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Abstract 

Kui-Kam Kwon 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

This dissertation examined the laser-induced backside wet etching process 

that used a phosphoric acid-added absorbent. Glass materials have high 

strength, corrosion resistance, non-conductivity, and bio compatibility 

properties that are difficult to find in other transparent materials; however, 

these material properties make glass a hard-to-cut material in terms of 

processing. 

Various attempts have been made to increase the utilization of glass 

through industrial-friendly processing techniques such as mechanical 

cutting—conventional processing method—chemical etching, and carbon 

dioxide laser micromachining. Nevertheless, industry-friendly techniques 

still have target shape limitations due to process characteristics and glass’s 
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material properties. To solve these problems, various processes, such as 

femtosecond pulse laser machining, electrochemical discharge machining, 

and deep reactive ion etching, have been widely studied and applied. Such 

processes can be used to manufacture various glass microstructure geometries. 

Research into glass processing has studied various techniques, but only a few 

studies have examined industrial techniques for processing complex shapes. 

In this dissertation, the processable geometry of glass produced through 

an industry-friendly process was extended using a LIBWE process and a near-

infrared laser. Previous studies of laser-induced backside wet etching using 

near-infrared lasers found that fracturing occurred due to excessive heat 

absorption. This crack generation could be suppressed by the passive layer 

created by the reaction between phosphoric acid and glass. By suppressing 

the breakage of the glass, it was possible to process high-aspect-ratio glass 

microstructures with no tapering. Also, a scan path optimization method for 

laser-induced backside wet etching was developed to process not only one-

dimensional channel shapes, but also a variety of glass microstructures that 

were difficult to manufacture using conventional laser-induced backside wet 

etching and industrial-friendly techniques. Based on this crack suppression 

and scan path optimization method, glass microstructures for various glass 

applications, such as microfluidic devices, UV-imprint molds, and glass 
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components, were machined to validate the proposed techniques for actual 

glass applications. 

 

Keyword: Laser-induced backside wet etching; Glass micromachining; Laser 

beam machining; Laser scan path optimization 
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Chapter 1 

Introduction 

 

1.1. Research Background 

Glass is a promising material that is widely used in micro total analysis 

systems (μ-TASs), microelectromechanical systems (MEMS), display 

devices, and microfluidics due to its unique properties, such as 

biocompatibility, chemical stability, and mechanical hardness. Since these 

applications are mainly associated with geometries of tens of micrometers, 

glass micromachining is a necessary technique for creating specific structures 

for above mentioned applications. Glass microchannels for microfluidics are 

commonly studied for use in industry, and channel widths of tens of 

micrometers to a hundred micrometers are fabricated mainly for such 

applications [1-2]. High-aspect-ratio glass microchannels have particular 

advantages for specific applications relating to microfluidics, such as cell 

separation [3], microneedles [4], and capillary-driven flow generation [5]. 

Additionally, for microfluidic applications, glass materials have been widely 
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studied in relation to cell culturing owing to their biocompatibility and 

suitability for optical devices. 

The unique properties of glass make the material promising; however, other 

aspects of glass, such as its brittleness and amorphous microstructure, limit 

associated material processing technologies, making it difficult to process 

glass materials with specific target geometries. As shown in Table 1.1, it is 

difficult to process glass using conventional or even nontraditional 

manufacturing processes.  

To overcome the hard-to-machine characteristics of glass, different 

processing methods can be applied to fabricate various glass microstructure 

geometries, and mechanical cutting and chemical etching are widely used 

methods for processing glass materials. Ductile regime machining was 

investigated for mechanical cutting purposes due to its precise processing 

ability. Glass channels of hundreds of micrometers in width were fabricated 

with polycrystalline diamond tools or diamond coated tools [6–8], and precise 

glass cutting was made possible by ductile regime machining; however, the 

process needs shallow-depth cuts of around a hundred nanometers, in turn 

requiring sophisticated tool control technology and machine tools with high 

stiffness. 
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Table 1.1 

Qualitative comparison of glass micromachining techniques 

 

Process 
Ease of 

technique 
Precision 

Aspect 

ratio 

Shape 

change 

Mechanical 

cutting 
○ ◎ × ○ 

Chemical 

etching 
○ △ × × 

CO2 laser beam  

micromachining 
◎ × △ ◎ 

Hot embossing △ ○ △ × 

Electrochemical 

Discharge 

machining 

△ △ ○ ○ 

Deep reactive 

ion etching 
× ○ ○ × 

Femtosecond 

laser beam 

micromachining 

× ○ ◎ ◎ 

(◎ = excellent, ○ = good, △ = poor, × = bad) 
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Chemical etching of glass has also been widely studied for industrial 

applications due to its suitability for mass production. Various studies have 

focused on fabricating glass with a low cracking tendency and high aspect 

ratio [9-10]; however, due to the amorphous microstructures of glass 

materials, it is difficult to fabricate stiff structures and specific target 

geometries with chemical etching. Fabricating high-aspect-ratio structures 

with scales of several tens of micrometers is even more challenging. Most 

industry-friendly processes are limited to aspect ratios of around 2.0, which 

restricts the use of glass materials. Complicated experimental setups are 

needed to fabricate glass microstructures with high aspect ratios.  

Owing to their ease of system setup and diverse industrial applications, 

industry-friendly unconventional processes such as CO2 laser 

micromachining, electrochemical discharge machining (ECDM), and hot 

embossing have been widely used to fabricate high-aspect-ratio structures. 

For CO2 laser micromachining, a process that eliminated crack generation 

was studied to fabricate channel arrays and cell patterns on glass [11]. To 

fabricate microchannels on Pyrex glass with high aspect ratios, without 

introducing defects, the polydimethylsiloxane(PDMS) layer was used as a 

protective layer [12]. Although CO2 laser micromachining is widely used in 

industry, high-aspect-ratio fabrication of complex shapes remains difficult: 
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directly absorbed heat energy leads to fabricated structures that taper, as with 

other laser micromachining processes. Via holes, channels, and vertical 

structures were drilled on Pyrex glass using ECDM [13]. The researchers 

proposed that microholes of 60 µm diameter and 150 µm depth could be 

machined. The hot embossing method was also examined using a glassy 

carbon mold to fabricate acute-angle high-aspect-ratio glass patterns [14].  

Because these techniques employ tools and molds, precise control 

capability and tool-wear problems need to be solved. Overall, although 

industry-friendly techniques have some advantages, they limit the aspect ratio. 

Femtosecond laser micromachining and deep reactive ion etching are 

two well-known methods of fabricating high-aspect-ratio and highly versatile 

microstructures with fabricable geometries. One study fabricated 

microchannels with an aspect ratio of 26 [15]. It showed that this technique 

for machining transparent material from the back could produce deeper 

channels. Due to the characteristics of the femtosecond laser, transparent 

materials such as glass could be machined internally by setting the focus 

inside the material. Various complex three-dimensional structures with a size 

of a few hundred micrometers were fabricated inside glass materials [16-17]. 

With deep reactive ion etching (DRIE), High-aspect-ratio structures can be 

fabricated with deep reactive ion etching because of its anisotropic etching 
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characteristics. Straight trenches on fused silica and borosilicate glass with 

aspect ratios of seven and eight, respectively, were fabricated using a DRIE 

process [18]. Such processes can produce high-aspect-ratio structures from 

glass, but their low material-removal rates and complex manufacturing 

environments, such as their need for a vacuum, complex optical systems, and 

low environmental vibrations, make them inappropriate for industrial 

applications. 

Several material processing techniques can handle glass materials, but 

they are unsuitable for achieving both highly versatile geometries and easy 

processing, as depicted in Fig. 1.1. An industry-friendly technique for 

achieving versatile glass geometries could broaden the potential applications 

of glass materials. 

 

Fig. 1.1 Glass material processing techniques classified according to 

ease of technique and versatility of processable geometry. 
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The laser-induced backside wet etching (LIBWE) is a widely studied 

process for overcoming the limitations of industry-friendly techniques for 

machining glass materials. In the LIBWE process, the laser indirectly 

processes a transparent material by heating a liquid absorbent that is in contact 

with the substrate. Compared to previous glass micromachining processes, 

the LIBWE process has the advantages of technical ease and shape flexibility. 

Various microstructures can be processed using simple setups without 

additional closed loop controls or focus adjustments. High shape flexibility 

can also be achieved by using a scanner. Owing to its advantages over other 

glass micromachining processes, the LIBWE process has been studied as a 

method for processing various transparent materials. The main mechanism of 

material removal through high-energy-absorption LIBWE processes has been 

studied. Using silver nanoparticles obtained from silver nitrate(AgNO3) 

precursors during a LIBWE process, with a 527 nm wavelength laser, 

additional heat was absorbed at the laser irradiation spot and created localized 

high temperature and pressure, enabling the glass to be processed [19]. Using 

a copper sulfate absorbent and an Nd: YVO4 laser, the copper oxide generated 

and deposited during the process absorbed the heat energy and facilitated a 

LIBWE process with a higher machining speed [20]. Based on such 

machining principles, various microstructures have been fabricated for 
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different applications. Micropockets and high-aspect-ratio slanted and bent 

microchannels on fused silica were fabricated by moving the substrate with 

stationary laser irradiation [21-22]. Ridges and channels with sub-millimeter 

width for wettability control were fabricated using a near-infrared laser and 

an aqueous nickel sulfate solution [23]. Also, various studies of surface 

treatment and the utilization of such treated surfaces have been conducted 

using chemical reactions during the LIBWE process. A submicron-scale 

amorphous sapphire layer with embedded silver nanoparticles was fabricated 

from crystalline sapphire [24]. Not only silver, but embedded copper wires 

inside glass microchannels using adsorbed copper oxide, could be produced 

during the LIBWE process [25]. Although extensive research on the LIBWE 

process has been conducted, manufacturable geometries have remained 

simple due to the geometric errors and cracks caused by the interaction of the 

laser and the generated bubbles. 
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1.2. Research Objective 

This study fabricated various shapes of structures on glass surfaces, 

including high-aspect-ratio channels, simple micropockets, and complicated 

structures for certain applications, using the near-infrared (NIR) LIBWE 

process with a phosphoric acid-added copper sulfate solution (Fig. 1.2) [26]. 

The reasons for the limited processable depth of the NIR LIBWE process 

using a copper sulfate absorbent were investigated based on in situ 

observations of the fabrication process and elemental analysis. The benefits 

of phosphoric acid for crack suppression were explored by comparing the 

results for the copper sulfate solution with and without added phosphoric acid. 

The study also investigated the effects of phosphoric acid and other process 

parameters on maximum processable depth, sidewall roughness, fabrication 

speed, and machinability, based on experimental results and relevant theories. 

Finally, a new scan path generation strategy for fabricating various three-

dimensional structures was proposed, and its feasibility was experimentally 

investigated by fabricating various structures and examining the 

characteristics of the scan path generation. 
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Fig.1.2 Crack-suppressing LIBWE process with a phosphoric acid-added 

absorbent. 

 

1.3. Dissertation Overview 

Chapter 1 has so far introduced the main issues regarding the fabrication 

of glass microstructures using established processes, highlighting the 

importance of micromachining glass materials and the limits of various 

previous processes. This section introduces the research background, the 

necessity of researching industry-friendly glass micromachining techniques, 

and the research objective. 

