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Abstract 

Glass surface micromachining with simultaneous redeposition of nanomaterials in the vicinity of 

machined microscale trenches is achieved using a picosecond laser of visible wavelength in 

ambient air. After investigating the spatial distribution of redeposited nanomaterials by a unit 

discrete laser micromachining line, multi-line patterns machined with variable interline 

separations are characterized using optical and scanning electron microscopes. By large interline 

separations, laser machined debris was redeposited in the form of web-like nanofibrous 

aggregates with significant spatial variation in density. Reduced separations improved spatial 

uniformity but the increased material density induced noticeable conversion from web-like 

nanofibrous to fractal-like nano-cauliflower structures. In this way, picosecond laser machining 

processes enabled a single-step fabrication of multi-hierarchical micro/nanostructures on arbitrary 

glass surface areas with tunable nanomaterial structures. Based on examined water wetting 

behavior on patterned surfaces in ambient air by using the patterned surfaces as Wilhelmy plates 

in force-displacement measurements and in-situ optical microscope inspection, we find that 

contact angle hysteresis is suppressed for surfaces patterned with sufficiently small line 

separations due to the water infusion in deposited nanomaterials. The studied laser processing 

method can be potentially employed for fast and effective fabrication of liquid infused surfaces 

with complex microscale patterns combined with controllable nanofeatures. 
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1. Introduction 

Control of liquid wetting behavior on a solid surface by tuning its micro/nanoscale surface 

morphology has been an active research theme, enabling a wide range of applications [1-3]. Glass 

has been widely used in fluidic or optofluidic applications due to its intrinsic hydrophobicity and 

optical transparency as well as its thermal, chemical, and mechanical stability, and suppressed 

optical and spectroscopic noise [4-7]. However, glass surface micromachining is not a minor task 

by the conventional means due to the brittle nature of glass materials with high risk of unwanted 

crack generation. While the intrinsic hydrophilicity of glass surfaces is advantageous for diverse 

microfluidic applications, its wetting behavior can be further altered by extra surface patterning in 

micro/nano scales to enable a wider range of applications [8-10]. 

Laser based surface patterning techniques, categorized as a non-contact machining method,  have 

been particularly useful for glass materials, offering mask-less single-step processing capabilities. 

High-precision and high-efficiency glass surface micropatterning has been enabled by the short 

pulsed lasers of ultraviolet wavelength have been used [11], but more recently ultrashort (i.e., 

picosecond or femtosecond) pulsed lasers have shown a great promise in high-precision glass 

machining with the minimized heat affected zone, and the practically convenient visible to near-

infrared wavelengths can be also used via the nonlinear absorption process [12-14]. 

Nanofeatures are typically accomplished through a secondary step either by transferring pre-

synthesized nanomaterials to [10, 15] or by synthesizing nanomaterials on a pre-fabricated 

microstructure [16]. Laser ablation has been exploited to convert bulk materials into various types 



of nanomaterials. However, nanomaterials have been mostly collected in the form of dry powders 

or dispersed in liquid for subsequent transfer processes [17-19]. Direct deposition of laser 

ablation produced nanomaterials has been also attempted in pulse laser deposition (PLD) 

configurations [20], but vacuum control is necessary to ensure the arrival of ablated species and 

difficulties in achieving spatial uniformity over a large sample area limit its practicality. 

It is interesting to note that the ablative laser surface micromachining process has shown a unique 

potential to the simultaneous incorporation of nanofeatures on or near the machined microfeatures, 

[21-23]. The source of nanomaterials is redeposition of laser-ablated material plume in ambient 

gas environment. Rapidly expanding material ejecta in vapor or plasma phase (typically at the 

velocity order of 103-105 m/s, depending on laser pulse energy and temporal pulse width) strongly 

compress the ambient gas forming a shock, and under this situation the subsequent material ejecta 

tends to be bounced back and redeposited onto the sample surface triggered by high recoil 

pressure in the form of rarefaction wave. In this course, nanomaterials are formed through the 

collision assisted agglomeration of condensed species and nucleation based growth within the 

ablation plume. The resulting multi-hierarchical micro/nano structures demonstrated include 

super-hydrophilic surfaces [23-25] and superhydrophobic surfaces usually after an additional 

chemical coating step [22].  

Although it appears that the arrangement of nanostructures is further tunable by adjusting laser 

ablation parameters, in particular, the spacing between laser processed regions, most of the 

demonstrated trends for achieving nanostructures were investigated in the course of random 

drilling or cutting process [26, 27], thus not yet corresponding to the ultimate sample 

configuration of controlled micro/nano architectures by a single laser processing step. Overall, 

most of hybrid nanostructures were produced within laser-processed microstructures, and less 

attention has been paid to the nanostructures formed at the surrounding of laser processed region 

in a controllable fashion. 



