accuracy 
machining can be realised [26]. For high quality drilling of Al2O3, taper angle 
of the holes could be reduced or even changed from positive to negative in 
through hole drilling using long (millisecond) or short (nanosecond) pulse 
length lasers. For drilling Al2O3, however, there is a risk of cracks generation 
due to the thermal stresses, and the generation of a resolidified layer reduces 
the hole quality and durability of the holes [11]. Another method to reduce 
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the taper angle is to adjust the laser beam entrance angle in synchronizing 
with the trepanning motion. The drawback is that the system is very expen-
sive, and the alignment and maintenance are quite difficult [27]. For laser 
blind hole drilling, taper free is still difficult to realize [27].

Continuous wave (CW) laser and long pulse length laser beams have been 
applied for achieving deep cavity machining and striation-free cutting of 
Al2O3 [28, 29]. Over the laser two decades ultrashort pulse (picosecond or 
femtosecond pulse duration) laser beams [30, 31] have become more used for 
high quality micro-scale ceramic drilling [32]. With the ultrashort pulse dura-
tion, the peak power intensity is over several GW/cm2 and the laser beam can 
be effectively coupled to wide bandgap materials with multiphoton absorp-
tion (MPA) [10]. Since material removal is mainly based on evaporation, the 
residual heat affected zone (HAZ) and melting are minimised, and the edge 
quality can be improved [33,34]. By optimizing the laser parameters such as 
pulse duration, repetition rate, pulse energy, and focal plane position, drilling 
quality factors such as circularity, taper angle, HAZ, cracks, recast layer 
(spatter) and debris can be controlled [23, 34, 35]; for example, precise hole 
drilling on human dental dentine with well defined geometry haven been 
demonstrated [36, 37]. But until now, drilling Al2O3 blind holes with vertical 
hole walls and flat bottom is still difficult to achieve even with an ultrafast 
laser at picosecond or femtosecond pulses.

In this paper, an investigation into achieving high quality flat bottom blind 
hole drilling on Al2O3 sheets with reduced taper using a Ti:Sapphire femtosecond 
laser in air is reported. Beam polarization states such as linear, circular, radial, and 
azimuthal polarization were studied in the drilling blind holes in alumina ceramic 
by fill trepanning. The quality of the hole including taper angle, and surface 
roughness was analysed. Blind holes with low taper angles, free from HAZ, 
cracks, recast layer, and debris and with a flat bottom were achieved.

2 EXPERIMENTAL PROCEDURES

A Ti:Sapphire femtosecond laser (Libra Ti:Sapphire; Coherent, Inc.) was 
used at an 800 nm wavelength with a 100 femtosecond pulse duration, a 1 
kHz repetition rate, M2 smaller than 1.5, an output power of up to 1 W, with 
an approximately Gaussian beam intensity distribution and a raw beam diam-
eter of 5 mm. Neutral density filters and a polarization attenuator were applied 
to controlling the pulse energy. A quarter waveplate (WPQ10ME-780; Thor-
labs, Inc.) and a s-waveplate (RPC-800-08; Altechna) were applied to trans-
forming linear polarization to circular polarization or radial/azimuthal 
polarization. After several 45o reflections from several low-group-delay-dis-
persion, thin-film-coated ultrafast mirrors, the laser beam was directed to an 
x-y scanning galvanometer and focused through a f-theta lens with a 100 mm 
focal length. 
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An Al2O3 alumina ceramic sheet with a 1 mm thickness was placed on a 
vertical (z-axis) translation stage. The femtosecond laser beam path arrange-
ment is shown in Figure 1. The diameter of the focused laser beam and depth 
of focus were calculated to be 30.6 µm in 1/e2 and 1.22 mm, respectively, 
based on [38, 39]

 d
M f

DL
min = 4 2λ

π
 (1)

and

 Z
M f

D
F

L

= 8 2 2

2

λ
π

 (2)

where M2=1.5 is the beam quality factor, λ is the wavelength, f is the focal 
length and DL is the raw beam diameter. In the infrared (IR) wavelength spec-
trum, Al2O3 has a strong absorption [40]. The ablation threshold fluence was 
estimated with the method described previously [10, 41] to be around 1.28 J/
cm2. The common laser drilling methods are single pulse drilling [13], per-
cussion [42], trepanning [35] and helical drilling [43]. In this work a fill tre-
panning method of multiple centric rings or loops, as shown illustrated in 
Figure 2, with linear, circular, radial or azimuthal polarization states was 
applied. 

The effect drilling two pieces of Al2O3 were attached together. The laser 
beam was focused at the boundary area of the two samples. The cross-section 

FIGURE 1
Schematic diagram of the femtosecond laser beam path arrangement.
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drilling profile could be obtained in this way (see Figure 2) without having to 
cut the samples. 

