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ABSTRACT

A solid-state UV laser was used to make arrays of reproducible percussion-drilled micron-sized holes in polyimide. An
optical switch was employed as a pulse picker to select specific patterns of pulses from the high repetition rate laser
beam. The ahility to control and vary the number of pulses per burst and the time between bursts enhanced the drilling
rate while minimizing therma damage around the holes. The optimum pulse patterns were determined experimentaly. A
photodiode acted as a breakthrough sensor to end the drilling and optimize the exit hole size and quality. Results were
compared with computer simulations of the drilling process based on modeling of the laser/material interaction.
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1. INTRODUCTION

Arrays of small, evenly spaced, identicd holes are required in many applications such as inkjet printing, electronics,
medical devices and drug delivery. Laser ablation of polyimide is a common method of manufacturing inkjet nozzle
plates. The nozzle geometry affects the volume, velocity, and trgjectory angle of the ink drop so variaions across a
nozzle plate can significantly reduce the print quality. The trend in the inkjet printer industry is to make smaller ink
drops (from 30 um downwards) for better image quality and more nozzles for faster printing. Miniaturization of
piezoelectric print heads allows for a greater density of nozzles. In the medica device industry pulmonary inhaers
contain perforated plates to atomize the drug. The required particle sizes are 3-4 microns for respiratory therapy and 1-2
microns for deep lung systemic delivery. For these applications laser drilling is a good aternative to mechanical methods
and EDM. Shaped or tapered holes with exit diameters of one micron can be made reproducibly using excimer lasers.™ 2
Diode-pumped solid-state (DPSS) lasers are an attractive aternative to excimer lasers in production environments
because they have a lower cost of ownership, are easier to maintain and offer much higher repetition rates.

There are many problems associated with laser percussion drilling of polymers with DPSS lasers. Instability in the first
few laser pulses gives unpredictable results for low numbers of shots. The ablation rate can be reduced by radiation
hardening®, where the material properties of a polymer are changed by preceding |ow-fluence pulses and the ablation
threshold increases. On the other hand, low-fluence pul ses can have an incubation effect and lower the ablation threshold
for succeeding pulses. Cumulative heating at high repetition rates can have undesired thermal effects. In this paper we
demonstrate how these problems can be overcome by exploring parameters not typically accessible by DPSS sources,
and show how a 2 Watt UV DPSS laser, in conjunction with a pulse picker and breakthrough sensor, can be used to
machine arrays of reproducible small holes with a high aspect ratio. The materia is polyimide, specificaly Kapton®
HN, with athickness of 125 pum.

We dso show results of a computer simulation of the ablation process using a simple model based on empirically
derived ablation parameters.

2. EXPERIMENTAL

The laser used in this work is the Spectra-Physics High Peak Power Oscillator (HIPPO), a DPSS Q-switched Nd:YV O,
laser with afourth harmonic wavelength of 266 nm. This laser operatesin the TEMOO mode so the beam has a Gaussian-
distributed intensity profile. The pulse duration is of the order of 10 ns and the maximum pulse energy that can be
achieved at the target surface in our setup is approximately 16 pJ. The HIPPO has two high-powered acousto-optic Q-
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switches in the cavity to turn the laser on and off at rates of 30 kHz to 300 kHz. The lower limit is due to the possibility
of damageto theresonator from a giant first pulse and thermal instability in the cavity, while the upper limit is a property
of the crystd. A variation in pulse intensity during the first few pulses after the beam is switched on causes problems
when machining so we installed an optical switch to pick pulses from the pulse train as required, without turning off the
beam. This gives greater pulse-to-pulse stability. It also dlows us to work at repetition rates lower than 30 kHz and to
specify different temporal pulse patterns based on the number of pulses per burst (PPB).

The optical switch consists of an acousto-optic modulator (the AA Opto-electronic AA.MQ.110/A3@266/SU) and an RF
driver (AA.MOD.110.D4-3W.1/2K). When a driving signal is applied to the acousto-optic modulator it generates an
acoustic wave. This causes a perturbation in the refractive index of the crystal and acts like a phase grating to diffract the
incident laser beam®. When the angle between the incident beam and the acoustic wave is the Bragg angle only one
diffraction order is produced. The separation angle between the zero order and the first order beams is twice the Bragg
angle, a separation of 3.2 mrad in our case. The zero order beam is dumped and the first order beam is directed to the
target. The intensity of the diffracted beam depends on the efficiency of the system, i.e. the fraction of the zero order
beam which can be diffracted into the first order beam. This is directly related to the acoustic power and so can be
controlled by varying the amplitude of the driving RF signal.

