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Abstract

A heating device is applied to heat the Si substrate during the laser drilling process.

The effect of enhanced optical absorption of the laser energy at the elevated substrate

temperature on the taper angle and the spatter area around the drilled hole is

evaluated. The reason for the spatter area reduction and taper angle increase at high

temperature is discussed.

1 Introduction

Femtosecond (fs) laser with peak power in the range of gigawatts has become an

efficient tool in precision machining of a wide range of materials including metals,

polymers, ceramics and silicon. Fs laser has been demonstrated as a potential tool for

drilling consistent micro-holes in silicon for microelectronic and solar cell devices

manufacturing. However, issues of redepositon (spatter) of the laser-ablated materials

around the drilled hole and the control of hole taper angles remain largely unresolved.

In laser-material interactions, the optical absorption coefficient is an important factor

that determines how much laser energy is coupled into the substrate to effect the

material ablation. The Si band-gap energy, as a function of temperature, decreases

with increasing temperature. In other words, the optical absorption coefficient of Si

increases with temperature. It is primarily for this reason; we applied a heating

device to heat the Si substrate during the laser drilling process. The objective is to

evaluate how the enhanced optical absorption of the laser energy at the elevated

substrate temperature would affect the taper angle and the spatter area around the

drilled hole.
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2 Experiment

Figure 1 shows the experimental arrangement used in the present study. The laser

emitted pulse of 200 fs with linearly polarized light at a central wavelength of

approximately 775nm (nominal repetition rate of 1 kHz). The total pulse energy was

attenuated by a rotating half wave. The mechanical shutter was controlled to release

the desired laser on the substrate. The laser beam was focused with a focusing lens

with 75mm focal length. The average laser power after the lens was measured with a

power meter. A three-dimensional CNC stage was applied to position the specimens.

In our study, through holes were produced on polished single crystal silicon wafer

which was fixed on the stainless steel block with two heaters inside. The temperature

of silicon wafer ranging from 300K to 900K in a step of 100K was monitored by two

calibrated thermocouples. The maximum laser fluence applied at the Si surface was

40.8 J/cm2. The number of pulses was varied from 2000 to 4000 for every

temperature step.

Figure 1: Fs laser processing setup

3 Result and discussion

Figure 2 exhibits the front side of the micro-holes drilled by fs laser with laser flunce

of 20.4 J/cm2 at various temperatures. The diamter of the entrace hole has a slight

increase at the elevated temperatures. We suspect that under the high temperature,

due to comparatively higher optical absorption coefficient of silicon, more energy

from the laser is absorbed at the top silicon surface. Therefore a larger surface area

was damaged by the laser beam interacting with the substrate. Meanwhile it is

observed that the exit hole diameter produced at the elevated temperature is smaller

than that under the room temperature as shown in figure 3. At the laser fluence of
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20.4 J/cm2 , the exit hole diamter drilled under the elevated temperature of 773K is

more than 30% smaller than that drilled under 300K as shown in figure 4. It is known

that during the percussion laser drilling, the materail is removed layer by layer for

each laser pulse. Under the elevated tempareture, more energy was contained within

a shallower volume of the substrate surface. However, the penetration depth for the

laser beam is reduced at the eleavted temperature. Thus the thickness of the thin layer

removed by each laser pulse is reduced. In other words, more pulses are needed in

order to drill through the same Si thickness. Thus, at the initial stage of the hole

formation (during the fisrt few pulses), the hole drilled at the elevated temperature is

supposed to be shallower than that drilled at the room temperature. In the paper

published by Zheng [1], it is reported that multiple refection of following laser beam

in the shalow hole cause more serious energy loss due to the absorption of the laser

power by hole wall. That means at the elevated temperature there is less laser energy

reaching the bottom of hole, resulting in the smaller exit hole. The result shows that

the hole taper angle increased from 3.03 degree to 4.64 degree when the work piece

temperature was at 300K and 900K respectively.

Figure 2: SEM images of the micro-hole (front side) drilled by fs laser at temperature
300K (a), 373K (b), 473K (c), 573K (d), 673K (e), 773K (f), 873K (g)

The figure 2 shows that the spatter area is dramatically reduced with increasing the

substrate temperature from 300K to 873K. It is reasonable to explain the mechanism

for the spatter area reduction at the elevated temprature in terms of the enhanced

energy absorption. During the laser drilling, coupled with the thermal energy supplied

due to the substrate heating, the energy from the laser beam may be sufficient to melt

more a larger amount of the substrate. This would produce larger liquid droplets that

can not fly so far as the small particles do. The redeposition of these liquid droplets
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accumulated at the periphery of the hole and formed the spatter. As seen from the

figure 2, the particle size in the spatter formated at 873K is significantly larger than

that formed at 300K. The granular structure around the hole may indicate the

presence of liquid materail during the laser process. In case of laser drilling under the

elevated temperautre, coaser pillars can be found in the granular structure, This may

indicate the forming of melting droplets before their resolidification.

Figure 3: SEM images of the micro-hole (back side) drilled by fs laser at
temperatures of (a) 300K, (b) 373K , (c) 473K, (d) 573K, (e) 673K, (f) 773K, (g)
873K

Figure 4 The dependance of exit hole diameter on temperture

4 Conclusion

The fs laser drilling on silicon is investigated at various temperatures. The spatter

area was found, continuously decreased with increasing the substrate temperature.

The result shows that the hole taper angle increased from 3.03 degree to 4.64 degree

when the work piece temperature was at 300K and 900K respectively. The substrate

temperature effect may be investigated for other laser machining processes and

materials in the future.
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