In this study, surface machining is performed on glass using picosecond laser of visible 

wavelength. The main focus of this research is in investigating the spatial distribution of 

redeposited nanomaterials in the surrounding region of machined trench. As the next step, 

multiple parallel line patterns at different interline separations are machined, followed by 

characterization of nanomaterials deposited in-between machined trenches. In this way, we 

attempt to cover with nanomaterials the entire sample area towards a single-step fabrication of 

multi-hierarchical micro/nano structures on glass surfaces of arbitrary area. The interline 

separation dependent water wetting behavior is also examined in conjunction with the structure 

and distribution of deposited nanomaterials. 

 

2. Experimental Procedure 

Borosilicate glass was selected as a base material. A picosecond laser of 532 nm in wavelength, 

~12 ps in full width half maximum temporal pulse width, 100 kHz in the pulse repetition 

frequency and up to 7W in average laser power, was utilized for this study. A schematic diagram 

of laser surface micromachining setup is shown in Figure 1(a). Laser beam was focused on the 

glass surface with an infinity-corrected objective lens of 0.14 in numerical aperture to the laser 

focal spot diameter of ~10 µm (1/e definition), as experimentally measured by Gaussian fitting 

process based on features generated by various laser power levels [28]. Laser power was 

precisely adjusted by an external attenuator set composed of a half waveplate and a polarizing 

beam splitter. A zoom lens and a charge-coupled device (CCD) camera were implemented at the 

back of the objective lens to precisely locate laser focus on the sample surface and in-situ monitor 

the laser machining process. Glass sample was scanned with a fixed speed of 20 mm/s and a fixed 

laser power of 400 mW for both a single discrete line type and multi-line surface machining 

processes. For multi-line machining process (Figure 1(b)), the spacing between line centers was 

adjusted to 25, 50, 100 and 200 µm, respectively, and line patterns were fabricated on both side of 



glass. After laser machining process, the processed glass sample was cleaned by injecting 

deionized water to remove loosely mounted ablation species off from the sample surface, and was 

subsequently blown with extra dry nitrogen gas. Laser patterned samples were also etched in HF 

solution (buffered oxide etchant of 10 H2O : 1 HF concentration, 30 minutes etching time with 

intermittent shaking of the etching apparatus) to remove loose components including machined 

debris [29, 30] and thus only leaving micromachined trenches as reference samples regardless of 

laser processing conditions. Optical microscope (F70, Mitutoyo) and scanning electron 

microscope (SEM, JEOL 7600F) after Au/Pd sputtering were used for morphological analysis of 

the machined features.  

The contact angle for the patterned surfaces by water in ambient air and its static hysteresis was 

measured with the Wilhelmy plate method under “quasi-static” conditions for which 

hydrodynamic friction is negligible. Optical microscope imaging was also utilized to investigate 

the detailed microscopic wetting behavior depending on the interline separations and 

characteristics of nanofeatures in-between line patterns. 

It is mentioned that all the optical and scanning electron microscope images and all the Wilhelmy 

plate measurements of the laser processed samples before HF etching were taken after the 

aforementioned cleaning steps composed of the mild water injection and nitrogen gas blowing. 

 

Figure 1. Picosecond laser based glass surface micromachining procedures. (a) Laser machining set up, 

and (b) surface patterning and simultaneous nanomaterial deposition by laser micromachining process. 



 

3. Results and Discussion 

3.1. Characteristics of a single discrete machining line  

Characteristics of a single discrete laser machining line are first examined as a baseline to 

understand the subsequent multi-line steps as results by the laser power of 400 mW and scanning 

speed of 20 mm/s are summarized in Figures 2 and 3. 400 mW was the laser power that exceeds 

ablation threshold and generate micro-trenches of approximately 10 µm machined width. The 

single discrete machining line was selected from multi-line patterns with 200 µm spacing 

between neighboring lines, considering the existence of a wide range of unaffected zone between 

machined lines. 

A top view (left) and cross-sectional SEM images in Figure 2(a) show detailed morphology of 

machined trench; ~10.6 µm in width and ~7.7 µm in depth at given laser machining conditions. A 

few different types of machined debris are visible - multiple fragments of a few micron size are 

found in the vicinity of machined trench, and the machined region and its surroundings are 

covered with fine sized debris. As shown in Figure 2(b), HF etching removed such loose debris, 

leaving micromachined trenches only with slightly increased width and depth of the trench. A 

clear trace of crack is inspected near the machined edge possibly caused by laser-induced shock 

as relatively high pulse energy was applied for the machining process. It is postulated that the 

micron-sized fragments seen in top view SEM image of Figure 2(a) are induced features by such 

cracks.  



