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g; ABSTRACT: We report on single pulse ultrafast Bessel laser beam processing of YAG
gi ceramic surfaces as a method for producing contamination-free submicron particles and size
25 adjustable surface hemisphere structures of different curvature signs. The micro-machining
26 process was performed in both air and liquid environments, leading to a variety of surface
g structures depending on the processing parameters. Particularly, a transformation of the surface
29 structure morphology from micro-hole profiles to hemisphere extrusions was observed. The size
22 of the hemisphere structure is found to be highly sensitive to laser parameters, such as pulse
32 energy, pulse duration and beam focusing position. Through careful analyses of the influence of
33 the laser pulse parameters, a precise regulation of the lateral diameter and height of the
gg hemisphere structure was achieved. Large area hemisphere arrays with low standard deviation in
36 size were fabricated. The detachment of the emerging structures and subsequent particle
37 deposition can be observed in liquid environments when the height-diameter aspect ratio of the
gg hemisphere exceeds a factor of 0.65. The mechanisms for the formation and morphology features
40 of the hemisphere structure are discussed with cross-sectional and morphology imaging via
j; Scanning Electron Microscopy and Atomic Force Microscopy. As a preliminary step towards
43 submicron particle generation in liquid environments, the observation of surface hemispheres has
44 interest in exploring the initial mechanisms of particles formation under laser ablation in liquids.
jg The presented method allows for the fabrication of contamination-free and size adjustable YAG
47 submicron convex structures which have potential applications in integrated optics, biotechnology
jg and other advanced processing techniques.
50
51 Keywords: Ultrafast laser; Bessel beam; Liquid assisted processing; Surface structure;
gg Nano-Spheroid
54
55 INTRODUCTION
gs Ultrafast laser processing has been the subject of thriving research for decades due to its unique
58 features, such as a high flexibility for two- and three-dimensional selective writing, a wide range
28 of machinable materials and a high processing resolution [1-5], with the prospect of bypassing the
61
62
63
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diffraction limit. Conventional laser ablation and direct writing methods based on material
subtraction can be utilized in manufacturing surface and volume topographical and morphological
features in the form of craters while with variable aspect shapes, grooves, void spaces, and
nano-hole structures, allowing via their space arrangements and scale to generate new functions
and to enable novel applications [6-10].

In addition, intrinsically related to the ablative processes but not exclusively relying on
subtractive features, other profiles and structures including micro-\ nano-particles and surface
bumps can also be obtained in various materials using similar laser processing methods [11-16].
These processes rely on the accurate control of not only the material removal process but also the
ablation byproducts. The standard laser processing involves local energy deposition which is
normally induced by nonlinear character, heating, phase transformation, ablation and material
removal. Determined by the optical skin depth and thermal transport, the heating profile becomes
inhomogeneous, leading to a range of ablation products in the form of plasma plumes and debris
of various sizes. A typical thermodynamic trajectory of the excited material includes evolution in
the range of the critical point where indicate material features can transform through the mixed
phase region or evolution in the vicinity of the binodal. The consequences for processing are
manifold [17,18].

In subtractive conditions, concave profiles can be easily fabricated on the surface of the
substrate when the material ablation occurs. On the other hand, nanoscale aggregates can form in
the cooling plasmas by coalescence and aggregation [19]. In between, accurate controls of the
hydrodynamic trajectory of the hot material, its evacuation, and its rapid cooling can determine a
multitude of topography profiles and curvature signs of the structured surfaces. The results can be
related to the local pressure driving the material pull-out and to the confinement environment
around. Relevant conditions often involve control of the energy distribution via e.g. the distance
between focusing region and substrate surface or the presence of denser, liquid environments. A
regulated hydrodynamic expansion and quenching will give extended flexibility to design
structural profiles and, notably, convex structures can thus be obtained. Here as well liquid
environments can be demonstrated to be effective in regulating process hydrodynamics, in a way
similar to its influence in the techniques of nanoparticle production by pulsed laser alation (PLA)
where it influences condensation, coalescence nucleation and growth in the plasma phase. As a
consequence, splitting particles in the sub-um range and surface extrusions can be generated
following the hydrodynamic behavior of molten material ejection in PLA in liquid (PLAL)
environments [20].

