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Abstract

The most important requirements in the laser drilling of high aspect ratio micro holes are the throughput and quality,
i.e. geometrical accuracy and minimum HAZ. To address these requirements, the paper presents a new laser drilling 
method that can increase the achievable aspect ratios by a factor of two at least. This method is based on a simple 
concept of drilling through holes from two sides. A pilot laser micro processing setup was developed to implement this 
method that integrates a rotary stage, a specialized modular workpiece holding device and a software tool to account 
for any errors resulting from the use of rotary re-positioning movements. An experimental validation was carried out to 
assess the alignment accuracy of through holes produced with the proposed method and also the improvements that 
it offers in terms of quality and throughput, in comparison to the conventional one-side laser machining technique.
The results show that by using the proposed two-sides’ drilling method the alignment error can be in an acceptable 
range while there are substantial improvements in terms of processing time and quality of the produced through 
holes.
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1.     Introduction

There is an increasing demand for producing 
micro holes with high aspect ratio (depth to diameter 
ratio) in the recent years, e.g. a well-known 
applications are interconnecting vias in electronic 
industry [1] and interface probe cards for 3D wafer 
bumps. Nevertheless, there is a limited number of 
manufacturing technologies that are capable of 
producing the required high aspect ratio holes while 
their diameters are constantly reduced. For instance, 
photolithography can be employed to produce such 
holes, but it requires multi-step processing and clean 
room technologies that make the photolithography 
fabrication approaches capital intensive and thus 
potentially viable only for relatively high batch sizes  [2].
Another manufacturing technology that could be 
employed for producing high aspect ratio holes is micro 
EDM which also has shortcomings like high electrode 
wear and low material removal rate [3]. Alternative 
manufacturing technology that could provide a more 
efficient solution for producing high-aspect ratio holes,
is laser micro drilling due to its intrinsic characteristics,
such as capabilities for non-contact processing a wide 
range of materials and for producing holes down to 
radiuses as small as 5 μm. Nevertheless, laser micro 
drilling also has some important deficiencies such as 
tapered side walls, higher circularity deviations, heat 
affected zone (HAZ), spatters and penetration depth
limitation. In an attempt to reduce and even eliminate 
these shortcomings, Adelmann and Hellmann [1]
investigated the effects of different process factors and 
found the focus position as the most influential one on
achievable bore diameter while drilling ceramics plates 
with an ignorable taper and acceptable circularity. 
Furthermore, Wang et al [4] tried to identify the best 
focus position to minimize the taper and HAZ. In 
particular, they suggested a drilling strategy for 
achieving the best circularity of exit holes. In some 

cases assisted gas was also used to facilitate the 
drilling process. For example, Khan et al [5]
investigated the effects of different nozzle diameters 
and gases on drilling rate. Hsu et al [6] employed
intermittent gas to decrease spatters and taper while
Ho et al [7] compared the effects of swirling and 
straight gas on hole’s depths. In other research efforts
[8] a beam rotation apparatus was used to eliminate 
some side effects of beam spot Gaussian profile, i.e. 
micro cracks, circularity deviations and taper.

At the same time the drilling condition are even 
worsen, when the holes’ aspect ratios increase. It was
observed that when the number of pulses increased,
the penetration rate dropped, due to the scattering and 
blocking of the beam, and deterioration of material 
ablation and ejection conditions [2]. Even by using high
fluence, as a result of the multi reflection of beam 
inside the holes and the deposition of melted material 
at the bottom, the depth of the hole did not necessarily
increase either [9]. Tokarev et al [10] reported that the 
absorption of laser beam by plasma plume and the 
effects of plasma stream heating on the walls by 
radiation and convection were the main reasons for the 
difference between deep and shallow holes drilling 
condition. Therefore, it was proposed to model the 
plasma heating of side and thus to estimate the effect.

