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ABSTRACT A novel sub-microdrilling technique utilising the
phenomenon of ultrafast pulse laser interference is reported.
This technique overcomes the feature size limit of conven-
tional laser micromachining. The method of first interfering
with the laser light, and then using the central bright fringe
of the interfered beam to machine has been proven to effec-
tively reduce the effective ablation spot size and, subsequently,
to reduce the size of the drilled features. Preliminary results
show a 300% reduction in drilled feature size with the interfered
laser beam compared with the conventional non-interfered laser
beam. 300 nm holes were successfully drilled on a 1000 Å thick
Gold film using the interfered laser beam compared to 1 µm
holes ablated using the conventional non-interfered laser beam
at the same pulse energy.

PACS 42.62.Cf; 42.15.Eq; 42.25.Hz

1 Introduction

Micro-drilling is the enabling technology for sev-
eral important manufacturing processes. A very important
application is in the drilling of microvias in printed circuit
boards/printed wire boards (PCB/PWB) and IC packaging
industries. Currently, laser-drilled vias range from 100 to
200 µm in diameter, with some speciality items requiring vias
down to 25 µm in diameter [1].

Another important application is in the manufacturing of
microscale fluidic devices. Among the most widely known
applications is the production of ink-jet printer nozzles. This
family of products also includes drug-delivery systems, micro
heat-pipes and heat exchangers, fuel injectors, chemical-
reactor networks, and chemical-analysis tools. Precise control
of small quantities of fluid is important for all these devices,
and depending on the working fluid and desired flow rates,
drill hole diameters ranging from 100 µm to less than 1 µm are
required [2, 3].

However, the rising trend towards miniaturisation has led
to the demand for even smaller and finer drilling capabilities.
For example, miniaturisation in portable electronics devices
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calls for smaller high-density interconnects (HDI) for pack-
aging and printed circuit boards. Driven by high I/O chips,
the number of interconnects per layer continually rises result-
ing in the demand for smaller and finer vias. Currently, the
number of microvias exceeds 10 000 per substrate but with the
continued growth of silicon chip capabilities, this requirement
will be upwards of 40 000 to 80 000 microvias per substrate in
the near future [4].

Therefore, there is a need for laser-drilling technology that
can produce fine holes into the sub-micron ranges with high
aspect ratios and good reproducibility.

1.1 Mechanism of sub-spot size ablation with ultrafast
lasers
Ultrafast pulse laser machining represents a ma-

jor advancement in precision machining technology. With the
advent of ultrafast pulse lasers, ablation features of sub-spot
of high precision and exceptional machining quality can now
be achieved, dethroning the previous notions that the mini-
mum achievable ablation feature is limited to the laser wave-
length [5, 6].

Because the threshold value of ultrafast pulse lasers can be
precisely determined, in contrast to the broad threshold band-
width of long pulse lasers, they are able to produce features
substantially below that of the wavelength of the laser pulse it-
self. The ultrafast laser pulse has a Gaussian beam profile with
peak intensity in the centre of the beam which smoothly de-
creases radially outward from the centre. By properly choos-
ing the incident laser fluence, it is possible to control only
a fraction (the central peak region) of the focused Gaussian
beam within which the fluence is greater than the threshold of
the material, to machine. Therefore, the ablated region can be
restricted to a very small area, much smaller than the diam-
eter of the focused spot size [5, 6]. Features as small as 1/10th
of the laser focus spot size has been reported and proven
achievable. The principle of this technique is illustrated in
Fig. 1a.

However, the sub-spot size ablation mechanism has a limit
as to how small a feature it can produce, and it has reached its
lowest limit when it hit the 1/10th of the laser focal spot size
range. The smallest laser drilled feature reported is an amaz-
ing 200 nm in diameter [5, 7]. To break through this limit and
achieve significant decrement in the feature size is currently
the main challenge faced by researchers in this field.
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FIGURE 1 a 2D profile of the con-
ventional non-interfered Gaussian laser
beam. b 2D profile of the interfered
Gaussian-like laser beam

1.2 Mechanism of sub-drilling with the interfered
ultrafast laser beam

To overcome this hurdle, a novel concept of first in-
terfering with the laser light, and then using the central bright
fringe of the interfered beam to drill, thus effectively reducing
the effective ablation spot size and subsequently, reducing the
size of the drilled features, has been developed. The principle
of this technique is illustrated in Fig. 1b.

By comparing the intensity profile of the interfered beam
with the conventional non-interfered beam in Fig. 1, it is clear
that by carefully controlling the threshold fluence of the laser,
the interfered beam can be manipulated such that only a por-
tion of the central fringe will machine. Therefore, the effective
ablation spot of the laser can be significantly reduced, subse-
quently reducing the diameter of the drilled features obtained.

2 Experimental set-up

A commercial femtosecond CPA based Ti : sap-
phire pulse laser system (BMI Alpha-1000S) is used. The
laser system comprises a Ti : sapphire oscillator, a pulse
stretcher, a regenerative amplifier pumped by a Nd : YLF
laser, and a pulse compressor. The system provides laser
pulses at 800 nm with variable pulse output energy of up to
of 800 mW or 800 µJ, and a pulse width of 150 fs at the pulse
repetition rate of 1 kHz.