 

Figure 2. Laser based glass surface micromachining results by a single discrete line scanning. A 

picosecond laser beam of ~12 ps in temporal pulse width, 532 nm in wavelength, 100 kHz in pulse 

frequency and 400 mW in average power was focused on the glass sample surface at ~10 µm focal spot 

diameter, and sample was scanned at 20 mm/s. (a) Scanning electron microscope (SEM) images of laser 

machined trench; top view (left), and cross-sectional view (center) with its further zoom-in (right), and (b) 

SEM images of laser machined trench after HF etching; top view (left), and cross-sectional view (center) 

with its further zoom-in (right). 

 

For the identical machined trench, the overall affected zone is visualized by the zoomed-out 

optical microscope and SEM images in Figure 3(a). The central dark region of ~10 µm width 

obviously corresponds to the laser-machined trench. It is noticed that the surrounding region 

exhibiting faint color is observed up to ~50 µm distance from laser machining center in both 

directions, representing the region where ablated materials are redeposited. The distance 

dependent characteristics of redeposited materials are inspected from a series zoomed-in SEM 

images in Figure 3(b). While common characteristics are web-like nanofibrous structures 

composed of nanoparticles of ~20-30 nm (refer to Figure 3(c)), the density of nanomaterials 



clearly varies depending on the distance from the machined center; dense networked nanofibrous 

structures are found at ~10-30 µm distance while the density of nanomaterials drops at ~40-60 

µm distance. Nanomaterials of similar characteristics are also found within machined trench 

(Figure 3(d)). A cross-sectional SEM image in comparison with SEM top view (Figure 3(e)) 

further visualizes distance dependent distribution of redeposited nanomaterials from machined 

center as a material source for the surrounding redeposition. The lateral extent of redeposition 

should be closely related to that of the laser plume expansion under ambient air environment at a 

given laser machining condition.  

Synthesis of such networked nanoparticle structures has been explained by the vapor 

condensation model [27, 31]. Picosecond laser beam of visible wavelength is first absorbed in 

glass material, triggered by multi-photon absorption process and leading to optical breakdown 

state, followed by rapid expansion of material plume typically in plasma state. As the expansion 

process continues, the ablated species are cooled down into vapor and/or condensed into liquid 

phase, and subsequently nanoparticles grow via collision and nucleation process. 



 

Figure 3. Redeposition of machined debris by a single discrete line scanning of laser. A picosecond laser 

beam of ~12 ps in temporal pulse width, 532 nm in wavelength, 100 kHz in pulse frequency and 400 mW 

in average power was focused on the glass sample surface at ~10 µm focal spot diameter, and sample was 

scanned at 20 mm/s. (a) Optical microscope (left) and scanning electron microscope (SEM, right) images 

showing laser machining affected zone. (b) Zoomed-in SEM inspection of nanomaterials deposited 

depending on the distance from the machined center; indices of 1-6 indicate locations of different distances. 

(c) High magnification SEM image showing nanoparticle aggregates for the location 4 in (b). (d) A SEM 

image showing machined trench covered with redeposited nanomaterials. (e) A cross-sectional SEM image 

near machined crater (bottom) spatially matched with top view SEM image (top) showing spatial 

distribution of redeposited nanomaterials.  

 

In the previous study on ultrafast laser based nanoparticles synthesis at room temperature in air, 

in the course of drilling arrays of micro-vias, around MHz was reported as threshold pulse 



frequency at which interweaving fibrous nanoparticle aggregates start to form by fusing 

nanoparticles within the timing of nanoparticle formation [26]. In this study, however, such 

fibrous nanoparticle networks were formed by picosecond laser of 100 kHz pulse frequency. 

Lower frequency does not necessarily mean that the extra laser pulse(s) induced fusion 

mechanisms are not available depending on the residence time of nanoparticles within the laser 

trajectory which is in turn dictated by laser ablation parameters. A relevant example is found from 

the previous work by authors; the aggregated networks composed of nanoparticles of ~20 nm size 

were collected by ablating a glass material with ultraviolet nanosecond laser of ~20 kHz pulse 

frequency focused to ~10 µm beam spot [19]. In fact, 10 µm laser beam spot is much smaller than 

the lateral extent of plume expansion, and thus most of ablated species should escape out of 

incoming laser trajectory (three-dimensional expansion from a point-like source [32, 33]) without 

being reheated by subsequent laser pulses. However, the ablation by 120 µm laser beam spot, 

which is closer to the extent of plume expansion, was subjected to one-dimensional plume 

expansion, and thus resulted in network structures composed of much larger particles of ~100 nm 

size caused by the active reheating by subsequent pulses. Similarly, the 100 kHz picosecond laser 

based ablation, in current study, is mostly free from reheating mechanism due to ~10 µm beam 

spot size, but web-like aggregation process was still efficient as rather a favorable trend in 

maintaining small unit particle size. As a mechanism responsible for the aggregation behavior in 

this study, it has been reported that the existence of background gas (vs. in vacuum) facilitates the 

aggregation of nanoparticles into web-like network structures [34]. As kinetic energy of ablation 

ejecta is significantly reduced by interaction with the background gas, the formation of web-like 

structure is attributed to the aggregation of nanoparticles suspended in the background gas for an 

extended period [35]. Repeated laser pulses in conjunction with a well-controlled spatial 

arrangement in this study, possibly aided the aggregation process through continuous supply of 

nanoparticles [26]. 