Chapter 2 presents the background theory of LIBWE. The relevant 

background theory regarding LIBWE using a phosphoric acid-added 

absorbent is also explained, such as the reaction between phosphoric acid and 

silicon dioxide, and the laser absorption in a liquid phase absorbent. The 

experimental setup and procedures are also presented in this section. 
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Chapter 3 describes the investigation of the machining mechanism of 

LIBWE with a phosphoric acid-added absorbent. The LIBWE processes with 

and without added phosphoric acid were observed using in situ process 

images and measurement of the chemical composition maps of machined 

walls. The section explains the effect of the silicon phosphate layer based on 

a comparison of crack generation behavior and crack suppression inside a 

channel.  

Chapter 4 describes the investigation of the machining characteristics of 

LIBWE with the phosphoric acid-added absorbent. The researchers 

conducted parametric studies of the phosphoric acid concentration, copper 

sulfate concentration, laser power, laser scanning speed, and number of scans, 

and the results are explained based on their effects on maximum aspect ratio, 

sidewall roughness, fabrication speed, and machinability.  

Chapter 5 explains the fabrication of various microstructures from a glass 

material using LIBWE with a phosphoric acid-added absorbent to evaluate 

processability. A new scan path generation strategy for achieving fewer 

geometry errors was tested by fabricating various glass microstructures with 

the proposed scan paths. Proposed scan path generation strategies were 

compared to determine the material-removal rate, normalized depth deviation, 
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and average surface roughness. Based on the results, a complicated structure 

was fabricated to evaluate the degree of precision of the generated scan path. 

Chapter 6 describes the fabrication and feasibility testing of glass structures 

for certain applications: high-aspect-ratio microchannels for capillary-driven 

flow, glass molds for UV reverse contact imprints, and a standalone glass 

feature for glass components. 

Chapter 7 presents the conclusion and discussion of the study. 
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Chapter 2 

The LIBWE process 

 

2.1. LIBWE 

The LIBWE process is a machining process that uses a laser beam and a 

laser-absorbing liquid to indirectly machine transparent materials. Because of 

the machining proceeds at the rear side and the cooling effect of a liquid 

absorbent, transparent materials can be machined with fewer negative effects 

than by direct laser beam machining, such as recast layers, tapered shapes, 

and thermal effects.  

Heating and explosion of the liquid absorbent are the two main 

mechanisms of the LIBWE process, as shown in Fig. 2.1 [27]. A laser beam 

that is irradiated from the top of the glass penetrates the workpiece and is 

absorbed at the interface between the glass and the liquid absorbent (Fig. 2.1a). 

The absorption of laser energy by the liquid absorbent causes the absorbent 

to heat up, evaporate, and explode (Fig. 2.1b). Intensive heat absorption in a 

thin liquid layer causes a dramatic temperature rise, which can melt the glass 
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substrate [27]. The local high temperature transforms the glass into a glassy 

state, and the explosion of the vapor helps to remove the molten glass from 

the substrate. One study measured the transient pressure caused by laser 

irradiation of the absorbent and the subsequent explosion of the evaporated 

vapor, showing that the vapor pressure was sufficient to remove the molten 

glass, thus contributing to the fabrication process [28]. 
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Fig. 2.1 The LIBWE machining process with a copper sulfate 

absorbent. 
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In the LIBWE process employing an NIR laser, with the copper sulfate 

aqueous solution mainly used as an absorbent, thermal decomposition of the 

copper sulfate provides additional energy absorption. Evaporation owing to 

laser irradiation causes the copper sulfate to precipitate and produces thermal 

decomposition of the copper sulfate into copper oxide and gas-phase sulfur 

oxide (Fig. 2.1c) [29]. Because the decomposition temperature (600℃) is 

lower than the softening point of soda-lime glass (726℃), under conditions 

that make glass processing possible, thermal decomposition of copper sulfate 

occurs. The chemical equation for the copper sulfate thermal decomposition 

is as follows: 

2 CuSO4→ CuO ∙ CuSO4+SO3 

CuO ∙ CuSO4→ 2 CuO + SO3 

2 SO3→ 2 SO2 + O2 

(1) 

Additionally, copper (I) oxide can be produced from generated copper (II) 

oxide in a low-oxygen and high-temperature environment, as shown in Fig. 

2.2 [30]. The chemical equation for the reaction is shown below: 

4 CuO → 2Cu2O + O2 (2) 
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Fig. 2.2 Equilibrium between copper (II) oxide and copper (I) oxide 

corresponding to the oxygen concentration and temperature [30]. 

 

Copper oxide generated during a LIBWE process is adsorbed onto the 

processed surface (Fig. 2.1c). Researchers measured the heat absorption 

coefficient of the copper oxide layer and found that the adsorbed copper oxide 

layer improved the heat absorption [31] (Fig. 2.1d). Following the mechanical 

and chemical processes, because the absorbent was in a liquid state, the 

absorbent could recirculate inside the hollow region. As a result, the LIBWE 

process could continuously remove the glass. The decomposition and 

adsorption process also proceeded continuously until the liquid absorbent 

circulated inside the channel. 
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2.2. Reactions between Glass and Phosphoric acid 

The chemical reaction between phosphoric acid and silicon dioxide (Fig 

2.3) also occurs when an absorbent with added phosphoric acid is used. It is 

known that pure orthophosphoric acid (H3PO4) (Fig. 2.3a) does not react with 

silicon dioxide; however, pyrophosphoric acid (H4P2O7), produced by 

dehydration and condensation of orthophosphoric acids, reacts with silicon 

dioxide. The reaction between phosphoric acid and glass is depicted in Fig. 

2.4. Experimental results showed that orthophosphoric acid reacts with glass 

when the temperature of the acid is higher than 200℃, because condensation 

of orthophosphoric acid into pyrophosphoric acid proceeds aggressively 

above 200℃ and the etching speed increases rapidly above the threshold 

temperature(200℃) [32]. The reaction between glass and phosphoric acid 

proceeds as a P–O bond in pyrophosphoric acid, which is interchanged with 

the Si–O bond in the glass, thus generating P–O–Si bonds on the surface (Fig 

2.3). This silicon phosphate layer on the surface can act as a protective layer. 

The chemical reaction on the phosphoric acid-treated glass surface is 

inhibited owing to the silicon phosphate coating on the glass surface [33]. The 

chemical resistivity of this phosphate layer was proved by chemical etching 
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with fluoric acid, showing that the protective layer remained despite other 

pure glass materials being dissolved.  

 

 

Fig. 2.3 Equation for the chemical reaction between phosphoric acid and 

silicon dioxide: (a) dehydration of orthophosphoric acid and (b) reaction 

between pyrophosphoric acid and silicon dioxide. 
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Fig. 2.4 Diagram of the reaction between phosphoric acid and glass: 

(a) under 200℃ and (b) over 200℃. 
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2.3. Interaction between a Laser Beam and Liquid 

Absorbent 

Energy absorption aspects also have a great influence on fabrication 

characteristics. Laser power and distance between each pulse are important 

factors to control in the process with a pulsed laser. Also, because the laser 

energy is absorbed in the liquid absorbent, absorbance of the liquid solution 

affects the process characteristics. In this study, laser power and scan speed 

were adjusted to control the laser characteristics, and copper sulfate 

concentration was adjusted to control absorbance. Absorbed pulse power 

density (I) in the liquid absorbent showed Gaussian distribution as depicted 

in Fig. 2.5a. The equation of absorbed pulse power density profile can be 

written as follows: 

𝐼(𝑥, 𝑦) =
2𝛼𝑃

𝜋𝑅2
exp⁡(−

2(𝑥2 + 𝑦2)

𝑅2
) (3) 

 

where P is the peak pulse power, R is the beam radius, and α is the absorption 

coefficient of the absorbent. 
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Fig. 2.5 (a) Laser power density profile of a single pulse and (b) laser 

irradiating area in milling process with single scan direction. 

 

Based on the pulse power density profile, it was possible to determine the 

absorbed energy density formula. In laser direct machining, because most of 

the laser energy is absorbed on the surface, laser fluence is an important factor 

for determining the process threshold. In LIBWE, because the laser can 

penetrate the liquid absorbent and be absorbed into its volume, absorbed 

energy density has become an important factor for determining processability. 

Because absorbed laser energy at a certain point is proportional to the energy 

at the center of the beam, it was possible to assume that the power and energy 

density absorbed at the center could represent the overall value; thus, we only 

concerned ourselves with the energy density along the scan path (y = 0). Pulse 
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duration (100 ns) was much shorter than the period between two pulses (20 

μs), so it was reasonable to assume that a single laser pulse irradiated a single 

spot without moving. For the pulsed laser, the power and scan rate (number 

of laser pulses per unit length) were important for the machining 

characteristics. The idea of implanting the scan rate was studied, showing its 

critical effect on the laser micromachining of glass [33]. To apply the scan 

rate effect, the total value of overlapped pulse energy was calculated for the 

energy density. Based on these assumptions, absorbed energy density (q) on 

a single spot in a single scan can be derived as below:  

𝑞 = ∑ 𝜏𝐼(𝑖)

𝑛

𝑖=−𝑛

=
2𝛼𝑃𝜏

𝜋𝑅2
∑ exp(−

2(𝑣𝑇)2

𝑅2
𝑖2)⁡⁡⁡,⁡⁡⁡⁡⁡⁡(𝑛

𝑛

𝑖=−𝑛

= [
𝑅

𝑣𝑇
]) (4) 

 

where v is the laser scanning speed, n is the number of pulses overlapped in 

the beam radius, s is the pulse duration, and T is the period between two pulses. 

The pulse irradiation area during the process is depicted in Fig. 2.5b. 

Average absorbed power density during the whole fabrication process 

could also be derived. When the number of scans was large enough, the 

irradiation point did not match with the previous positions, so the laser energy 

absorbed at a single spot could be explained, not with a discrete form of 
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energy input, but with an average form. The average power density of a single 

pulse in the scan direction (Iavg,x) can be written as follows: 

𝐼𝑎𝑣𝑔,𝑥 =
1

2𝑅
∫ 𝐼(𝑥)𝑑𝑥
𝑅

−𝑅

 (5) 

 

Based on the Iavg,x and given experimental data, average absorbed power 

density(Iavg) can be derived as follows: 

 

𝐼𝑎𝑣𝑔 = 𝐼𝑎𝑣𝑔,𝑥 × (net⁡irradiation⁡time) ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡

× (scan⁡count⁡per⁡unit⁡time) 

⁡= 𝐼𝑎𝑣𝑔,𝑥 ⁡×
𝐿

𝑣T
⁡𝜏 ×⁡

𝑣

𝐿
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡ 

⁡=
𝛼𝑃𝜏

𝜋𝑅3𝑇
∫ exp⁡(−

2𝑥2

𝑅2
)𝑑𝑥

𝑅

−𝑅

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡ 

= ⁡1.196⁡ (
𝜏

𝜋𝑅3𝑇
)𝛼𝑃⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡ 

(6) 
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2.4. Experimental Procedure 

 

Micrometer-scale channels were fabricated on a glass substrate with the 

system depicted in Fig. 2.6. The X and Y axes moved the workpiece and 

reservoir to the correct spot for the laser to irradiate the workpiece. A 

galvanometer scanner (SCANcube® 10, Scanlab, Germany) was installed on 

the Z axis so that the laser focus could be set. 

An ytterbium-doped fiber laser (IPG, YLP-C-1-100-20-20, Germany) with 

a wavelength of 1,064 nm, a pulse duration of 100 ns, and a spot diameter of 

40 µm was used for the LIBWE process. The laser beam power could be set 

up to 20 W, and the laser path was controlled with a galvanometer scanner. 