By setting the duration of the highs and lows of adigital input to the RF driver and synchronizing it with the laser pulses
atemporal pulse pattern based on passing or blocking the pulses from the stabilized laser pulse train can be achieved. A
LabView virtua instrumentation program generates the digita signal using a high speed data acquisition board (Nationd
Instruments DAQmMX).

One of the problems encountered when drilling small holes with pulsed lasers is that the exit hole widens with the next
few pulses after the one that breaks through the back surface. Due to variations in materia thickness and pulse to pulse
instability in lasers the number of pulses required for breakthrough can vary and it is difficult to achieve the minimum
exit hole size consistently by using a specified number of pulses. This problem can be overcome with a breakthrough
sensor. There are various ways of detecting breakthrough®. For the purposes of this study we chose to position a
photodiode at the back side of the target to detect the light coming through.

The system, consisting of laser, AOM pulse picker, motion controller and breakthrough sensor, isshownin Figure 1. The
zero order beam from the acousto-optic modulator is blocked off by a metal plate, while the first order beam is directed
through a variableiristo the steering mirrors and focused onto the polyi mide sample by a UV achromatic objective lens.
The 1/€® diameter of the focused spot was calculated from the diameters of single pulse craters made with different
energies in 1.5 um Mylar®, and was found to be 10.8 pm. The target sample sits on a hollow open-sided block on an
automated XY Z stage (Aerotech). A white surface set at an angle inside the block scatters the breakthrough beam onto a
photodiode. The voltage signa from the photodi ode is amplified and fed to adigita counter which outputs a5V signal as
soon as the photodiode signal is greater than a set discriminator level.
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Figure 1: System setup with pulse picker and breakthrough sensor. Refer to text for details.
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The array spacing and the number of holesin the array are set in a CNC program within the A3200MMI software on the
motion controller. The outputs from LabView, the digital counter and the motion controller are fed into a simple logic
circuit that acts as an on/off switch for the signd to the RF driver, so that the first order beam is enabled when the stage
isin position and disabled as soon as breakthrough occurs and while the stage is moving.

To machine an array of holes the user sets the number of pulses per burst and the number of bursts per second and runs
the LabView program, then enters the array settings and runs the CNC program. The rest happens automaticaly. The
laser is switched on but the AOM is disabled by the logic gates. The stage moves to the location of the first hole, the
AOM is enabled and the first order beam reaches the work piece. As soon as the beam breaks through the back side of
the polymer the first order beam is disabled and the stage moves to the next location to repeat the process. When the
array isfinished the laser switches off.

For this work we used laser settings of 40 kHz and maximum diode current to provide a large range of pulse energies.
The temperatures of the harmonic crystas were optimized for these settings and then the laser settings were not changed
throughout the course of the experiments. The energy per pulse in the first order beam was set by adjusting the
amplitude on the RF driver. In this way we were able to vary the repetition rate and the fluence independently of the
laser settings. Also, adelay at the start of the CNC program gave the laser time to stabili ze before the AOM was enabled.

3. MODEL

A modd was set up to simulate the ablation process on polyimide as a function of incident laser power and spatial beam
intensity. The modd includes incubation effects around the edges of the entrance, and takes the changing incidence angle
of the laser onto the surface inside the hole into account. It will be described in detail separately.” In summary, an
effective absorption coefficient, o, can be obtained from ablation rate curves according to the Beer’s Law eguation,