It is mentioned that large fragments of a few micron size are intermittently found mainly in the 

neighborhood of machined trench. It is likely that overlapping laser pulses of relatively high 

fluence frequently induced cracks in machining edge (remind such trend observed in Figure 2) as 

a possible effect of laser induced thermal and/or shock, in contrast to the mechanism of large 

microparticle formation by ejection of molten droplets in MHz regime [26]. The fragments could 

fly more than ~50 µm at a given laser machining condition (Figure 3(b)). The morphology of 

fragments covered with nanofibrous structures (Figure 2(a)) indicates that the fragments are first 

induced by the earlier laser pulse(s), and the nanomaterials are deposited by later laser pulse 

based ablation events.  

 

3.2. Characteristics of multiple machining lines  

The single line machining experiment in the previous section showed that the actual arrangement 

of redeposited nanomaterials is largely affected by the location specific supply of ablated 

materials. For the purpose of covering entire sample area with laser induced nanofeatures, 

multiple-line laser machining tests are performed with varied separations between neighboring 

machining lines. Laser machining parameters for unit line remain unchanged while variable 

interline separations of 200, 100, 50 and 25 µm are tested, as representative results are 

summarized in Figure 4. In order to provide a guideline to the spatial distribution and overlapping 

effect upon multi-line laser processing, the lateral extents of machined trench (Machined width), 

Gaussian laser intensity profile for 10 µm  beam diameter by 1/e definition (Laser intensity) and 

laser machining induced nanomaterials redeposition (Laser induced deposition zone) are 

schematically drawn on top portion of the figure. For each of interline separation, overall laser-

machining affected zone is also visualized experimentally by optical microscope (OM) and SEM 

images, and a spatial distribution of machining induced deposits and detailed morphology of 

machined trench are shown by gradually zoomed-in SEM images while detailed characteristics of 



redeposited nanomaterials at the machining edge (Edge) and the interline center location (Center) 

are compared.  

By the interline separation of 200 µm, a wide region between lines is free from laser-induced 

deposits, and the interline center is completely void of any deposits, which is an anticipated 

situation from the laser affected width of ~50 µm observed in Figure 3. Multi-line machining by 

the interline separation of 100 µm corresponds to the regime of entire processing coverage on 

sample surface despite a large spatial variation in redeposited nanomaterial distribution - the 

interline center barely starts to accumulate the deposits induced by two consecutive machining 

events while the overall distribution of nanomaterials is still dictated by single line machining 

process, i.e., dense to course distribution of nanofibrous structures from machining edge to 

interline center.  

 

Figure 4. Multi-line laser micromachining results on glass surface. A picosecond laser beam of ~12 ps in 

temporal pulse width, 532 nm in wavelength, 100 kHz in pulse frequency and 400 mW in average power 

was focused on the glass sample surface at ~10 µm focal spot diameter, and for unit machining line sample 

scan speed was fixed at 20 mm/s while separation between lines was varied; 200, 100, 50 and 25 µm. For 

each case of interline separation, lateral extent of machined trench (Machined width), Gaussian laser 

intensity profile (Laser intensity) and laser machining induced nanomaterials redeposition (Laser induced 



deposition zone) are schematically drawn on top portion of the figure, and overall laser-machining affected 

zone is also visualized experimentally by optical microscope (OM) and scanning electron microscope 

(SEM) images.  

 

By the interline separation of 50 µm, improved spatial uniformity is achieved with larger amount 

of material deposition as expected. Overall, uniformly darker region in optical microscope image 

is found, but the region near the upper edge deviate from such trend identified as brighter region. 

SEM imaging reveals that in the darker region covering most of interline spacing, a new particle 

arrangement composed of discrete spherical nanoparticle aggregates is developing with increased 

overall thickness while the brighter region near upper edge is still characterized as web-like 

nanofibrous structures with smaller film thickness. It is mentioned that the lines in the upper 

locations were machined ahead of lines in the lower locations in Figure 4. Any line scan based 

micromachining (except the first line) with 50 µm interline separation, will remove part of 

materials deposited by the previous line scan near its border although additional material 

deposition by the next line scan will be followed. Therefore, it is reasonable that the region near 

upper edge has less amount of deposited materials, explaining the existence of brighter edge 

region with smaller thickness. Upon further reduction of interline separation to 25 µm, a higher 

spatial uniformity was achieved, possibly making up the discrepancy near the upper edge by 

increased material supply rate, and the discrete spherical aggregates ultimately developed towards 

nano-cauliflower structures. It is believed that such transition from nanofibrous to discrete 

spherical aggregates and nano-cauliflower structures is attributed to the increased amount of 

material source as similar material supply rate dependent structural transition was reported by 

gradually decreasing gas pressure in the PLD configuration based on picosecond laser of 200 kHz 

pulse frequency [20].  