The interest in surface extrusion profiles can be significant and we review below some of the
formation drivers. A first potential driver lies in surface deformation by excitation below the
surface [15]. This excitation can result in local micro-explosions or just following local
thermomechanical expansion upon confined heating. Furthermore, a combination of stress and
melting can generate extrusions and particle jetting [21]. Previous laser processing works have
also obtained various convex or particle structures [22]. Formation mechanism of these structures
mostly relies on the evolution of liquid regions, flow and rapid quenching and pressure relaxation
within the laser affected region. In order to induce adequate molten material, the volume of the
laser-material interaction region is designed to be large enough. For experiments with
conventional CW Gaussian beams, an accurate control of the focal position along the propagation
direction is necessary, while complex nonlinear multi-pulse interactions combined with
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unsatisfactory precision and processing efficiency are involved.

Here a new technigue is proposed relying on picosecond and femtosecond single pulse Bessel
laser beam for convex structures fabrication. By introducing a liquid processing environment, this
method can be utilized for both high quality surface convex structure and micro-particles
fabrication by simply varying the laser focal depth.

Comparing to Gaussian laser beam, the Bessel-Gauss beam, which can be directly obtained
by using an axicon, has a much longer focusing distance under the same focusing condition [23].
The Non-diffractive feature of the Bessel beam together with its self-healing property are known
to maintain a constant intensity over large propagation distances in various environments (air and
liquid and interface) [24-26].

Utilization of Bessel beam can offer a more accurate control considering its unique nature of
standing pattern. Bessel beam is gradually constructed by the side photons and its construction
time is related to the projection of the corresponding k-vectors on the axis [26, 27]. The relaxation
being perpendicular to the axis (as following the direction of the highest gradient) would have as
consequence smoother relaxation condition along the axis and therefore a larger range for
generating spheroids by controlling the evacuation of the liquids. The state of the liquid is also
better controlled (and thus its viscosity) by the standing pattern generated by conical refraction
and side-replenishment by photons as in case of a propagative wave-packet [12-14, 26-28].

With the microexplosion, melt material therefore can be ejected out if the micro-hole is
induced near the surface while cavitation occurs in the volume. The pressure relaxation process
follows the geometry extended in the longitudinal direction, with a stronger relaxation drive in the
radial direction [27]. By precisely adjusting the beam focusing depth, the molten material can be
trapped at the surface exit, creating an spherical extrusion. Precise dimensional control of the
convex structure can thus be realized. Comparing to multi-pulse Gaussian beams, processing with
single pulse Bessel beam can simplify the formation of convex structures, optimize structure
accuracy and increase processing efficiency. Therefore, our method of using single-shot Bessel
beams has great advantages in simplifying the technique and is expected to better reveal the
formation processes of convex structures.

MATERIAL AND METHODS
A complete description of the experimental setup used in this study is detailed in one of our earlier
works [24]. A simplified schematic setup of the Bessel beam ablation system is shown in Figure.1.
A 178 ° axicon and a 4f system (demagnification factor 40) are used to obtain a focused Bessel
beam (with 1030 nm central wavelength and 0.2 - 25 ps adjustable pulse duration). The final
Bessel beam after the 4f system has a half-cone angle of 19.5° in air and about 11.1° inside the
YAG ceramic substrate. The central lobe diameter of the Bessel beam is about 2.14 pm on the
YAG ceramic. Accordingly the diameter of the zero-order Bessel beam is about 1 um at
1/e? intensity. The same optics are used for the laser processing in water. A cuboid fused silica
cell filling with distilled water serves as a sample cell. YAG ceramic sample was immersed into
the distilled water at a 2 mm depth, and a high transmittance 1 mm thick glass slide was used to
keep the surface of the water stable when the sample was moving. Between the glass slide and the
YAG ceramic sample there is a 2 mm gap for protecting the glass slide from laser damage.

