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ABSTRACT 
 
Percussion drilling of blind holes and vias in Kapton® film was investigated using Q-switched solid state lasers 
operating at UV (355nm) and VUV (266nm) wavelengths. Holes were analyzed using different methods such as 
scanning electron microscopy (SEM) and surface profilometry. Ablation rates for the two wavelengths are compared.  
No abrupt thresholds were found and there was no evidence of an incubation effect within the first few pulses.  
Introducing pauses during the drilling increased the number of shots required for perforation of the film.  The effects of 
fluence on diameter, depth and taper of the holes are presented.  Smaller and neater holes are achieved more accurately 
with a lower fluence.  An observed skin effect brought about by long exposure to low fluence VUV laser light is also 
discussed.   
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1. INTRODUCTION 
 
Polyimide film is used in a wide variety of applications in different industries because of its ability to maintain its 
physical, electrical and mechanical properties over a wide temperature range.  It has high absorption in the UV region of 
the spectrum and so UV laser ablation of polyimide has been studied extensively.  There is wide coverage in the 
literature on the chemical decomposition of polyimide1-3, the formation of surface structures4 and laser/material 
interaction5-7 but much of this work deals with excimer lasers.  Although some authors have worked with UV solid state 
lasers3,8-10 and fabrication of 3-D shapes on various polymers, including polyimide, has been reported11 there is little in 
the literature about machining holes in polyimide with diode pumped solid state (DPSS) UV lasers.  An investigation 
into the machining of polyimide, specifically Kapton®, with UV (355nm) and VUV (266nm) solid state lasers is 
presented in this paper with a view to getting reproducible blind holes and vias in 125µm thick film.    
 
 

2. EXPERIMENTAL PROCEDURES 

2.1 Lasers 
The VUV laser used in this work is the High Peak Power Oscillator (HIPPO), a DPSS Q-switched Nd:YVO4 laser from 
Spectra-Physics. The HIPPO can deliver up to 2W average power when set for the fourth harmonic at 266nm.  We 
operated it at repetition rates of 30kHz and 100kHz with corresponding pulse durations of 8.6ns and 12.8ns.   
 
The UV laser is an AVIA 355-4500 from Coherent, Inc.  This is a DPSS Q-switched Nd:YAG laser and we used the 
third harmonic at 355nm.  The maximum average power available is 4.5W and the repetition rate ranges from 10kHz to 
100kHz with corresponding pulse durations from 12 to 25ns. 
 
Both lasers are fitted with SCANLAB HurrySCAN® 10 galvanometer scan heads to move the laser beam across the 
work piece, which remains stationary.  A 100mm F-Theta objective lens focuses the beam on to the working plane.  
This set-up has been described elsewhere12.  The focused spot size for each laser was measured by the Mylar method12 
at 50kHz and was found to be 20µm for the 266nm laser and 29µm for the 355nm laser.  For some of the work the 
266nm spot size was reduced to 12µm with the insertion of a beam expander at the output of the laser.  
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Fluence, which depends on pulse energy and beam spot size, can be varied in several ways, the most obvious being to 
change the pulse energy by adjusting the diode current or the repetition rate.  However, this could alter the beam 
parameters along with the fluence.  Changing the temperature of the harmonic crystals away from the optimum is a way 
to reduce the fluence without affecting the beam quality but it gives rise to instability in the average power13.  We have 
found that the best way to vary the fluence without affecting anything else is to use the combination of a half-wave plate 
and a polarized beam splitter.  Variation of power can be achieved by rotating the half-wave plate. 

2.2 Sample Preparation 
The material we used was DuPont Kapton® Type HN, an all-polyimide film synthesized by polymerizing an aromatic 
dianhydride and an aromatic diamine.  Because we were interested in high-aspect-ratio holes we chose 125µm 
thickness.  Each sample was mounted flat across a circular hole on a piece of silicon and secured with adhesive.  The 
silicon was then either laid across a groove on the machining stage of the laser or placed on top of a holder such that 
there was free space underneath the Kapton®.  This was to eliminate any backside etching effects from a support 
material. 