Figure 5 shows the morphology of laser-machined samples after HF etching. As explained in 

Figure 2(b), HF etching process removes loose components including redeposited nanomaterials, 

thus leaving robust micromachined trench structures only. After HF etching, essentially no 

interlayer separation dependent surface and trench characteristics are found. Samples after HF 

will serve as reference samples in characterizing nanomaterial dependent wetting characteristics 

in next section. 

 

Figure 5. Scanning electron microscope (SEM) images of laser-machined samples after HF etching. 

Interline separation is 100 µm in (a), 50 µm in (b) and 25 µm in (c). 

 

3.3 Study on water wetting behavior in ambient air 

The wetting behavior of the studied laser-patterned glass surfaces is characterized for water in 

ambient air using the micromachined surfaces with different interline separations of 25, 50, 100 

and 200 µm. Since the main objective is to identify the role of the redeposited nanomaterials on 

the surface wetting properties, we characterize and compare laser-patterned glass surfaces with 

the deposited nanomaterial reported in Figure 4 and the same surfaces treated with an additional 

HF etching step that removes the redeposited nanomaterials, as reported in Figure 5.  



It is mentioned that the configuration of Wilhelmy plate measurement is preferred while 

maintaining machined microgrooves parallel to the water level in the course of wetting/de-

wetting as depicted in Fig. 6(a). Although the sessile drop based approach allows a convenient 

measurement of contact angles [36], an anisotropic wetting occurs by a sessile drop preferentially 

along the direction of fabricated line patterns as previously reported by other groups [23]. Current 

study is rather focused on evaluating the wetting behavior across the micro line patterns relying 

on the configuration of Wilhelmy plate. Wilhelmy plate measurements described in Figure 6(a) 

are performed with a force tensiometer (Biolin Sigma 700) and enable the determination of the 

force � on the sample and its hysteretic behavior (Figures 6(b)-(e)) as a function of the immersion 

depth � as the micropatterned surfaces are immersed into and withdrawn from a water bath in 

ambient air. It is observed from the force-displacement curves (Figures 6(b)-(e)) that the 

hysteresis between the forces measured during immersion and withdrawal is nearly completely 

suppressed for the micromachined surfaces that are fully covered by nanomaterial as reported in 

Figure 4 for line separations smaller than 100 µm. Notably, the micromachined surfaces that are 

treated with HF to remove nanomaterial deposition display the same hysteresis loop 

independently of the line spacing employed (red curves in Figures 6(b)-(e)). 

The Wilhelmy plate method at the employed low plate speed � = 1 mm/min corresponding to 

extremely small capillary numbers Ca ~ 10-7 can be used to determine the static advancing and 

receding contact angles θA and θR, respectively, by assuming that the measured tensiometer force 

is �(�) = � cos � 2(� + /) + ���/� , where � = 72.3  mN/m is the surface tension of the 

water-air interface, � is the advancing or receding contact angle during immersion or withdrawal, 

� and / are the sample width and thickness, respectively, � = 980 kg/m3 is the density of water, 

and � is the gravitational acceleration. The average value and uncertainty for θA and θR, and the 

contact angle hysteresis range θA - θR determined from the tensiometer force during 5 immersion-

withdrawal cycles are reported in the table in Figure 6(f). We note that similar static contact 



angles �� = (�� + ��)/2 c 20: are measured (Figure 6(f)) for both the micromachined surfaces 

with and without nanomaterials. However, the hysteresis range is  �� 2 �� c 20-30º for surfaces 

without nanomaterials, while �� c �� for the surfaces covered with deposited nanomaterial and 

the contact angle hysteresis range decreases below the measurement uncertainty (~3º) as the line 

separation is reduced below 100 µm. The much larger hysteresis range for the surfaces treated 

with HF that lack deposited nanomaterials show no correlation with the line separation. These 

results indicate the key role of the nanomaterial deposition in suppressing contact angle hysteresis 

and suggest the possible infusion of water in the course of multiple successive immersion and 

withdrawal cycles performed during the Wilhelmy plate measurements. Treating a glass surface 

with HF is known to reduce the equilibrium contact angle of water but it has limitation in 

suppressing the contact angle hysteresis. Such trend is shown in our measurements using non-

patterned glass before and after treatment with HF in Fig. 6(f). After treatment with HF the 

equilibrium contact angle is reduced but the difference between advancing and receding contact 

angles is over 20 deg. It is also noted that the influence of micropattern was minor after HF 

treatment. 