The nondiffractive length of the focusing Bessel beam in air was calculated to be around 600
um. The polished bulk YAG ceramic sample was fixed on a three-dimension air-bearing
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translation stage in order to precisely control the relative movement with respect to the laser beam.
Scanning electron microscope (SEM) and atomic force microscope (AFM) were employed to
image the surface micro-structures induced by single pulse Bessel beams with various laser
parameters. Focused lon beam (FIB) milling was used to reveal the longitudinal cross-sectional
morphology of the fabricated structures. Nonlinear processes involving the interaction between
transparent materials and matter are sensitive to the pulse duration and energy. A series of
experiments have been conducted to investigate the configurations of the ablation configuration
under pulse durations from 0.25 ps to 6.0 ps.

(b)

Reflector

Gaussian
beam

Figure 1. (a) A schematic of the setup used for the Bessel beam processing of a YAG ceramic target in
air. (b) A schematic of the setup used for the Bessel beam processing with distilled water.

The Morphology of the surface micro-structures depends therefore strongly on the laser
energy and on the pulse duration. At a given energy in the accessible range, submicron holes can
only be induced by beams with short pulse duration (< 2.5 ps), which is similar to the case in
fused silica and aluminosilicate glass(Gorilla glass, corning). With the increase of pulse duration,
central holes are replaced by hemisphere structures which have similar diameters as the holes.
Figure 2 distinguishes the hemisphere structures and other depressed structures, acting as a
frontier between two different hydrodynamic regimes enabled by the laser radiation: complete
material ejection and quenched material advance. As the results depicted, hemisphere structures
can only be constructed with pulse duration longer than 2.5 ps and pulse energy larger than 1,401
J/cm?(11 wd). Molten material is ejected from the hole and resolidifies on the surface in Figure 2b.
This morphology is a strong indication that the formation mechanism of this structure is highly
related to the thermal and thermomechanical effects occurred in laser processing, notably in the
distribution of heat and pressure along the propagation axis within the bulk.

The gradual transformation from concave micro-hole to convex hemisphere as shown in the
2.5 ps condition indicate that the hemisphere is constructed by the internal molten material
advance. This type of combination of mechanical pressure and fluid dynamics was observed in
other circumstances on a range of materials from metal films to glasses [29-31]. The use of the
non-diffractive beams offers nevertheless an additional control knob in positioning the
thermomechanical source with respect to the surface, delivering a softer pressure relaxation path
in the axial direction compared to the radial one. By controlling the relative position between laser
irradiate area and substrate surface, different structures from protrusion to hemisphere can be
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obtained.
RESULT AND DISCUSSION
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Figure.2 (a) SEM images of surface micro-structures induced by single pulse Bessel beams with
different laser parameters. Focusing depth of the beam remains unchanged. Scale bar is 1 um. (b) is
AFM image of one semi-sphere on YAG ceramic surface written by a 17 pJ with 4 ps pulse. (c) the
intensity distribution of ultrafast Bessel laser beam in xz plane.