The glass substrate was positioned on a support and pressed with a holder 

to suppress the overflow of liquid absorbent above the substrate. Polymethyl 

methacrylate (PMMA) was used for the absorbent reservoir, support, and 

holder to avoid any chemical reaction between the acidic absorbent and the 

surrounding equipment. Soda-lime glass (JMC Glass, Korea) with a size of 

15 × 15 × 1.9 mm3 was used as a substrate. Detailed properties of the substrate 

glass are listed in Table 2.1.
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Fig. 2.6 (a) Schematic diagram of the LIBWE system, (b) picture of the experimental setup.
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Table 2.1  

Material properties of soda-lime glass 

 

Property Value 

Modulus of elasticity 7.2 kPa 

Modulus of rigidity 3.0 kPa 

Poisson’s ratio 0.23 

Density 2,530 kg/m3 

Coefficient of thermal stress 0.62 mPa/℃ 

Thermal conductivity 0.937 W m/m2℃ 

Specific heat 0.21 

Softening point 726℃ 

Annealing point 546℃ 

 

In situ observations were performed to determine the effects of phosphoric 

acid on the LIBWE process. Changes in the liquid flow, bubbling, vapor layer, 

channel shape, and corresponding time were observed using a digital single-

lens reflex camera (EOS 5D, Canon, Japan) and a magnification lens. By 

using a short focal depth and setting the focal plane on the channel, it was 

possible to obtain images of the machining procedure inside the glass channel.  
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For the elemental analysis of the machined surface, energy-dispersive X-

ray spectroscopy (EDS) analysis was conducted. The processed channel wall 

surface was prepared by cutting the workpiece along the fabricated channel 

and polishing the outside of the fabricated channel wall. EDS mapping 

(MERLIN Compact, Zeiss, Germany) was performed to characterize the 

chemical composition of the channel sidewall and compare it with the in situ 

observation results. A cross-section of the channel was prepared by cutting 

and polishing the middle of the channel, then observing it with a scanning 

electron microscope (SEM) (JSM-6360, JEOL, Japan) to observe the channel 

shape. The absorption coefficients of the absorbents were measured using 

ultraviolet–visible (UV-VIS) spectroscopy (JASCO V-770, JASCO, USA), 

and the results corresponding to the concentrations of copper sulfate are listed 

in Table 2.2. The average surface roughness of the sidewalls was measured 

with a 3D surface profiler (µSurf, Nanofocus, Germany). 

The phosphoric acid concentration, copper sulfate concentration, laser 

power, and laser scanning speed were adjusted as the machining parameters, 

and the experimental parameters for the studies are listed in Table 2.3. The 

basic process condition was set as 112 g/L of copper sulfate, 20 wt% of 

phosphoric acid, 18 W laser power, and 150 mm/s scanning speed, and those 

conditions were labeled as shown in Table 2.3. When a parameter was 
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changed, other parameters were fixed at the base value. Three channels were 

fabricated and evaluated for each machining condition to insure the reliability 

of the results and determine the range of possible variations.  

Table 2.2  

Absorption coefficient corresponding to the copper sulfate absorbent. 

 

Copper (II) sulfate 

concentration [g/L] 

Absorption 

coefficient [cm-1] 

64 0.23 

88 0.32 

112 0.39 

136 0.43 

160 0.44 

 

 

Table 2.3 

Absorption coefficient corresponding to the copper sulfate absorbent. 

 

Variable Value 

Copper (II) sulfate concentration [g/L] 64, 88, 112, 136, 160 

Phosphoric acid concentration [wt%] 0, 10, 20, 30, 40  

Laser power [W] 14, 16, 18, 20 

Scan speed [mm/s] 75, 100, 125, 150, 175, 200 

Repetition rate of pulsed laser [kHz] 50 

Scan length for milling process [mm] 1.2 
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Automatic or manually generated scan paths for the machining system 

became necessary as the scan path and machining conditions became more 

complex. To solve this problem, a scan path generation and data 

implementation system, directly controlled by the controller board, was 

designed and installed, as depicted in Fig. 2.7. Scan paths, both manually 

derived ones and others generated automatically by MATLAB, were written 

as text files for transfer to the controller. To control the laser directly, an 

interface board (RTC4, Scanlab, Germany) was used. Through the control 

system and interface board, laser power and frequency data were transferred 

to the laser source as bitwise data, and scan path parameters (position, 

scanning speed, and laser delay) were transferred to the scanner.  
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Fig. 2.7 Schematic diagram of the laser source and scanner control system with generated scan path data. 
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Chapter 3 

LIBWE using Phosphoric Acid-Added 

Absorbent 

 

This chapter explains how LIBWE processes using a copper sulfate 

absorbent and a phosphoric acid-added absorbent, respectively, were 

compared to determine the underpinning principle of crack suppression and 

the expansion of the manufacturable aspect ratio by using a phosphoric acid-

added absorbent. To investigate the machining principle, in situ visual 

observations and chemical element mapping were conducted for each process. 

Important process characteristics such as bubble generation, vapor layer, and 

chemical element adsorptions were explained by the interaction between laser 

irradiation and heat-induced chemical reactions. As a result, the principles of 

crack generation and crack suppression, respectively, for the phosphoric acid-

added absorbent were explained.  
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3.1. Crack Generation in Near-Infrared LIBWE 

Process 

 

The fabrication process with the copper sulfate absorbent and the 

mechanism of crack generation will be discussed in this section. As depicted 

in Fig. 3.1, crack generation during LIBWE processes with copper sulfate 

solution absorbent was already known to generate bubbles, and this 

phenomenon was assumed to be the major cause of crack generation. 

Diagrams and in situ observations of the channel fabrication process with the 

copper sulfate absorbent are described in Fig. 3.1, and the corresponding 

elemental analysis is depicted in Fig. 3.2. Overall, the copper sulfate 

absorbent process could be separated into three steps based on the elemental 

analysis and the in situ observations: initial state, bubble generation state, and 

crack generation state.  
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Fig. 3.1 Crack generation during the LIBWE process with copper 

sulfate solution absorbent [34]. 

 

In the initial state, the channel depth was shallow and the laser irradiation 

point was barely detectable (Fig. 3.2a). An expanded bubble immediately 

collapsed and was separated. Separated bubbles were flushed away and the 

liquid absorbent circulated inside the channel. Some bubbles remained under 

the glass surface because the thermal decomposition of copper sulfate 

produced sulfur oxide gas; however, little copper was detected when the 

channel depth was low, and bubbles were not detected (Fig. 3.3a).
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Fig. 3.2 Diagrams and in situ observation of the LIBWE milling process in copper sulfate absorbent:  

(a) initial state, (b) bubble generation state, and (c) crack generation state.
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Fig. 3.3 SEM image and elemental analysis of sidewall machined in 

copper sulfate absorbent: (a) initial state, (b) bubble generation state, 

and (c) crack generation state. Red dots are detected copper element. 
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In the bubble generation state, an expanded bubble began to attach at the 

laser irradiation point as the channel depth increased (Fig. 3.2b). The copper 

element was detected on the processed site after the bubble was created below 

the irradiation spot (Fig. 3.3b). This excessive copper oxide adhesion could 

be explained by the positive feedback of the heat energy supply, thermal 

decomposition, and gas by-product generation, which are depicted in Fig. 3.4. 

When the liquid absorbent circulated properly inside the channel, the 

absorbed energy was dispersed from the laser-irradiated area, so heat did not 

accumulate. Excessive heat accumulation was explained by a simulation 

showing that the temperature inside the bubble created by a 1,064 nm laser 

could reach over 1,800 K, while the outer liquid’s temperature changed little 

[35]. When the intact bubble prevented the circulation of liquid, the cooling 

effect of the liquid was disrupted, and heat energy started to accumulate. The 

accumulation of heat enhanced the thermal decomposition of the copper 

sulfate, which produced gas-phase by-products and enlarged the bubble. This 

copper oxide adhesion enhancement due to the bubble was identified through 

the elemental analysis results. The increase in gas by-products made it 

difficult for the liquid absorbent to come into contact with the irradiation spot. 

As a result, once the bubble started to attach to the laser-irradiation point, the 
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bubble generation and copper oxide adhesion phenomenon continued the 

positive feedback process until crack generation occurred. 

The increase in the laser irradiation counts resulted in a crack generation 

state, as shown in Fig. 3.2c. Adsorbed copper oxide continuously raised the 

energy absorption rate and created more gas by-products, which resulted in 

the bubble’s size increasing. When the enlarged bubble blocked the whole 

irradiation area, no liquid phase absorbent could come into contact with the 

channel, which caused rapid heat accumulation at the irradiation point. This 

cooling interruption caused excessive thermal stress on the substrate and 

generated cracks on the channel. Based on the elemental analysis of the crack-

generated surface (Fig. 3.3c), the crack tore off the sidewall of the channel 

and propagated throughout the internal substrates; thus, no copper was 

detected at the cracked part of the channel. This superfluous copper oxide 

adhesion was observed visually after the machining process, as depicted in 

Fig. 3.5.  
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Fig. 3.4 Diagram of heat accumulation positive feedback inside a 

bubble. 

 

  

Fig. 3.5 Excessively deposited copper oxide on the machined channel. (a) 

channel overview (b) enlarged image of excessively deposited copper 

oxide. 
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3.2. Phosphate Protective Layer Generation 

In this section, the fabrication process using the absorbent with added 

phosphoric acid will be described and compared with the process using the 

copper sulfate absorbent. Compared to the LIBWE process using the copper 

sulfate absorbent, crack generation was suppressed by the absorbent with 

phosphoric acid. The cracking was delayed so that the fabricable channel 

depth could be increased. Fig. 3.6 shows the cross-section of the fabricated 

high-aspect-ratio channel fabricated using the absorbent with phosphoric acid 

(40 wt%). The depth of the channel in Fig. 3.6 is 640 µm, with an average 

width of 21 µm, which was impossible to produce using the copper sulfate 

absorbent without phosphoric acid. Fig. 3.7 shows the diagrams and in situ 

observations for the channel fabrication process using the absorbent with 

phosphoric acid. The corresponding elemental analysis results are depicted in 

Fig. 3.8.  
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Fig. 3.6 High aspect ratio channel fabricated in absorbent with added 

phosphoric acid (60 wt%). (a) overall cross-section of a channel (b) 

magnified view at the top (c) 320 µm from top (d) 640 µm from top. 
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As with the process using the copper sulfate absorbent, the fabrication 

process using the absorbent with phosphoric acid could be separated into 

three steps: initial state, vapor-layer generation state, and crack generation 

state. In the first moment of the initial state (Fig. 3.7a-1), bubbles were 

generated at the laser irradiation point and collapsed, as in the initial state of 

the process using the copper sulfur absorbent. This initial state continued, 

although bubbles were generated inside the channel (Fig. 3.7a-2). Unlike the 

case for the copper sulfate absorbent, laser irradiation of the remaining bubble 

did not initiate aggressive copper oxide adhesion and flash. As a result, the 

process could be continued without generating cracks. According to the 

elemental analysis results (Fig. 3.8a), copper was not detected on the 

processed surface, although the laser irradiated the bubbles. 
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Fig. 3.7 Diagrams and in situ observations of the LIBWE milling process in absorbent with added 

phosphoric acid: (a) initial state, (b) vapor layer generation state, and (c) crack generation state. 
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Fig. 3.8 SEM image and elemental analysis of a sidewall machined in 

absorbent with added phosphoric acid:  

(a) initial state, (b) vapor layer generation state, and (c) crack generation 

state. Red dots are detected copper element and green dots are detected 

phosphorus element. 
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In the LIBWE process using the absorbent with phosphoric acid, although 

the laser was irradiated a bubble or a vapor layer, aggressive copper oxide 

adhesion did not occur rapidly. This was due to the suppression of copper 

oxide adhesion by the silicon phosphate layer on the phosphoric acid-treated 

surface, which is depicted in Fig. 3.9. A surface coating on glass can hinder 

the adhesion of copper because the coating gives copper no opportunity to 

bond with surface molecules during the LIBWE process, thus affecting the 

fabrication process [36].  