2.3 Measurements 
Power readings were taken with an Ophir Nova power meter.  Parameters such as hole diameter were measured using an 
Olympus measuring microscope.  Crater depths were measured using a Zygo Newview profilometer as far as possible 
since the depth that could be ‘seen’ was limited by the diameter of the opening and the angle of the walls.  Deeper holes 
were measured by mounting the sample in cold-setting resin and polishing perpendicular to the top surface such that a 
cross section through the holes was exposed and could be viewed and measured under the measuring microscope.  A 
Hitachi S-4700 scanning electron microscope (SEM) was used for visual assessment of hole quality and surface texture. 
 

3. RESULTS AND DISCUSSION 
 
With the aim of reproducible hole generation we investigated the effects of fluence on ablation rate and hole diameter 
for the UV and VUV lasers.  

3.1 Ablation rate 
To set the range of experimental measurement a knowledge of the fluence threshold for ablation of Kapton® is important 
since the behaviour near threshold can be very different from the behaviour at higher fluences. Most studies reported in 
the literature have been performed using excimer lasers.  A useful summary in Krüger et al14 gives values from various 
sources in the range 27 to 55 mJ/cm2 for KrF excimer laser ablation at a wavelength of 248nm.  They found that the 
ablation threshold of polyimide, which they determined to be 37mJ/cm², did not depend on the number of shots.  In 
other words there is no incubation effect.  It was suggested many years ago by Srinivasan et al15 that a change in the 
gross flatness of a polymer surface, measurable by profilometry, is inadequate as a measure of the onset of ablation by a 
laser pulse.  This is because the initial ablation comes in the form of a release of gaseous products.  In fact, a hump is 
formed before the crater6,16.  Adhi et al2 have also detected chemical changes in polyimide below the etching threshold 
using 248nm femtosecond pulses.  Lippert et al5 investigated the etch rate of polyimide versus fluence over a wide range 
of fluences for a XeCl excimer laser (308nm).  They illustrated two different regimes: at low fluence the etch rate varied 
linearly with the natural logarithm of the fluence with a slope close to the prediction by Beer’s Law.  From this linear fit 
they obtained a threshold of 40mJ/cm2.  There is less data available for solid state lasers.  Yung and Zeng17 quoted 
120mJ/cm2 for a DPSS 355nm laser but we notice that this value is too high since we can ablate at lower fluences than 
this.  To our knowledge, no ablation threshold values are available in the literature for Kapton® and DPSS lasers with 
266nm wavelength, although periodic surface structures at 30mJ/cm² have been reported10 at this wavelength. 
 
To investigate the ablation rates for each laser we made single-shot and multiple-shot craters with a range of fluences.  
A profile of a typical hole obtained with the Zygo profilometer showing its Gaussian shape is presented in Figure 1. 
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Figure 1: Zygo interferometry profile of a typical hole machined in Kapton® 

 
We measured and averaged the depths of several holes for each fluence.  The results for 355 and 266 nm are presented 
in Figure 2 where the average depth per shot is the depth of the crater divided by the number of shots used to make it.  
As expected, the depth per pulse increases with peak fluence. For the 355nm laser it also decreases with increasing 
number of shots.  This effect is much more significant at high fluence than at low fluence.  This behaviour could suggest 
absorption of some of the laser energy by the plasma, which increases with fluence, or it may indicate a change in the 
material after successive shots.  Ablation on the 266nm laser, however, seems to be independent of the number of shots 
within this range of fluence. 
 