In comparison with fused silica and aluminosilicate glass (Gorilla), the processing window in
YAG ceramic is the biggest to trigger protrusion structure on surface. Smooth hemisphere can be
obtained just on the YAG ceramic. There are equally specific material features of the YAG
ceramic that favors this behavior compared to other dielectric materials. We note that the thermal
expansion coefficient of liquid YAG at high temperature (2.21 x 10 /K for 1850 K-2900 K) is
about 44 times larger than that of the fused silica (0.5 x 106 /K for 1273 K) [32, 33]. The viscosity
of liquid YAG (10*° mPa-s) is much lower than it of liquid fused silica (101! mPa-s) and
tremendous increase of YAG viscosity will occur once the temperature is lower than 400K. The
surface tension of liquid YAG (0.81 N/m for 2073K) is higher than that of the liquid fused silica
(0.307 N/m for 2073K) [34] We argue that higher coefficient of thermal expansion and lower
viscosity of liquid YAG material make the ejection process of molten material through the surface
channel easier than liquid fused silica, and high surface tension feature has positive influence to
liquid material maintaining sphere structure on surface.A sufficient amount of liquid fused silica
can only be provided by the laser induced molten pool beneath the surface, where the lager
pressure can overcome impedance. Smaller volume of molten YAG is enough to induce
hemisphere on surface without the limitations caused by relatively high viscosity. Thus,
hemisphere structures are more easily obtained in YAG and on small domains for micrometric
sizes.
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Figure. 3. (a) Schematic and SEM images of hemisphere structure induced by 4 ps, 91.57 J/em?(17

wJ) single pulse Bessel beams processing at different focusing position. Scale bar is 5 pm. Adjacent

focusing depth difference is 5 um. Linear Bessel beam distribution is used to reveal approximate
relative position. (b-c) Quantitative relationship between diameter, height, aspect ratio (Height/

Diameter) and relative focusing depth (fixing single pulse energy to 19 pJ at all representation
condition). We took the position where first hemisphere structure emerges as the relative depth zero
position. (d-e) Quantitative relationship between diameter, height, aspect ratio and pulse energy (fixing
focusing depth at the maximum intensity position of the beam at all representation condition). Solid
lines and dotted lines are added to guide the eye and show the general trend of the curves.

Detailed morphology information of surface structure can be obtained by Atomic Force
Microscopy (AFM). A 300 nm in height and 1.3 um in diameter single hemisphere structure,
surrounded by a crater-like structure is observed. This typical aspect ratio is shown in Figure. 3
b-e. A certain similarity can be observed with structures induced on metal films, with the
exception that here the hemispherical forms are massive and there is no void inside [29,30]. Based
on the topographical aspect we can associate the formation with the emergence and rapid cooling
of liquid from the Bessel channel. This happens due to an internal pressure drive associated with
an internal excitation and relaxation process that increase locally the pressure forcing the melting
material to spill out to the surface through the hole. The inner part exposed to Bessel irradiation
under ps conditions is often transformed into voids due to a local embedded cavitation process [35,
36]. At the threshold of the process the hydrodynamic expansion can be accurately controlled and
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a hemisphere is constructed under effects of surface tension, expansion, cooling and solidification
owing to its unique features mentioned above. At the limit of the processes, simple thermal
expansion and stress release are sufficient to create convex structures on the surface. We will
identify in the next paragraphs the processes pertinent in the present case.

The experimental results imply that the focusing position has a great influence on the
morphology of the surface structures. SEM images in Figure 3a show the change of the structures
when moving the focal plane position. The increment in the beam focusing position illustrated in
the image is 5 um. Following a parametric study of varying depth and energy, relative
relationships between the structure sizes (diameter and height) and laser parameters are
summarized in Figure 3b-e. The adjusting of the Focusing depth has a non-monotonous effect on
the size of the hemisphere. Here we define aspect ratio defined as Height / Diameter as a new
parameter for morphology measurement. The height, diameter and aspect ratio increase first and
then decrease with the beam focusing gets deeper. The diameter and height curves have a similar
developing tendency as the longitudinal intensity distribution of Bessel beams [37]. The diameter
of the structure induced by the 6 ps pulse changes more smoothly and the interval of relative
focusing depth where hemispheres can be induced is smaller comparing to the 4 ps condition. One
reason for this phenomenon is that the peak intensity of the 6 ps pulse is lower than the 4 ps pulse
at the same pulse energy (19 wJ). Since at 1030 nm the maximum peak intensity is achieved at the
pulse duration of 1.5 ps around [38].