In order to obtain interference fringes on the ultrafast pulse
laser, a Newton’s Ring interferometer set-up was integrated
into the experimental set-up. The schematic of the experimen-
tal set-up is shown in Fig. 2 below.

The beam wavelength from the laser system falls between
790 nm and 810 nm and is frequency centred at 800 nm in the
red light spectrum region. However, most important, manu-

FIGURE 2 Schematic of the experi-
mental set-up

facturing materials such as metals, ceramics and silicon are
poor absorbers of red wavelength light as compared to the
ultraviolet (UV) wavelength range [7]. Therefore, for the opti-
misation of machining efficiency, the fundamental beam from
the laser system (λ = 800 nm) is transmitted through a 0.5 mm
thick non-linear SHG BBO crystal (Second Harmonic Gen-
erator) to frequency double, to generate pulses of wavelength
400 nm in the visible UV.

Gold was used for the investigation of this research work
based on its wide application in the semiconductor indus-
try for electronic packaging [8]. Pure Gold was sputtered on
a 2′′ ×2′′ ×3 mm fused silica substrate to produce the 1000 Å
thick Gold film workpiece used in this experiment.

3 Theoretical analysis and visualisation using
MATLAB�

The ultrafast pulse laser beam has a Guassian in-
tensity profile corresponding to the theoretical TEM00 mode.
The intensity distribution of the Gaussian TEM00 beam is
given by the term

I = I0 exp
(

−2r2

ω2
0

)
, (1)

where, I0 = intensity of the incident beam, r = radius of
the incident beam, ω0 = Gaussian beam radius (the radius at
which the intensity has decreased to 1/e2 or 0.135 of its peak
value).

For common optical path interferometers such as the New-
ton’s Ring interferometer, the amplitude and intensity of both
laser beams to be interfered are equal. Therefore, the interfer-
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FIGURE 3 The graph plotted for the intensity profile of the direct laser
beam vs. interference beam using MATLAB�

ence intensity term can be written as

I = 2I0(1 + cosδ) = 4I0 cos2 δ

2
, (2)

where, I0 = intensity of the incident beam, δ = phase
difference.

FIGURE 4 a AFM analysis on the feature drilled using the interfered laser beam. b AFM analysis on the feature drilled using the direct laser beam

However, the above term applies only for ideal cases. Due
to losses through reflection and absorption, etc, the beam will
assume a gradually dissipating distribution. By using a beam
analyser (BeamScopeTM from DataRay Inc), it was ascer-
tained that the interfered beam takes on a Gaussian profile.
Therefore, the interference intensity function (2) is convo-
luted with the Gaussian distribution function to obtain the
interference intensity distribution term (3)

I = 4I0 cos2 δ

2
× exp

(
−2r2

ω2
0

)
. (3)

Using MATLAB�, the Gaussian beam function (1) is plotted
against the interference beam function (3). The graph gener-
ated (Fig. 3) reinstates that the effective ablation spot of the
laser can be significantly reduced if the laser beam is first
interfered with, and then the central bright fringe used for ma-
chining as compared with just using the direct laser beam.

4 Results and discussion

The interfered laser beam from the experimental
set-up in Fig. 2 is scanned across the stationary workpiece
using an acousto-optic deflector (AOD) and focussing lens
set-up. The Newton’s Ring set-up is then removed and the
direct beam is scanned across the workpiece maintaining all
machining parameters and at constant beam energy of 8 nJ.
The drilled holes from both set-up configurations are then
compared.
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An AOD is used to manipulate the laser beam to scan
across the workpiece instead of using the three-axis stage to
avoid problems and errors such as backlash, stick/slip effect
and hysteresis which is inevitable in all mechanically driven
and spring loaded equipment. As the machining features are in
the sub-micron ranges, such errors are very detrimental on the
machining quality, resolution, repeatability and accuracy. The
role of the three-axis stage in the set-up is to ease the process
of focusing the laser beam onto the workpiece for machining
and to position the workpiece in between machining.

Figure 4a is the AFM analysis of the drilled feature ob-
tained on the 1000 Å thick Gold film using the interfered laser
beam while Fig. 4b is for the feature drilled using the original
non-interfered laser beam. For both cases, the pulse energy
used is 8 nJ.

A 285 nm (≈ 0.3 µm) hole was drilled with the interfered
laser beam compared to the 950 nm (≈ 1 µm) hole using the
original non-interfered laser beam at the same beam energy.
This is equivalent to a 300% decrement in the drilled feature
size obtained.

5 Conclusion

300 nm holes were successfully drilled on a 1000 Å
thick Gold using the interfered laser beam compared to the

1 µm holes drilled using the conventional non-interfered laser
beam at the same pulse energy. This is equivalent to a 300%
reduction in drilled feature size, a substantial improvement in
feature size obtained.

However, there is still much potential yet untapped in this
research concept. For future investigation, work will be con-
centrated on the refinement of the interference fringes as this
is the main key to achieving finer, sharper machining features
with better aspect ratios.
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