The force-displacement measurements reported in Figure 6 showed the repeatable wetting trend 

over multiple immersion/withdrawal cycles, and multiple attempts after complete sample drying, 

indicating that the nanomaterials were not removed from the studied samples. 



 

Figure 6. Characterization of the wetting forces, contact angles, and hysteresis range for micromachined 

surfaces with and without nanomaterial deposition. (a) Schematic of the Wilhelmy plate (force-

displacement) measurements with immersion and withdrawal cycles at a low plate speed (� =1 mm/min). 

The micromachined surface patterns are parallel to the water-air interface. (b-e) Force-displacement curves 

obtained during five consecutive immersion-withdrawal cycles for the micromachined surfaces with and 

without HF etching and line separations from 25 to 200 µm (see legend), and (f) for plain glass surface with 

and without HF etching. Hysteresis loops are observed when nanomaterial deposits do not fully cover the 

surface. (g) Tabulated average and uncertainty (95% confidence interval) values for the advancing, ��, and 

receding, �� , contact angles and hysteresis range �� 2 �� , as determined from force-displacement 

measurements. 

 

We further perform optical analysis of the wetting process in the Wilhelmy plate measurements to 

examine whether the infusion of a lubricating water film is involved in suppressing contact angle 

hysteresis for the micromachined surfaces with deposited nanomaterial. Figure 7(a) shows the 

progression of the static meniscus for the patterned surface with 25 µm line separation (i.e., the 



surface entirely covered by redeposited materials in nano-cauliflower shape reported in Figure 4). 

A pre-wetting front or precursor film is observed (Figure 7(a)) above the static meniscus during 

the wetting process after the plate gets in contact with the water bath. Such precursor film is not 

observed for the patterned surfaces with HF etching to remove nanomaterial deposits. The 

observation of a pre-wetting front is consistent with the hysteresis suppression reported by 

Wilhemy plate measurements for the micromachined surfaces covered by nanomaterials and the 

previously reported wicking behavior of laser-patterned glass surfaces [23]. We observe that the 

infused water can remain on the surface (Figure 7(b)) for several minutes depending on the 

humidity of the ambient air environment. Such hysteresis free behavior is attributed to the 

enhanced hydrophilicity via redeposited nanomaterials, and the current experimental results are 

consistent with the Wenzel model [23] in that the surface texture will enhance the hydrophilicity 

of an originally hydrophilic surface while it will enhance the hydrophobicity of an originally 

hydrophobic surface. In our study, the plain glass surface is originally hydrophilic, and thus the 

surface patterning should enhance the hydrophilicity. 

 

Figure 7. Pre-wetting front observed in Wilhelmy plate configuration with 5 mm vertical immersion of the 

micromachined surface samples. Water level is rising at a constant velocity of 1 mm/min for wetting and 

moving down at the same speed for dewetting while the sample is held fixed. (a) Selected snapshots of 

time-resolved imaging for patterned surface by 25 µm line separation (upper images) and the surface after 

HF etching (lower images). The time elapse (t) is from the contact of the sample bottom edge with the 

water bath, and arrows indicate the progressive locations of the pre-wetting front. (b) Photograph of the as-



patterned sample by 25 µm line separation after completing one wetting/dewetting cycle. Distinctive region 

near sample bottom edge indicates the zone with infused water.   

 

Further details of water wetting behavior are inspected by the optical microscope imaging during 

the wetting stage of Wilhelmy plate measurements for the patterned surfaces by 25, 50, 100 and 

200 µm interline separations before and after HF etching as summarized in Figure 8. All the 

microscope images were taken from a fixed height of 4 mm (at the image center) from glass 

sample’s bottom edge in an optical transmission mode. Time elapses (t) marked in the figure were 

counted from the moment the rising water level just touched glass sample’s bottom edge, and 

arrows indicate a few progressive locations of the most advancing meniscus at the early stages of 

wetting.  

A noticeable characteristic of patterned surfaces, especially by 25 and 50 µm interline separations, 

is a rapid infusion of thin water layer; pre-wetting fronts reached the inspected height location of 

4 mm from the sample edge almost immediately within t < 1 s. The patterned surface by 100 µm 

interline separation also showed a similar pre-wetting trend although the spatial extent of pre-

wetting is limited. On the contrary, no pre-wetting front was observed on the patterned surface by 

250 µm interline separation. It is mentioned that the pre-wetting fronts tend to progress in a 

stepwise fashion across the machined trenches, wetting each interline section one by one. The 

stepwise progression on patterned surfaces by 25 and 50 µm interline separations was continuous, 

but that on the patterned surface by 100 µm interline separation was frequently interrupted after 

passing each of machined trench and the upward movement of trapped bubbles assisted the 

stepwise progression. The pre-wetting trend is obviously attributed to the deposited nanomaterials 

as confirmed by comparison tests on surfaces after HF etching (right figures in Figure 8). 