This paper presents a two-sides’ laser micro 
drilling method. In particular, holes are drilled until the
saturation point is reached, i.e. when the penetration 
rate drops dramatically, and then the workpiece is
rotated 180 degree and the holes’ drilling continues 
from the opposite side. Such laser micro drilling 
strategy has not been previously reported in literature 
apart from one investigation where a similar two-sides’
method was applied to produce a 18μm diameter hole 
into a 62.5μm glass optical fiber [11].

The following section introduces the machine 
setup with its required precision that was used to 
implement the proposed two-sides’ laser micro drilling 
method. Then, its accuracy is evaluated by employing 
a design of experiments approach. Finally, the quality 
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and productivity in producing micro holes by one-side 
and two-sides’ laser drilling are compared and 
conclusions are made. 
 
2.     Two sides laser drilling requirements 
 

To investigate the proposed two-sides’ drilling 
method a special machining setup was designed and 
implemented. Apart from the laser source, beam 
delivery system and Z module the machining setup 
used in the experiments integrates:  
� High accuracy CNC rotary swivel unit to rotate the 

workpiece around X axis (A) or Y axis (B). The 
rotary axis was used in this research is A and all of 
the discussions and calculations in the paper are 
based on employing it to implement the two-sides’ 
drilling strategy. 

� High precision X and Y stages with linear motors for 
positioning the workpiece.  

� A modular workpiece holding device that allows the 
laser beam to have access to both side of 
workpiece as shown in Fig. 1 

� Specially developed software tool for compensating 
positional errors when A, X and Y axes are used to 
execute the hole drilling operation from two 
opposite sides. 
The positional errors in performing the two-sides’ 

drilling operation are due to the following reasons: 
� Errors in rotating at 180º that can be compensated 

by measuring the errors associated with such a 
positional movement.  

� Lack of parallelism between A and X axes. Again, 
this error can be compensated by measuring the 
angular error and then calculating the required 
movements of X and Y stages, based on the 
position of hole. 

� Any displacements between the A axis and the 
centre plane of the workpiece in Z that exceeds the 
depth of focus of the used laser beam. Such a 
displacement can lead to an offset of the beam 
focal plane after rotating the workpiece at 180º. 
This can be compensated by using the Z module to 
change the focal distance.  

� No intersection between the hole and the A axis 
that can offset its position when the workpiece is 
rotated at 180º. This can be compensated by 
moving the work piece in Y direction. 
All of the above systematic errors can be 

eliminated by measuring them and then calculating the 
required compensational movement or rotation of the 
workpiece. However, uncertainties associated with the 
carried out measurement and also linear and rotary 
positional movements cannot be compensated. These 
uncertainties are directly dependant on the used 
measurement equipment and linear and rotary stages 
and thus can be minimised by increasing their 
precision and so to reduce the total uncertainty.  

 

 
Fig. 1. The workpiece holding device integrated into the 

rotary stage 

3.     Experiments 
 
3.1. Material and Equipment 
 
 The substrate used in this experiment study is 
Silicon Nitride with thickness of 156 μm and surface 
roughness of Sa 246 nm on one side and 486 nm on 
the other side. 
 A 5W Yb-doped femtosecond laser source with 
pulse duration of 310fs from Amplitude Systems was 
used in the experiments. Its maximum repetition rate is 
500 KHz while the wavelength of the laser source is 
1030nm. The focal length of the used telecentric lens is 
100mm. 
 The linear X and Y stages have the resolution of 
250 nm and repeatability of ±0.75μm. The resolution 
and repeatability of A axis is 3.15μrad and ±19.4μrad, 
respectively. 
 To measure the depth and shape of the drilled 
holes, an Alicona Infinite Focus G5 focus variation (FV) 
microscope with maximum lateral and vertical 
resolution of 400nm and 10nm was utilised. As this 
microscope has limitations in imaging high aspect ratio 
holes, the test pieces were cut and in this way it was 
possible to measure the cross sections of the holes 
with a 50X objective and lateral and vertical resolution 
of 2.135μm and 75.9nm respectively as shown in Fig. 2 
(a). To verify this inspection procedure, one of the 
specimens was measured with a Zeiss XRADIA XCT 
Versa XRM-500 system (Fig. 2 (b)) with 2μm spatial 
resolution in all directions. The difference of the 
measurements obtained with these two inspection 
methods is approximately 3 μm in depth that was 
considered acceptable for this experimental study. This 
is due to the inherited uncertainty of both methods and 
non-uniformity of the material.  
 