Sample analysis was conducted with a scanning electron microscope 
(SEM) (Ultra 55; Carl Zeiss AG). Before the samples were observed under 
the SEM a 10 nm thick Au/Pd coating was applied to make the surfaces con-
ductive. The sidewall quality was analysed with a white light interferometer 
(WLI) (Contour GT-K; Veeco Instruments, Inc.) and an optical microscope 
(VHX 5000; Keyence Corporation).

3 RESULTS AND DISCUSSION

3.1 Effect of beam polarization states on hole circularity
A comparison of the drilling results with different polarization states was 
carried out. After twice reflections inside the scanning galvanometer, the 
polarization state was rotated counter-clockwise by 27o relative to the orig-
inal laser beam polarization direction. The results were normalized to be a 
linear polarization direction. In the beam path, circular polarization could 
be conversed by using a quarter waveplate. Radial and azimuthal polariza-
tion could be generated by using a s-waveplate. Through hole drilling of the 
Al2O3 plate was carried out for examining the circularity on the exit hole. 
During the drilling the focal plane was placed on the top surface of the 
material, setting the expected hole diameter, pulse energy, scanning speed, 
hatching distance and processing passes to be 1 mm, 300 µJ, 10 mm/s, 10 
µm and 80 passes respectively, each pass took around 2.1 seconds. On the 
hole entrance side (see Figures 3(a) to (d)) the circularity for all polariza-
tions was close to 1, and the diameters were almost the same, which was 
around 970 µm. In Figures 3(a) to (d) the shadows show the tapering of the 
thorough hole holes, rather than HAZ or recast. On the hole exit side (see 
Figures 3(e) to (h)) the circularity for the linear, circular, radial and azi-

FIGURE 2
Schematic diagrams showing the laser beam filling trepanning regime for (a) circular hole and 
(b) square hole drilling.
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muthal polarization states were 0.757, 0.998, 0.904, and 0.911, respec-
tively, (cf. Table 1), based on [44] 

 C
D

D
= min

max

 (3)

where C is the circularity, Dmin is the minimum hole diameter and Dmax is the 
maximum hole diameter. This was consistent with the principle that for linear 
polarization, the laser material interaction in the regions where p-polarization 
dominates would be enhanced [45], so that the hole exit would be elongated 
to the direction of polarization, which reduced the drilling circularity; there-
fore, circular, radial and azimuthal polarization states were more suitable for 
the high quality drilling of the ceramic material. Tapering was present in all 
the holes drilled as the entrance hole diameters were larger than the exit hole 
diameters and the exit hole diameters were generally smaller and irregular. 
For circular polarized beam, hole symmetry is better, because of its isotropic 
properties [46]. From Figure 3(g) it is clear that the holes are free from any 
debris and spatter.

3.2 Focal plane position effect on taper angle
To study the focal plane position effect, the focal plane was placed above the top 
surface (+1 mm), on the top surface (0 mm) and below the top surface (-1 mm, -2 
mm) of the Al2O3 respectively. With 20 and 40 passes scanning, depth and taper 
angle were measured and analysed as shown in Figure 4 and Figure 5.

It can be s that scanning passes did not affect taper angle much. The small-
est taper angle was achieved when placing the focal plane 1 mm below the 
top surface of the sample for all three polarization states. This is because by 
lowering the focal plane, more pulse energy could be delivered into low part 
of the hole. By comparing circular polarization results with radial and azi-
muthal polarization, the taper angle was larger in the former situation when 
the focal plane was on the top surface. This was probably due to the laser 
beam with a radial or azimuthal polarization having a polarization singularity 

TABLE 1
Circularity calculation for through hole drilling by using four polarization states.

Polarizations State
Hole Entrance Hole Exit

Diameter (µm) Circularity Diameter (µm) Circularity

Linear polarization 975 - 973 0.998 409 - 540 0.757

Circular polarization 966 - 965 0.999 549 - 550 0.998

Radial polarization 973 - 970 0.997 510 - 564 0.904

Azimuthal polarization 971 - 967 0.996 514 - 564 0.911
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in the centre of the beam, which made it an annular intensity distribution, as 
shown in Figure 5.

By examining the depth of drilling with the three polarization states, 40 
passes scanning resulted in almost the twice depth of 20 passes. In the 40 
passes scanning, The deepest drilling can be obtained by placing the focal 
plane on the top surface. When moving the focal plane from the sample sur-
face to 1 mm below, it was found that the taper angle was reduced and depth 

FIGURE 3
SEM micrographs showing typical through hole drilling hole geometry in the 1 mm thick Al2O3 
for (a) the top surface drilled with a linear polarized beam,(b) the top surface drilled with a cir-
cular polarized beam, (c) the top surface drilled with a radially polarized beam, (d) the top sur-
face drilled with an azimuthal polarized beam, (e) the bottom surface drilled with a linear 
polarized beam, (f) the bottom surface drilled with a circular polarized beam, (g) the bottom 
surface drilled with a radial polarized beam, (h) bottom surface drilled with an azimuthal polar-
ized beam and (i) the enlarged hole entrance edge.
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was reduced as well. It means that in this situation, some pulse energy was 
lost to the side walls.