Essentially, the negative micro-features did not significantly affect the wetting behavior without 

nanomaterials.  



Once the pre-wetting occurs on the patterned surfaces, the nominal meniscus of sufficient water 

thickness, as identified by high image contrast in the optical microscope images, should 

subsequently proceed over the infused surface with very low advancing contact angle, thus 

enabling the hysteresis free behavior. Accelerated meniscus motion on the infused surfaces is 

noticed on patterned surfaces by 25, 50 and 100 µm interline separations vs. surfaces without 

nanomaterials after HF etching (compare t’s in Figure 8). On the patterned surface by 200 µm 

interline separation, the stepwise wetting motion was noticeably slowed down, and the observed 

wetting process was composed of two alternating steps; a longitudinal wetting along each 

interline section assisted by hydrophilic arrangement of nanomaterials, and a meniscus jumping 

into next interline section. Overall, the two-step process significantly retarded the meniscus 

progression on the patterned sample by 200 µm interline separation, indicating that the negative 

micropatterns can serve as a certain type of barrier when combined with nanomaterials of a 

graded distribution along the vertical direction. 

 

Figure 8. Progression of water wetting observed visualized by optical microscope imaging during wetting 

stage of Wilhelmy plate measurements for the laser patterned surfaces by 25, 50, 100 and 200 µm interline 



separations (left 4 figures) and the surfaces after HF etching (right figures). Water level was rising at 

constant velocity of 1 mm/min while samples were fixed, and the optical microscope images were taken at 

a fixed vertical height location of 4 mm from sample’s bottom edge. Time elapse (t) was counted from the 

moment the rising water level touched sample’s bottom edge, and arrows indicate the progressive locations 

of the most advancing meniscus.  

 

4. Conclusion 

Glass surface micromachining was performed using a picosecond laser of visible wavelength 

towards simultaneous redeposition of nanomaterials in the neighborhood of machined trench. 

Upon machining a single discrete negative line pattern of ~10 µm width, the machined debris was 

redeposited in the form of web-like nanofibrous aggregates, possibly assembled from suspended 

nanoparticles in ambient air, and the lateral extent of redeposition was around 50 µm in both 

direction from machining center.  

Subsequently multi-line patterning was performed by different interline separations towards 

coverage of enlarged sample area with controllable nanomaterials arrangement. As anticipated 

from single line characteristics, gradual reduction of line distance from 200 to 100 µm allowed 

nanomaterial coating over the entire interline spacing with varying number density while 

maintaining similar web-like nanofibrous structures. Line distances of 50 and 25 µm significantly 

improved the spatial uniformity but web-like nanofibrous characteristics were converted to nano-

cauliflower structures based on supply of larger amount of redeposited materials. In this way, 

picosecond laser machining process enabled a single-step fabrication of multi-hierarchical 

micro/nano structures on arbitrary glass surface area with controllable nanomaterial 

characteristics.  

The wetting behavior of the patterned surfaces by water was also examined in ambient air 

comparing surfaces with different interline separations with and without nanomaterial deposition. 



Force-displacement measurements report that the deposition of nanomaterials has the effect on 

suppressing the contact angle hysteresis and associated wetting forces leading to adhesion of 

water droplets and/or solid particles. The nearly complete suppression of the contact angle 

hysteresis is attributed to the infusion of water in the complex porous networks formed by the 

deposited nanomaterials, as further corroborated by optical imaging. We thus report that the 

employed laser fabrication method can efficiently produce so-called slippery liquid-infused 

porous surfaces (SLIPS) with superhydrophilic behavior possibly enabling anti-icing and self-

cleaning or antifouling properties [2, 3, 37]. Moreover, the employed laser patterning method can 

simultaneously produce nanoscale porous networks with controllable structural characteristics 

and microgrooves with complex shape. This fabrication capability can enable the design and 

fabrication of SLIPS with geometric designs that prevent failure under shear [38-40]. 

Although the current configuration of nanofeatures has maintained consistent wetting 

characteristics over multiple wetting/de-wetting cycles and multiple attempts after complete 

drying each time, next steps to improve adhesion of nanofeatures on the sample surfaces are 

under examination, for instance, via post-annealing steps in furnaces or hot plates towards 

extended lifetime in ultimate devices. Further studies on the nanomaterial deposition by a wider 

range of laser processing parameters (e.g., power, pulse energy, focal spot size and overlap) and 

the impact on the water wetting are also under way in conjunction with fundamental investigation 

of ablation plume dynamics as material sources. 
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Figure captions  

Figure 1. Picosecond laser based glass surface micromachining procedures. (a) Laser machining 

set up, and (b) surface patterning and simultaneous nanomaterial deposition by laser 

micromachining process. 