 
Fig. 2. Imaging the depth of holes employing (a) Alicona FV 

and (b) Zeiss XCT systems 
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 3.2. Design of Experiments  
 

To assess the capabilities of the proposed two-
sides’ laser drilling method an experimental study was 
designed that includes the following three steps: 
1. Making holes from one side, with varying number 

of pulses was the first step. By measuring the 
depth of these holes it was possible to determine 
the number of pulses after which the penetration 
rate decreased dramatically and thus the optimum 
time to start drilling from the other side of the 
substrate. The laser settings used were:  average 
power - 0.68W; frequency - 100 kHz; beam spot 
diameter - 30μm and the strategy - percussion 
drilling. 

2. The second step was to investigate the 
achievable alignment accuracy of holes produced 
from two-sides. In particular, ten shallow dimples 
on both sides were drilled by applying the 
proposed method for two side drilling. To assess 
the positional accuracy of the dimples on both 
sides, an integrated Alicona R25 sensor with a 
10x objective was used as shown in Fig. 3. By 
employing the rotary and linear mechanical axes 
of the laser system the workpiece was positioned 
within the sensor field of view and thus to measure 
the dimples. As the R25 sensor is fixed in regards 
to the laser system the alignment accuracy 
between the pairs of dimples on both sides was 
assessed by using the sensor coordination 
system.  

3. The last step was to produce through holes 
employing one- and two-sides’ drilling and then to 
compare them in terms of HAZ, circularity and 
machining time. In particular, this investigation 
was carried out on one hole produced by both 
drilling strategies by using the same laser 
parameters as in the first step. 

 

 
Fig. 3. An integrated Alicona R25 sensor into the laser 

system working envelop 

 

4.     Results and discussion 
 
4.1. Laser drilling settings 
 
 To determine the optimum number of pulses after 
which the penetration rate decreases, the depth of the 
holes as a function of pulse numbers was analysed as 
depicted in Fig. 4. It can be seen that the optimum 
number of pulses is approximately 1000 to produce a 
hole with 114.9μm depth. As it was showed in Fig. 2 
the hole diameter decreased to approximately 3 μm at 
the bottom and thus it will be difficult to meet holes 
produced from two-sides in one point. So it was 
decided to use a higher number of pulses, i.e. 4000, 
and thus to make the holes’ diameters at the bottom 
bigger and then to start drilling from the opposite side 
of the substrate.  

 
Fig. 4. Finding the optimum number of pulses  

 

Table 1. Sources of uncertainty using R25 sensor 

Source of 
Uncertainty 

Resolution 
(type B) 

or Standard 
Deviation  

(Type A) (µm) 

Multiply By 
Standard 

Uncertainty 
(µm) 

1 (Type B) Negligible 1/(2×√3) 0.00 
2 (Type A) 0.41 1/√10 0.13 
3 (Type B) Negligible 1/(2×√3) 0.00 
4 (Type A) 1.80 1/√6 0.74 
5 (Type A) 0.41 1/√10 0.13 
Combined 
uncertainty --- --- 0.76 

Expanded 
Uncertainty --- 1.96 (for 95% 

confidence) 1.49 

 
 