Because the phosphoric acid reaction temperature (200℃) was lower than 

the thermal decomposition temperature (600℃), generation of the silicon 

phosphate layer was initiated prior to the copper oxide adhesion. This 

adhesion sequence could also be explained by X-ray photoelectron 

spectroscopy (XPS) of machined surfaces fabricated using different 

absorbents, as depicted in Fig. 3.10. Using the data for the copper sulfate 

absorbent, deposition of copper (II) oxide could be investigated with the 

satellite at a binding energy of around 940 eV to 945 eV. Based on previous 

studies this satellite only appeared when a compound of Cu2+ existed. Also, 

the peak around 932 eV was separated into two peaks, and the peak with the 

lower binding energy had a higher value. From this result, the existence of 

Cu+ was identified, generated from copper (I) oxide. Signal intensity from a 
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copper compound weakened when the surface was machined using the 

phosphoric acid-added absorbent compared to signal intensity when using the 

copper sulfate absorbent. The existence of phosphate materials was identified 

from the XPS results at a binding energy of around 135 eV [37]. This signal 

did not appear in the results for the copper sulfate. From these results, it was 

possible to establish that copper oxide deposition was hindered when the 

LIBWE process included phosphoric acid-added absorbent. 
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Fig. 3.9 Glass surface reactions during the LIBWE process: (a) in 

copper sulfate solution and (b) in solution with added phosphoric acid.
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Fig. 3.10 XPS data of phosphorus and copper on machined surface in different absorbent 
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In the next step, a vapor layer was trapped in the channel and remained 

until crack generation (Fig. 3.7b). Since the liquid absorbent could not pass 

through the vapor layer, the cooling effect of the liquid absorbent was 

inhibited. This cooling-inhibited environment made the thermal 

decomposition of the copper sulfate and the etching of the phosphoric acid 

easier to initiate. The elemental analysis results for the vapor-layer generation 

state (Fig. 3.8b) showed that the silicon phosphate generation was 

aggressively activated inside the vapor layer. Because the reaction between 

phosphoric acid and glass can be activated in a high-temperature environment, 

the silicon phosphate generation process did not actively proceed when the 

temperature was rapidly reduced by the liquid absorbent. 

A vapor layer was created because gas by-products produced by thermal 

decomposition could not escape from the deep channel. This vapor-layer 

generation principle was supported by the vapor and liquid absorbent state 

after the laser irradiation ended. As depicted in Fig. 3.11, the liquid absorbent 

reached the top of the channel by capillary action without any external force. 

The existing vapor layer shrank due to the temperature decrease, but was not 

eliminated. This showed that the vapor layer was created not only by 

evaporation and thermal expansion, but also by the additional gas by-products.  
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Fig. 3.11 Vapor and absorbent states after the fabrication process was 

completed. 

The LIBWE process could also proceed in the vapor layer, although the 

liquid absorbent was not in contact with the machined spot. The mechanism 

of the non-contact LIBWE process was explained by laser irradiation on the 

glass and absorbent which were not in contact. Fig. 3.12 depicts glass surfaces 

drilled using the non-contact LIBWE process. The process could proceed 

because the liquid absorbent still evaporated and exploded at the laser 

irradiation spot. This explosion caused the liquid absorbent to splash, and if 

the gap between the absorbent and glass was close enough, it stained the glass. 

This staining liquid acted as an absorbent, so the process could proceed. 

Additionally, certain characteristics of the liquid absorbent were still effective, 

although the amount of staining liquid was small. Dimples machined using 

the copper sulfate absorbent showed initial cracks, but no initial cracks 

appeared in dimples machined using the phosphoric acid absorbent. 
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Aggressive copper oxide adhesion and crack generation were initiated 

following the silicon phosphate protective-layer generation process (Fig. 

3.8c–1). After a partial crack was generated, the crack propagated with a 

bright flash created by the laser irradiation of the copper oxide (Fig. 3.7c). 

Continuous heat absorption caused heat accumulation in the vapor layer, 

which resulted in thermal decomposition of the copper sulfate, not only at the 

laser irradiation site but in all the vapor areas. Deposited copper oxide 

excessively absorbed the laser energy and imposed thermal stress on the 

processing area. As the irradiation proceeded, other cracks propagated from 

the first crack. In the cracked area, few or no phosphorus and copper elements 

were detected in the elemental analysis results (Fig. 3.8c-2). Because the 

excessive heat absorption around the copper oxide generated high thermal 

stress, the explosion tore off the glass substrate with copper oxide and silicon 

phosphate. 

 

Fig. 3.12. Dimples machined with non-contact liquid absorbent.  

(a) machining diagram, (b) dimple machined with copper sulfate 

absorbent, (c) dimple machined with phosphoric acid added absorbent 
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Chapter 4 

Machining Characteristics of LIBWE 

using a Phosphoric Acid-Added 

Absorbent 

 

This chapter explains the machining characteristics of LIBWE using the 

phosphoric acid-added absorbent, based on the experimental results and 

theoretical background. It first explains the major characteristics due to 

phosphoric acid concentration changes affecting the maximum aspect ratio, 

sidewall roughness, and fabrication speed. It then explains characteristics 

mainly influenced by conventional LIBWE parameters (copper sulfate 

concentrations, laser power, laser scanning speed, and number of scans) 

based on the absorbed energy indexes described in section 2.3. 
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4.1. Effect of Phosphoric Acid Concentration 

This section discusses the influence of phosphoric acid concentrations on 

the maximum depth, fabrication speed, and sidewall roughness of a channel, 

mainly explained by the protective layer and its effect. 

 

4.1.1. Maximum aspect ratio 

The maximum fabricable depth due to phosphoric acid concentrations and 

other parameters is illustrated in Fig. 4.1. In all cases, the width of the channel 

remained between 20 µm and 24 µm, so the aspect ratio of the channel was 

mainly affected by the depth. Fig. 4.2 shows that the maximum fabricable 

depth of a channel varied according to changes in the phosphoric acid 

concentration. As the concentration of phosphoric acid increased, the 

processable depth (Fig. 4.2a) also increased from 103 µm (0 wt%) to 530 µm 

(40 wt%). Cracks were generated when the laser irradiated the channel after 

its processable depth was reached (Fig. 4.2b). The phosphoric acid 

concentration positively correlated with the amount of pyrophosphoric acid: 

the higher the amount of pyrophosphoric acid, the more phosphate layers 

were formed, which suppressed the adsorption of copper oxide. As a result, 
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excessive copper oxide deposition and crack generation were suppressed. The 

duration of the vapor layer state was measured with in situ observations to 

determine the vapor layer’s ability to suppress excessive copper oxide 

adhesion (Fig. 4.3). The average duration of the vapor layer increased as the 

phosphoric acid concentration increased, because the protective layer that 

could support the expansion at the maximum fabricable depth built up 

through the suppression of excessive copper oxide deposition. 

 

 

Fig. 4.1 Maximum fabricable depth according to changes in the following 

phosphoric acid concentration. 
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Fig. 4.2 Fabricated channel with different phosphoric acid 

concentrations: (a) maximum fabricable depth and (b) crack generation. 
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Fig. 4.3 Duration of vapor layer until crack generation due to phosphoric 

acid change from 0 wt% to 40 wt%. 

 

The crack suppression mechanism owing to the reaction between 

phosphoric acid and glass was also supported by the results for other 

parameters. Changes in the copper ion concentration, laser power, and 

scanning speed had little effect on the generation of a silicon phosphate 

protective layer (Fig. 4.4). As a result, maximum depth showed little variation 

as a function of changes in the copper sulfate concentration, laser power, and 

scanning speed. The amount of copper sulfate did not affect the maximum 

fabricable depth because the reaction between phosphoric acid and the glass 

substrate occurred prior to the copper oxide adhesion process. Decomposed 

copper oxide was able to attach to the remaining surface, so the amount of 

silicon phosphate was more important for the crack generation delay. The 
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increase in laser power may have resulted in acceleration of heat 

accumulation, which was critical for excessive thermal decomposition and 

copper oxide adhesion. However, because the fabrication speed also increased, 

processable depth could be maintained even though the time until the crack 

occurred was reduced. Based on derived equations (3) and (5), scanning speed 

changes mainly affected the absorbed energy density at a single spot, which, 

in turn, mainly affected the environment at the laser irradiation site, rather 

than the whole energy absorption rate. The detected copper element across 

the entire vapor area showed that copper oxide adhesion did not occur mainly 

at the laser irradiation spot; hence, scanning speed changes had little or no 

effect on the chemical reaction that was critical to crack generation, so the 

maximum fabricable depth remained at a similar value. 
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Fig. 4.4 Maximum depth as the parameter changes:  

(a) copper sulfate concentration, (b) laser power, and (c) scan speed. 
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4.1.2. Sidewall roughness 

 

Fig. 4.5 Average surface roughness (Ra) changes according to the 

phosphoric acid concentration. 

 

Figures 4.5 and 4.6 show the average surface roughness (Ra) of the 

channel’s sidewall as the phosphoric acid concentration changed. The Ra 

decreased from 0.55 µm (0 wt%) to 0.16 µm (30 wt%) and maintained similar 

roughness, despite the phosphoric acid concentration being increased to 40 

wt%. As shown in Fig. 4.6a, an increase in phosphoric acid concentration 

resulted in a maximum depth increase, so the total area of the sidewall had to 

be widened. 
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As shown in Figures 4.5 and 4.6b, the sidewall roughness decreased as the 

phosphoric acid concentration increased. This Ra improvement could be 

explained by the silicon phosphate protective layer. It is known that a high 

energy input at a single point creates larger peaks and valleys, which result in 

high sidewall surface roughness [38]. The silicon phosphate protective layer 

decreases the amount of energy absorption and minimizes the peaks and 

valleys of the sidewall. This can be seen in the magnified sidewall images in 

Fig. 4.6b. Because of the high energy input, melted and resolidified shapes 

remained on the surface when phosphoric acid was not added. These 

resolidified shapes rarely existed on the sidewall machined with a 10 wt% 

phosphoric acid concentration, and were eliminated on the sidewall machined 

with a 40 wt% concentration, because of the increase of the generated silicon 

phosphate protective layer. The variation in surface roughness was supported 

by the existence of a bubble or vapor layer. Additional heat energy inside a 

bubble or a vapor layer caused the channel sidewall to be machined with 

intense power, resulting in an increase in surface roughness. 
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Fig. 4.6 Average surface roughness (Ra) changes according to the phosphoric acid concentration 

(a) the overall shape of the sidewall, and (b) magnified images of the sidewalls. 
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4.1.3. Fabrication speed 

 

Fig. 4.7 Fabrication speed according to phosphoric acid concentration 

change. 

 

Fig. 4.7 depicts fabrication speed changes due to changes in the phosphoric 

acid concentration. Fabrication speed decreased as the phosphoric acid 

concentration increased, which could be explained by the average absorbed 

power density. The increase in the phosphoric acid concentration provided 

more chance of a silicon phosphate protective layer being generated on the 

surface, which hindered the adhesion of copper oxide. As depicted in Fig. 4.8, 

the phosphorus-detected area enlarged as the concentration of the phosphoric 

acid increased. Decreases in adsorbed copper oxide due to the silicon 

phosphate layer resulted in a decrease in energy absorption efficiency on the 
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machining surface, which could also be explained by a decrease in the 

absorption coefficient in Equation (6). Consequently, the fabrication speed 

decreased as the phosphoric acid increased. 