The smallest structure is induced by the 6 ps, 11 pJ (1,401 ]J/cm?) pulse which is about 91
nm high and 0.8 um in diameter. Aspect ratios notably remain lower than 0.2 for both 4 ps and 6
ps condition, shown as dash lines in Figure 3b and c. Figure 3d-e reveals that the diameter and the
height of the hemi-structure increase linearly when the pulse energy increase, while the aspect
ratio is not sensitive to the energy change. The diameter of the hemisphere structure changes more
rapidly with the increment of energy in the 6 ps pulse duration condition than that in the 4 ps
situation. We expect that there will be a certain point where the linear increase trend ends and the
hemisphere is replaced by crater. To sum up, the size of the hemisphere structures induced in air
can be adjusted from 0.8 um to 1.4 um in diameter and 91 nm to 400 nm in height.

315.9 nm

15.0 pm
125 pm

10.0 pm

Jeg Jy3H

5.0 pm
-105.3 nm

2.5 um

Figure. 4 (a) SEM images of large area hemisphere array with different magnification. Processing laser fluence is
102.34 J/cm? with 4ps single pulse. The Period of the array is 4 um. (b) AFM image of the hemisphere array (15
um X 15 pm).

Based on high quality hemisphere structures and the effective processing parameters obtained
above, we constructed large area hemisphere periodical array (more than 1 mmx1 mm) on the
surface of a YAG ceramic substrate using 4 ps, 19 pJ pulse (102.34 J/cm?) beams and appropriate
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focusing depth, as presented in Figure. 4a-b. Two SEM images with different magnifications are
presented for a more detailed evaluation of the shape and size distribution of the hemisphere
structures inside the array. The focusing depth of the laser beams was fixed when fabricated this
array in order to maintain an identical size for the hemisphere structures. According to the AFM
image shown in Figure 4c, the standard deviation of the height and the diameter are calculated as
24.05 nm (7%) and 58 nm (5.6%), respectively. The mean height is 325.4 nm and the mean
diameter is 1034 nm. The homogeneity of this array shows a reproducibility of the hemisphere
structure based on parameters control. Composite structures formed by hemisphere with different
sizes therefore can be conducted.

PLAL Results Discussion

In order to fully exploit the unique feature of the pulsed Bessel beam processing of
transparent materials by controlling the surface matter evacuation pressure, the pulsed Bessel
beam processing of YAG ceramic is now carried out in a liquid environment, with the purpose to
analyze the role of the confinement environment on the quenching of the material ejection. The
final Bessel beam after the imaging 4f system has a half-cone angle of 9.5 ° in water while the
waist remains the same. This laser-liquid interaction on the substrate interface has a dual role, on
one hand stabilizing the pressure above and, secondly, determining new interaction conditions by
generating cavitation bubbles. Both the pressure gradient and the cavitation bubble on the
interface are expected to influence the size and shape optimization of surface structures. The
former can influence the material evolution on timescales related to bubble expansion or its
collapse with the formation of micro-jets [36, 39].

Figure. 5a shows SEM images of hemisphere structures induced by single pulse Bessel
beams with different parameters while the focusing depth was fixed. Compare to Figure 2a, it is
remarkable that the hemisphere structures can be induced with much wider range of laser
parameters under the assistance of water environment. The pulse duration interval relevant for the
hemisphere production is optimized from 4- 6 ps without water to 0.2- 6 ps in the presence of
water. The minimum efficient pulse energy is 7 pJ compared to 11 pJ in the air environment.

Concentric circle trenches corresponding to the Bessel rings cannot be observed under water
when the pulse duration is less than 4 ps. We believe carrier excitation in water can distort the
phase relation required for the ring formation. This leads to a spatial instability of the rings and
therefore a smearing of energy density [39]. The Diameter and the associated morphology
showing a high correlation with the pulse duration suggests a stronger effect for intermediate pulse
durations. We recall that this effect is a combination of surface condition and pressure drive from
beneath. The latter is maximized for slightly longer pulses with respect to the short ones as the
nonlinear losses in the excited bulk are reduced [39,40]. A relation can also be set with the pulse
energy, where the diameter of hemi-sphere increases with the energy.

