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ABSTRACT

We report on the experimental results of micro- and nanostructures fabricated on the surface of fused silica by a train of
two femtosecond laser pulses, a tightly focused 266 nm (ultraviolet, UV) pulse followed by a loosely focused 800 nm
(infrared, IR) pulse. By controlling the fluence of each pulse below the damage threshold, micro- and nanostructures are
fabricated using the combined beams. The resulting damage size is defined by the UV pulse, and a reduction of UV
damage threshold is observed when the two pulses are within ~ 1 ps delay. The effects of IR pulse duration on the UV
damage threshold and shapes are investigated. These results suggest that the UV pulse generates seed electrons through
multiphoton absorption and the IR pulse utilizes these electrons to cause damage by avalanche process. A single rate
equation model based on electron density can be used to explain these results. It is further demonstrated that structures
with dimensions of 124 nm can be fabricated on the surface of fused silica using 0.5 NA objective. This provides a
possible route to XUV (or even shorter wavelength) laser nano-machining with reduced damage threshold.

1. INTRODUCTION

The interaction between femtosecond laser pulses and dielectric materials involves complicated processes, such as free
electron excitation and decay, exciton generation, plasma absorption, energy transfer from electrons to lattices,
hydrodynamics, shockwave propagation, damage formation, etc [1-12]. Understanding these processes is of great
importance for potential application of femtosecond lasers in optical storage, micro-/nano-fluidics, opto-electronics and
nanomachining [13-17].

Free electron generation, among these processes, is believed to play a crucial role in the interaction between
femtosecond laser pulses and dielectric materials [3-6]. On one hand, it is the first process occurring in a femtosecond
laser pulse duration because electrons have a high charge-mass ratio compared to ions and thus are easier to move
correspondingly with the electric field of a laser pulse. The initial free electrons are generated by photo-ionization
(multi-photon and/or tunneling, depending on the laser intensity and band structure). These initially built-up free
electrons can further absorb energy from laser pulses through inverse bremsstrahlung and produce more free electrons
from the valence band by collision ionization. This process continues for the pulse duration, and therefore an electron
avalanche occurs. Electrons generated from both photo and avalanche ionization form a plasma gas, and it is found that
the majority of energy is absorbed by this plasma during laser-material interaction [18]. On the other hand, the density of
these free electrons, n., is a key parameter in determining the damage threshold for a laser pulse. According to the
Drude model, the plasma angular frequency, w,, relates to . as follows,

b (1)

where e is electron charge, g is vacuum permittivity, and m, is electron mass. w, increases with n,, and when it
approaches the laser angular frequency, w,, the absorption abruptly increases and it is believed that damage occurs at this
point [19]. The corresponding electron density is the critical density (1.7x10*' cm™ for fused silica and 800 nm pulses).
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This free electron dynamics, to some extent, determines the following processes, such as energy transfer from electrons
to lattices and eventually the formation of damage. This motivates us to investigate this electron dynamics and apply it
for machining purposes.

Pump-probe experiments are a commonly used technique in the fundamental studies of laser-material interaction, in
which a higher energy (pump) pulse interacts with materials and a lower energy pulse is used to probe the process. One
can get various information by observing the change of probe pulse’s energy, phase, etc, and effectively series of
snapshots of the process can be taken with sub-picosecond to femtosecond resolution [20]. In pump-probe experiments,
the energy of probe pulses is kept as low as possible to avoid interference with pump pulses. Recent studies employing
double (multiple) pulse techniques in femtosecond laser micromachining, on the contrary, use a high energy probe pulse
to control the dynamics of free electrons generated by a pump pulse. Results from these experiments show that the
second pulse enhances ablation rates and lowers damage threshold of the first pulse. These results suggest that free
electrons generated by the first pulse are able to absorb energy from the second pulse.

Although the enhancement effects by double- (multi-) pulse experiments have been studied, applying this technique to
fabricate features with sub-micron size is not yet reported. Feature size is fundamentally controlled by diffraction limit,
ANA, where 4 is laser wavelength and NA is the numerical aperture of focusing optics. Although structures with size of
130 nm and 200 nm are achieved by high NA microscope objectives [21, 22], smaller features are not easy to get
because NA for non oil-immersion objectives is smaller then one. And also high NA optics generally have short working
distance, which is not preferred in machining applications, because debris can easily attach to optic surfaces, affect laser
beam delivery and even damage optics. Alternatively, using short wavelength lasers, such as UV range, feature sizes of
250 nm on fused silica and 600 nm on stainless steel foils have been reported [23, 24]. Even shorter wavelength, such as
XUV and X-ray can be obtained by HHG. Although the conversion efficiency of HHG is low, fortunately, the required
pulse energy for generating sub-micron size features is on the order of nano Joule, and such energy has already been
achieved by recent experiments [25]. Shorter wavelength laser pulses have higher photon energy, and thus are more
easily to promote electrons from valence band to conduction band by photo-ionization. Therefore, it is possible to use a
short wavelength pulse to produce seed electrons and a long wavelength pulse to cause electron avalanche. With help of
the long wavelength pulse, the damage threshold of the short wavelength pulse may be reduced. Because short
wavelength pulses, such as XUV and X-ray, are difficult to get and the conversion efficiency is low, reducing the
damage threshold means that the same beam can be divided into several beams and thus machining speed will be
multiplied. And since the volume of excited free electrons is controlled by the short wavelength pulse, the resulting
damage size will be similar to that generated by the short wavelength alone. With the advance of XUV and X-ray optics,
direct machining with resolution of tens of nanometer or even smaller can be achieved.