 

 

Fig. 4.8 Sidewall image and elemental distribution compared to the 

phosphoric acid concentration. 
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4.2. Effect of Parameters except Phosphoric Acid 

Concentration 

This section discusses the changes in machining characteristics 

corresponding to the major machining parameters except the phosphoric acid 

concentration (laser power, scanning speed, copper sulfate concentration, and 

number of scans) and explains them based on the derived equations in section 

2.3 and previous studies. The fabrication speed and machinability of a glass 

substrate were mainly explained by the laser energy indexes (single point 

energy density and average absorbed power density), and channel depth 

change trends were compared with the number of scans for different 

phosphoric acid concentrations and laser powers.  

  

4.2.1. Fabrication speed 

The fabrication speed as the machining parameters changed was measured 

and compared with the calculated absorbed power density. Overall, the 

fabrication speed for each experiment matched well with the average 

absorbed power density, as depicted in Fig. 4.9.  



- 65 - 

 

Based on Equation (6), the average absorbed power density was directly 

proportional to the peak pulse power (P) and liquid absorption coefficient (α). 

As a result, the fabrication speed trend linearly increased as the laser power 

increased, also following the trend of the absorption coefficient. However, 

fabrication speed was not affected by scanning speed, either theoretically or 

experimentally (Fig. 4.9c). Based on equation (5), scanning speed did not 

affect the average power density. This was because the decrease in irradiation 

across a unit length as the scanning speed increased was canceled out by the 

increase in the net irradiation time. As a result, the fabrication speed was not 

affected by scanning speed changes and stayed at the same value. 
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Fig. 4.9 Fabrication speed according to parameters change: (a) copper 

sulfate concentration, (b) laser power, and (c) laser scan speed. 
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4.2.2. Machinability 

Based on the experiments, the machinability of a glass substrate was 

determined by the absorbed energy density at a single point. This could be 

explained by the temperature trend at a certain irradiated point. From the 

perspective of a single point, the net irradiation time was much shorter than 

the resting time. The temperature at the point increased rapidly during laser 

irradiation, but also decreased rapidly and remained at a low temperature [31]. 

Because the temperature at the point was determined by the absorbed energy 

in the irradiation moment, it was appropriate to explain the machinability 

according to the absorbed energy density at a single point.  

The glass substrate could be machined when the absorbed energy density 

was greater than a certain value (1.4 J/mm3), which was experimentally 

determined as the threshold energy density. This matched the result for the 

absorbed energy power at a copper sulfate concentration of 64 g/L (1.05 

J/mm3), a laser power of 14 W (1.38 J/mm3), and a laser scanning speed of 

200 mm/s (1.37 J/mm3). 

Also, when the absorbed energy density at a single point was too large, 

instant cracks occurred on the glass substrate. When the scanning speed was 
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slower than 50 mm/s, instant cracks occurred during laser irradiation due to a 

rapid increase in the absorbed energy density (5.39 J/mm3). 

 

 

Fig. 4.10 Absorbed energy density at a single point according to 

parameter changes. Absorbed energy density and processability are 

compared: (a) copper sulfate concentration, (b) laser power, and (c) laser 

scan speed. 
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4.2.3. Depth of a channel 

As with other laser beam machining processes, the number of scans greatly 

affects the final geometry of the workpiece. In LIBWE, the machined depth 

of a channel is linearly proportional to the number of scans [39]. As in 

previous studies, the machined depth of a channel linearly increased as the 

number of scans increased, as depicted in Fig. 4.12. This linearity was 

maintained until the machined depth reached 500 µm for various phosphoric 

acid concentrations and laser intensities. This linearity could be explained by 

consistent laser intensity in the depth of the focus range and the liquid 

characteristics. In laser beam machining, the laser beam is supposed to be 

concentrated on a small spot, but because of limited beam concentration, the 

beam diameter remained almost constant when the distance from the focus 

was in the range of depth of focus (DOF), as depicted in Fig. 4.11 [40]. The 

DOF can be calculated as follows: 

𝐷𝑂𝐹 =⁡(
8𝜆

𝜋
) (

𝐹

𝐷
)
2

 (7) 

  

where λ is the wavelength of the laser beam, F is the focal length, and D is 

the input beam diameter. Based on Equation (7), because F was 160 mm and 
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D was 7.6 mm in our system, the depth of focus could be calculated as 1.2 

mm. The actual possible deviation of focus could be half the DOF (600 µm). 

Based on this calculation, the machined channel depth was still in the DOF 

range, so the laser intensity remained constant.  

 

 

Fig. 4.11 Schematic of laser beam and depth of focus.
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Fig. 4.12 Machined channel depth compared to the number of scans in different phosphoric acid 

concentration (a) 0 wt%, (b) 10 wt%, (c) 20 wt%, (d) 30 wt%, (e) 40 wt%. 
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4.2.4. Various shapes of microchannels 

Various shapes of high-aspect-ratio microchannels were fabricated to 

determine the feasibility of the developed technique for industrial 

applications. First, a channel with increasing radius, from 0.4 mm to 2 mm, 

and multiple channels with ladder shapes were fabricated. Fig. 4.13 shows a 

diagram of the channels and the SEM images for the surface and the side 

section. In a channel with an increasing radius, it was possible to reach a depth 

of 471 µm with low deviation (SD 8.6 µm) and 23 µm width, like the single 

straight channel. Also, for ladder-shaped channels, high-aspect-ratio channels 

with 520 µm depth (SD 4.2 µm) and 22 µm width were fabricated. With these 

results, the processability of various radii of curvature channels, the 

uniformity of the channel for different scan lengths, and channel numbers 

were identified. These high-aspect-ratio glass microchannels could be utilized 

for specific applications such as cell separation and self-driven capillary flow 

generation. 
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Fig. 4.13 Diagram and SEM images of channels with various shapes:  

(a) circular channel with increasing radius and (b) ladder-shaped 

multiple channels. 
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Chapter 5 

Fabrication of 3D Microstructures 

 

This chapter discusses a proposed scan path generation process for 

minimizing shape errors due to the LIBWE principle and explains its 

application to the machining of various glass microstructures. Shape errors 

that occurred using conventional scan paths were observed, and the causes 

were explained by LIBWE principles. To avoid these shape errors, a random-

point scan path and a random-line scan path were proposed, and the 

characteristics of the proposed scan paths were investigated. Finally, various 

glass microstructures were machined using the proposed scan paths to 

validate their applicability to various structures, and the precision of the scan 

paths was observed by comparing the profiles of the generated scan 

distributions and machined pockets. 
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5.1. Conventional Scan Paths 

Laser beam machining for fabricating 3D structures uses various scan paths, 

including raster scan paths, reciprocating scan paths, spiral scan paths, and 

random scan paths. These basic conventional scan paths were applied to 

fabricate a simple square glass micropocket. Square glass micropockets were 

fabricated using the LIBWE process and conventional scanning to observe 

the performance of conventional scan paths. The machining conditions are 

shown in Table 5.1, and basic scan paths are shown in Fig. 5.1. The machining 

results according to the number of scan changes were observed. The intervals 

between grids for positioning the initial and final points of each scan line were 

set at the same value as the resolution of the current laser scanning system, 

which was 2 µm.  
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Table 5.1  

Experimental condition for square micro pocket machining 

Parameter Value 

Power 20 W 

Frequency 50 kHz 

Scan speed 150 mm/s 

Absorbent H3PO4 40 wt% + CuSO4 0.7M 

Width & length 600 µm 

Grid interval 2 µm 

Machining time 
500, 1000, 1500, 2000 s (raster, reciprocating, random) 

250, 500, 750 (spiral) 

 

 

Fig. 5.1 Conventional scan paths for comparison:  

(a) raster, (b) reciprocating, (c) spiral, and (d) random. 



- 77 - 

 

 
Fig. 5.2 SEM images and profiles of machined glass micro pockets fabricated with (a) raster path (b) 

reciprocating path (c) spiral path (d) random path. Profiles of (a), (b), and (d) were results observed from 

micropockets machined every 500 seconds, and profiles of (c) were results observed every 250 seconds.
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As depicted in Fig. 5.2a, square micropockets were machined with a raster 

scan path, reciprocating scan path, spiral scan path, and random scan path, and 

the results were observed and compared. The raster scan path had a one-

directional move of the laser scanning point, which resulted in numerous initial 

and final point overlaps and additional machining at the end of the scan path. 

This additional machining could be explained by the bubble accumulation in the 

machining process, which was observed in situ and is depicted in Fig. 5.3. As the 

laser scanned along a certain path, a bubble stuck to the laser irradiation point 

and moved simultaneously with the laser irradiation point. This bubble should 

have been flushed away by the turbulence inside the machining area; however, 

the bubble did not escape from the cavity when it was at the end of the machining 

area. This bubble caused additional heat accumulation inside the bubble because 

liquid absorbents that cool down the machining area cannot reach a inside the 

bubble during the process. This additional machining when the laser irradiated a 

bubble was reported and used to machine sapphire in a previous study, as 

depicted in Fig. 5.4 [41]. Additional machining at the end of the scan path 

occurred due to the heat accumulation inside the bubble. Because this 

additionally machined part was higher than the normal flat surface, bubbles 

started to accumulate continuously at the end of the scan path. As a result, the 

tip’s depth and surface direction both increased, as shown in Fig. 5.3. 
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Fig. 5.3 Diagrams and in situ observations for the micropocket machining process with bubble accumulation: 

(a) diagrams and (b) in situ observations. 
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Fig. 5.4. Additional machining during the LIBWE process, due to the 

additional laser irradiation and heat accumulation inside a bubble [41]. 
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Due to the additional heat absorption in the bubble, the square pocket 

formed by a raster scan path resulted in a shape error at the edge of the square 

(Fig. 5.2a). This shape error at the edge became deeper and wider as the 

machining time increased from 500 s to 2,000 s. Surface profile irregularities 

also appeared in a direction perpendicular to the scanning direction, as 

depicted in profile 2 of Fig. 5.2a. Due to the inertia of the galvanometer 

scanner, every change in the scanner’s movement caused scanning speed 

changes. This shape error was created at the point where the characteristics 

of a constant scan path changed.  

A reciprocating scan path has similar characteristics to a raster scan path, 

except that the scanning point returns to the starting point. As a result, the 

morphology of the square pocket fabricated with a reciprocating scan path 

showed similar results to the pocket using a raster scan path, such as further 

machining at the final point of the scan path, and surface profile irregularity 

in a direction perpendicular to the scanning direction (Fig. 5.2b). Due to the 

reduced scanning speed, additional machining also occurred on the edge 

where the scan path returned. This increased error made precision machining 

more difficult as the machining time increased.  

Because a spiral path has only a single initial point and final point in the 

entire scan path, they overlap. Owing to this property, it was possible to 
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eliminate edge errors by preventing bubble accumulation at the final point 

(Fig. 5.2c). However, center cracks and shape errors in a diagonal direction 

occurred in the micropocket machined with a spiral path. Although the overall 

laser scan was evenly distributed, the partial laser irradiation density was 

irregular due to the difference in length of each scan line segment. The central 

area had excessive partial laser irradiation density due to the short duration 

between successive overlapping laser scans, which resulted in cracking. 

