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                                     Laser micro processing is an enabling technology that facilitates component miniaturization and improved performance characteristics.  It is being applied across many industries – semiconductor, electronics, medical, automotive, aerospace, instrumentation, and communications.   Laser ablation of metals, ceramics, silicon and polymers is a complex process and the exact nature of the interaction is specific to the material and laser processing parameters used.  Ablations are usually a combination of evaporation and melt expulsion.  In order to achieve the highest quality results it is often desirable to minimize the degree of melting involved and short pulse lasers show certain advantages in this respect.  We discuss the benefits of high laser intensity (GW/cm2) on target for efficient laser micro-fabrication in metals and ceramics.  At such high irradiance conditions, material properties are approaching their critical limits and ablation mechanisms are becoming even more complicated but can be exploited to our advantage in particular for high aspect ratio micro-drilling and micro-cutting.  
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Introduction
Laser micro machining is a field that has developed rapidly over the last decade.  There is a wide range of laser sources available with different combinations of wavelength, pulse duration, energy and pulse frequency.  There are many new developments especially in the ultra short pulse lasers (Pico second and femto second duration).  These ultra short pulse lasers show certain advantages in specific micro machining applications.  The Pico second systems are especially suited to processing metals and the femto second systems suited to dielectrics.  However, the ultra short pulse laser technology is not yet mature. Whilst these lasers are ideal for development purposes they have not yet met the cost and reliability requirements for use in mass production environments. Nanosecond laser technology is mature and is widely adopted in industry for micro machining and marking applications.  

Nanosecond lasers are used in production applications such texturing of hard-disks, silicon wafer marking, IC repair, microelectronic trimming, UV lithography for DRAM, PCB via drilling, inkjet printer head drilling, medical device manufacture and fuel injector drilling.

Effect of Laser Pulse Duration

Laser pulse duration plays a critical role in the laser-material interaction and significantly effects the quality of the micro-feature created and also the material removal rate. 

In metals, optical penetration is very short (typically tenth of wavelength) and thermal penetration dominates (function of thermal diffusivity and pulse duration t).  The thermal penetration depth is given in Equation 1.

L th = 2 ((K.t) 
for t >10ps

(1)
Electrons initially absorb laser energy.  The electrons thermalize in about 100fs.  Thermal equilibrium between the electrons and lattice occurs after a multiple of the electron-phonon relaxation time.  Typical electron-phonon relaxation times are 0.5 - 50ps.  The simple conclusion from this is that for laser pulses less than the electron-phonon relaxation time then no heat transferred to lattice, therefore there is no melt or thermal damage in the material.  However, this in not observed in practice.  As the lattice heats up evaporation starts and continues for several ns.  The material stays molten for tens of ns.  So even for ultra short pulses, the resulting thermal processes are still in the ns regime and are almost independent of pulse duration for pulse durations <10ps.  Hence the melt layer is never zero but does approach a minimum, which is sub-micron.  Whereas there are distinct advantages in processing dielectrics with femto second pulses, for metals the optimum pulse duration is in the nano and Pico second regime.  High power Pico second sources with appropriate repetition rates (1 – 100kHz) have become recently available and are being investigated for research and development processes. 

For production applications, nanosecond lasers have the advantage of being a mature technology and we have demonstrated that with appropriate process optimization may be used to create very high quality micro machining results [1,2].
Laser micro machining of metals
Surface evaporation starts at intensities of 107 W/cm2. At the higher laser intensities used for processing (108 – 1011 W/cm2) the material removal mechanism is a complex ablation involving plasma effects [3].  Absorption of the laser pulse in the plasma begins at intensities greater than about 2 GW/cm2.  The lifetime of the plasma is typically greater than a microsecond.  Hence the plasma radiates into the material for an extended period compared to the laser pulse.  This increases the melt formation and also leads to additional material removal via melt ejection (owing to the very high local pressure).  For minimum melt formation the laser intensity should be less than about 1 GW/cm2.  However, material removal rates increase greatly above this value.  

Figure 1 shows a percussion-drilled hole in stainless steel drilled using a 532nm laser at an intensity of 10 GW/cm2.  Approximately 300 pulses (equivalent to 10 ms drill time with a 30kHz laser) were used to drill through 300m thickness.  Using a higher intensity of 80 GW/cm2 only 25 pulses were required. These short drill times combined with fast galvo scanning enable drilling rates of >100 holes/sec. 
At such high fluence, material removal is mainly driven by a volume boiling mechanism and so some burr and melt zones are expected.  In this case post processing or chemical cleaning may be used to remove loosely attached debris and burr.  However, the benefit of the high drilling speed and the flexibility for rapid prototyping can offset any quality and additional manufacturing step issues.
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          Fig.1.  A 15 m diameter hole drilled through stainless steel using 532nm Nd laser.  

Improvements in the machining quality may be achieved through the appropriate choice of process strategy.  The reflectivity of most metals is high in the near infrared but decreases at shorter wavelengths.  However, the maximum laser power available tends to decrease with wavelength.  Therefore visible wavelength lasers such as frequency doubled Nd lasers (532 or 527nm) and copper vapor lasers (511nm) are often the best choice for micro machining of metals with nanosecond lasers.  Optimum quality is most often achieved by using low pulse energy in order to removal only a small volume per pulse.  For practical processes, a high pulse frequency is required to ensure adequate material removal rates.  In figure 2 we show an example of a 40 m diameter hole drilled through 100 m thick stainless steel.
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Fig.2.  A 40 m diameter hole drilled through stainless steel using 511nm CVL.  

The beam was focused to a small spot of about 5 m with an intensity of 1 GW/cm2 and scanned in a circular path using a optical trepanning device (Oxford Lasers ATH-1) at a rate of 40 revolutions per second. A helical drilling strategy (many circular scan to cut through the full thickness) was used.  Note the excellent roundness, smooth wall and sharp interface of the surface-wall.  