In this paper, we present the experimental and modeling results of micro-/nano-machining using a UV-IR pulse train. In
Section 2, we investigate the relationship between UV damage threshold and UV-IR pulse delay, and demonstrate that
the damage size is controlled by the UV pulse. A rate equation model is used to explain the experimental results. In
Section 3, the effects of IR pulse duration is studied, and an optimal IR pulse duration is found. In Section 4, damage as
small as 124 nm is achieved by focusing the UV pulse with a 0.5 NA reflecting objective lens.

2. DOUBLE-PULSE MICROMACHINING

In the first step to demonstrate the concept of double-pulse machining, we combine 266 nm (UV) and 800 nm (IR)
pulses [26]. The experimental setup is shown in Figure 1. The UV pulses are produced by third harmonic generation
(THG). Both UV and IR beams are focused onto a fused silica sample (Corning 7980) by two lenses with 50 mm and
200 mm focal length, respectively. The resulting focal spot size is 9.2 pm and 25.4 um. A delay stage is used to change
the delay between these two beams. A BBO crystal is placed near the focal points to verify the delay. Zero delay is set
when the strongest difference frequency generation (DFG) is observed.
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Figure 2. Dependence of UV damage threshold on the time delay at different IR fluences. Dots: experimental data. Curves:
simulation data. oy = 2 cm*/J, op = 0.9 cm™/J, t, 0y = 7015, 1,8 = 60 s, 7 = 250 £, Mpisieas = 1.7x10%'/cm’. [26]

Figure 2 shows the relationship between UV damage threshold and UV-IR pulse delay at three IR fluences. Positive
delays mean UV pulses reach the sample before IR pulses. It can be seen that at the highest IR fluence, UV damage
threshold reaches 0.25 J/cm® at 60 fs delay, 28% of the normal value. A lower IR fluence increases UV damage
threshold, but an “optimal delay” exists for all three cases. This can be explained using a simple rate equation model
given below:

dn n
E:WPI(IUV)+aUVIUVn+WPI(IIR)+a1RIIRn_;’ &)
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where 7 is free electron density, Wp, is the multiphoton ionization rate calculated from the Keldysh theory, ayy and o
are the avalanche ionization rates for UV and IR pulses, respectively, 7 is the electron recombination time, and /7y and I;z
are the intensity for UV and IR pulses, respectively. Our modeling results show similar relationship as the experimental

results.

(d)—

500 um

Figure 3. Optical images of different structures fabricated by a combination of UV and IR pulses. (a) Moving UV spot while
keeping IR spot fixed. (b) Moving IR spot while keeping UV spot fixed. No structure can be seen using either (¢) UV or (d)

IR beam individually to write straight lines.

To demonstrate that the damage size is defined by the seeding UV beam, we write different lines as shown in Figure 3.
The IR focal spot is deliberately enlarged to 330 um, much larger than the UV spot (9.2 um). In Figure 3(a), the UV spot
is moving vertically while the IR spot is fixed. In Figure 3(b), on the contrary, IR spot is moving and the UV spot is
fixed. It can be seen that in both cases, damage lines follow the movement of the UV beam, which indicates that indeed

the damage is controlled by the seeding UV beam.

3. EFFECTS OF IR PULSE DURATION
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Figure 4. Experimental setup for study of the effects of IR pulse duration.
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Once excited, free electrons can further absorb energy from laser field by inverse bremsstrahlung, and this results in
electron avalanche (avalanche ionization, Al). Our previous results show that with the combination of UV and 60 fs IR
pulses, UV damage threshold can be lowered by 70%. Since free electrons are continuously produced as long as laser
irradiation exists, a long IR pulse duration may help generate more free electrons and therefore further reduce UV
damage threshold. Motivated by this idea, we combine 70 fs UV pulses with IR pulses that have different pulse duration
(60 fs ~ 1.87 ps), as shown in Figure 4. A single-pass grating pair consisting of G1 and G2 (900 lines/mm, d=1.11 pm) is
used to stretch the IR pulse with transform limited pulse duration (z) of 60 fs. The stretched pulse duration (zy) is

calculated by
2
— 1+(41“#J , G)

