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Over the past 10 years, laser-system integrators providing laser micromachining 
solutions have been faced with a major challenge; satisfying an increasing demand for 
ultra-high precision, at a smaller and smaller scale.  From microelectronics to 
microfluidics and renewables to healthcare, most applications require stringent 
specifications with spatial resolutions for laser machining at or below the micrometer 
(� m) level, a process called ‘nanomachining’.  That is not a trivial task by any 
standards and cannot be met with conventional lasers.  Fortunately significant 
technological advances achieved in parallel over the same period in ultrafast* laser 
technology, seem to be offering a solution. 
 
Reliable industrial grade ultrafast lasers are now readily available, offering sufficient 
output power in stable pulse trains.  These are diffraction-limited lasers emitting 
pulses in the infrared (1030-1064nm) with higher harmonic options also available in 
the visible (515-532nm) and UV spectrum (342-355nm or 257-266nm).  They are 
typically categorised as “picosecond” or “femtosecond” according to their pulse 
duration and can be found in mode-locked oscillator and/or amplifier designs offering 
a variety of pulse energies from few � J to few mJ and pulse frequencies from 1 kHz 
up to 100 MHz with good beam propagation properties (M2»1).  Harnessing recent 
advances in fibre-based technology, compact single box lasers that reduce 
significantly real estate pressures have also become available and promise a bright 
future. 
 
Traditionally laser micromachining has relied on Q-switched diode-pumped solid 
state (DPSS) or excimer lasers of nanosecond pulse duration.  Cost sensitive 
engineers have used the high average power available from these laser sources to 
achieve high volume removal rates harnessing a combined effect from the l aser  & 
l aser - induced  p lasma e tch ing process1.  Drilling, scribing and cutting 
applications have benefited on an industrial scale2.  But the driving mechanism is 
strongly of thermal nature and since the laser-induced plasma contributes most of the 
input heat (secondary plasma heating via reradiation towards the target) necessary for 
explosive boiling, there is less control of the process and hence laser machining with 
such lasers has been considered by many as ‘black-art’.  Additionally significant 
undesirable effects accompany this process with microcracking, edge chipping, burr 
formation or resolidified debris typically present. 
 

                                                 
* The term “ultrafast” here refers to all pulsed lasers that emit short pulses of duration 
less than 1 ns and typically in the range 10-15 to 10-13 sec. 



 
Nanomachining on the contrary is based on ultrafast laser ablation, the process of 
material removal using short duration laser pulses and typically employs low incident 
laser fluences near the ablation threshold (l aser  e t ch ing only).  The ultrashort 
pulse duration fundamentally changes the laser-matter interaction.  The main 
differences to conventional nanosecond laser ablation3 are:  
 

(a) very high peak laser intensities greater than 1014 W/cm2 can be achieved with 
focussed light, powerful enough to ionise and machine any material (!),  

(b) the hydrodynamic motion of the emerging ablated matter and associated 
complexities for material removal can be ignored.  There is no laser plasma 
interactions involved above the illuminated surface and hence no laser 
attenuation losses on target,  

(c) the ablation mechanism for pulses below approximately 10 ps decouples from 
stochastic thermal processes with a strong deviation from the usual � ½ scaling 
of laser damage threshold fluence which has important implications on overall 
resulting quality and reproducibility and  

(d) the non-linear photon absorption process enables ablation of virtually any 
material, even materials with wide bandgap above the incident photon energy.  
The strong nonlinearity of absorption can also restrict laser damage to sub-
diffraction levels by allowing only a smaller portion of a focussed spot to 
exceed the optical break down threshold paving the way for nanomachining. 

 
It is clear that ultrafast-laser nanomachining is deterministic (the shorter the pulse the 
better), highly reproducible and inherently precise.  Furthermore, no laser energy is 
unnecessarily expended in secondary heating effects and hence throughput is 
maximised utilising the very high laser repetition rate of hundreds of kHz or more.  So 
with higher precision offered at higher processing speeds, it is only fair to claim that 
one “can do more with less” pulse duration. 
 
High resolution 3D micromachining and nanofabrication are the obvious benefactors 
of ultrafast laser ablation with semiconductor, electro-optics and medical applications 
such as memory chip repair, corneal flap removal, cardiac stent manufacturing, 
multichannel plate detector microdrilling already utilising this method in production 
to name a few.  Materials such as transparent glasses, explosives or fluoropolymers 
that are otherwise almost impossible to machine with conventional lasers, can also be 
easily machined with such lasers.  Numerous other important industrial applications 
can benefit in the automotive, telecom, biomedical engineering, analytical chemistry 
sectors which are either under intense investigation or in the development phase. 
 