3.3 Effect of laser beam intensity distribution
The laser beam was not a perfect Gaussian beam profile. A spatial filter was 
used to optimise the Gaussian beam to be more circular. This was realised by 

FIGURE 4
Graph showing the change in taper angle with focal plane.

FIGURE 5
Femtosecond laser beam profiles with (a) linear or circular polarization states and (b) radial or 
azimuthal polarization states.
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placing an aperture in the beam path. By reducing the aperture diameter, the 
Gaussian beam would be partially blocked, leaving the central area where the 
intensity distribution was more uniform. The aperture diameters of 5, 4, 3 and 
2 mm were used. The resulting beam profiles are shown in Figure 7. 

By placing the sample surface relative to focal plane and applying the 
circular using circular polarization, at 170 µJ pulse energy, 10 mm/s scan-
ning speed, 500 µm scanning diameter and 10 µm hatching distance with 45 
passes, and fill-trepanning was used, the results are shown in Figure 8. It 
can be seen from Figure 8 that when the aperture diameter of the spatial 
filter was reduced to 4 mm, the smallest taper angle could be obtained. This 
may be due to the spatial filter generated interference patterns (as shown in 

FIGURE 6 
Graph showing the effect of focal plane on the depth of drilling.

FIGURE 7
Femtosecond laser beam profiles with different aperture sizes for the original Gaussian beam, 
spatial filter shaped beam with a diameter of (a) 5 mm, (b) 4 mm, (c) 3 mm and (d) 2 mm.
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Figure 7(b)). The laser beam focusing through the f-theta lens had a more 
uniform intensity distribution and the laser material interaction angle 
became larger so that the taper angle was reduced. Further reducing the 
beam diameter, the focal spot size would become larger, reducing the beam 
intensity.

3.4 Blind hole characteristics
The cross-section of a blind hole generated by placing the focal plane 1 mm 
below top surface is shown in Figure 8. High quality drilling with no HAZ, 
cracks, recast layer or debris was achieved. For a 500 µm diameter blind hole 
laser drilling, a taper angle would be generated from the first scanning of fill-
trepanning. With the following scanning passes, the hole became deeper. 
Based on the observation of Figure 8, and the data from Figure 4, with the 
increase of the scanning passes from 20 to 40, taper angle was reduced by 
around 25, 20 and 13% for circular, radial and azimuthal polarization states 
respectively. Further increase in the scanning passes, a pointed bottom would 
be generated. 

To create a blind hole with reduced taper, focal plane below the top surface 
of material by 1 mm was selected. With the circular polarization, the raw 
beam diameter was reduced into 4 mm. Under 220 µJ and 20 scanning passes 
was conducted. The generated blind hole as shown in Figure 9. After 20 scan-
ning passes, the focal plane was downward shifted by 200 µm, and carried out 

FIGURE 8
Bar chart showing the effect of femtosecond laser beam diameter and focal plane position on the 
hole taper.
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FIGURE 9
SEM micrograph of a blind hole in the Al2O3 after the first 20 scanning passes of the femtosec-
ond laser beam.

FIGURE 10
SEM micrograph of a blind hole in the Al2O3 after the second 20 scanning passes of the femto-
second laser beam.
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another 20 scanning passes. From Figure 10 the taper angle was further 
reduced. By WLI the measured roughness on the bottom of blind hole was 
around 0.8 µm Ra, as shown in Figure 11.

4 CONCLUSIONS

Fill-trepanning was applied for drilling blind holes in Al2O3 alumina 
ceramic using a Ti:Sapphire femtosecond laser. By comparing linear, circu-
lar, radial and azimuthal polarization states, and the effect of focal plane 
position, it was found that radial and azimuthal polarization were better for 
reducing taper due to its special beam intensity distribution. A spatial filter 
was used to reduce the raw beam diameter, and the special intensity distri-
bution helps to reduce the taper angle, especially when the focal plane was 
placed 1 mm below the top surface. Based on the optimized parameters, 
low taper angle blind hole with a flat bottom were processed without micro-
cracks, recast layer, debris (spatter) or a discernible heat affected zone 
(HAZ).
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FIGURE 11
WLI roughness measurements on the bottom of a blind hole.
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NOMENCLATURE

C Circularity
DL Raw beam diameter (m)
dmin Diameter of the focused laser beam (m)
Dmin Minimum hole diameter (m)
Dmax Maximum hole diameter (m)
f focal length of the lens (m)
ZF Depth of focus (m)

Greek symbol
λ Wavelength of laser beam (m)
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