Additionally, a shape error occurred in a diagonal direction when the laser 

scanning point rotated vertically. This showed that the shape error occurred 

at the position where the speed decreased according to a change in the 

scanning direction.  

As described in this section, if the scan path was constant, a geometry error 

occurred at a location where the scan path conditions (speed and direction) 

repeatedly changed. A pocket machined with a totally random scan path was 

also investigated to overcome the shape errors due to constant changes in scan 

path conditions. As shown in Fig. 5.2d, the subsequent machined pockets had 

no partial shape errors; however, the machined surface was concave. Since 

the number of lines passing by the point closest to the boundary was smaller 

than the number of lines passing by the point at the center, scan lines were 

less likely to reach the edges. The number of scans was concentrated in the 
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center and insufficient at the edges of the random scan paths (Fig. 5.5), 

resulting in a square pocket with a concave bottom. The curved shape 

remained when the machining time increased. To evenly distribute the laser 

irradiation, the scan lines needed to be further manipulated to eliminate shape 

errors. 

 

 

Fig. 5.5 Number of scans distribution with random scan path 
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5.2. Randomly Distributed Scan Path 

This section explains randomly distributed scan paths that were proposed 

for the LIBWE process to remove the shape errors in micropockets fabricated 

with conventional scan paths. Based on the results in section 5.1, scan paths, 

not only with the evenly distributed input energy, but also with random 

direction, were needed to remove the bubble-accumulation effect. Randomly 

distributed scan paths composed of points and lines (Fig. 5.6) were generated 

and their performance was experimentally tested. Random-point scan paths 

were first introduced, and various types of flat pockets and micropyramids 

were fabricated. Next, random-line scan paths were introduced, and possible 

strategies for developing appropriate scan paths were investigated through 

simulations and experiments. Finally, various structures that could be utilized 

for specific applications were fabricated. 
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Fig. 5.6 The idea of scan paths in this study.  

(a) conventional raster scan path, (b) random point scan path, and (c) random line scan path
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5.2.1. Random-point scan path 

A random-point scan path was used to fabricate a micropocket with less 

shape error. The random-point scan path-generation strategy could be 

separated into three steps, as depicted in Fig. 5.7: a target area setting, 

generation of points inside the target area, and mixing of point sequences. 

Because the laser control system set the position of the irradiation point as a 

discrete x–y coordinate, scan points needed to be in positions with discrete 

numbers; therefore, the target area was set on a discrete x–y plane, as depicted 

in Fig. 5.7a. Sequence numbers were then positioned for every point (Fig. 

5.7b). If the scan path generation process stopped at this step, a point scan 

path with consecutive sequences was generated, which resulted in a pocket 

with additional shape errors. To prevent this problem, point sequences were 

shuffled to avoid directionality. The ramdom-point scan path had some 

advantages because the scan path guaranteed the even distribution of laser 

energy and the directionless scanning area was well defined.  
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Fig. 5.7 Sequence of random-point scan path generation (a) target area 

setting, (b) point sequence setting, and (c) the sequence of points mixing. 
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Based on the generated random-point scan path, machining of a square 

pocket proceeded with a different number of scans. The machining conditions 

are listed in Table 5.2. With the random-point scan path, because the scanner 

did not move during irradiation, the scanning speed was not a machining 

parameter, but the duration of laser irradiation acted as a major parameter. As 

depicted in Fig. 5.8, a square pocket with a flat bottom and untapered sidewall 

could be fabricated.  

 

Table. 5.2 

Machining condition for square micro pocket machining with random-

point scan path 

Parameter Value 

Width & Height 200 µm 

Point interval 5 µm 

Power 20 W 

Frequency 50 kHz 

Duration of irradiation 200 µs   

Absorbent H3PO4 40 wt% + CuSO4 0.7M 

Process time 500 s 
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Fig. 5.8 Square pocket fabricated with a random-point scan path: 

(a) SEM image and (b) 3D surface profile data. 
 

Various types of pockets could be generated with random-point scan paths. 

In this study, cross-shaped pockets, triangular-shaped pockets, and circular 

pillar depths of around 300 µm were fabricated with these paths (Fig. 5.9). 

The scan path generation could be done only by changing the scanning area, 

which was the first step in the scan path generation. 
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Not only vertical structures, but pyramid structures with slanted surfaces, 

could be fabricated by changing the scanning area (Figs. 5.10 and 5.11), since 

the machining depth was linearly proportional to the number of scans. By 

irradiating the area with a gradually increasing number of scans, a surface 

with a consistent angle could be fabricated. The depth and stiffness of the 

pyramid structure could be controlled by changing the number of scans (Fig. 

5.11b); however, the tip of the pyramid structure broke more easily as the 

stiffness increased because of both the intensive heat accumulation of point 

irradiation and the absence of surrounding materials. Also, because the 

previously machined area was not further irradiated, layer marks remained on 

the surface, which increased the surface roughness. These layer marks could 

be smoothed by irradiating the same scan path with a smaller laser power (14 

W), but this was not possible with the LIBWE process (Fig. 5.11c).  
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Fig. 5.9 SEM image of pockets fabricated with a random-point scan path: 

(a) square pocket, (b) cross-shaped pocket, (c) triangular pocket,  

and (d) circular pillar. 
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Fig. 5.10 Random-point scan path generation for pyramid structure 

 

 
 

Fig. 5.11 Glass pyramid structure fabricated with a random-point scan 

path: (a) SEM image and 3D surface profile of a pyramid fabricated with 

20 W laser power and ten layer scans and (b) twenty layer scans; (c) a 

pyramid treated with additional laser scans. 
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5.2.2. Random-line scan path 

Although the random-point scan path had advantages for fabricating 

micropockets with minimal shape errors, it still had some disadvantages, such 

as a low material-removal rate due to the long resting time during the process 

and subsequent high surface roughness. Using random-line scan paths could 

help to mitigate those disadvantages owing to continuous laser irradiation. 

Generating a random-line scan path with an evenly distributed number of 

scans required a specific strategy. To achieve a randomly and evenly 

distributed scan path with minimal calculation, a specific algorithm was 

proposed [42]. Scan path generation started by selecting initial and final point 

sets, from which the most appropriate scan lines were determined based on a 

target number of scan-number maps and a score calculation filter. The overall 

scan path generation process is depicted in Fig. 5.12.  
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Fig. 5.12 Basic design of generating random line scan path 
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Some scan-number maps were utilized to simulate and visualize the number 

of scans across the machining area. When a scan path passed a certain grid, the 

number of scans of the grid increased by one. As depicted in Fig. 5.13, this 

number of scans increased as the scan path was piled on a certain grid. These 

scan-number maps could be compiled with different numbers of scans, and 

could be visualized to observe the uniformity of the laser scans (Fig. 5.14). 

 

 

Fig. 5.13 Diagram of scan-number maps for two random-line scan paths 
 

 

Fig. 5.14. Scan-number maps inside a square area:  

(a) vertical view and (b) isometric view. 
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Sample scan line generation and scan path score calculations were major 

factors in this scan path generation strategy. In the first step, sample lines were 

generated using a predefined point distribution probability function. 

Interaction between the laser beam and the bubble could have unintentional 

effects on the final geometry, resulting in significant shape errors, especially 

at the final points of laser scan lines, as depicted in Fig. 5.3. The initial and 

final points of a scan line needed to be distributed so that the effect of the 

bubble could be spread across the machining area and prevent shape errors. 

The point distribution probability function was defined according to the shape 

and distribution of the target number of scans (Fig. 5.15a).  

Next, sample lines were randomly generated based on the point distribution 

probability function. When a scan path with a regular pattern is used, start, 

stop, and moving direction changes of the scan point are inevitable, and they 

overlap in the same area. As a result, changes in scanning speed create an 

unexpected pattern on the machined surface. To avoid an unexpected pattern, 

a scan path with irregular scan lines was created by connecting randomly 

generated initial and final points. The positions of the initial and final points 

were generated according to the point distribution probability function (Fig. 

5.15b), so that the initial and final points of the scan lines were evenly 

distributed along the final scan path. 
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Fig. 5.15 Diagram of generating initial and final point sets from a 

predefined probability density function. 

 

To match the laser irradiation distribution to the target shape, the most suitable 

scan line was selected from among the generated sample lines. First, predefined 

numbers of initial and final sample points were determined, and sample lines 

were generated by connecting all the initial and final sample points (Fig. 5.15c). 

At the end of the sample scan line generation process, sample lines shorter than 

the predefined minimum length were neglected to avoid unexpected effects of 

the point-wise laser scan and low material removal rate (MRR). Each sample line 

score was calculated based on the previously generated scan path and the scoring 

filter obtained from the sample line. The applied scoring filter from a sample line 

is depicted in Fig. 5.16 and Equation (8):  
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𝐶𝑥𝑦 = {

𝑊 − 2𝑟𝑥𝑦

𝑊
,⁡⁡⁡⁡𝑖𝑓⁡𝑑⁡ ≤ ⁡

𝑊

2

0,⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (8) 

where Cxy is the filter value at a point (x, y), W is the scoring filter width, and 

rxy is the minimum distance from the sample line to the point (x, y).  

The scoring filter was designed with a positive ridge shape that 

decreased as the distance from the line increased to identify both valley-

shaped distributions and small numbers of scans. Points whose distance from 

the line is larger than W/2 were given a zero filter value that did not affect the 

final score for the path. Of the various types of scoring filters, ridge filters 

performed more effectively than other types of filters, such as gradient filters 

and average filters. 

  

Fig. 5.16 Scoring filter for a sample line taken from randomly generated 

sample lines: (a) notations and area of the scoring filter, (b) a generated 

scoring filter from a sample line, and (c) filter shape for transverse 

direction profile 1. 
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Fig. 5.17 An example scan-line scoring process: (a) one-dimensional scan-

number distribution, (b) scan-number distribution profile in the X 

direction, and (c) normalized scores from a ridge filter, gradient filter, and 

average filter. 

  

Fig. 5.18 Generated scan-number distributions using various scoring 

filters: (a) 3D profile, (b) 2D profile at Y = 0 with a ridge filter, (c) 3D profile, 

(d) 2D profile at Y = 0 with an average filter, (e) 3D profile, and (f) 2D 

profile at Y = 0 with a gradient filter. 
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Scores for each sample random-line scan path were calculated to find 

the most appropriate scan path among the samples. The gradient filter and 

average filter are the most widely applied filters to identify or smooth edges, 

and the performance of those filters for finding an appropriate line position 

was evaluated on a sample surface, as depicted in Fig. 5.17. In this case, the 

gradient filter could identify the valley with the largest slope regardless of the 

value of the valley. By contrast, the average filter could find the lowest point 

but could not identify the valley, which resulted in a rough scan-number map. 

As a result, valleys in the scan-number maps with the lowest numbers were 

targeted and identified by applying a mixed gradient and average filter. These 

trends could be observed from the scan distribution resulting from a scan path 

generated by each filter (Fig. 5.18). The scan distribution from the ridge filter 

could only generate a scan path with an even distribution. 

A difference map for the current scan path (Fig. 5.19) was generated by 

subtracting the target scan-number distribution from the current scan-number 

distribution. The current scan-number distribution was generated by adding 

all the previously generated scan line scoring filters with a width of 2 µm. 

The target scan-number distribution had the same total number of scans as the 

current distribution and followed the exact target shape. 
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Fig. 5.19 Difference map calculation diagram: (a) current scan-number 

distribution, (b) target scan-number distribution, and (c) generated 

difference map. 