T

where ¢, is second order group delay dispersion, which is calculated by
G A 1
d* 2zc* cos* 6,

», = “4)

where G is the distance between gratings, d is grating constant (1.11 pm), 4 is wavelength (800 nm), c is the speed of
light, and 6, is diffraction angle (1.2° for first order). Due to the space limitation, the shortest duration of stretched pulses
by this grating pair is 490 fs. For shorter pulse duration, three cube polarizers with a total thickness of 65 mm are used,
and the calculated pulse duration is 120 fs. It should be noted that the grating pair produces negative chirp, while the
polarizers result in positive chirp, and spatial chirp in the grating pair is not compensated. UV and IR pulses are
combined at zero delay by observing the difference frequency generation (DFG) by the UV and IR pulses. Single shot
UV damage threshold is defined as the lowest UV pulse energy which causes visible damage under an optical
microscope. Five IR pulse durations are used, 60 fs, 120 fs, 490 fs, 1 ps and 1.87 ps. The IR pulse energy for each pulse
duration is kept at 5% below the normal damage threshold.
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Figure 5. UV damage threshold ratio and IR pulse intensity at different IR pulse durations.

For different IR pulse durations, the single shot UV damage threshold ratio, which is defined as the ratio of the damage
threshold with and without combining the IR pulse, is shown in Figure 5. It is found that the lowest damage threshold is
obtained with 490 fs IR pulse duration, which is only 9% of the normal threshold value. This can be explained as follows.
On one hand, a long pulse duration enhances energy absorption of free electrons by extending the duration of absorption
and thus helps decrease UV damage threshold. On the other hand, it is found that for the single IR beam, the damage
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threshold fluence for the 1.87 ps pulse duration is only 2.2 times that for 60 fs, although the pulse duration is more than
30 times longer. This means that in order to avoid damage caused by the IR beam, the intensity for 1.87 ps is only 7% of
that for 60 fs. The actual IR intensity used in the experiments is also shown in Figure 5. Since the avalanche ionization is
intensity dependent (a/n), a lower intensity reduces the ionization rate and thus increases UV damage threshold. The
overall shape of the UV damage threshold curve is perhaps due to the balance of these two mechanisms.

Figure 6. Comparison of the smallest damage size for different IR pulse durations. Scale bar is 10 um.

In the UV-IR double pulse experiments, the damage shape is controlled by the seeding UV pulse, as shown in Figure 3.
However, with longer IR pulse durations, we observe a trend of increasing size of the smallest damage, as shown in
Figure 6. The five IR pulse durations are the same as in Figure 5, and the UV spot size is the same in all cases. A damage
by the UV pulse only is also shown for comparison. It can be seen that a single UV beam produces the smallest size, and
with the UV-IR pulse train, a longer IR pulse duration produces generally a larger size (60 — 490 fs). With pulse duration
of 1 ps and 1.87 ps, damage shapes are different from those of shorter pulse durations. Please note that in the case of 490
fs, the IR fluence is slightly higher than its damage threshold, so the IR pulse already cause damage. These results are
preliminary and need further verification from both experimental and theoretical aspects.

4. NANOMETER DAMAGE ACHIEVED BY SINGLE UV BEAM

Figure 7. SEM images of damage caused by a single UV pulse. In (a) and (b), the sample is placed at two different positions
along the beam propagation direction. The damage size is measured along the direction indicated by the arrows.

With wavelength one third of the fundamental 800 nm beam, the 266 nm beam generated from THG can be used to
produce nanometer damage when focused by moderate NA optics. Here we use a reflecting objective lens (Edmund)
with NA of 0.5 and working distance of 23.3 mm to focus the UV beam. The results are shown in Figure 7. Probably due
to the bad profile of the 266 nm beam and lack of optimization of the reflecting objective in UV range, the damage shape
varies along the beam propagation direction. Nonetheless, damage size as small as 124 nm is obtained [Figure 7(a),
measured along the narrowest direction]. This suggests that by improving the UV profile and optimizing the objective,
damage can be easily controlled in 100 nm scale. Our recent results show that the double-pulse setup (described in
Section 2) can also be applied in nanomachining, and the UV damage threshold can be lowered by an order [27].
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5. CONCLUSION

In this paper, we demonstrate the possibility of controlling multiphoton and avalanche ionization by a UV-IR pulse train.
UV damage threshold can be reduced by an order with the help of IR pulses, and the damage size is controlled by the
seeding UV pulse. Longer IR pulse duration can enhance the energy absorption, while a trend of increasing damage size
is observed. Damage size with 124 nm (on one direction) is obtained by focusing the 266 nm beam with an 0.5 NA
reflecting objective. With shorter wavelength beams, e.g., XUV and X-ray, resolution below 10 nm can be achieved, and
the required energy is below the normal damage threshold when combined with a longer wavelength beam.

This material is based on work supported by the Army Research Office and the National Science Foundation under
Grant Number 1068604.
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