One such state-of-art application in which Oxford Lasers is actively involved through 
a recently launched FP7 EU collaborative project (Fast2light†) is thin-film patterning 
of conductive oxides for roll-to-roll manufacturing of light emitting polymer OLED 
foils for intelligent lighting applications.  The challenge here is to selectively remove 
a conductive track from a 150nm-thin conductive layer while leaving totally intact an 
underlying, sub-� m thick barrier layer coated on a flexible substrate; and all that 
while maintaining a cost effective high throughput compatible with roll-to-roll 

                                                 
† www.fast2light.eu 



 
manufacturing technology.  The thermal management of this selective ablation 
process is of key importance and so far a promising laser candidate for patterning uses 
ps-laser pulses at very low incident fluences below the substrate ablation threshold as 
shown in figures 1 and 2.  By scanning fast the focussed laser beam over the target 
layer using a galvanometer scanner with an f-theta telecentric lens, one can separate 
the laser pulses and achieve single-pulse ablation at prespecified locations.  Figure 1 
shows such laser-generated spots on indium tin oxide with a resulting diameter of 
4� m and depth of »100nm.  By varying the scanning speed and energy density on 
target appropriately, a continuous track can be scribed on the anode layer as shown in 
figure 2 that creates electrically isolated pixels.  
 
Similar laser scribing technologies using ultrafast lasers are currently applied in the 
thin-film PV solar and organic electronics (flexible displays, electronic paper, etc) 
arenas which are presently experiencing tremendous year-on-year growth. 
 
As mentioned above ultrafast lasers enable nanomachining of otherwise difficult to 
machine transparent materials and a typical example is shown in figure 3.  Here a high 
purity fused silica slab has been milled out to a depth of 100� m using a 355 ps laser 
aiming to create a flat uniform floor as a demo capability.  The laser has been 
repeatedly rastered across the surface at short pitch distance to mill out this area.  
Maintaining flatness in such relatively high aspect ratio blind feature is non-trivial, 
but with careful optimisation the floor surface roughness Ra could be adjusted to as 
low as 300nm.  Additionally there is clearly no evidence of any deleterious thermal 
effects or photomechanical damage in the resulting edges.  Similar conditions have 
been used to create the microfluidic device shown in figure 4.  Such laser machined 
features find use in biochemical analysis allowing biomedical researchers to 
manipulate fluids in networks of channels and monitor reactions that require only 
small volume of samples and reagents, thus producing little waste and offering rapid 
analysis times at relatively low cost. 
 
Another application that demonstrates the capabilities of ultrafast laser 
nanomachining of glass comes from a team at Aston University, Birmingham UK 
which used a specially designed 5-axis Oxford Lasers system equipped with a 500fs 
Yb:YAG laser to machine high aspect ratio cavities directly onto the cladding of silica 
fibres and stopped at the 3� m fibre core as shown in figure 5.  The work was 
performed as part of a UK collaborative research DTI programme (FIMA), aiming to 
manufacture fully integrated in-line photonic devices for real–time sensing in civil 
engineering, biomedicine, biochemistry and telecoms applications.  In this particular 
case the machined slot allows light to be coupled out of the fibre enabling the 
fabrication of a range of telecom devices such as optical power monitors and optical 
switches.  In this instance, ultrafast laser nanomachining offers a distinct advantage 
being a more flexible, precise and fast manufacturing technique compared to lengthy 
mechanical polishing methods while avoiding the risk of permanent mechanical 
failure.  Silica glass, being prone to microcracking upon thermal cycling is not 
considered the easiest material to laser structure.  The key to this process is the 
extremely fine control in heat input to the silica fibre from the laser and also the fact 
that ablation proceeds on a layer-by-layer basis with very high resolution in the z-axis 



 
(few tens nm) that limits the extent of heat deposition to the bulk and subsequent glass 
thermal expansion.   
 
The machine toolpath for this operation can be created using specially configured 
CADCAM software using the Delcam Powermill engine (figure 6) which slices a 3D 
model into series of layers with compatible characteristics to the system accuracy and 
resolution and then analysed.  Each layer is now a 2D drawing for which the software 
generates an appropriate toolpath4.  Unlike conventional milling, where the depth of 
material removed can be simply controlled by the position of the tool and hence the 
model layer thickness can be easily determined, in laser micromilling, more 
parameters affect ablation rates (spot size, pulse energy, pulse overlap) and need to be 
considered.  These are extra user-defined parameters that have to be analysed by the 
software before generating a toolpath.  Subsequently different hatching and profiling 
strategies can be applied for each slice.  In addition, ‘laser-cleaning’ passes can be 
performed with lower incident energy density by defocusing the laser beam on the 
surface.  The 2D toolpaths are then loaded to the controller and processed layer by 
layer thereby creating a 2.5D feature.  One critical feature of the software is the ability 
to account for the natural wall taper associated with high aspect ratio laser processing, 
automatically tilt the part and machine again at an angle to control the taper.  The 
system synchronises the laser firing rate with the CNC motion using a position 
syncronised function to maintain a constant removal rate.   
 