 

 

Fig. 5.20 Score calculation for a sample scan line with a difference map 

and scoring filter. 
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The final score of a scan line was calculated by multiplying the scoring 

filter values and difference map values elementwise and then summing them 

as depicted in Fig. 5.20 and Equation (9): 

𝑆 = ⁡
1

𝑛𝑐
∑ 𝑁𝑥𝑦𝐶𝑥𝑦

(𝑥,𝑦)∈𝑀

 (9) 

where S is the calculated score of a line, nc is the number of calculated points 

inside the target area, Nxy is the difference map value at a point (x, y), and M 

is the group of points in the target scoring area.  

Because the scoring filter was a positive ridge shape, the score for the 

scan line was small when the profile of the difference map at the scan line 

location had a small value and V-shape. As a result, it was possible to score 

all sample scan paths and add the scan path with the smallest score to the 

current scan path, resulting in a scan path with well-distributed laser 

irradiation. Points that were not inside the target area were excluded from the 

score calculation. Points outside the target area had a small or zero number of 

scans because no scan lines were located outside the target area. If these points 

were included in the scoring calculation, sample lines containing points 

outside the target area were scored lower than the intended value. 

Consequently, the sample lines near the edge of the target area were more 

likely to be selected, and a scan path with an uneven distribution of the 
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number of scans was created. 

The feasibility of applying the proposed random-line scan path 

generation method was investigated by machining a square micropocket. As 

depicted in Fig. 5.21, a square micropocket without severe additional 

machining at the edge and unintended pattern could be fabricated under the 

same conditions listed in Table 5.2. Square pockets, cross-shaped pockets, 

triangular pockets, and rectangular pillars were fabricated with generated 

random-line scan paths, as for structures fabricated with random-point scan 

paths (Fig. 5.22). All structures were fabricated without cracks or breakage 

during the process, which proved that specific cracking did not occur during 

the LIBWE process with a randomly generated line scan path. 

As in the case of random-point scan paths, pyramid structures with 

slanted surfaces could be fabricated by changing the scanning area (Fig. 5.23). 

The height of the pyramid structure increased as the duration of laser 

irradiation increased. The surface roughness of the slanted surface improved 

compared to the surfaces produced by the random-point scan path. Tip 

breakage occurred as the stiffness increased, as in the case of the random-

point scan path. Not only pyramid structures, but also structures with peaks 

and valleys, could be fabricated. In this case, due to the material supply in one 

direction, tip breakage at the edge of the peaks was prevented.  
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Fig. 5.21 Square pocket fabricated with a random-point scan path:  

(a) SEM image, (b) 3D surface profile data, and (c) machined depth 

compared to the process time. 
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Fig. 5.22 SEM image of a pocket fabricated with a random-line scan path: 

(a) square pocket, (b) cross-shaped pocket, (c) triangular pocket,  

and (d) rectangular pillar. 
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Fig. 5.23 Negative scan-number map and SEM images for (a) pyramid structures and (b) structures with 

peaks and valleys fabricated with a random -ne scan path.
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5.3. Effects of Random-Line Scan Path Generation 

Parameters 

This section describes the investigation of the effects of the random-

line scan path generation parameters on machining characteristics. The 

experimental laser conditions are listed in Table 5.3, and the scan path 

generation parameters are listed in Table 5.4. Major parameters for the 

random-line scan path generation, which affected the final scan distribution 

and the amount of computation, were determined to be as follows: number of 

sample points, minimum length, and scoring filter width. The number of 

sample points determined the number of possible sample lines to be observed, 

the minimum length directly affected the scan length distribution, and the 

scoring filter width affected the precision of choosing the most appropriate 

scan line. To minimize grooves on the surface due to the Gaussian laser beam, 

intervals between lines and points were set at 2 µm, which was the resolution 

of the scan-point positioning system. During the parameter study, the other 

parameters were fixed as default values (6 sample points, 30% of the width 

as the minimum length, and a 12 μm scoring filter width). The effects of the 

parameters on the actual machining characteristics (MRR, normalized depth 

deviation, and average roughness [Ra]) were measured and explained by the 
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characteristics of the generated scan paths. Normalized depth deviation was 

calculated by dividing the standard deviation of depth by the average depth 

of the target area, as shown in Equation (10): 

𝑍𝑛 =⁡√
1

𝑁 − 1
∑ |𝑧𝑖 − 𝑧̅|2

𝑁

𝑖=1
𝑧̅⁄  (10) 

where Zn is the normalized depth deviation, N is the number of points in the 

target area, zi is the depth of the ith point, and 𝑧 is the average machined 

depth.  
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Table 5.3  

Laser micromachining conditions for the study of the random-line scan 

path generation parameters. 

Parameter Value 

Laser power 20 W 

Frequency 65 kHz 

Scanning speed 150 mm/s 

Copper sulfate concentration 0.7 M 

Phosphoric acid concentration  40 wt% 

Machining time < 2000 s 

 

 

 

Table 5.4  

Path generation conditions 

Parameter Value 

Number of sample points 2, 6, 10 

Minimum length compared to width of a square [%] 10, 30, 50, 70 

Scoring filter width [μm] 4, 12, 20 

Width and height of target square [μm] 600 

Grid interval [µm] 2 

Number of scan lines 500,000 

 

 



- 110 - 

 

 

Fig. 5.24. Machining characteristics corresponding to parameter changes: (a) number of sample points, (b) 

minimum length, and (c) scoring filter width. 
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5.3.1. Number of sample points 

The number of sample points determined the number of scan lines that 

needed to be explored. In this study, by setting identical numbers of initial 

and final points, the number of sample scan lines was determined to be the 

square of the number of points. A large number of sample scan lines increased 

the likelihood of choosing an appropriate scan path for effective laser 

irradiation distribution. The effects of changing the number of sample points 

on the machining characteristics are shown in Fig. 5.24a. 

The MRR of scan paths generated with a small number of sample points (2 

points) had a large value (27,900 μm3/s), while the MRR decreased as the 

number of sample points increased (10 points, 24,900 μm3/s). An MRR 

change due to the number of sample points could be explained by scan path 

length, the scan duty ratio, and the laser scanning duration of the entire 

process time for each scan path (Fig. 5.25). The control phase of the 

galvanometer was divided into two steps: a mark state and a resting state. 

After the laser irradiated in the mark state, the laser turned off in the resting 

state and jumped to the next initial point. Also, to simplify the movement of 

the scanning point, several delays were applied in every scan and jump for 

the compensation of the galvanometer’s vibration. These jump periods and 
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delays determined the laser-off period, which decreased the scan duty ratio. 

Because delays occurred at every scan and jump, scan paths with long average 

scan line lengths had larger scan duty ratios, and it was possible to irradiate 

with greater energy in the same machining time. This relationship between 

scan line length, scan duty ratio, and MRR was observed from various 

experimental results in this study. 

Because the areas where the laser irradiation was insufficient were densely 

and irregularly distributed, scan lines with a short length were less likely to 

pass through the areas with many scans. As a result, scan lines with short 

lengths were more likely to be selected as the next scan line because they 

were more likely to have a small score than long scan lines. However, the 

smaller the number of sample points, the longer the distance between the 

sample points, and the easier it was for a particularly long scan line to be 

selected as the next scan path. This trend could be observed from the scan line 

length distribution depicted in Fig. 5.26a. Short scan lines were more likely 

to be chosen as scan paths created with 10 sample points, while long lines 

were often chosen as scan paths generated with 2 sample points.  
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Fig. 5.25 Diagram of the control parameters of the interface board and corresponding laser irradiation 

 

 

Fig. 5.26 Machining characteristics corresponding to parameter changes: (a) number of sample points, (b) 

minimum length, and (c) scoring filter width. 
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Both normalized depth deviation and average surface roughness decreased 

from 0.10 μm to 0.06 μm, and 0.74 μm to 0.26 μm, respectively, as the number 

of sample points increased from 2 to 6. Surface quality did not alter 

significantly as the number of sample points increased from 6 to 10. 

Deterioration of the surface quality was observed on the processed surface 

compared to the surface machined under the basic conditions (Fig. 5.27), 

based on a few sample points. This could be explained by the uneven 

distribution of the laser irradiation (Fig. 5.28). As mentioned in the previous 

paragraph, an appropriate scan path was likely to be found with sufficient 

sample scan paths. If a small number of sample paths were provided, it was 

highly likely that no suitable path existed among the sample scan paths. As a 

result, it appeared to create an uneven distribution of laser irradiation along 

the final full scan path. This trend was observed from the scan-number 

distributions for different numbers of sample points in Figures 5.28a and 

5.28b. Comparing the distribution of the number of scans (Fig. 5.28b) with 

the actual machined surface (Fig. 5.27b) showed that the machined surface 

morphology followed that distribution, resulting in increased depth deviation 

and surface roughness. 

 



- 115 - 

 

 

Fig. 5.27 SEM images of square micropockets machined with different scan path generation parameters: 

(a) basic condition (6 sample points, 30% minimum length, and 12 μm filter width); (b) 2 sample points and 

(c) 70% of width at minimum length. 

  

Fig. 5.28 Scan distributions with different scan path generation parameters: (a) basic condition (6 sample 

points, 30% minimum length, and 12 μm filter width); (b) 2 sample points; and (c) 70% of width at minimum 

length. 
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5.3.2. Minimum length of a scan line 

In the scan path generation algorithm, a minimum length of a single scan 

line was set to eliminate point-like scan paths and increase the material 

removal rate. Along with the number of sample points, the minimum length 

of the scan line also affected the machining characteristics of LIBWE, as 

depicted in Fig. 5.24b.  

MRR increased as the minimum length increased. As mentioned in the 

previous section, scan lines with short lengths were likely to have small scores 

and be selected as the next scan path. Changing the minimum length altered 

the distribution of the scan lines’ length. The minimum length increased, so 

the length distribution was concentrated in short to long length regions (Fig. 

5.26b). This change in length distribution resulted in an increase in the scan 

duty ratio. As a result, the MRR increased from 20,450 μm3/s to 29,700 μm3/s, 

then to 31,100 μm3/s, as the minimum length increased from 10% to 50% to 

70% of the width, respectively. 

The normalized depth deviation and average surface roughness barely 

changed with increases in the minimum length up to 50% of the width. 

Although the possible range of the scan line length was limited by a long 

minimum length, appropriate scan paths for even irradiation could be 
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explored due to the sufficient number of sample scan lines until the minimum 

length was 50% of the width. By increasing the minimum length to 50% of 

the width, it was possible to increase the MRR with no deterioration in surface 

quality due to the even distribution of the number of scans. However, when 

the minimum length was 70% of the width, the depth deviation and surface 

roughness increased. Due to the long minimum length, the possible position 

of a sample line was more limited than for other scan lines with shorter 

minimum lengths. This position restriction made it difficult to evenly 

distribute long scan lines across the target area, and a scan path with an 

uneven scan distribution was thus created. As in the case with two sample 

points, a pattern of protrusions emerged from the distribution of the number 

of scans (Fig. 5.28c), and a similar pattern transferred to the actual machined 

surface (Fig. 5.27c). Based on these observations, when an error-

compensating scan path was used, the machined surface could be predicted 

from the scan distribution, and it was thus important to create a scan path that 

fitted the intended distribution of the number of scans. 
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5.3.3. Scoring filter width 

To achieve an even distribution of laser irradiation, a score calculation for 

each scan line using a scoring filter and difference map was proposed. As the 

scoring filter width increased, the area covered by the calculation also 

increased, taking more points into consideration. However, as depicted in Fig. 