4.2. Alignment accuracy 
 
 To determine the alignment accuracy achievable 
with the two-sides’ drilling strategy, first the 
measurement uncertainties associated with the 
proposed validation procedure in Section 3.2 were 
assessed. To do so, the uncertainty associated with 
each measurement step was determined as stated in  
Table 1. The 1st step is to ensure that the workpiece is 
normal to the R25 senor Z axis. As the vertical 
resolution of the R25 sensor is 102nm any angular 
deviation will translate into a lateral uncertainty of less 
than 1nm and thus can be considered negligible. The 
2nd and 5th uncertainties are associated with the 
determination of corresponding dimples’ centre points 
on both sides in the R25 sensor coordinate system, i.e. 
pairs of dimples used to judge the alignment accuracy. 
This source of uncertainty was assessed by measuring 
the same dimple ten times and then calculating the 
standard deviation. The 3rd uncertainty is associated 
with the rotation of the workpiece at 180º to access the 
workpiece second side. The resolution of the A rotary 
stage is 3.15 μrad that translates in a lateral resolution 
of less than1nm within the R25 sensor 2x2 mm field of 
view. Again, this source of uncertainty can be 
considered negligible. The 4th uncertainty source is 
associated with the correlation of the R25 sensor 
coordinate systems used for measuring the dimples on 
both sides. To minimize this uncertainty, through holes 
drilled from one side are used as references. This 
uncertainty was assessed by measuring the distances 
between 6 pairs of through holes on both sides. The 
standard deviation of these measurements was used to 
calculate the 4th standard uncertainty.  
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 Based on the standard uncertainties of the 
considered five sources of errors, the combined 
uncertainty was calculated [12]. Finally, a normal 
distribution of the combined uncertainty was assumed 
and thus to calculate the expanded uncertainty, i.e. 
1.49 μm with 95% confidence level [13].  
 By applying this measurement procedure, the 
alignment accuracy in producing 10 pairs of dimples on 
both sides was determined and the maximum error was 
5.34 μm. By taking into account the measurement 
uncertainty, it can be stated that the misalignment 
between the entrances of a through hole produced with 
the two-sides’ laser drilling method should be better 
than 5.34 μm ±1.49 μm.  
 
4.3. Quality and machining time  
 
 As discussed before, to produce through holes by 
employing the two-sides’ drilling strategy, the 
workpiece need to be rotated and the same number of 
pulses to be delivered on both side.  The pulse 
frequency used in the experiments was 100 kHz and 
thus it would take 40ms to execute trains of 4000 
pulses from both sides or 80ms in total to drill a 
through hole. However, the re-positioning of the 
workpiece using the stack of linear and rotary stages 
takes approximately 8s and this should be taken into 
account when calculating the machining time 
necessary to carry out two-sides’ laser drilling. Thus, 
depending on the number of holes that need to be 
produced, e.g. 1, 10, 100 and 1000, the machining time 
per hole will be approximately 8.08, 0.88, 0.16 and 
0.088s respectively. At the same time to produce a 
hole employing one-side laser drilling will take 
approximately 10s. Thus, the throughput that can be 
achieved with proposed two-sides’ laser drilling 
methods is very high compared with the one-side 
machining approach. In addition, the increase of pulses 
required to produce a through hole from one side has a 
negative impact on the achievable circularity in 
percussion drilling and also increases the HAZ region. 
This can be seen clearly in Fig. 5 (b) where the high 
number of pulses required for one-side laser drilling led 
to high geometrical and dimensional errors, i.e. an 
elliptical hole entrance and a significant difference 
between the entry and exit hole diameters.  
 

 
Fig. 5. The hole radius of (a) the 1st side in the two-sides’ 

laser drilling (b) the entrance in one side drilling (c) the 2nd 
side in two-sides’ drilling and (d) the exit in one side drilling.  

 

5.  Conclusions 
 
 A two-sides’ laser drilling method is proposed to 
improve quality, throughput and achievable aspect 
ratios in producing through holes. To apply this method 
the laser drilling system should be equipped with a 
precision rotary stage, a specialized modular workpiece 
holding device and software tools for compensating re-
positioning errors associated with the use of the rotary 
stage. The results of the completed feasibility study 
showed that the misalignment of the holes’ two sides 
was maintained within acceptable values of up to 6-7 
μm but at the same time the machining time was 
drastically reduced and the quality of the through holes 
was improved significantly.  
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