Oxford Lasers has already designed and installed a number of turn-key ultrafast laser 
machines for nanomachining applications such as the Picolase 1000 shown in figure 7 
that are virtually capable of machining any material.  These are designed around fully 
diode-pumped all solid-state mode-locked picosecond or chirped pulse amplifier 
(CPA) femtosecond laser technology and offer a suite of helpful diagnostics that are 
essential for process optimisation at the sub-� m level.  For example information on 
the exact size and shape of the focussed laser spot incident on target or beam 
propagation information such as collimation or beam divergence can be measured in-
situ by the in-chuck beam profiler (shown in figure 8) and any deviations from the 
desired specification instantly detected.  This device is capable of analysing the 
intensity profile of the actual spot in the range 355-1150nm.  It images the focussed 
spot to a high resolution CMOS camera of pixel size 5.2 x 5.2 � m and captures a 
2D/3D image for further analysis (Fig.9).  The smallest laser spot detectable is in the 
region of 1 � m.   
 
Another essential diagnostic included in these laser systems is a confocal depth 
sensor.  This device is based on the confocal measurement principle using 
polychromatic white light which is focused onto the target surface by a multi-lens 
optical system as shown in figure 10.  The lenses are arranged such that the white 
light is dispersed into a monochromatic light by controlled chromatic deviation.  A 
certain distance is assigned to each wavelength by a factory calibration.  Only the 
wavelength which is exactly focussed on the target is used for the measurement.  This 
light reflected from the target surface is passed via a confocal aperture to the receiver 
which detects and processes the spectral changes.  This unique measuring principle 
enables displacements and distances to be measured with high precision with the 
sensor positioned at relatively long standoff distances.  An example is shown in figure 



 
11 (negative scale) where a swallow laser machined slot was measured with a 10� m 
spot sensor of 40nm resolution and capable of measurement range 1mm in z.  These 
sensors can also be used to provide instantly larger 3D topology profiles following 
laser machining by scanning the feature of interest under the depth sensor 
appropriately using the machine’s x-y table. 
 
Conclusion 
Reliable industrial grade ultrafast lasers are now readily available that facilitate a new 
disrupting micromanufacturing technology.  Ultrafast-laser nanomachining is a 
deterministic, highly reproducible and inherently precise fabrication technique 
capable of machining any material at true nanoscales.  The current tremendous market 
growth is expected to continue with diminishing cost of laser output per Watt, making 
this technology fast adopted in several high-tech industrial disciplines which can 
harness the benefits. 
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Figure 1 .  532nm, 9ps laser ablated ITO.  Spot diameter ~4� m, depth ~100nm.  Bar denotes 9 � m 

 



 
 

 
Figure 2 .  532nm, 9ps laser scribed ITO on flexible substrate. Track width 6� m, depth 100mn.  
Bar denotes 9 � m 

 

 



 
 

 
Figure 3.  Picosecond laser micromilling of fused silica at 355nm.  Milled depth ~100� m.  The 
floor surface roughness Ra could be carefully adjusted in some cases to values as low at 
Ra~300nm 

 
 



 
 

  
Figure 4.  SEM image of a laser machined microfluidic pattern in glass.  Left Bar denotes 1mm, 
Right bar denotes 0.1mm 

 



 
 

  

Figure 5.  Plan view of fs-laser milled cavity in optical fibre for sensing application.  The 500 fs 
laser has milled out a slot in the fibre cladding down to the 3� m fibre core.  This way light can be 
coupled out of the sensor.  The right image shows the resulting milled floor near the fibre core.  
Fibre diameter: 125� m (Photo courtesy: Dr.Kate Sugden, Aston University) 

 
 



 
 
 

 
 

Figure 6.  Oxford Lasers proprietary software for 2.5D laser milling 

 



 
 

 
Figure 7.  Picolase 1000, a fully integrated 12-axis ultrafast laser system developed for advanced 
micromanufacturing applications.  

Manufacturer: Oxford Lasers Ltd, UK 

 
 



 
 

 
Figure 8.  In-chuck beam profiler for measuring in-situ the focussed laser beam spot 

 
 



 
 

 
Figure 9.  2D/3D beam profile image of focussed Gaussian laser spot captured with in-chuck 
profiler for quantitative measurement of beam spatial characteristics and visualisation.   

 



 
 

 

 

Figure 10.  Confocal depth sensor and the measurement principle ( ��� �  Microepsilon Ltd) 

 
 



 
 

 
Figure 11.  Data from the depth sensor can be retrieved via software for visualisation or collected 
to build a 3D topology profile in an instant 
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