Figure 3 shows an example of micro cutting in the point of tungsten pin used in a DNA micro-array machine.  A 10 m wide capillary is cut from the point of the pin for length of 500 m.  A larger reservoir of 100 x 1000 m is then cut.  At the thickest part the pin is 1mm thick.
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Fig.3.  Example of micro cutting in a tungsten pin using 511nm CVL.

At high intensities the formation of the plasma can be used to enable high aspect ratio drilling.  Here laser-sustained plasma can be used to advantage to enable higher aspect ratio drilling than would otherwise be achievable.  By appropriate management of the laser power and trepanning strategy it is also possible to simultaneously achieve high quality as is shown in figure 4.
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Fig.4.   High quality  120 m diameter hole through 1mm thick steel drilled using 511nm CVL.  

Laser micro machining of ceramics

The interaction of most hard ceramics with high intensity nanosecond regime pulses is quite different to that with metals.  The threshold for ablation is higher (factor of 2 – 10) and more obviously defined.  In many ceramics such as alumina and silicon nitride there is no evidence of melting.

Figure 5 shows examples of a high-density array of 40 m diameter holes drilled in 250 m thick alumina on a 60 m pitch.  This was drilled using a 20ns pulse duration copper vapour laser with 10kHz pulse frequency and demonstrates the ability to create high density hole arrays in ceramics.  Such arrays in ceramics are used in semiconductor test probe cards.
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Fig.5.  Array of 40 m diameter holes drilled in 250 m thick alumina on a 60 m using a 511nm CVL

The direct-write method of many laser-machining processes can make it a very flexible tool for micro machining.  An example is shown in figure 6 that shows drilling, cutting and milling.  The component was fabricated from a 0.3mm thick sheet of alumina and processed in a single operation.  The 45o chamfers along the edge of the bar were created using controlled depth ablation.  
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Fig.6.  Example of drilling, cutting and milling in alumina ceramic.  

Laser micro machining of silicon

Visible or UV lasers may be used for micro-machining silicon.  As with metals, ablation rates increase with intensity as shown in figure 7.
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Fig.7.  Single shot etch depths in crystalline silicon as a function of incident laser intensity at 355nm.
By using a trepanning device, high laser intensities can be used to drill high quality, high aspect ratio micro holes as shown in figures 8 and 9 in a 375 m thick silicon wafer using a 355nm Nd:YAG. 

[image: image8.jpg]


         

Fig. 8. Laser trepanned holes in silicon using high laser intensity (15 GW/cm2) at 355nm.
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Fig.9. Micro fluidic device in silicon showing laser drilled via hole and connecting channel
Laser micro-machining of polymers

Ablation of polymers for micro-machining applications most often uses UV lasers.  The high energy of the UV photon is able break molecular bonds and this results in photo ablation.  The UV wavelength combined with nanosecond pulse duration results in a relatively “cold” process, which is ideally suited to polymer micro machining.  The two main types of UV laser used are the excimer and frequency converted Nd lasers.  The excimer laser has wavelengths available at 308, 248 and 193nm when using gas mixes XeCl, KrF and ArF respectively.  The frequency-converted Nd lasers have wavelengths of 355nm and 266nm for the third and fourth harmonics respectively.

The excimer laser produces low coherence beams with high pulse energies (0.01 – 1J) and relatively low pulse frequencies (<1kHz).  This combination of parameters makes it ideally suited to the mask-imaging technique.  The laser beam is first homogenized and then used to illuminate a mask.  A high-quality lens is then used to demagnify and image the mask onto the work piece.  The Nd lasers have high pulse frequency (5 – 100kHz) with highly coherent (focusable) beams and low pulse energies (<1mJ).  These lasers are most often used in a direct write method.  The laser beam is brought to a small focused diameter (<10 m) and this may either be optically scanned over the work piece or the work piece moved by precision XY tables.

                        In the photo ablative regime (fluences in the range of 3 – 10x ablation threshold) the ablative mechanism is well defined and can be used for controlled-depth milling.  Figure 10 shows an example where a circular mask was imaged onto a polyimide surface and used to create blind circular holes.
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Fig.10.  Example of creation of controlled-depth blind holes in polyimide using mask-imaging.

Figures 11 and 12 show examples of the creation of channels in polyimide using a direct write technique with a 10kHz 355nm laser. 
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Fig.11.  Blind channels cut into polyimide using a 355nm laser.
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Fig.12.  Curved channels cut into polyimide using a 355nm laser.

Laser System Design for Micro-machining

Since the majority of laser micro drilling and micro cutting industrial applications dictate high volume production capability with micrometer level feature accuracy and repeatability, Oxford Lasers has specifically designed the DP-100-B micro machining system (Fig. 13) with such manufacturing requirements in mind.  The system incorporates advanced optical techniques to deliver the laser beam on target.  It consists of a stable base with granite supported x-y table to position the substrate and uses an overhead gantry housing the laser, beam delivery optics and moving optical assembly.  The tool is capable of producing sub-10 m features with repeatability of better than 1 m.  A range of processing strategies can be employed resulting in high quality micro machining of metals, ceramics, silicon and polymers.
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Oxford Lasers micro machining system.
Conclusions


We have demonstrated that with appropriate choice of laser parameters and processing strategies, nanosecond lasers can be used for high quality micro machining in metals, ceramics and polymers.  Optimum laser intensities are 10 – 100 times higher for the processing of metals, silicon and ceramics compared to polymers.  Nanosecond lasers are the laser of choice for most production requirements because of their maturity and acceptance in the market.  However, ultra-short pulse lasers offer certain advantages and are likely to be adopted for some applications as their technology matures.
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