d=—1 In(ij | )
Ot Fn

where d is the etch depth per pulse, F is theincident fluence and Fy, is the threshold fluence. The effective absorption
coefficient is generally smaller than the linear absorption coefficient, dueto aredistribution of energy into the bulk of the
material by thermal diffusion® °. Values of o for different ranges of fluence were found empirically. Following the
model of Cain, Burns and Otis’, and making the same assumptions about the deposition and distribution of energy, the
following equation is used to describe the position, X, of the receding surface with respect to time, t, and temperature, T.
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where ky is the Arrhenius pre-exponential factor, E,¢ is the activation energy, Ny is Avogadro's number, k is the
Boltzman constant and T is the temperature at depth x:
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where C, is the heat capacity per unit volume and T is the surface temperature. Burns and Cain'® took thermal diffusion
into account by using a one-dimensional heat diffusion equation and a numericad method. In our case, however, we omit
thermal diffusion from our model, on the basis that the empiricaly derived effective absorption coefficients already
include heat diffusion effects. Instead we determine the ablation depth for a single pulse by a previoudy published
method™! and then adjust this for subsequent pulses by taking the angles of the new surface into account.

An incubation coefficient was included to account for the fact that the entrance diameter increases with number of
pulses, due to areduction in the ablation threshold around the hole from the low-fluence edges of the beam. Its value, ¢,
was found empiricaly by relating the threshold for N pulses to the threshold for one pulse by a power law™?,

N#*F,(N)=F, (1)* N ()
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4. RESULTS

We chase a mid-range pulse energy of 6 wJ, corresponding to a fluence of 13.1 Jcm?, and investigated the influence of
repetition rate on ablation rate. First we made arrays of holes a a continuous 40 kHz to act as a benchmark for
comparison with holes made at |ower repetition rates. It took approximately 115 pulsesto penetrate the 125 pum thickness
of the Kapton®, giving an average ablation rate of 1.1 um per pulse. Optical microscope photographs of the entrances
and exits of the holes are shown in Figure 2. The top surface is reasonably free of debris. The entrance holes have
diameters of 19-21 um and a dight lip around the edge, with visible diffraction ring effects. The exit holes have
diameters of approximately 3 um. Thereisawide raised area around each exit. Thiswill be discussed later.
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Figure 2: Benchmark sample of 40 kHz breakthrough holes made with afluence of 13.1J cm™, entrance (a) and exit (b)

Arrays of 25 holes were then made for repetition rates between 10 Hz and 5 kHz using one pulse per burst. The drilling
time for each holewas recorded by the CNC program. The number of shots needed for breakthrough was calculated from
the drill time and averaged over the 25 holes, then divided into 125 pm to get the average depth per pulse or ablation
rate. The effect of repetition rate on ablation rate is shown in Figure 3 for a pulse energy of 6 pJ. The ablation rate is
constant at repetition rates below 1 kHz, is very dightly higher between 1 kHz and 2 kHz and then increases rapidly. The
steady ablation rate below 1 kHz is similar to the 40 kHz rate, while the 5 kHz ablation rate is higher than the 40 kHz
ablation rate by a factor of four. This suggests that the increase in ablation rate with repetition rate does not continue
indefinitely and that there is an opti mum repetition rate somewhere between 5 kHz and 40 kHz. Unfortunately, dueto the
millisecond resolution of the timer in the CNC program, the drill times at tens of kiloHertz are too short to be measured
accurately in our current setup but we plan to install a pulse counter in the near future so that we can produce a more
compl ete version of the graph in Figure 3.

The influence of the number of pulses per burst was investigated by making severa arrays with combinations of the
following: 2.7 or 6 uJ per pulse (corresponding to 5.9 and 13.1 J cm?, respectively), 100 or 1000 Hz, and 1-5 pul ses per
burst, where the pulses per burst were at the laser repetition rate of 40 kHz. The results are shown in Figure 4.

When thereis only one pulse per burst thereis little difference between 100 Hz and 1 kHz. However, when there are two
or more pulses per burst the 1 kHz ablation rate increases, while the 100 Hz rate remains unchanged. Although not
shown in the graph, up to 10 pulses per burst were tested for 100 Hz and had no effect on the ablation rate. At 1 kHz, on
the other hand, the rate increases as the number of pulses per burst increases. In the case of five pulses per burst at arate
of 1 kHz with 6 pJ pulse energy the average depth per pulseis 4.4 um, which is significantly higher than the 40 kHz rate
of 1.1 um per pulse at the same pulse energy. This demonstrates that it is possible to achieve a greater depth per pulse by
removing pul ses from the high-frequency pulsetrain. It is aso interesting to compare this case with the 5 kHz case from
Figure 3, where the rate is similar a 4.6 um per pulse. In both cases there are five pulses every millisecond so the tota
amount of energy being delivered is the same. These results are summarized in Table 1.
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Figure 3: Average depth per pulse (calculated from the material thickness and the number of shots needed for breakthrough)

on Kapton® at 266 nm and fluence of 13.1 J cm. Different repetition rates were achieved by picking pulses from

a dtabilized 40 kHz pulsetrain.
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Figure 4. Average depth per pulse plotted against the number of 40-kHz pulses per burst at two repetition rates and two