It is also clear from Figure 2 that machining with the 355nm laser leads to more material removal than the 266nm laser 
at the same fluence.  If compared by intensity instead of fluence the difference is even greater due to the longer pulse 
duration on the 355nm laser.  There does not appear to be an abrupt threshold at either wavelength.  The data points in 
Figure 2 seem to be merging at low fluence, suggesting that the ablation rate is independent of both wavelength and 
number of shots at very low fluence. 
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Figure 2: Variation of ablation rate with fluence and number of shots for 266nm and 355nm DPSS lasers (both at 100kHz) 

 
Dumont et al18 used a quartz crystal microbalance to study the ablation of polyimide with excimer lasers at near-
threshold fluences.  They found that the loss of mass after the first pulse was always different from values from 
following pulses.  Many materials show an incubation effect and often the single pulse threshold differs from the 
multipulse threshold.  To see if this was the case with Kapton® we chose a fluence of 60mJ/cm² on the 355nm laser and 
measured the depths of craters made with 1-12 shots.  The results are presented in Figure 3.  In this low fluence regime 
the depth of the crater exhibits linear behaviour and the average depth per shot is constant, as demonstrated by the flat 
cumulative average depth curve.  We conclude that there is no incubation effect within the first pulses at this fluence. 
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Figure 3: Crater depth and increase in depth for each additional shot for 355nm laser at 60mJ/cm2. 

There is no evidence of incubation as the cumulative average depth is constant. 

 
The effect of the rate of delivery of the laser pulses was also investigated.  For this work, because of the difficulty of 
measuring the depths of deep holes, the number of shots was increased until perforation of the 125µm thick sample was 
achieved, as confirmed by the detection of the laser light by a fast photodiode placed beneath the sample.  Dividing the 
thickness by this number of shots gives an average depth per shot.  The number of shots for perforation tended to vary 
from hole to hole so perforation was deemed to have taken place when the bottom surface was broken for at least 50% 
of holes machined at the same fluence.  The uncertainty, which we estimate to be ±2 shots, is attributed to pulse-to-pulse 
instabilities in the laser, slight variation in material thickness, and inaccuracy in control of the laser.  The ablation results 
are shown in Figure 4.  (The 18-shot data for the 355nm laser from Figure 2 has been included in this graph for 
completeness to show the ablation rate over a full range of fluence.)  Within the range of overlap of the 30kHz and 
100kHz data there seems to be little dependence of ablation rate on the repetition rate of the laser pulses. 
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Figure 4: Comparison of ablation rates by repetition rate (30,100kHz) and wavelength (266,355nm). 

Some data from Figure 2 has been added. 

 
This agrees with excimer ablation data19 which shows no repetition rate effects on polyimide.  However, excimer lasers 
have much lower repetition rates.  Burns and Cain19 predicted an increase in polyimide ablation rate with repetition rate 
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by simulation based on its absorption coefficient.  They used a thermal model with low fluence and >10ns pulses.  The 
model assumes instant thermalisation, calculates a temperature profile taking thermal diffusion and incubation into 
account, and then uses a numerical technique to work out the fraction of bonds broken.  Yung et al8 investigated the 
effect of repetition rates in the range 5-20kHz on the chemical characteristics and compositional changes of polyimide 
film ablated by a 355nm solid state laser and reported that the ablation rate at 20kHz was higher.  However, they were 
machining a spiral and they didn’t alter the speed so they had an effect from increased overlap of shots at the higher 
repetition rate.  We have not seen an increase in ablation rate when the repetition rate is increased from 30kHz to 
100kHz.  It could be that the enhanced ablation reported elsewhere occurs only within a limited range of repetition rates. 
 
The effect of introducing longer delays between shots has also been investigated.  We set a repetition rate of 100kHz 
and a fluence of 3J/cm² on the 266nm laser.  First we found the number of shots required to perforate the Kapton®.  It 
was 191±2 shots.  This number of shots was divided up into two, three, four, six and eight parts with a pause of 
approximately five seconds between parts.  The number of shots in the last part was varied until perforation was 
achieved.  It was found that the more pauses were introduced the more shots were needed to drill through the full 
thickness.  This effect is plotted in Figure 5.  It starts as a linear relationship but then tapers off.  A possible explanation 
for this effect could be that there is thermal relaxation and debris redeposition during the pauses.  There is then extra 
energy required for ablation when the laser restarts.  We also noted an increase in debris staining around the entrance 
hole when pauses were introduced.  This is shown in Figure 6 and supports this suggestion. 
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Figure 5: The number of shots required to perforate 125µm of Kapton® when the drilling is interrupted by pauses of 5 seconds. 