Figure 2. Laser based glass surface micromachining results by a single discrete line scanning. A 

picosecond laser beam of ~12 ps in temporal pulse width, 532 nm in wavelength, 100 kHz in 

pulse frequency and 400 mW in average power was focused on the glass sample surface at ~10 

µm focal spot diameter, and sample was scanned at 20 mm/s. (a) Scanning electron microscope 

(SEM) images of laser machined trench; top view (left), and cross-sectional view (center) with its 

further zoom-in (right), and (b) SEM images of laser machined trench after HF etching; top view 

(left), and cross-sectional view (center) with its further zoom-in (right). 

Figure 3. Redeposition of machined debris by a single discrete line scanning of laser. A 

picosecond laser beam of ~12 ps in temporal pulse width, 532 nm in wavelength, 100 kHz in 

pulse frequency and 400 mW in average power was focused on the glass sample surface at ~10 

µm focal spot diameter, and sample was scanned at 20 mm/s. (a) Optical microscope (left) and 

scanning electron microscope (SEM, right) images showing laser machining affected zone. (b) 

Zoomed-in SEM inspection of nanomaterials deposited depending on the distance from the 

machined center; indices of 1-6 indicate locations of different distances. (c) High magnification 

SEM image showing nanoparticle aggregates for the location 4 in (b). (d) A SEM image showing 

machined trench covered with redeposited nanomaterials. (e) A cross-sectional SEM image near 

machined crater (bottom) spatially matched with top view SEM image (top) showing spatial 

distribution of redeposited nanomaterials.  

Figure 4. Multi-line laser micromachining results on glass surface. A picosecond laser beam of 

~12 ps in temporal pulse width, 532 nm in wavelength, 100 kHz in pulse frequency and 400 mW 

in average power was focused on the glass sample surface at ~10 µm focal spot diameter, and for 



unit machining line sample scan speed was fixed at 20 mm/s while separation between lines was 

varied; 200, 100, 50 and 25 µm. For each case of interline separation, lateral extent of machined 

trench (Machined width), Gaussian laser intensity profile (Laser intensity) and laser machining 

induced nanomaterials redeposition (Laser induced deposition zone) are schematically drawn on 

top portion of the figure, and overall laser-machining affected zone is also visualized 

experimentally by optical microscope (OM) and scanning electron microscope (SEM) images.  

Figure 5. Scanning electron microscope (SEM) images of laser-machined samples after HF 

etching. Interline separation is 100 µm in (a), 50 µm in (b) and 25 µm in (c). 

Figure 6. Characterization of the wetting forces, contact angles, and hysteresis range for 

micromachined surfaces with and without nanomaterial deposition. (a) Schematic of the 

Wilhelmy plate (force-displacement) measurements with immersion and withdrawal cycles at a 

low plate speed (� =1 mm/min). The micromachined surface patterns are parallel to the water-air 

interface. (b-e) Force-displacement curves obtained during five consecutive immersion-

withdrawal cycles for the micromachined surfaces with and without HF etching and line 

separations from 25 to 200 µm (see legend), and (f) for plain glass surface with and without HF 

etching. Hysteresis loops are observed when nanomaterial deposits do not fully cover the surface. 

(g) Tabulated average and uncertainty (95% confidence interval) values for the advancing, ��, 

and receding, �� , contact angles and hysteresis range �� 2 �� , as determined from force-

displacement measurements. 

Figure 7. Pre-wetting front observed in Wilhelmy plate configuration with 5 mm vertical 

immersion of the micromachined surface samples. Water level is rising at a constant velocity of 1 

mm/min for wetting and moving down at the same speed for dewetting while the sample is held 

fixed. (a) Selected snapshots of time-resolved imaging for patterned surface by 25 µm line 

separation (upper images) and the surface after HF etching (lower images). The time elapse (t) is 

from the contact of the sample bottom edge with the water bath, and arrows indicate the 



progressive locations of the pre-wetting front. (b) Photograph of the as-patterned sample by 25 

µm line separation after completing one wetting/dewetting cycle. Distinctive region near sample 

bottom edge indicates the zone with infused water.   

Figure 8. Progression of water wetting observed visualized by optical microscope imaging during 

wetting stage of Wilhelmy plate measurements for the laser patterned surfaces by 25, 50, 100 and 

200 µm interline separations (left 4 figures) and the surfaces after HF etching (right figures). 

Water level was rising at constant velocity of 1 mm/min while samples were fixed, and the 

optical microscope images were taken at a fixed vertical height location of 4 mm from sample’s 

bottom edge. Time elapse (t) was counted from the moment the rising water level touched 

sample’s bottom edge, and arrows indicate the progressive locations of the most advancing 

meniscus.  
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