Table 1: Comparison of ablation rates for different pulse patterns with 6 pJ per pulse (13.1J cm?). The pulseswithin the

bursts have afrequency of 40 kHz.
bursts | pulses | pulsesper | average depth
per per burst | second per pulse
second (nm)
40,000 1 40,000 11
100 1-10 100-1,000 12
1,000 1 1,000 14
1,000 5 5,000 44
5,000 1 5,000 4.6

The holes were examined under an optical microscope. The first observation was that there are large amounts of debris
present on the lower repetition rate samples. This appears to clean up as the number of pulses per burst increases,
although none of the arrays are as clean as the original 40 kHz array. The pictures in Figure 5 show the reduction in
debris going from one to six pulses per burst at 100 Hz and a fluence of 13.1 Jcm%,
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Figure 5: Optical micrographs of entrance holes made with a repetition rate of 100 Hz and, from left to right, 1-6 pulses per
burst. The fluence was 13.1 Jcm

The 13.1 Jcm? array made with 5 kHz and 1 pulse per burst is compared with the one made with 1 kHz and 5 pul ses per
burst at the same fluence in Figure 6. These had similar ablation rates and the same overdl drill time. There is little
difference in the diameters of the holes, both at the entrance and at the exit, but the 5 kHz 1 PPB drilling has produced
much more debris. This suggests that the gected materid is being vaporized by succeeding pulses that arrive within 25
us, but not by pulsesthat arrive after 200 ps.
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Figure 6: Front (a) and back (b) sides of arrays made with 1 kHz, 5 pulses per burst (lIeft of each picture) and 5 kHz, 1 pulse
per burst (right of each picture). The fluence was 13.1J cm2

The hole characteristics will, of course, depend on fluence as well as repetition rate. Having studied the effect of
repetition rate at a given fluence we then looked at the effect of fluence a given repetition rates. Based on the behavior
in Figure 3 two repetition rates were chosen: firstly 5 kHz because it gave a higher ablation rate than the base 40 kHz
rate, and secondly, 100 Hz to represent the flat part of the curve. In the latter case we used five pulses per burst to speed
up the machining and make cleaner arrays. According to Figure 4 this should not affect the overal ablation rate. Our
system had some limitations at either end of the fluence range. At the maximum fluence possible (35 J cm™) and 5 kHz
thedrill time per holeistoo close to the resolution of the millisecond timer used in the CNC program. At the other end of
the range the laser was able to drill through at both repetition rates but the photodiode was not sensitive enough to pick
up the first pulse every time. These issues will be addressed in future work. The depth and diameter results for the
formation of holes in the range of fluence within which we could work are shown in Figures 7 and 8. Diameters were
measured on SEM images of each array. Where error bars are not shown they are approximately the same size as the
markers. The 100 Hz drilling gave better reproducibility. Asan example, a fluence of 4.7 J cm® & 100 Hz gave a smooth
round entrance hole with an average diameter of 14.1 um and a standard deviation from 15 holes of 0.4 pm. The average
exit diameter was 2.7 pm with a standard deviation of 0.7 pm.

As expected, the ablation rates and the diameters increase with fluence. The ablation rate is more influenced by the
repetition rate than by the fluence in this comparison. The average exit hole diametersincrease from 2.7 umto 5.4 pm at
100 Hz, but at 5 kHz the range is smaller at about 3.5 pm to 4.7 um. This means there is greater control over the exit
diameter at the lower repetition rate. Note that at around 13 J cm® the entrance diameter is of the order of 14 pm,
whereas for 40 kHz it was around 20 pm, so these two lower repetition rates give smaller holes, whether or not they
increase the ablation rate. This implies that some of the extra cumul ative heating at 40 kHz isin the latera direction and
serves to widen the holes rather than increase their depth.
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