Figure 5b represents a AFM figure of a hemisphere induced by femtosecond pulse laser.
Three dimension morphology offers adequate data for us to analyse sphericity of hemisphere.

Sphericity of hemisphere structure can be written as S = i/Z—E =" f% according to the

definition [41]. Thus sphericity of hemisphere in Figure 5b can be calculated as 0.825 (S =1
represents the perfect spherical structure). The minimum sphericity of hemisphere induced in air
condition can also be calculated as 1.73 which indicated liquid condition has positive effects on
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the improvement of structural sphericty.

Figure 5¢c summarizes the quantitative relationship between the size of the hemisphere
structure (height, diameter and aspect ratio) and pulse duration when pulse energy is fixed as 33 pJ.
Structures induced by 1.5 ps and 2.5 ps have an oval-shape, we take the mean value of the major
and minor axis lengths as diameter. As we can see, the diameter increases first and then decrease
as the pulse duration increases, reflecting again the different excitation efficiencies on the surface
and in the bulk. Compared to the diameter evolution, the height and aspect ratio both show
opposite curves. The 1.5 ps and 2.5 ps pulse duration cases in Figure 5a show high efficiency in
inducing micro-structure on the interface at higher energies, with the hemisphere (ejected melt)
becoming too big and the surface tension is not enough to hold the melt material inside. The liquid
breaks apart before cooling and asymmetric structure formed. The mechanisms of micro-structure
formation under liquid confinement is complex, being related both to flow properties and to the
particular excitation geometry of the Bessel beam, where surface and volume are irradiated in a
lapse of time of few ps, followed by bubble generation in the liquid above and in the material
beneath [42,43].
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Figure 5. (a) SEM images of hemisphere structures induced by single pulse Bessel beams with different laser
parameters in the liquid environment (the focusing depth is fixed at around the maximum intensity region). The
scale bar is 2 um. (b) AFM of a hemisphere induced by a single pulse of 33uJ with 200fs pulse duration. (c)
Quantitative relationship between the size of the hemisphere structure (height, diameter, and aspect ratio) and the

pulse duration. The fluence is fixed as 176.95 J/cm?(according to 33 pJ).
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The process of surface structure detaching and subsequent submicron particles deposition
was observed in the liquid-assisted processing experiment. Critical conditions for transition from
void structure, hemisphere and clusters of hanometer ball have been shown by SEM and AFM.
Figure. 6a shows an SEM image of different structures induced at different focusing conditions.
The laser beam parameters have been kept the constant: 4 ps, and 33 uJ. As the beam focusing
position changes, surface morphologies can be divided into three areas, as shown in Figure 6 a-b.
Area 1 is defined as where the micro-hole structures exist caused by surface structure detaching.
As beam focusing position gets deeper, Area II is where the hemisphere emerges. Its momentum
and kinetic energy seem not sufficient to detach and thus material remains on the surface, trapped
at the potential channel opening. Area IIlis the position where depositions of clusters of nanometer
ball are observed. The reconstructed Bessel beam distribution was used in order to show the
relative position between surface and laser intensity distribution. Considering refraction in the
YAG substrate, beam length can be estimated as about 1080 um. Figure. 6¢-e shows typical
morphologies of three structures corresponding respectively to the three regimes. The damage
threshold in water is higher than in air. This can be related to additional losses generated by the
ignition of the plasma in water at irradiation levels well below those required to trigger the plasma
in air (1012 W/cm2 compared to 1013-14 W/cm?2) [43,44].
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Figure 6. (a) SEM images of surface micro-structures induced by 4 ps, 33 pJ pulse Bessel beams with different
focusing depths. (b) Schematic indication of various structures formation at different focusing conditions, defining
particular domains. (c-e) SEM images of different structures depicted as: submicron hole, hemisphere and