266nm laser at 100kHz and 3J/cm2 

 
 

 
Figure 6: Increasing thermal damage around entrance holes for 0,1,3 and 7 pauses during 200 shots with 3J/cm² at 100kHz 

 
These results are contrary to the results of Li et al7, who found that pulse-by-pulse ablation with pauses of 8-30 seconds 
between shots required fewer shots to perforate 75µm-thick polyimide film than continuous ablation at 1-15kHz.  The 
reason they gave was the elimination of plasma shielding in the pulse-by-pulse ablation. The main differences between 
their work and ours is that they paused after every pulse while we paused after sets of pulses.  This has implications for 
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how the debris is vapourised/deposited.  Also our lower wavelength (266nm) has a much lower ablation rate.  We plan 
to investigate pulse by pulse ablation further. 

3.2 Hole formation 
Since the VUV laser shows a lower ablation rate (see Figure 2) it offers a greater potential for control of hole shape and 
so was chosen for the following work. 
  
Figure 7 shows a cross section through a piece of Kapton® which was drilled with a fluence of 1J/cm² on the 266nm 
laser with increasing numbers of shots from 30 shots to perforation, which occurred between 270 and 300 shots.  The 
depths of  the holes are plotted against the number of shots in Figure 8.  This shows a linear relationship in the range 30 
to 300 shots with no evidence of plasma shielding or hindrance from debris. 
 

  

Figure 7: Cross section through 125µm thickness of Kapton® mounted in resin 
showing holes made with 30, 60, 90,...,420, 450 shots at 1J/cm² 
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Figure 8: Depth vs. number of shots for holes drilled with 266nm DPSS laser at a fluence of 1J/cm2 and a repetition rate of 30kHz 

 
As the fluence drops a stage is reached where saturation occurs and further drilling does not increase the depth.  Data for 
fluences of 0.3J/cm² and 0.2J/cm² are shown as examples in Figure 9.  The relationship is still linear at the leading edge 
of the ablation similar to Figure 8 but then the graph tapers off.  Therefore at very low fluences no amount of drilling 
with this laser will perforate the Kapton®.  This is likely to be due to entrapment of debris in the narrower holes.  Work 
with silicon has shown that it is harder to remove the debris from narrower trenches20. 
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Figure 9: Typical crater depth saturation for 266nm laser at 30kHz and low fluence   

 
Next we looked at the diameters of the holes on the top and bottom surfaces of the Kapton®.  We refer to these holes as 
the entrance holes and exit holes respectively.  The entrance hole diameter is plotted against number of shots for two 
fluences in Figure 10.  It can be seen that the diameter saturates.  This occurs at a different size for each fluence which is 
in good agreement with the theory that the machined spot diameter is related to the pulse energy for Gaussian beams21.  
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Figure 10: Entrance diameters produced by a DPSS 266nm laser at 30kHz.  Saturation diameter depends on fluence. 

 
Figure 11(a) shows entrance and exit diameters.  Here the fluence was 25J/cm² and perforation occurred at 
approximately 90 shots.  The exit diameter also exhibits saturation.  This saturation behaviour is useful to know about 
since it has implications for the reproducibility of holes.  At this particular fluence a hole with an entrance diameter of 
43µm and an exit diameter of 17µm can be achieved over a large range of shots whereas a 10µm exit hole requires more 
control of the laser parameters since it is on the steep part of the curve.  In manufacturing applications the fluence 
should be set so as to put the desired depth and diameters in the saturated region where possible.  
 
Assuming constant taper of the holes (a reasonable assumption from Figure 7) we can estimate the angle of the side wall 
to the vertical from the entrance and exit diameters.  The dependence on fluence and number of shots is given in Figure 
11(b).  This shows that the angle decreases slightly with fluence.  It can be seen that the highest angle (least steep walls) 
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