5.24c, the change in width hardly affected the machining characteristics; nor 

did the scoring filter width affect the characteristics of the length distribution 

of scan paths, which could be identified from single-line scan-length 

histograms (Fig. 5.26c). Since each scan path was added after calculation, the 

scan-number distribution tended to remain uniform throughout the entire scan 

path generation process. As a result, the distance between the ridges and 

valleys of the scan-number distribution was close enough to allow a narrow 

scoring filter to identify a suitable area for scanning. 
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5.4. Degree of Precision in Complicated Structure 

Fabrication 

To evaluate the performance of fabricating a 3D structure, a complicated 

3D structure with a slope, a cross, and a narrow width was designed and 

fabricated. By designing a target map with a target depth profile, an 

appropriate random-line scan path could be generated, as depicted in Fig. 5.28. 

Although the number of scans was not evenly distributed throughout the 

target map, because peaks and valleys closer than the machine width (20 µm) 

could be ignored during the actual machining, an actual glass structure with 

a smooth surface was fabricated (Fig. 5.29). 

As depicted in Fig. 5.30, machining results and simulation data were 

compared through two vertical lines (y = 500 µm and x = 620 µm). For the y 

= 500 µm line, an intended slope between circles was very noticeable in both 

the simulation and the machined data, with flat surfaces inside circles. The 

profiles of the simulation data and the actual machined structure were well 

matched by multiplying an appropriate constant to the simulation data (4/3). 

This match was also observed for the x = 620 µm line. Also, in both the 

simulation and actual data, two symmetric narrow curves had the same depth.  
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Fig. 5.29 Reversed 3D data of (a) target structure and (b) simulated 

results in different perspectives 

 

Fig. 5.30 Fabricated glass structure with random line scan path  

(a) SEM image, (b) 3D surface profile 
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Fig. 5.31 Comparison between simulation data and actual machined 

profile (a) position of comparison, (b) comparison results Y = 500 µm, (c) 

comparison results through X = 620 µm. 
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Chapter 6 

Feasible Applications 

This chapter describes various fabricated glass structures and explains the 

investigation of their feasibility for certain applications. First, high-aspect-

ratio glass microstructures for capillary-driven flow were fabricated. A 5-mm-

length microchannel with a width of 20 µm and depth of 200 µm was 

fabricated as depicted in Fig. 6.1, and the fabricated channel is shown in Fig. 

6.2. The glass substrate was covered with a PDMS plate.  

 

 

Fig. 6.1 Diagram of fabricated channel and experimental condition. 
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Capillary-driven flow could be initiated by introducing a drop of dyed 

solution into a drilled hole, and the propagation of the capillary-driven flow 

was observed using an optical microscope. Based on the observation, the 

solution propagated at a speed of 2.8 mm/s. 

 

 

Fig. 6.2 SEM images of sidewall of the fabricated channel (a) normal 

image (b) enlarged image. 

 

 

Fig. 6.3 Experimental images of capillary driven flow (a) glass 

microchannel and dyed solution (b) propagation of the dyed solution 

inside the fabricated glass microchannel. 
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Owing to the transparency and hardness of glass materials, glass 

micropatterns can be used as molds for UV imprints. In particular, by 

installing a glass mold on a surface and placing UV curing resin underneath 

the glass mold, it is possible to fabricate 3D microstructures in a 

comparatively short time. Due to these advantages, reverse contact UV 

imprints have been widely studied and used for various applications, 

especially for submicrometer scale microstructures [43,44]. With the LIBWE 

process, it was possible to fabricate glass structures with a scale of tens of 

micrometers on a glass substrate and investigate the feasibility of those 

fabricated structures for reverse UV contact imprints.  

For the experiment, a UV curing system was established, as depicted in Fig. 

6.4. A UV lamp with a 405 nm wavelength and 5,000 mW intensity was 

employed to cure a UV resin widely used in stereolithographic 3D printing. 

For ease of detachment, a circular cone glass mold was fabricated with 

experimental conditions based on the experimental results, as depicted in Fig. 

6.5. With these conditions, it was possible to fabricate a three-by-three cone 

array on a glass substrate (Fig. 6.6) and a replicated polymer cone array of 

200 µm bottom diameter, 40 µm top diameter, and 180 µm height (Fig. 6.7). 

The curing process proceeded for 1 min, which was comparably faster than 

the machining process. 
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Fig. 6.4 Diagram of UV curing system and experimental setup. 

 

 

 

Fig. 6.5 Diagram of fabricated glass mold and experimental condition. 
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Fig. 6.6 SEM images of glass molds. 

 

 

Fig. 6.7 SEM images of replicated polymer structures. 
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The feasibility of glass cutting to fabricate a standalone glass component 

was investigated by fabricating a high-aspect-ratio standalone glass structure 

with straight lines and curves with various curvatures. A tensile specimen 

resembling a glass microstructure with a maximum width of 200 µm and 

length of 1,800 µm was designed, as depicted in Fig. 6.8. This structure could 

be fabricated on a 500-µm-thick glass substrate. The fabricated component 

had a minimum width of 80 µm at the center and an aspect ratio of 6.25 (Fig. 

6.9).  
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Fig. 6.8 Diagram of a fabricated glass mold and experimental condition. 

 

 

Fig. 6.9 Fabricated glass standalone structure: (a) SEM image and (b) 

magnified image. 
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Chapter 7 

Conclusion 

This study investigated the effect of phosphoric acid added to the absorbent 

in an NIR LIBWE process and proposed that structures of various shapes 

could be fabricated with an industry-friendly device, with proper MRR (Fig. 

7.1). By adding phosphoric acid to the absorbent, the processable aspect ratio 

increased in the LIBWE process. The principle of processability expansion 

was supported by in situ process observations and elemental analysis. For a 

copper sulfate absorbent, positive feedback of the laser energy absorption, 

copper oxide and gas by-product generation, and the inhibition of liquid 

circulation resulted in heat accumulation. Cracks were generated due to the 

accumulated heat in the vapor and deposited copper oxide. The silicon 

phosphate generation process used an absorbent with added phosphoric acid. 

The silicon phosphate protective layer inhibited copper oxide adhesion, 

suppressing thermal cracks due to heat accumulation. 

The effects of process parameters on maximum fabricable depth, sidewall 

roughness, fabrication speed, and machinability were investigated both 

theoretically and experimentally. The maximum fabricable depth of the 
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LIBWE milling process increased from 103 µm to 530 µm, and the sidewall 

roughness (Ra) decreased from 0.55 µm to 0.16 µm, when the phosphoric acid 

concentration increased in increments from 0 wt% to 40 wt%. However, the 

fabrication speed decreased as the phosphoric acid concentration increased. 

The fabrication speed and machinability could be controlled by other energy-

influencing parameters, such as copper sulfate concentration, laser power, and 

laser scanning speed. Average power density and single point energy density 

were the main indexes used to evaluate the machining characteristics. 

The performance of LIBWE with phosphoric acid-added absorbent for 

fabricating 3D glass structures was also investigated and improved by 

applying a new scan path generation method. Random-line scan paths were 

generated by selecting random initial and final point sets from a predefined 

probability density function and finding the most appropriate scan path from 

a possible combination of given point sets. The performance of the new scan 

path generation method was evaluated by fabricating various types of 

structures, including square pockets, cross-shaped pockets, triangular pockets, 

pillars, structures with slopes, and a complicated structure. The effects of scan 

path generation parameters on machining characteristics were investigated. 

The number of sample points mainly affected surface quality, such as 

normalized depth deviation and average surface roughness. When using two 
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sample points, the surface quality deteriorated while the quality improved and 

became saturated when the number of sample points exceeded six. An 

increase in the minimum length increased the MRR. As the minimum length 

increased from 10% to 50% of the width, the MRR increased by 45%, while 

surface quality remained unchanged. However, when the minimum length 

was 70% of the width, the normalized depth deviation and surface roughness 

increased. The scoring filter width hardly affected the machining 

characteristics.  

The performance of LIBWE with a phosphoric acid-added absorbent for 

certain applications was observed by fabricating structures which were 

previously used for actual applications. Capillary-driven flow was achieved 

by fabricating a high-aspect-ratio glass microchannel. Reverse UV contact 

imprints could be produced by using a UV curing system on a glass mold with 

UV curing resin. A complex standalone glass microcomponent was also 

fabricated. 
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Fig. 7.1  MRR and surface roughness versus aspect ratio for different 

glass processing technologies 
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국문 초록 

서울대학교 

공과대학원 

기계항공공학부 

권귀감 

 

본 논문에서는 인산이 첨가된 흡광용액을 사용한 레이저 후면 식

각공정과 이를 활용한 다양한 형상의 유리 미세형상 가공 대해 연

구하였다. 유리는 광학적으로 투명한 특성을 가지면서 다른 투명

한 재료에는 없는 고강도, 내식성, 비전도성, 생물친화성 등의 특

성을 가지고 있어 다양한 분야에서 활용되고 있으며, 미래에도 그 

활용성이 높은 재료이다. 하지만 이러한 재료적 안정성이 가공 측

면에서 유리를 난삭재로 만들어 다양한 미세 형상의 제작을 어렵

게 하였다. 
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다양한 공정 연구를 통해 유리의 미세 가공 및 그 활용범위를 넓

히는 시도가 진행중이다. 전통적인 가공방식인 절삭가공부터 화학

적 식각, 이산화탄소 레이저 미세가공 등 산업 친화적인 가공기술

들을 통해 유리의 활용도를 높이고자 하는 다양한 시도들이 진행

중이지만 공정 자체의 한계로 인해 목표로 하는 형상이 제한되는 

문제가 있다. 이러한 문제를 해결하기 위해 다양한 공정들이 새로

이 개발되고 활용되고 있으며, 대표적으로 펨토초 펄스 레이저 가

공, 전해방전가공, 건식 식각 등이 있다. 이러한 공정들의 높은 공

정 자유도를 통해 다양한 유리 미세형상 제작이 가능하여, 다방면

으로 공정의 최적화 및 활용방안이 연구되고 있다. 이렇게 다양한 

공정을 통해 유리의 가공연구가 진행되고 있으나 산업적으로 적용 

가능한 기술을 활용하면서도 목표로 하는 복잡한 형상이 가공 가

능한 기술에 대해서는 연구가 부족한 상황이다. 

본 논문에서는 산업적으로 다양하게 활용되고 있는 근적외선 레

이저를 활용한 레이저 후면 식각공정을 통해 가공 가능한 유리의 

형상을 확장하고, 그 원리를 탐구하였다. 일반적인 근적외선 레이

저를 활용한 레이저 후면 식각 공정의 경우 흡광용액으로 활용하
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는 황산구리 용액이 열분해에 의해 산화구리가 되고, 이러한 산

화 구리의 과도한 증착으로 인해 파단이 발생하는 것을 밝혀져 

있다. 본 논문에서 인산을 첨가하였을 때 산화구리의 증착이 방

해되어 파단의 발생이 억제되는 것을 확인하였으며, 유리의 파단

을 억제함으로써 레이저의 자유도를 활용한 다양한 형상의 가공

이 가능하였다. 또한 임의의 점과 선 경로의 최적화 방안을 도입

하여 일차원적인 채널 형상뿐만 아니라 기존의 레이저 후면 식각

공정이나 산업 친화적인 장비로 제작이 어려웠던 다양한 유리 미

세 구조물의 가공을 진행하였고, 실제 연구나 산업에서 활용될 

수 있는 형상을 가공하였다. 

 

주요어: 레이저 후면 식각공정; 유리 미세가공; 레이저빔 가공; 레

이저 조사 경로 최적화;  
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