deposited micro-particles respectively. (f) Quantitative dependence of the size of Area II hemisphere structures
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(height, diameter and aspect ratio) on the relative focusing depth. Area II and Area | are which are separated using
a vertical dashed line. Pulse parameters are fixed as 4 ps and 33 pJ. AFM images show structure morphology at the
corresponding depths. (g) Quantitative dependence of the size of Area II hemisphere structures on the relative
focusing depth. AFM image shows a micro hole next to a hemisphere with aspect ratio of 0.65. Pulse parameters
are fixed as 200 fs, 33 pJ. (h) Quantitative dependence of the size and sphericity of Area II hemisphere structures
on the pulse energy. AFM image shows a hemisphere structures induced by single pulse Bessel beam with 200 fs
and 33 pJ.

Figure. 6f gives the quantitative relationship between the size of the hemisphere structures
(height, diameter and aspect ratio) and the relative focusing depth. The position where the first
hemisphere structure appears is defined as the zero position. The curve only shows the change of
the hemisphere induced in Area II which are separated from Area | with a vertical dashed line. It
can be revealed that the height-diameter aspect ratio first increase then decrease but not exceeding
than 0.65. Considering the volume of laser material interaction region increases with beam focal
depth increase, we argue that there is a possibility that more than one particle can detach from one
irradiation position. After one particle detaching from the hole occurs, more melt material pours
out from the micro hole and condense on the surface, as shown in right AFM image in the curve.

Short pulse laser makes liquid assistance processing more efficient for generating hemisphere
structures. A 200 fs pulse duration has been used in Figure 6g and h. Sphericity of hemisphere
induced by 200 fs pulse laser have been demonstrated to be stable at 0.87 as shown in Figure 6h.
The SEM and AFM images in Figure 5 and 6 reveal clean surroundings and a symmetric
hemisphere structure with high surface quality and sphericity. The Diameter variation curve is
similar to the intensity distribution of the Bessel beam. Laser intensity, according to plasma
density is critical factor to generated the hemisphere structure. Considering the non-diffraction
distance of focused Bessel beam is about 1080 um in YAG and 600 um in air, a structure-formable
relative depth around 500 um is a large effective processing interval.

Under 200 fs exposure, the smallest hemisphere has a diameter of 470 nm and a height of 180
nm, while the biggest hemisphere is 606 nm high and 950 nm large in diameter. Therefore, the
minimum and maximum aspect ratio induced by 200 fs in liquid environment are 0.38 and 0.64,
which are much larger than aspect ratios of hemispheres induced in the air environment. The
aspect ratio is strongly related to the processing environment, the beam focusing depth and the
pulse duration. Hemisphere structures having aspect ratios lager than 0.65 will detach from the
substrate surface and self-organize into a spherical particle in the liquid environment.
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Figure 7. (a-b) are SEM images of a large area hemisphere array (1 mm?) induced in water. Different
magnifications are shown. Processing laser parameters are 200 fs, 33 uJ. The period of array is 3 pm. The tilt angle
of the image is 42°; (c) AFM characterization image of hemisphere array (8 pm x 8 pum). (d-g) Side view images
of micro-structures before and after FIB ablation. Tilt angle is 52°. Processing laser parameters are (d) 4 ps, 19 pJ,
air conditions; (e) 4 ps, 24 wJ, water conditions; (f) 200 fs, 33 wJ, water conditions; (g) 4 ps, 30 pJ, water
conditions, respectively. (h) Schematic of conventional laser ablation for fabricating particles in air using focused
Bessel beams. (i) Schematic of pulse laser ablation fabricate hemisphere structures on YAG surface in water using
focused Bessel beam. The legends illustrate the involved physical processes in the formation of hemisphere

structures. Bessel beam region only refers to the central lobe of the beam.

This type of arrangement creates opportunities for large area processing with hemisphere on
surface. As an example, a large area (1 mm?) hemisphere array has been successfully fabricated
under water irradiation condition using 200 fs, 33 pJ Bessel pulse beams while fixing the focusing
position. Figure 7a-b show the SEM images with different magnification. The substrate is tilted
for 42 ° in order to reveal the side profile. Combined with the detailed topography data obtained
by AFM ( Figure 7c), the standard deviation of the height and diameter were calculated as 12.44
nm (2.9 %) and 26.11 nm (3.0 %) respectively, while the mean height is 430 nm and mean
diameter is 860 nm.

A focused ion beam (FIB) was used to reveal longitudinal morphology of the interior of the
structures. Figure 7d-g show side views of the inner structure of two hemispheres induced by
similar laser parameters in air and water environment, respectively. The inner structure of the
hemisphere induced in air was revealed to be solid in a depth of more than 1.5 um rather than
hollow. Despite of surrounding features (crater and voids) and different HD aspect ratio, the
internal structures induced in air and water condition are both solid. This indicates that the
hemisphere structure is formed from the solidification of the molten material ejected from the
superficial regions through the channel.

The schematics of PLA and PLAL using Bessel single pulse beams are shown in Figure 7 h-i.
The Bessel geometry with a long focusing depth implies that the interface and inner volume are
irradiated by single pulse Bessel beam, at a picosecond period given by the projection of the
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wavefront on the axis. Surface ablation and inner-volume modification can thus occur almost in
the picosecond time range, much smaller compared to the hydrodynamic time [45]. Given the
geometry the inner pressure relaxes on the direction of the strongest pressure gradient, i.e. radially.
Channel structures can be induced in the vicinity of the surface. Surface opening may offer an
additional relaxation path. This involves the whole thermomechanical evolution, from the pressure
gradients to the liquid movement. However, when an opening is formed at the top of the channel,
the relaxation direction will locally follow. The local pressure force melt material to eject through
the channel to the surface at low speed and, upon cooling, hemisphere can thus be formed in the
center of the ablation area. Thus it can be inferred that internal material absence can induce void
structure below, as shown in Figure 7h-i. The formation of the hemisphere indicates also a
relatively cold liquid with a higher viscosity.

Additionally, the cavitation bubble (CB) that can be induced when the sample is immersed in
water may have a non-negligible influence. Bessel beams with pulse duration less than 2.5 ps can
only induce void and hole structures in air. The ability of fs duration pulse generating hemisphere
in water indicates that that CB has a positive effect on molten material ejection, as shown in
Figure 7i. The pressure in the bubble varies rapidly, so the temperature in the bubble change
dramatically [46,47]. This effect may be related to rapid variations of the pressure and temperature
within the bubble during their dynamics, which in turn will act on the cooling of the liquid and
thus on its viscosity, but the effect stay for now speculative [46-48] The lifetime of CB has been
demonstrated around 50-100 ps (related to the size of the bubble) and 50 mg YAG particles can be
solidify with rapid cooling rate within 6 seconds. The cooling rate is highly related to the sample
weight and the spheriod structure is about 5.14 X 10® ug. Rapid cooling progress within CB
lifetime thus can be inferred while direct experiment results are needed [47-49].

CONCLUSIONS

We proposed a new method for fabricating various submicron structures in YAG ceramic by using
ultra-fast single pulse non-diffractive Bessel beams in air and liquid environments. We show that
the structure topography can be tuned from concave to convex forms by changing the focusing
depth and the pulse duration. A type of highly regular hemisphere-shape surface micro-structures
and submicron holes on YAG ceramic have been fabricated using this technique. Large area arrays
of hemispheres with identical morphology were successfully fabricated in both air and water
conditions. Cavitation bubble was demonstrated to have positive influence on the fabrication of
surface hemisphere. Such organized arrays can find interest in optical applications and
micro-photonic devices.
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